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Currently, composite components are widely adopted in aerospace applications
but typically over-designed due to the lack of reliable predictive models for their
mechanical properties. The objective of this thesis is to reach a higher level of un-
derstanding of the damage accumulation processes occurring in tensile loaded carbon
fibre reinforced polymer systems to advance the development of predictive models.
In situ loading combined with high-resolution Synchrotron Radiation Computed To-
mography (SRCT) imaging has allowed a data-rich investigation of the key mecha-
nisms leading to the final failure in different material systems. An extensive database
of performance and damage behaviour has been compiled and systematic compar-
isons performed for material systems consisting of aerospace and industrial grade
fibres, as well as different levels of adhesion of the fibre/matrix interface, obtained

through changes in the sizing agent and fibre surface treatment. Focus was given to
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the damage mode that drives tensile failure in unidirectional layers loaded in the fibre
direction: i.e. fibre failure, as this is often considered to be the final failure event in
the application of multi-layered components. Clusters of fibre breaks (hereby indi-
cated as multiplets) are believed to play a significant role in the provision of a critical
crack site that propagates to final failure. Both qualitative and quantitative analyses
have been performed, indicating that the accumulation of fibre breaks does not have a
simple correlation to the macroscopic properties of the material, such as the ultimate
tensile strength (UTS) and the fibre type but particularly the fibre/matrix interface
have been observed to affect the multiplet formation.

The morphology of local damaged sites has been investigated in a novel statisti-
cal approach, needed to distinguish very similar fibre arrangements. Automated tools
have been specifically developed to extract fibre breaks and the fibre shapes from low
contrast images with high fibre volume fraction. The fibre misorientation in damaged
sites is seen to differ statistically from that in non-damaged sites (using well recognised
statistical tools) and the single fibre misorientation distributions show a consistently
higher standard deviation in orientation when compared to intact fibre distributions,
even though locally damaged sites did not exhibit a peculiar fibre packing arrange-
ment. The research provides a unique database of data as well as automated statisti-
cally inferred tools that can provide a better insight into the fundamental mechanisms
leading to tensile failure in longitudinally loaded composites, supporting the model
development in two different phases: (a) at the initial stages, identifying phenomena
and influences that should be included in accurate but parsimonious model formu-
lation and (b) at a quantitative calibration/verification point, providing critical but

previously unavailable numerical descriptions of micro-mechanical processes.
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CHAPTER 1

INTRODUCTION

In implementing the Paris Agreement [1], the EU 2020 Climate and Energy Pack-
age was introduced to achieve a 20% reduction in the total greenhouse gas emissions
compared to 1990 levels [2]. The European Council has then raised the goal to 40%
within the new 2030 Framework [3]. The transportation sector is particularly targeted
and is an area in need of solutions to cut the COy and NO, emissions to meet the
new tighter limits. Thanks to a variety of beneficial properties (such as high specific
structural properties, customisable anisotropic behaviour, potential to integrate sen-
sors and actuators, high structural damping and good fatigue performance), carbon
fibre composite materials have been replacing traditional materials in transportation
applications over the last few decades [4]. Moreover, high specific strength and stiff-
ness, corrosion resistance and high energy absorption capabilities have highlighted
their potential in other sectors, such as construction and medical orthopaedics [5].
Within the transport sector, a key benefit is the potential fuel saving linked to weight
reductions that are made possible and hence carbon fibre composite materials are
playing a crucial role in the realisation of the climate plan and emissions targets.
Globally, automotive companies are pushing towards lightweight composite materials
for use in electric cars [6], while aerospace manufacturers in the last decade have
greatly increased the applicability in air-framing; the Boeing 787 Dreamliner consists
of 50% by weight of composite material, that translates into 32 tonnes of continuous

fibre composites per aircraft, of which 23 tonnes is carbon fibre composite [7].
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Many other areas of applicability for carbon fibre composites can be envisaged,
ranging from the defence sector, to sports equipment such as bikes, golf clubs, paddles,
boats, and racquets. Carbon fibre composites are also being adopted for under-water
pipeline applications, avoiding traditional issues with corrosion, as well as high tem-
perature pressure operating environments that represented a challenge for steel [8].
Highly graphitic carbon fibres are also attractive for electronic systems that require
improved heat transfer away from electronic components [9, 10]. An important
niche market is identifiable in high-pressure gas cylinders applicable to life-protecting
breathing apparatus for medical use and emergency service first responders, through
to alternative fuel vehicles (e.g. hydrogen) [23].

The ability to optimise composite structures to assist in meeting tight limits in
greenhouse gas emissions is arguably constrained by the lack of reliable prediction
models for mechanical performance and tailored advanced design tools [11]. The
damage and failure modes of composite structures present new challenges for in-
service assessment and non-destructive evaluation (NDE) techniques: for example,
the ’barely visible impact damage’ (BVID) that can be caused by a tool drop during
maintenance can be very hard to detect and a combination of different NDE meth-
ods, such as such as visual inspection, tap testing, through-transmission ultrasonics,
radiography and thermography might be needed to characterise the severity of the
damage [7]. The development of reliable models and experimental validation routines
are a key step in realising the true potential for this class of materials [12, 13].

Failure of continuous fibre laminates under arbitrary stress states commonly in-
volves a complex interaction of events, such as fibre/matrix debonding matrix crack-
ing, delamination, fibre breakage and ply failure. The final tensile failure of multi-
directional laminates is often attributed to failure of the tows or plies aligned to the
loading direction. Hence, in improving the understanding of failure in multidirec-
tional composites, a key role is played by the longitudinal damage development in a
0°(with respect to the loading direction) ply [14].

This study will be focused on the longitudinal tensile failure of continuous com-
posites, while details on the compressive failure for example (dominated by plastic
fibre kinking) can be found elsewhere [15-21]. In the final stages of longitudinal tensile

failure, individual fibre breakages are reported [22] that cause stress concentrations on
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the surrounding fibres. For a high level of applied stress, groups of interacting fibre
breaks (multiplets) are seen to appear in experimental observations — often in dif-
ferent and seemingly unrelated locations from the previously formed individual fibre
breaks [14]. This observation highlights a discrepancy between experimental observa-
tions, obtained via in situ synchrotron radiation computed tomography (SRCT) [22-
24] and various established modelling predictions that assume single fibre breaks
progressively evolve into multiplets prior to final failure [25-30]. This is in contrast
to the experimental observations, clearly indicating no significant multiplet growth in
terms of number of breaks at a given break site prior to failure [31]. Prior to failure,
more multiplets form within a given ply - eventually triggering final failure of the
entire composite component. This is often linked to the development and existence
of a cluster of critical size [14, 32].

However, no experimental evidence has definitely confirmed this yet, and ex-
actly how the final failure event is controlled remains one of the questions that is not
completely understood and limits the use of accepted prediction models for reliable
industrial design and development [14]. To attempt to answer this question and pro-
vide modellers with the data they need, experimental validation methods is required,
with SRCT appearing to be a promising tool to non-destructively track the damage

micro-mechanisms in composites under load (in situ) [32].

1.1 Aims and objectives

The present work uses SRCT to reach a better understanding of the micro-
mechanisms leading to failure in longitudinally tensile loaded composites, through a

data-rich approach that has provided a unique analysis with the following aims:

e analysis of the effects of different sizing types, surface treatments and fibre
diameters (not accounted in the currently available predictive models [32]) on
the macroscopic properties of CFRPs, e.g. ultimate tensile strength (UTS), and

on the damage accumulation, e.g. fibre break accumulation;

e detailed assessment on the formation, local morphology and evolution of clusters

of interacting fibre breaks (multiplets), obtained through a careful comparison
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of the data obtained from coupons of the same material to assess levels of
reproducibility, as well as from coupons with systematic variations in material

properties;

e identification of potential connections between local fibre misorientation, pack-
ing and Weibull strength distribution in tensile failure processes, implementing
automated image processing techniques in combination with reliable statistical
tools to extract and evaluate micro-structural information from large volumes

of CT data.

1.2 Thesis structure

The content of the thesis is based on three journal papers, written at the end of
the current research period. One of these has been published (Chapter 6), with the
remaining two being in preparation (Chapter 4 and 5). For this reason, the chapters
are self-contained and some repetition of information can be found in the introduction

section of the chapters. The structure of the thesis is as follows:

e Chapter 2 - Presents the literature review on tensile failure mechanisms. The
chapter encompasses the typical distribution adopted to describe the strength of
the carbon fibres, the fibre/matrix interface and how models have evolved since
the 1940s to today. The chapter also identifies areas for analysis and provides

motivation for the following experimental chapters.

e Chapter 3 - Provides an overview of the X-ray Computed Tomography tech-
nique. Different methods are presented with advantages and limitations. The

approach chosen for the current work is presented and justified.

e Chapter 4 — Describes the material properties, experimental procedures and the
semi—automated tools developed to reduce the processing time of the many 3D
imaging volumes collected during the main synchrotron test campaign. The
effects of different fibre types, sizing and surface treatments on the strength of

the materials are presented.
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e Chapter 5 — Discusses qualitatively and quantitatively the effects of the different
fibre types and treatments on damage development at a micro-scopic level, with

particular focus on the planar multiplets.

e Chapter 6 — Presents an automated approach adopting image processing tech-
niques and reliable statistical tools to investigate at a micro-scale level single
and adjacently coupled fibre break locations and clarify the local fibre misori-

entation and packing effects on the tensile failure processes.

e Chapter 7 - Summarises the conclusions of the current work and discusses the

implications with respect to the further work.

1.3 List of publications

e Rosini, Sebastian, Mavrogordato, Mark N., Egorova, Olga, Matthews, Emily
S., Jackson, Samuel E., Spearing, S. Mark and Sinclair, lan (2019) In situ
statistical measurement of local morphology in carbon-epoxy composites using
synchrotron X-ray computed tomography. Composites Part A: Applied Science
and Manufacturing, 125. (doi:10.1016/j.compositesa.2019.105543);

e Rosini, Sebastian, Mavrogordato, Mark N., Spearing, S. Mark and Sinclair, [an.
Fibre failure assessment in carbon fibre reinforced polymers under tensile loading

using in situ synchrotron X-ray computed tomography. In preparation;

e Rosini, Sebastian, Mavrogordato, Mark N., Spearing, S. Mark and Sinclair,
lan. Planar fibre break cluster assessment in carbon fibre reinforced polymers
under tensile loading using in situ synchrotron X-ray computed tomography. In

preparation;

e Rosini, Sebastian, Mavrogordato, Mark N., Spearing, S. Mark and Sinclair,
lan. Understanding the Damage Accumulation and Tensile Strength in Car-
bon/Epoxy Composites using High Resolution Computed Tomography. In, 18th

European Conference on Composite Materials, Athens, Greece, 24-28 June 2018.
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CHAPTER 2

LITERATURE REVIEW

The literature review describes the reported statistical nature of the fibre strength
and how is thought to affect the accumulation of damage in tensile loaded CFRPs.
Matrixz and interfacial properties are examined for their direct influence on the mag-
nitude and extent of stress concentrations leading to longitudinal tensile failure. An
overview of the early models is provided that starts from the simpler 2D cases with few
fibres, moving on to more complex 3D configurations of randomly distributed fibres,
to the current models. Recent models that include the dynamics of the fibre failure
processes are presented, potentially represent an important development in modelling
the tensile failure of composites. A review of previous studies making use of computed
tomography to understand damage in tensile loaded CFRPs are encompassed, that
have set the basis for the current work. Lastly, the current chapter identifies the gaps

in the literature that this work aims to fill.
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2.1 Introduction

Examples of composite material utilisation can be found profusely in history [33].
Egyptians were applying the concept of composite material when using glued lami-
nated wood for making furniture and statuary. Nowadays, a strategic role in aerospace
engineering is covered by materials made of polymer-matrix reinforced by fibres with
the key concept of reaching very high stiffness and strength-to-weight ratios. Innu-
merable types of composites can be designed by associating different matrices (e.g.
polymer, metal, ceramic) with different kinds of fibres (e.g. carbon, glass, silicon car-
bide). Micro-mechanical analysis has a fundamental role in composite failure analysis
as it allows one to correlate the properties of the composite constituents (i.e. fibre
and matrix) to the composite structure properties. As such, this review is focused on
micro-mechanics of contemporary carbon fibre reinforced composites, with particular
emphasis on processes occurring down to the single fibre level, i.e. in the order of a
few micro-metres.

Composite materials display complex failure modes, such as fibre tensile fail-
ure, fibre buckling, inter-lamina delamination and transverse ply cracking, typically
interacting with each other and occurring at different length-scales [22]. Any solid
generalised failure prediction framework relies on the accuracy in all these aspects
[12].

Fibre properties have an important role in defining the tensile strength of CFRPs
and having a complete understanding of the fibre failure processes is vital to improve
the properties of these materials, as tensile strength is a key property for many ap-
plications [23, 34, 35]. It is widely recognised that when a fibre breaks within a
composite due to tensile loading, the matrix transfers the stress to the neighbour-
ing fibres, and along the length of the broken fibre. If the load continues growing,
the stress on neighbouring fibres will increase, potentially causing them to break in
the vicinity of the original break. This phenomenon is indicated in the literature as
“clustering” and the growth of more and larger clusters will finally lead to the failure
of the composite [34]. In this work, the terms multiplet and n-plet will be used to
indicate a cluster, as allowing a direct indication of the dimension of the cluster, e.g.

a cluster made of two fibre breaks will be indicated as 2-plet or, more in general a
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multiplet.

Composite failure mechanisms are still far from being completely understood.
Many models have been presented in recent decades with the aim of predicting the
failure of a composite by representing the correct initiation and evolution of damage
under load [35], and in particular for fibre break and multiplet accumulation, on
which this work is focused, assumptions have been made based on relatively limited
experimental observations. Composite failure differs from failure in conventional, bulk
metallics, due to the pronounced anisotropy and heterogeneity. Composite failure
mechanisms are strongly dependent on the material lay-up and the direction/type
of loading [34]. Several micro-mechanical models have been developed throughout
the years to predict composite behaviour under aligned uniaxial loading. It has been
generally recognised that modelling the axial tensile failure must take into account
the statistical nature of fibre strength, the load transfer in and around a fibre failure,

and the subsequent potential for multiplet formation [23].

2.2 Fibre strength statistics

While investigating the effects of surface scratches on the mechanical strength of
solids, Griffith et al. in 1921 [36] came to the conclusion that the presence of micro-
scopic discontinuities, or flaws, affects the strength of materials. Carbon and glass
fibres are essentially brittle and when their weakest cross-section is overloaded, they
fail. Rosen in 1964 [37] introduced the weakest-link theory, considering a fibre as made
of links (as shown in Figure 2.1), that is to say small segments. with failure happening
in the link/segment containing the flaw of highest severity. This model is also known
as the "Chain of Links’ model [38]. This phenomenon affects the average strength of
the fibres as the presence of weak links has to be taken into account when evaluating
the failure probability. In particular, shorter fibres will have a lower probability of
having weak links, i.e. likeliness of showing a higher strength [14]. In Figure 2.2, it is
shown how both the mean strength and the scatter of it is highly dependent on the
fibre length (or more correctly its volume) [39]. This represents a fundamental feature
of CFRP failure, as strength variability means that fibres will not all break at the

same applied stress, but will follow a statistical distribution. Thus, a unique value for
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a) Fibre Exhibiting Chain of Links

b) Fibre with a Failed Link
Figure 2.1. Fibre as described in the weakest-link theory [38].

the composite strength should not be assigned, preferring the probability of composite
failure at a certain load [23, 40]. The most used approach to describe the strength of
fibres is the Weibull probability distribution. Its parameters are considered in most
of the tensile strength models. Weibull et al. in 1939 [41], showed for the first time
a fibre strength probability distribution function P:

pron = 1-em (- (£)(22)") "

oy is the fibre strength, oy the scale parameter, m the shape parameter or Weibull
modulus, L the characteristic gauge length and Lg the reference gauge length [42].
Single fibre tests typically use values of Ly ranging between 10 and 50 mm and are
often used to obtain the parameters og and L. In particular, oy will represent the value
at which 63% of the fibres will fail. The Weibull modulus m represents the parameter
that influences the probability distribution, with small values of m indicating a large
distribution (large scatter) (as for example m = 3 in Figure 2.3).

This represents the simplest equation to describe the fibre strength distribution
that is commonly indicated in the literature as unimodal or two-parameter (referring
to the Weibull shape and scale parameters) distribution. Other parameters and man-
ufacturing considerations have been added during the years making the model more
complex, but reported to better estimate the strength distribution of fibres (such

as [43]). The unimodal distribution shown in Eq. (2.1) refers to one flaw population
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Figure 2.2. Probability of failure curves for different carbon fibres gauge lengths [39].

only. However, experiments show how outer fibres of a bundle can be exposed to
different temperatures or to friction, leading to other strength-determining flaws [14].

To obtain the Weibull parameters, standard test methods for single fibres can
be identified within the literature, commonly based on fibres being extracted from
a yarn, fixed by epoxy glue on a cardboard frame that is then cut in the central
region to act as loading tabs. Fibres are then loaded to failure [44]. The methodology
to extract the Weibull parameters from the strength values obtained in the tests is
presented in detail in [23, 38].

Most predictive models need Weibull distributions at gauge lengths L much
smaller than the Ly values noted about. The relevant lengths are often in the order
of the ineffective length (definition is provided in Section 2.3.2), i.e. ~100 pm [45].

Studies have mentioned that the average strength at short gauge lengths is
smaller than the value predicted by the use of the unimodal distribution parame-
ters obtained for gauge lengths in the order of 25 to 50 mm [46-48]. This has been
explained in terms of fibre misalignment and/or slippage between the fibre and adhe-

sive, causing the actual gauge length being longer than the nominal one. The brittle
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Figure 2.3. Weibull distribution example. The dependency on the Weibull modulus of
the scatter in fibre strength is shown [14].

and elastic fibre is tensile loaded and the adhesive (that can be approximated as per-
fectly plastic) is shear loaded. In the clamping region (i.e. the region in which the
fibre is fully bonded to the matrix), the stress field that can be described using the
shear-lag model (illustrated in Section 2.4.1) leads to the fibre being more likely to fail
in the clamping region than in the nominal gauge length [49]. Hence, shorter gauge
lengths will result in higher probability of failure within the clamping region [50].
Discarding the data from the fibres prematurely failed within the clamps leads to the
above-mentioned overestimation.

Moreover, as reported in [51], when extracting a fibre from a yarn for single fibre
tensile testing, the fibre should possess a minimum strength to not fail during the
extraction process. The effective exclusion of the weakest fibres during the extraction
(they break before being loaded) then generates unrepresentative behaviour at low
strength levels. In [51], it is also discussed the importance of the number of fibres
tested to obtain reliable Weibull parameters, and not to falsely predict more than

one flaw population if it is not case. The typical number of tested fibres reported in
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the literature is in the order of 20 to 50, reaching 100 in some cases [52]. In general,
it is not easy to a priori establish a generally applicable number of tests that should
be performed, and the number is influenced by the Weibull modulus of the fibres,
as reported in [53]. To summarise: finding the optimal value for the gauge length
is not easy: tests performed at below 10 mm could result in the fibres failing at the
clamping region or being misaligned, while tests performed at larger gauge lengths
could lead to the strongest fibres preselection, as the weakest would fail during the
extraction from the yarn. Swolfs et al. suggest in [14], that related to experimental
issues a gauge length in between the two mentioned cases (i.e. ~10 to 25 mm) could
be reasonable for most fibre types.

In [50], some advances are described in a correct evaluation of the tensile strength
distribution for carbon fibres with short gauge lengths (in the order of 1 to 10 mm),
of which the most important are: (i) the value of the Weibull shape parameter was
experimentally found to be higher for shorter gauge lengths than for longer ones,
providing indication of the strength being governed by different flaw population, i.e.
a unimodal distribution is not enough, at least a bimodal model should be adopted;
(ii) the tensile strength values of resin-impregnated fibre bundles predicted using the
bimodal distribution were in better agreement with the experimental data (cf. using
the unimodal distribution). When predicting the strength distributions of carbon
fibres, models based on the unimodal Weibull distributions and that followed it were:
the power-law accelerated Weibull distribution (PLAW) described in [43, 48, 54] that
augmented the original model by adding an exponent « to Eq. (2.1) to account for
the gauge length dependence, for which it is still unclear if it provides acceptable
values at short gauge lengths [14], and the Weibull of Weibull model (WoW) that
adopts a more physical approach by assuming that the strength distribution along
a fibre follows a Weibull distribution. Hence, at a certain length L each fibre will
have a strength value associated with it. Then, also the characteristic strengths of
each fibre are assumed to follow a Weibull distribution, based on the presence of
defects caused by the processing and handling of the fibres [45]. This distribution is
however challenging to implement in strength models, hence is not widely adopted in
contemporary models. More complex distributions are retrievable in the literature,

which however often lack a clear mechanical basis, being based on a curve fitting
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approach [55, 56].

Although the uncertainties related to its evaluation are not negligible, the Weibull
modulus is considered a parameter of great importance for the fibre break geome-
try evaluation. By providing an indication of the variation in the strength of the
fibres [42], different behaviour in fibre break formation are expected based on its
magnitude [57]. Fibres with a low Weibull modulus (i.e. exhibiting a large spread in
the fibre strength values), are expected to result in a composite in which the forma-
tion of dispersed breaks will prevail over the appearance of groups of adjacent fibre
breaks, hereby indicated as planar multiplets [14]. A high Weibull modulus, results
in the fibres failing in a narrower range of values surrounding the mean strength.
Hence, once a certain stress level is exceeded, more fibres are likely to fail together
once a neighbour breaks, leading to multiplets formation [58]. Recent SRCT investi-
gations [22, 24, 31] have asserted that dynamic effects may be an additional critical

factor in multiplet formation, disregarding this point.

2.2.1 Summary

The fibre strength statistical nature is commonly described using the Weibull
model [41, 42]. This distribution represents the first input parameter for modelling
the longitudinal tensile strength of composites [14]. Although many studies have
focused on it over the last seventy years (to cite a very few [38, 44-51, 53, 54, 59—
61]), measuring this distribution still represents a difficult task, with the literature
not agreeing on the most suitable corresponding statistical model [14]. The above-
mentioned issues are of statistical and experimental nature. A need for an improved
distribution that accounts for the strength spread showing more flaw populations is
indicated in the review, as well as the need for improved testing techniques accounting
for gauge lengths requested by the current predictive models, which are of different
magnitudes smaller than those on which most studies are based.

Notwithstanding such issues, the Weibull modulus of a fibre type may be taken
as some indication of a composite that is more likely to exhibit dispersed breaks
(low values of the modulus) or localised fibre break formation. Hence, attention is
typically given to it when studying the fibre break behaviour of a composite material.

In 1972 Phoenix et al. in [49] concluded their study on the clamping effects on the
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fibre strength extraction at short gauge length with the following: ’it is then hoped
that more accurate estimates of the Weibull parameters for use with recent statistical
strength theories of composite materials can be achieved’. Almost fifty years later,
this statement appears to still hold and could conclude current publications on the

matter.

2.3 The fibre/matrix interface

2.3.1 The matrix and the interfacial properties

In fibre reinforced composites, the matrix covers different functions: (i) pro-
tects the fibres surfaces, (ii) separates the fibres to ameliorate crack propagation and
(iii) transfers the stress between the fibres [14]. The interaction between fibres and
matrix is fundamental in defining the failure properties of the composite [62]. The
fibre/matrix interface, which can be defined as the boundary between the two parts,
transferring stresses between the fibres, predominantly via shear [63].

Surface treatment and fibre sizing are two factors that affect the interface and if
used properly can control /improve load transfer, leading to a more efficient compos-
ite [64]. In the context of fibre failure, this may mean that a successful interface is
one that allows enough stress to be transferred from a broken fibre to the matrix and
from that to the surrounding fibres [63]. The surface of fibres is commonly treated to
increase the roughness, which affects adhesion [14]. Epoxy resins, (used in the CFRPs
of this study) do not bond well to non-treated carbon fibres, in which case a bonded
interface could not be observed [65]: poor surface treatment could then lead to ex-
tensive fibre decohesion. After the surface treatment, a fibre sizing process follows,
with uncured resin applied in a thin layer, protecting the fibres and improving the
interfacial properties [64]. In [66], carbon fibres with different surface finishes were
assessed using a Broutman test, with Scanning Electron Microscope (SEM) micro-
graphs indicating that matrix fracture observed around sized fibres (i.e. a cohesive
failure), while fibres that did not undergo a sizing treatment appeared as clean from
any matrix bonded to the fibre surface, i.e. an adhesive failure occurred.

The interfacial strength is generally evaluated by single fibre or multi-fibre tests,
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of which the most common is the fibre pull-out test, consisting of one or more fibres

being pulled out of a block of resin, as shown schematically in Fig. 2.4 ([67]).
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Figure 2.4. Schematic of the pull-out model, with L embedded fibre length and ¢, length
of debond [67].

The interfacial shear stress is obtained as:

F,
- 2.2
T T aDL 22)

with F}, the peak load, Dy the fibre diameter and L the embedded fibre length. The
debonding force is related to the embedded fibre length, i.e. a maximum fibre length
has to be considered to allow fibre pull-out without the fibre to fail.

However, the embedded length for carbon fibres/epoxy resin reinforced materi-
als could be less than 200 pm, making the realisation of the test complicated. An
alternative to this test is then the fibre-fragmentation test. A fibre is embedded in a
higher strain to failure matrix, and loaded in tension. The fibre breaks several times
along its length in its weakest sections. This continues until the remaining parts
of fibres are so short that the shear stress transfer between fibre and matrix is not

enough to allow the tensile stress to recover, stopping any further breaks to appear
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Figure 2.5. Schematic of the fragmentation test, with indicated the difference in length

of the fibre fragments. [, is the critical fibre length [68].

[68]. Fig. 2.5 shows a schematic of the test, where the difference in length of the
fragments is presented. This difference in length is related to the statistical nature of
the fibre strength and the shortest of these lengths represents the ’critical length’.
The main limitation of these techniques is represented by the use of a single or
few fibres, not accounting for the effect of multiple neighbouring fibres. Despite this,
an approximate estimate can be achieved to rank different materials [23]. In the real
application, with many fibres surrounding a broken one, the shear stiffness of the ma-
terial surrounding the break is higher, reducing the critical length. Hence, the nominal
stress along the broken fibre will be recovered much closer to the break position if
more fibres (stiffer configuration) are closely surrounding the break, i.e. the fibre vol-
ume fraction and the fibres stiffness affect this [14]. The critical length is also affected
by the level of surface treatment, with increasing the interfacial shear strength, by
improving surface treatment being found to yield smaller critical length [64, 66, 69].
In the first instance, very strong adhesion (high interfacial shear strength) may
be expected to cause the localisation of the fracture on a given plane, making its
propagation easier, while a poor adhesion would result in longer critical lengths and
stress concentrations distributed over bigger regions [70]. The latter is anticipated
to lead to lower composite tensile strength as the effect of the matrix spreading the

load in a region close to the break is not obtained [70-72]. For this reason, it is
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believed that the best tensile properties can be achieved with a good compromise
between the two cases indicated above [70], i.e. an interfacial strength high enough
to encourage relatively short ineffective lengths, but not so strong that it results in
closely spaced /planar fracture events.

Other parameters may be anticipated to affect the stress concentration around
a fibre break, e.g. the fibre stiffness and any thermal residual stresses caused by
the resin cure. When curing the thermoset resins, a compressive state is induced on
the fibres by the matrix shrinking. However, these effects have been reported to be
negligible in polymer matrix composites [73, 74]. As pointed in [14], no existing work
has taken into account the energy release rate for interfacial debonding, disregarding

a dynamic aspect of the problem that could be of importance.

2.3.2 Interaction between fibre breaks

As noted above, when a fibre breaks, load is transferred to the surrounding ma-
terial causing a shear stress concentration in the matrix surrounding the break. If
the interface between the breaking fibre and the matrix is weak, the crack may de-
velop along the interface, otherwise the crack will propagate into matrix first, with
corresponding stress concentration at the crack tip [75]. As notes, it has been sug-
gested that the ultimate failure of a unidirectional composite may depend on the
fibre break progression from a single, isolated break to multiple connected breaks
until a critical cluster forms [76]. A micro-mechanical analysis of the progression of
fibre failure (which takes into account the statistical aspect of the failures and the
load shedding mechanics) is then necessary to define a correct failure strength value
for a composite. The term ineffective length is often adopted in the literature when
discussing about the stress recovery on a broken fibre [70, 77-79] and corresponds
typically to the length along which the stress is lower than 90% of its nominal value.
This definition is somewhat arbitrary but it is clearly an important parameter as it is
related to the length over which the stress concentrations are significant [14]. Many
polymer matrices experience a visco-elastic behaviour at room temperature leading
to time-dependent effects on the ineffective length. The length may indeed increase
as a function of time, i.e. stress concentrations over a larger area with more fibres

breaking with time [14]. Where a fibre fails, the axial stress equals zero, while the
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shear stress reaches its maximum. Away from the break, the interfacial properties will
allow axial stress recovery and the shear stress to diminish to zero. The ineffective

length may be calculated as:

Dy oy (le),
R R ens 9
lc 2 Ti ( 3)

where 0. (1) is the tensile strength at the critical length from the break, 7; is the

tens

interfacial shear stress and Dy the fibre diameter [66]. Fig. 2.6 shows the ineffective

length as obtained from a fragmentation test.
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Figure 2.6. Ineffective length, showed in a fibre stress profile obtained with a fibre seg-

mentation test [66].

Eq. (2.2) can be rewritten to obtain the interfacial shear stress transfer level (T)

from the critical length I..:

o dO’ﬁut (lc)
<T> - 2lc

When a fibre breaks, the probability of another break arises along that length in

(2.4)

surrounding fibres. As shown in Fig. 2.7, in [80] a simple 2D case is considered of a
single line of parallel fibres in which a damage zone of [, is generated after a breakage,
lc/2 on either side of the break. Considering the fibre adjacent to the broken one,
when the load increases if this fibre breaks as well and within the ineffective length,
then there will be a damaged zone between the two breaks and the two can eventually

join up as indicated in Fig. 2.7a. The two will be indicated as duplet.
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Figure 2.7. Fibre breaks interactions for a) two single breaks and b) a duplet plus a

non-coplanar third break [80].

To simplify the problem, the two mentioned breaks can be considered to be on

the same cross-section, as reported in Fig. 2.7b. The damaged zone will be wider then

for the first case. If a third fibre is breaking within this wider damaged zone, this

can be considered as part of the first two breaks, forming a so called triplet. Breaks

will continue to interact until being within the ineffective length of each other [80].

Such interaction of breaks is of course dependent on the stress concentrations around

a break site, which is dependent on the material properties [81].
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2.4 The predictive strength models: an overview

2.4.1 The first analytical micro-mechanical models

The first available example of analytical composite failure modelling was the
fibre bundle model (FBM) by Daniels (1945), which also was the first and simplest
load redistribution model. It considered the load from a broken fibre to be carried in
equal measure by all the surrounding intact fibres (a concept known as global load
sharing) [75, 82]. The maximum load the bundle could support was defined for the
first time as the bundle strength. A group of parallel fibres of equal length and the
same load-extension curve up to the breaking point was considered and the probability
distribution of the strength of the bundles was investigated [34]. However, this model
examined the fibres without matrix bonding them together, with this approach then
being modified and extended by many authors [75].

Cox introduced in 1952 the shear-lag model. It represents one of the main works
on the analysis of the strength and damage of fibre reinforced composites; this model
is commonly used to estimate the load distribution occurring on the fibres around
the broken one [33]. In it’s basic form, this model allows one to calculate the stresses
in a fibre in an elastic matrix. Within the model the failure of one or more fibres was
considered. Circular cylinder fibre geometry, negligible dynamic effects, linear elastic
and isotropic matrix behaviour are some of the main assumptions considered by Cox
and carried forward to in successive models based on this approach [35].

In 1972, Rosen and Zweben showed how a fibre break can influence the stresses
on the surrounding fibres and this can eventually result in crack propagation along
the fibre interface. Fig. 2.8 shows schematically the non-uniform stresses generated by
a fibre crack. These authors also investigated the statistical nature of fibre strength
considering how each broken fibre increases the probability of additional broken fibres
until failure of the whole section.

Starting from the shear-lag approach by Cox, in 1961 Hedgepeth introduced the
stress concentration factor (SFC) for fibres surrounding a broken one in a 2D unidi-
rectional composite [83]. The elasticity of fibres and matrix and the independence
of the SFC from fibres and matrix moduli and from the distance between the fibres

were the main assumptions of this model. The SCF for intact fibres surrounding up
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to six broken fibres was calculated and was found to be increasing with the adjacent
breaks. However, the first version of this model over-predicted the SCF value [14].
In 1967 additional work was published by Hedgepeth and Van-Dyke in which the
main corrections were the introduction of the elastic-plastic behaviour of the matrix
and the extension of the study to the 3D case, although the matrix was still considered
to be loaded in shear only [34, 84]. Many other authors modified Hedgepeth shear-lag
model to include more complex behaviour. In 1976, Fukuda and Kawata improved
the SCF calculation by introducing its dependence on the material properties and
considering that the matrix carries not only shear stress but also tensile stress [85].
Obtained SCF values were lower and increased more slowly than Hedgepeth et al.’s

values, when increasing the load level. Also, the SCF was shown to be increasing

with the fibre volume fraction and the fibre/matrix moduli ratio [34].
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Figure 2.8. Redistribution of the stresses around a fracture site. and are respectively the

tensile and shear stresses originated from a fibre break [86].

Beyerlein and Phoenix in 1996 introduced the quadratic influence superposition
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(QIS) computational technique, an improvement of their previous break influence
superposition technique (BIS) [63]. The QIS was proposed as an efficient model as it
considered discretisation close to the fibre breaks only, while previous techniques were
discretising the whole composite. This allowed the reduction of simulation times of
shear-lag models. Also, the method provided more precise results by the introduction
of fibre/matrix debonding and fibre pull-out as model parameters. The fibre/matrix
loads and displacements are obtained by taking into account the sums of the influences
of N fibre breaks, to which N equations correspond. Fig. 2.9 shows schematically the
analysis of the damage of the fibres and matrix, as well as the debonding mechanism

analysed by the authors.
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Figure 2.9. 2D composite with central crack and equispaced N fibres. Debonding lengths

vary from zero to «, while yield zones extent from zero to a [63].

Within the model hundreds of breaks could be considered, and by including
matrix yielding and debonding mechanisms it is shown that the stress concentration at
the crack edge is reduced, the load transfer length is extended and stress decay ahead

of the crack tip is reduced. Zhou and Curtin in [87], proposed a numerical simulation
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based on the lattice Green function (LGF') to analyse the 3D stress state of composites.
Based on their work, Landis [88] and Okabe [89] built the 2D shear-lag model into a
3D model, leading to very large computational times. In [90], Okabe et al. proposed
a novel computationally efficient approach, coupling analytical stress recovery to the

shear-lag model, referred as the spring element model.

2.4.2 Contemporary models

Seventy years after the fibre bundle model (representing a first basic example
of a composite model) was published, the modelling community is still refining pre-
dictive models to fully capture the tensile response of composite components. Since
the 1990s, The World-Wide Failure Exercises (I, II and III) [12, 13, 91-93] have
provided a comprehensive description of the widely recognised composite failure the-
ories, comparing their predictions between each other and against experimental data.
Multi-directional composites under complex 3D stress conditions were tested. The
limitations and the steps to improve each models were clearly reported, as well as
the recommendations on how the models could be implemented for real-world design
applications. A wide range of models were included that considered micro-mechanics
and finite element approaches, as well as linear and non-linear aspects, etc. [13]. A
wide spread was found in the modelling predictions, highlighting the challenge in
industry utilisation of composite failure models.

The main limitations about this validation exercise were: (i) models required
a large amount of input properties (up to 80), of which some are of not easy to
obtain, leading to the parameters being fitted so that models would provide results
close to the experimental values; (ii) practical experimental issues associated with
the complex loading cases coupled with the multidirectional nature of the modelled
composites that have been suggested as contributing to the lack of agreement between
the experimental data and model predictions.

The longitudinal tensile damage development and failure in composite are how-
ever thought to better understood [24], and given how critical the longitudinal tensile
strength is for the reliability of composite structures, benchmarking exercises have
been recently developed focussing on this particular damage process. Although several

longitudinal tensile strength models have been checked against experiments [26, 94—
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98], the experimental results were known a priori potentially engendering confirmation
bias [32]. Hence, a first version of an exercise to address this issue was proposed in
2018 [10]. The benchmarking exercise focused on following the fibre break accumula-
tion in tensile loaded unidirectional composites.

The exercise provided a comparison of the model predictions when blindly com-
pared to a hypothetical composite material, not corresponding to any real mate-
rial, and with different properties from a second material considered for comparison:
based on Hexcel T800/M21. This allowed a systematic check for consistency of re-
sults among the different model approaches. A brief overview of the models analysed
in [32] is hence provided here, identifiable as the contemporary models available. In
addition to the models described in [32], the model from Tavares et al. [99, 100] is in-
cluded in this review as it considers the dynamic effects on the damage accumulation

in longitudinally loaded tensile composites.

2.4.2.1 The hierarchical scaling law

Described in [98, 101], this analytical model is based on previous work on the
strength of dry hierarchical bundles of fibres [102], adding the shear-lag effect to ex-
plain the presence of the matrix, using [103]. Fibres are paired into hierarchical fibre
bundles and failure is assumed to propagate in a hierarchical and self-similar way. It
is the only model described here accounting for an ineffective length growing with the
applied stress and the number of fibres involved in a cluster, based on [80]. It is the
identified as a particularly computationally-efficient model of those presented here
[32], without sacrificing the accuracy of predictions when comparing to the experi-
mental results. Its analytical formulation leads to the lowest computational times,
which makes the model suitable for very large structures analyses. Static studies of fi-
bre bundles with perfectly-aligned fibres have provided maximum stress concentration
factors that are lower than the value of 2 adopted in this model [25, 97].

However, Beyerlein et al. in [63] have shown that stress concentration factors
higher than 2 should be considered in the formation of large multiplets. Furthermore,
dynamic effects and real-composite random fibre misorientation might lead to higher
maximum stress concentration values, that could be closer to the value adopted in

the model.
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2.4.2.2 Direct numerical simulations

In this model extensively described in [24-26, 104, 105], a Fibre-Bundle Model
(FBM) similar to the spring element model of [90] is adopted. A random fibre packing
model is produced that adds fibres at random coordinates within a square represen-
tative volume element (RVE), followed by some positioning adjustments as described
in [104]. A finite element model is created using the random fibre packing. Fibres
are divided into elements of the length of the fibre radius and to each element a
Weibull strength is assigned. The stress redistribution around a fibre break is calcu-
lated omitting the interaction between fibre breaks. After this, a correction for the
interactions between the breaks (more details can be retrieved in [26]) is added. This
model has been used for hybrid composites applications [52, 106], for which it has
been positively validated against experimental data [107]. Two cases are described
that make use of an elastic or perfectly-plastic matrix.

The model is the most versatile of the lot and uses less assumptions. Relatively
straightforward can be considered the implementation of dynamic and viscoelastic
effects or the ineffective length growing with the n-plet size. The large computational

time and the largest n-plet that can be modelled are the main drawbacks of the model.

2.4.2.3 The multiscale FE model

Multiscale approaches have been reported by various groups to understand the
failure processes of composite structures, with a FE method that allows overcom-
ing the classical assumption of scale separation and does not require any analytical
equations to be written at the macroscopic scale (often difficult to achieve), as done
in [108-110]. Non-linearities are obtained at the microscopic scale, affecting also
the larger scale. The approach may be simplified by using a pre-obtained database
at the micro-scale, and FE analysis only being used at the larger structural scale
[27, 60, 111].

Such modelling has been reported to be tested against acoustic emission [111]
and computed tomography test results [112].

In [111], the stochastic nature of fibre strength, the stress transfer between fibre

and matrix, the interfacial debonding and the viscoelastic nature of the matrix are
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considered together to predict the failure of carbon fibre composite pressure vessels,
considering the rate dependency of failure of these components. Results have shown
that while the viscoelastic nature of the matrix can be assumed as negligible in the
case of longitudinally loaded unidirectional carbon fibre composites, for composite
pressure vessels it is not the case. The faster the loading rate, the higher the applied
stress at which the vessel becomes unstable. Advantages of the approach are the
possibility to use it for relatively large applications with non-uniform stress fields, and
the scalability to multi-directional laminates and the assumption of visco-elasticity of
the matrix (not adopted in the other models). Drawbacks are the non-suitability for
very small investigations (minimum length that can be analysed is of the length of
the RVE, corresponding to 4 mm in [108-110]), and the non-linear matrix response

neglect.

2.4.3 The unidirectional strength models benchmarking ex-

ercise

Starting from 2014, a benchmarking exercise was organised that was published
in 2018 [32]. The joint effort of the authors (Bunsell et al.) and the different research
groups taking par (KU Leuven, Imperial College London, Mines ParisTech and Uni-
versity of Southampton), provides an important basis and opportunity for improved
model development. The predictions of the three models described in the previous
sections of Section 2.4.2 were compared against each other and against experimental
data. Focus was given to the tensile strength and the accumulation of fibre breaks,
under uniform monotonic stress or displacement far-field. The exercise identified the
benefits and the drawbacks of the different models and the aspects that require further
attention for future studies.

As noted above, two CFRPs tested in the exercise are a hypothetical composite
for which the model inputs had no equivalent in reality and hence constituted a truly-
blind comparison for the models, and the Hexcel HexPly T800/M21 system provided
by Airbus UK with modelling inputs collected from the literature. Experiments were
carried out using this system and results disclosed only after the models predictions

had been collected. The fibres diameter and the longitudinal Young’s modulus of the
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Figure 2.10. 0°-ply strength and failure strain model predictions, as shown in [32]. The
hierarchical scaling law shows the closest results to the experimental values. Error bars

representing + one standard deviation.

Hexcel system were taken from the manufacturer’s datasheet, and the other elastic
properties extracted from [113], while the fibre strength distribution was assumed
to follow a simple unimodal approach, with the parameters presented in [114]. The
interlaminar shear strength was obtained from the M21 resin system datasheet. The
composite geometry was examined by the researchers at the University of Southamp-
ton, evaluated from SRCT scans.

Results have showed that the hierarchical scaling law described in Section 2.4.2.1
and the multiscale FE model of Section 2.4.2.3 predict lower strength and failure
strain than the direct numerical simulations of Section 2.4.2.2; as shown in Fig. 2.10.
This is addressed with the assumption of a stress concentration factor of 2 in the
nearest neighbour for the hierarchical model, while the other two models use lower
values obtained through FE. The stress concentration is hypothesised to affect the
surrounding fibres along all the length of the RVE (4 mm long) for the multiscale FE
model, with the other models adopting the ineffective length (in the order of hundreds
of microns). Also, the FE model models a larger specimen than what used for the
experiments and hypothesised in the other two models.

As shown in Fig. 2.11, the direct simulations and the multiscale FE models
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Figure 2.11. Density of fibre break predictions, as shown in [32]. The hierarchical scaling

law shows the closest results to the experimental values.

predict a similar fibre break accumulation trend. This can be explained with the
fibre breaks primarily being formed by individual fibre breaks, which are governed
by the strength distribution that differ for the multiscale FE model. The ineffective
length in the unimodal Weibull distribution in the order of mm against hundreds of
microns is identified to lower the predicted number of fibre breaks, because of the
different size-effects.

The planar n-plet formation and evolution is similar for the 2-plets and different
for larger n for the hierarchical scaling law and the direct numerical simulation models.
This can be explained with the 2-plet formation still being governed by the individual
fibre strength distribution, while the larger n-plets are affected by the different stress
concentration values adopted by the models. At the point of failure, the lowest number
of fibres in an n-plet is predicted by the hierarchical scaling law model, consistently
with the hypothesis adopted, for which a stress concentration factor equal to 2 is
considered in the nearest neighbour to a broken fibre/n-plet, as well as a growing
ineffective length with growing number of broken fibres in an n-plet.

In terms of failure strength and strain, the best predictions are obtained with the

hierarchical scaling law and the multiscale FE models, while the closest predictions of
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accumulation and agglomeration of fibre breaks to the experimental data are obtained
with the use of the hierarchical scaling law and direct numerical simulation models.
This highlights how different modelling approaches can lead to the ability of predicting
well one particular aspect of damage, while ‘missing’” another aspect.

Plasticity of the matrix was judged to have a role in the n-plet formation pre-
dictions: the hierarchical scaling law assumes a plastic matrix, as well as one of the
options of the direct numerical simulation models. This has the effect of lowering the
number of fibres involved in the largest n-plet formation, leading to values that are
closer to what is observed experimentally.

The direct numerical simulation model with a matrix plasticity predicts values
that are closer to the hierarchical scaling law model, if comparing to its elastic counter-
part. Although the two models adopt different hypotheses on the stress concentration
and the n-plet formation and this is clearly affecting the results, the response assumed
for individual fibres and matrix seems to affect even more the results and hence the
accuracy of the model predictions.

Open gaps in the literature that can be retrieved in the modelling exercise of

Bunsell et al. in [32], are identifiable as:

(a) experimental data for model validation to provide:

(i) variability from experimental results should be considered: a larger number
of specimens should be tested to provide an indication of the variability in
macro- and micro-scale response of the tested material, e.g. variability in

strength and individual or group of fibre breaks accumulation count;

(ii) consistent variation in materials parameters, e.g. fibre/matrix interface

type, matrix or fibre volume fraction;

(iii) fibre break and n-plet accumulation measurements closer to final failure,

where the predictions of the models start to diverge;

(iv) measures of the fibre break accumulation in continuous tests, rather than at
discrete load steps, as matrix relaxation can affect the break accumulation

(as shown in [30]);

(b) measuring data for fibres and matrix is difficult; however, more accurate inputs

for material properties are needed:



Chapter 2. Literature review 31

(i) single-fibre tensile tests are affected by stress concentrations at the grips
while single-fibre fragmentation tests make use of assumptions on the fibre-
matrix stress transfer; more reliable methods that can lead to a more accu-

rate single-fibre strength distribution are needed;

(ii) a simple Weibull distribution might not be sufficient in describing the fibre

strength variability, particularly related to small scale cases [50];

(iii) matrix properties are size dependent [115, 116]; bulk matrix properties may
differ from the matrix properties in a composite with a high fibre volume
fraction: changing the matrix behaviour from elastic to plastic in the direct
numerical simulation model has led to strong differences in terms of fibre
break accumulation behaviour. Capturing the correct matrix properties and

behaviour might have a strong role in composite failure;

(c) given the importance of large n-plets in the failure events, capturing the interac-

tion process between fibre breaks:

(i) more studies are required detailing values for the ineffective length, as well
as on the distance within which fibre breaks interact; studies should be
performed that mapped the stress/strain in fibre break local sites, e.g. using

Raman spectroscopy or digital volume correlation (DVC) methods;

(ii) (ii) the great majority of n-plets are seen to appear instantaneously in the
CT scans; techniques such as acoustic emission monitoring should be used to
capture the timescale of this phenomenon; this is of great importance as the
majority of the models predict a progressive formation of n-plets; dynamic
effects might have a role in this, as the dynamic stress fields related to the
fibre break formation are of significant difference from those considered in

the quasi-static hypothesis;

(d) real micro-structure features to be considered, such as fibre misorientation and
waviness, void presence, large resin rich regions are likely to have an effect in the

strength predictions are not incorporated in the models yet.

The great discrepancy observed in the n-plet formations could be potentially

related to the dynamic effects that are ignored in the assessed models [32], and that
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might have a strong impact on the coalescence of fibre breaks, as cause of stress
fields around fibre breaks of significantly different intensity and duration from those
considered in the quasi-static case.

As noted earlier, the problem of dynamic stress concentration due to fibre failure
in a composite sheet was introduced by Hedgepeth [83] using the shear-lag approach
and modelling the stress concentration at the plane of fibre failure, finding that the
maximum stress concentration factor was distinctly higher than in the static case.
Ji et al. in [117] more recently modelled the dynamic stress concentration factors
along the entire length of a fibre neighbouring a broken one, using the same classical
shear-lag approach. It was found that the dynamic effects are significant for a very
short time scale, dependent on the mass-per-unit-area of the fibre, the fibre diameter
and the shear stiffness of the matrix. The associated considerations were introduced
in FE models only in the recent years (from 2017 onwards). A brief overview of these

models is presented in the next section.

2.4.4 The dynamic progression of events after a fibre fracture

While many contemporary models describe the stress redistribution around a
broken fibre as a static equilibrium problem, the fibre failure process can usefully be
treated as a dynamic process; the elastic strain energy accumulated by the fibres is
released as kinetic energy at rupture in the form of a stress wave that interacts with
the fibres surrounding the broken one [83, 100, 117, 118|.

Ganesh et al. presented an FE model validated using the analytical dynamic
shear-lag solution proposed by Hedgepeth [83] and Ji [117].

The model showed the results associated to the stress redistribution after an S2
glass fibre failure for a 2D-planar array of fibres embedded in an epoxy matrix. The
fibre and the matrix were modelled as linear-elastic and the interfacial debonding
modelled using a traction law derived from micro-droplet experiments performed on
the same composite system. Fibre and matrix were modelled as springs as reported
for the FBM, and the SCF was defined as done by Swolfs et al. in [25].

A quasi-3D FE model with one element through the thickness was realised in
which the fibre/matrix interface was modelled using surface-based cohesive contact

formulation in ABAQUS. The results agreed with predictions by Hedgepeth, show-
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ing that the models that consider the shear-lag approach tend to under-predict the
maximum SCF [14].

In 2019, Tavares et al. presented in [100] a geometrically 3D Spring Element
Model (SEM) (based on the work of Okabe et al., reported in [90, 97]), with a ran-
dom distribution of fibres (that follows the work presented in [99]) that incorporates
the dynamic effect related to fibre failure and shows how the dynamic aspect of the
problem affects both the tensile behaviour and the multiplet formation in the longi-
tudinal failure of unidirectional composites.

A periodic 3D Representative Volume Element (RVE) was generated that was
constituted of transverse shear elements that connect the fibres made of longitudi-
nal spring elements. To avoid dynamic instability of the system, mass and stiffness
proportional damping was introduced, and for the fibre strength a unimodal Weibull
distribution was adopted that considered as scaling length the length of the fibre ele-
ment. The matrix behaviour was considered as both linear elastic and elastic perfectly
plastic, as carried out in the direct numerical simulation model of crefsec:swolfs. To
account for the time dependency in the system of equations of motion, a time integra-
tion scheme was adopted, that was based on the central difference method [119]. The
authors demonstrated that modifying the magnitude of fibre volume fraction, matrix
shear stiffness and fibre modulus did not affect the difference between the SCF in the
dynamic case and the SCF in the static case, while both the dynamic and the static
SCF absolute values varied with these properties. The primary factor affecting the
increase in the SCF values was seen to be the matrix shear strength. In the case of an
elasto-plastic matrix, an SCF increase of 43%, while it was almost double in the case
of an elastic matrix, hence strongly affecting the multiplet formation and in general
the material behaviour.

A snapshot of the stress in a broken fibre and its nearest neighbours, at about
13 ns after the moment of failure is reported in Fig. 2.12. The stress wave generated by
the failure process produces a stress increase on the nearest neighbours in the plane of
failure but also at an axial distance from it of ~23 z/R, where z/R is the axial distance
normalised to the nominal fibre radius. This can of course be identified with additional
fibre failure on the considered plane, supporting the formation of diffuse multiplets

(groups of neighbouring fibre breaks that are not on a same transversal plane, but
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a distance from each that is lower than the ineffective length). The study indicates
that the individual fibre break density at peak stress is higher for the dynamic case,
indicating the role that the stress wave may have in fibre break accumulation. The
maximum SCF increase in the dynamic case is calculated and seen to increase with the
multiplet size, as showed in other studies for the static case [120]. No clear change
in the maximum size of the multiplet is extrapolated for the dynamic case. The
multiplet formation is delayed (in terms of applied load) in the numerical results, if
comparing to the experiments, as reported for the static case in [24]. A higher number
of multiplets appear at lower strains, compared to the static case, for both the case
of elastic and elasto-plastic matrices.

In this model that accounts for the dynamic effects in the fibre break formation,
as in all the previous static models [26, 27, 101], there is still a large discrepancy
between the predicted number of individual fibre breaks and multiplets prior to failure
and what experimentally observed, with the final failure happening at a higher density
of breaks than typically found in the experiments. The main achievement of the model
can be retrieved in its finding that large multiplets may form at lower strain levels

than predicted in static models.

2.4.5 Summary

Since the first fibre bundle model (FBM) presented in the 1950s [82], models
have over time captured more complex phenomena occurring at a fibre-by-fibre level,
and added more detailed inputs for the material properties to reach more accurate
strength and fibre failure predictions. Although the computational advances have
pushed much further the evolution and reliability of tensile models, to date many
areas of improvement can be highlighted for more accurate predictive capabilities of
the micromechanical models. Experimental exercises have been developed to pro-
vide more accurate data with which to validate the more and more complex mod-
els [12, 13, 92, 93, 113] and that highlight the large spread in the predictions of the
different models available at the time. Bunsell et al. have focused in the last few
years on the longitudinal tensile failure of unidirectional composites, simplifying the
testing conditions and revealing the results of the experiments only after the mod-

els predictions were generated, avoiding model calibration bias to obtain results that
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Figure 2.12. Tavares et al. [100]. The dynamic effects due to a fibre failure are shown:
about 13 ns after the moment of fibre failure, the generated stress wave causes an over-stress
on the nearest neighbours on the failure plane. At a distance of ~23 z/R from the failure
plane, the same fibres perceive a stress increase of ~20%, while the broken fibre perceives
an even a stronger increase, on a transversal plane slightly below. This stress increase on

the plane z/R ~ 23 from the failure plane could be cause of more fibre breakages.

could be close to the experimental ones.

The contemporary models for tensile failure of unidirectional composites (de-
scribed in [24-27, 60, 98, 101, 104, 105, 111]) were tested against each other provid-
ing an overview of the discrepancies (on tensile strength and strain and accumulation
of individual and adjacently grouped fibre breaks) that can be obtained when mod-
elling the behaviour of the same material, using different assumptions. A further
understanding of the features affecting the final failure, more accurate measurement
of micro-mechanical properties for fibre, matrix and interface and the introduction of
realistic features are the main suggestions that can be extracted from the study.

It was also indicated that the dynamic effects can be significant in the multiplet
formation and hence in the cause of the final tensile failure of unidirectional compos-
ites. Spring models extended to the dynamic case showed the importance of treating
the fibre failure as a dynamic process [100, 118]. Tavares et al. in particular, have
shown that the dynamic consideration lead to a consistent increase in the maximum

stress concentration factor (SCF) around a broken fibre. It was seen that the dynamic



36 Sebastian Rosini

——
20
S
——
o
—
—
1)
S
— |

| DETAIL A

Figure 2.13. (a) The notched geometry of the specimen is indicated, with (b) the di-
mensions of the imaged region, and (c) the specimen ready for testing, with the adhesively

bonded aluminium end tabs [126].

effects cause an earlier formation of large multiplets, as well as a higher individual
fibre break density, if comparing to the static case, highlighting that dynamic ef-
fects should be kept into consideration when studying the tensile failure processes of

unidirectional composites.

2.5 SRCT experimentation on tensile loaded CFRPs

Different techniques have been employed to capture the formation and progres-
sion of damage in composites, such as optical and scanning electron microscopy [19,
121], acoustic emission [122, 123] and ultrasonic C-scans [124, 125]. SRCT stands
from these techniques for being non-invasive and having a resolution high enough to
directly identify and quantify damage mechanisms, such as individual fibre breaks,
matrix cracking, and other damage mechanisms, through time-resolved experiments
in notched coupons.

This section aims at reporting what is available in the literature on in situ SRCT
testing to understand the damage progression in carbon fibre laminates tensile loaded
in the longitudinal direction. In these studies, the same geometry and composite
layout has been used, following that reported in [127]: a 1 mm thick laminates made
of aerospace grade level carbon fibre composites in a (90/0), lay-out were water-jet
cut to a notched geometry that allowed damage micro-mechanisms to be captured

within the small field of view available using high resolution computed tomography;,
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(see Fig. 2.13).

Wright et al. showed in [126, 127] the impact and the potential advantages of
using Synchrotron Radiation Computed Tomography (SRCT) in carbon fibre epoxy
reinforced coupons. The work showed that within the adopted double notched speci-
men geometry, it is possible to identify different damage modes and that the extracted
information can be used to support model development and validation.

Scott et al. in [22, 112] showed that the fibre break accumulation can be followed
from low to high stress levels and that the fibre break accumulation follows a power
law curve, with a distinct acceleration prior to final failure of the specimen. No cor-
relation was found between the fibre break locations and the transverse (90°) plies
cracks, suggesting the low influence of the transverse ply cracks on the fibre failure
for this geometry. Scott showed in [34] how different manufacturing methods can lead
to different failure mechanisms. In the notched coupons, a decoupling phenomenon
was identified, due to delamination and 0° splits that isolated the central 0° layers,
occurring at lower stress levels than those causing the spike in the fibre break accu-
mulation. Scott’s work was the first to show the presence of large multiplets in tensile
(90°) plies [22].

Morton et al. in [23] investigated for the first time the effect of fibre, matrix and
interfacial properties on the initiation and accumulation of fibre breaks, using SRCT.
It was observed that the fibre and matrix moduli had little effect on the accumulation
of individual breaks (for the systems tested), as well on the geometry of interacting
breaks. The accumulation trend was seen to not be strongly influenced by the Weibull
strength moduli. Following the observations of Scott et al., it was confirmed that
groups of interacting fibre breaks formed within one load step, suggesting a dynamic
role in the formation of such features. Different multiplet patterns were observed, not
solely dependent on manufacturing methods. Individual fibre breaks formation was
seen to be influenced by the fibre volume fraction and the presence of voids (with the
latter also proven by Scott et al. in [128]). It was concluded that the fibre/matrix
interface and hence the resultant stress transfer properties, have a role in driving
the damage initiation and propagation in the tested composite geometry and reliable
testing procedures are needed to evaluate the stress transfer in the bulk of composites

at realistic volume fractions.
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Fibre breaks

Figure 2.14. 3D segmented damage in a coupon, at 94% UTS of failure, with the com-
posite bulk rendered semi-transparent. The fibre failure is the damage mode occurring at
the highest stress levels, after a decoupling has isolated the central 0° from the external

transverse (90°) plies [22].

Garcea et al. in [31] analysed fibre break accumulation using continuous mono-
tonic tensile loading coupled to continuous scanning, rather than step-wise scanning
with hold-at-load performed by Scott and Morton in [22, 23, 112]. Fibre break ac-
cumulation was followed up to 99.9% UTS, as opposed to 94% UTS in Scott et al.
and showed to follow a power law curve until the very last moment preceding the
macroscopic failure. It was confirmed that the great majority of fibre breaks is asso-
ciated to new locations rather than occurring near pre-damaged sites. Within the 2
mm of length analysed for example, only one fibre was observed to fragment multiple
times (breaking eight times), while from all the 14,000 fibres observed, none failed
more than four times. The 2 ms exposure and 500 projections collected by Garcea at
al. for each tomograph with a voxel size of 1.1 um, led to a compromise in terms of

image quality. Uninterrupted tensile loading showed that the fibre break accumula-



Chapter 2. Literature review 39

tion phenomenon can be approximated by a power-law relationship until the very last
moment preceding final failure, but while fibre breaks could be easily distinguished,
an automated fibre-by-fibre detection approach with a contained level of error was

not have been possible.

2.5.1 Summary

To the author’s knowledge, Wright and Scott’s works were the first to use SRCT
to understand in situ the damage initiation and progression in CFRP laminates. The
use of SRCT allowed the damage to be tracked in simulated working conditions at
a high resolution, showing distinctively what are the main damage modes leading to
final failure. From these works analysis has been extended to a range of fibre/matrix
combinations and analyse in further detail how fibre breaks accumulate and how this
accumulation is influenced by the material parameters. This was partially achieved
by Morton’s work, which showed little correlation between fibre/matrix moduli and
the fibre break accumulation, suggesting a stronger influence of the Weibull and in-
terfacial parameters. The work concluded with the suggestion of more effort should
be put towards the measurement and calculation of interfacial properties and related
stress transfer properties. Garcea’s work proved that a power law curve can be used
to estimate the fibre break accumulation until 99.9% UTS and that continuous mono-
tonic tensile loading coupled to continuous scanning can be adopted to track the fibre
break accumulation. However, by adopting this technique, lower quality scans are
obtained that are a challenge to automated extraction of micro-structural features

(as sought within the current work).

2.6 Conclusions from the literature

The failure of tensile loaded composite laminates is a complex phenomenon that
involves multiple interacting damage mechanisms. The level of adhesion between fi-
bre and matrix has a fundamental role in the damage formation and propagation and
can be influenced by the fibre manufacturing methodology. Carbon fibres are brit-
tle by nature and vary in strength significantly, hence a strength distribution, such

as the Weibull distribution, has to be adopted to describe the strength variation.
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However, the accuracy of the Weibull parameters is strongly affected by the testing
methodology, the gauge length adopted and the number of specimens tested. It has
been identified that greater higher accuracy is needed in determining such parame-
ters. As a consequence, modelling the failure of a tensile loaded composite laminate
is not a simple task. The work of Cox, Hedgepeth and Van-Dyke, Zweben and Rosen,
Beyerlein and Phoenix, Zhou and Curtin, Landis and Okabe have set the understand-
ing of the problem, leaving open questions, on what the real mechanisms controlling
the final failure in real composites with thousands of fibres embedded in a matrix
are. Contemporary models based on the previous efforts show different ways to ap-
proach the problem, using the recent technologies to understand the tensile failure
of real composite micro-structures. While the strength and strain seem to be better
predicted (as demonstrated by experimental exercises such as [32]]), there still is a
lack of understanding in the micro-mechanisms leading to final failure, particularly
regarding the formation of groups of interacting fibre breaks. Previous studies per-
formed using SRCT to understand the damage progression in tensile loaded CFRPs
have shown the ability of discerning different damage mechanisms happening within
the bulk of the material, and particularly focusing on the fibre fracture failure mode,
how this is influenced by the material parameters. Fibre breaks have been found to
accumulate on a power law curve, as a function of the applied load and this has been
shown up to 99.9% UTS. From the literature it can be seen that there is a need to
analyse in more details the interaction between fibre breaks in representative CFRPs.
Bunsell et al. in [32] have identified a number of gaps in the literature that need to
be filled. In particular, picked in the current study are: the repeatability of the tests
to account for the variability of response of the tested materials at a micro-scale, sys-
tematics variations within the same material (such as the fibre/matrix interface, fibre
diameter, etc.), detailed analysis on multiplet accumulation and morphology prior to
failure, where the model predictions start to be inaccurate, and the analysis of the
influence of real micro-structural features, such as the fibre misorientation and the

local fibre volume fraction.



CHAPTER 3

X-RAY COMPUTED TOMOGRAPHY

In this chapter, a brief overview of the X-ray computed tomography is presented.
The basic principles behind the technique are illustrated, with examples of typical arte-
facts that can be seen in C'T images. The advantages and disadvantages of adopting
synchrotron radiation CT over laboratory-CT are shown, as well as the two mostly
adopted modes to perform tomography, i.e. absorption and in-line phase-contrast
imaging, and the reasons why the first mode has been preferred over the second in the
current work. In situ damage accumulation detection in composite materials allows to
examine the internal structure of components without laborious sectioning. Different
testing (and acquisition) strategies can be chosen, such as ex situ, interrupted in situ
and continuous streaming; the reasons for having chosen the interrupted approach for

the current study are presented.

41
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3.1 Background

High-resolution X-ray Computed Tomography (CT) has received extensive in-
terest, being a powerful tool for estimating internal characteristics of materials and
their behaviour [129-131]. X-Ray CT is characterised by an X-ray source and an
array detector with the sample placed between the two. 2D radiographs are collected
while the sample is rotating around a fixed axis. The photoelectric absorption and the
incoherent Compton scattering are the two dominating processes of X-ray interaction
with the condensed matter [132]. Depending on its material characteristics of linear
attenuation, the sample will allow the X-ray beam to be transmitted though itself
with a certain intensity distribution. This intensity distribution is measured by the

detector and the Beer-Lambert law can be used to describe it:

I = Iyexp* (3.1)

In the domain of the photoelectric absorption, the linear X-ray attenuation co-
efficient p1 can be expressed as:
Z4

= (3.2)

w(x,y,z) = Kp

According to the Beer-Lambert law, the ratio of the number of transmitted to
incident photons is related to the integral of the linear X-ray attenuation coefficient
u of the material along the path that the photons follow through the sample[133].
Parameters related to the X-ray beam are I and Iy, transmitted and incident beam
intensity and E, the incident photons energy; L is the sample thickness. Material
parameters are the density p and the atomic number Z; K is a constant. Hence, the
beam intensity through the material decreases exponentially by an amount dependent
on the beam energy (the higher the energy, the lower is the decrease in beam intensity)
and on the material properties; if the material density or the atomic number increases,
the beam intensity will decrease faster through the thickness. With the assumption
of the incident and the transmitted X-ray energy being measured quantities, the
absorption can be extracted from Eq. (3.1) as:

1o

T=uplL= lnT (3.3)
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Figure 3.1. Schematic illustration of the X-ray CT acquisition and reconstruction work-
flow. The 3D volume of the scanned sample is obtained through the mathematical recon-

struction of a series of X-ray projection images [137].

Attenuation by Compton scattering is the second most important absorption
process, becoming prevailing with respect to the photon absorption when the atomic
numbers Z increase; more details on it can be found elsewhere [132, 134, 135].

The transmitted intensity for a specific section of the sample is indicated as
projection. The resultant collected image is a superimposition of a 3D volume on
a 2D plane. Hence, to obtain 3D information a large number of radiographs are
collected, while the sample is rotating. From this series of radiographs, algorithms
are used to reconstruct the volume of the sample (see Section 3.2) [136]. A schematic
representation of this is reported in Fig. 3.2.

Conventional CT scanners employ X-ray tube sources in which electrons are
accelerated and allowed to collide with a target producing Bremsstrahlung radia-
tion [137]. An appropriate scintillation is needed to convert the X-rays into visible
light, and photodetectors to produce a digital image. First-generation scanners, based
on the original idea of Sir Godfrey Hounsfield, were based on the ‘translate-rotate’
principle [138]: the X-ray tube and detector would translate across one transversal
plane of the sample, than rotate of a small amount, and translate again. The system
was indicated as ‘pencil beam system’ [139]. Earlier CT scanners used a linear array
of photodetectors, i.e. one projection image was generated by the acquisition and

the reconstruction of one plane at a time (fan beam, Fig. 3.2a). The development of
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Figure 3.2. X-ray CT acquisition configurations. (a) shows an example of a fan beam

(projection image is generated one slice at a time); (b) and (c) illustrate the cone beam and
parallel beam configurations: 2D projection images are collected in a single step. In (d),
the example of a large X-ray source. The intensity collected by a pixel could be related to
ray coming through different paths, rather than a specific trajectory, leading to blurring in

the projection image [137].

2D detectors allowed the acquisition of 2D projection images (cone beam Fig. 3.2b
and parallel beam in Fig. 3.2¢), reducing the scanning times. The conical shape gen-
erated by the beam (along with the characteristics of the detector), typically define
the spatial resolution of the conventional CT systems [137]. Hence, a fundamental
role is played by the spot size: the smaller this is, the smaller the penumbral blur-
ring generated, leading to a more accurate projected image. Having a large spot
(Fig. 3.2d) means that different ray paths through the sample could have been under-
taken by a photon detected by a specific pixel, i.e. the intensity acquired by a pixel is
formed by rays coming from different paths. As a consequence, geometrical unsharp-
ness is added to the tomographic reconstructions. Hence, typical CT systems adopt
micro-focus X-ray sources with spot sizes on the order of the tens of micro-metres or

less [137].
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Figure 3.3. Backprojection process for a single point. In (a) the backprojected image of
a single projection is shown. In (b) to (i) are reported the backprojections of the views
covering respectively the angles 0 to 22.5 deg (b), 45 deg (c), 67.5 deg (d), 90 deg (e),
112.5 deg (f), 135 deg (g), 157.5 deg (h), 180 deg (i). In (1), the profile of a reconstructed
point is indicated: in black, the reconstruction with backprojection; in grey, the ideal

reconstruction [140].

3.2 (T reconstructions and imaging artefacts

After the projections are acquired, the data is reconstructed to obtain a 3D
volume using appropriate algorithms, such as the Filtered Back Projection Recon-
struction (FBP). An intuitive explanation of this concept of backprojection is shown
in Fig. 3.3. The scanned sample is an isolated point; one X-ray projection is not
enough to describe the position of the attenuating point. Additional X-ray paths
are needed: by having more angular positions, it is possible to localise its position.
Each projection will have an impulse function with the peak positioned where the
X-ray met the sample (Figure 31). Starting from the intensity function obtained for
each projection, the algorithm provides a visual 2D representation of the object by
backprojecting over a range of 180 deg. As shown in Figure 3i, the object has been
identified but appears blurred.

The backprojection-filtering approach consists of filtering (convolving) the back-
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projected images using the inverse of the impulse response [140]. The convolution
process corrects the blurring providing a more definite image. The 3D equivalent of
a pixel, the voxel, is a critical factor affecting the quality of CT images. Indeed, the
spatial resolution defines the smallest gap between two points at which they can still
be recognized. It depends on different factors, e.g. the quality of the mechanical
system (i.e. accuracy of the back projected views) and the X-ray optics, which define
the level of details one can achieve.

The quality of the images obtained by computed tomography (CT) can be af-
fected by artefacts. Methods to inspect causes of artefacts in synchrotron micro-
tomography are retrievable in the literature [141]. Sources of artefacts can be lack of
data, which can cause the aliasing distortions and misalignment between the sample
and the camera, caused by the drift of the calibration parameters while the angular
scans are taken, an example is shown in Fig. 3.4a. Other causes are limited field
of view (see Fig. 3.4b for an example, sample is bigger than the detector) or beam
hardening: which is related to the use of a polychromatic X-ray source and is caused
by a non-uniform beam energy distribution, which is associated to higher energy X-
ray beams absorbed less easily than lower energy beams. As shown in the example
of Fig. 3.4d, this can lead to the object edges being more pronounced without the
presence of a density gradient.

Lastly, ring artefacts are dark or bright rings. A CCD detector presents pixels
not uniform in sensitivity. By subtracting a dark image and normalising using an
image obtained with the same settings but without the sample, a flat-field correction
can be applied to the projections. The flat-field correction are not enough to cancel
the effect, which produces ring artefacts (Fig. 3.4c). Usually this is corrected by the
use of filters. However, rings cannot be simply decreased when temporal and spatial
beam intensity fluctuations occur [142]. Beam attenuation is the typical approach to
produce an image with X-rays, but the transmitted wave optical phase can be used
also. Objects in images reconstructed by phase contrast usually present fringes at the
edges. Although this is an advantage of the technique, this can also become a source

of artefacts.
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(d)

Figure 3.4. Examples of imaging artefacts; (a) example of lack of data causing drift of the
calibration parameters while the angular scans are collected; (b) limited field of view, with
sample being bigger than the detector; (¢) example of ring artefacts; (d) example of beam
hardening, caused by a not uniform beam energy distribution. Object edges appears more

pronounced than they are [142].

3.3 Synchrotron radiation-CT and laboratory-CT

Micro-focus computed tomography scanning can be used successfully for assess-
ing damage in composite components [34]. X-rays are generated by a molybdenum or
tungsten target hit by an accelerated electron beam and the obtained beam is poly-
chromatic and divergent (conical beam effect). Synchrotron radiation tomography
offers a very high intensity beam with the use of a smaller source: third genera-
tion synchrotrons can generate more than 1000 times higher flux than micro-focus
tubes [133]. Synchrotron radiation is characterised by electrons accelerated and di-
verted into a magnetic field to achieve X-rays. In this case, the beam is relatively
coherent, monochromatic and parallel and orders of magnitude brighter. This affects
the image quality and the acquisition time. Although recent laboratory CT systems
have reduced the gap with SRCT regarding spatial resolution (now below lum in
both cases) and phase contrast (obtainable to some extent with lab-CT), high tem-
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poral resolution and signal to noise ratio are still main features of SRCT, making this
method a key tool for in situ testing [143]. On the other hand, while synchrotron
sources are limited to the extent of the parallel beam (typically less than 50 mm),
lab-CT systems allow larger parts to be scanned and multi-scale approaches to be
adopted. The cone beam geometry of most lab-CT systems translates into higher
resolutions achievable when reducing the source to sample distance. Accommodating
in situ rigs often means this distance has to be increased with resulting resolution
reductions. The parallel beam of synchrotron sources leads to the resolution not

depending on the source to sample distance [143].

3.4 Absorption and in-line phase-contrast imaging

Two modes to perform tomography are widely adopted to study the damage evo-
lution in polymer composites: the absorption mode and the phase contrast mode [143].
In the absorption mode the contrast is obtained by the difference between py and po
of the two phases, i.e. the atomic numbers of the elements and the density. To a
certain extent, a larger difference will allow an easier image analysis of the scanned
sample [133]. In the case of a synchrotron radiation source, phase effects related to
the propagation from the sample to detector are avoided by placing the sample close
to the detector. Too high a transmission causes low contrast between the elements,
while a low transmission leads to bad photon statistics, with an optimal value being
at about 10% [144, 145]. If the beam is monochromatic, beam hardening is avoided
and quantitative analysis is possible as the grey level is directly related to the linear
attenuation coefficient p, hence linked to the atomic number and the density of the
scanned sample [133].

Phase imaging [146] allows the contrast between phases that attenuate the beam
similarly to be increased, e.g. soft solids and fossils [147]. The enhanced edge con-
trast translates into edges being easier to segment, enabling quantitative information
retrieval from low contrast micro-structures that could not be achieved with atten-
uation contrast [148]. Different phase contrast methods are available and described
elsewhere [149]; in-line (or propagation) phase contrast imaging is described here for

being the simplest X-ray phase-contrast method and widely adopted with synchrotron
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sources [150]. It exploits the Fresnel diffraction of X-rays to enhance the visibility
of boundaries within a sample [148]. Requirements for the method are: (i) X-ray
beam has high spatial coherence, which is easy to be obtained with a synchrotron
source or a very small source size (on the order of microns) and (ii) a significant
sample to detector distance should be provided. This allows the following: the pres-
ence of the sample distorts the X-ray wavefront. The propagation of the distorted
X-ray wavefront between the sample and the detector provides the Fresnel diffraction
fringes in the image (see Fig. 3.4) [150]. The intensity of the phase-contrast fringes
increases with the sample to detector distance (R2 in Fig. 3.4), in the synchrotron par-
allel beam case; fringes broaden and the imaging regime moves from the near-field,
edge-enhanced mode adopted in most phase-contrast imaging to the intermediate
regime where more diffraction fringes are obtained, as done in the holotomography
method [151].

Phase-contrast images are commonly edge enhanced, which means the image
intensity is no longer directly linked to the thickness of the sample: the lowest and
the highest intensities are typically observed in the fringes of the edges or any internal
boundaries of the sample [150]. To extract quantitative information (and provide
a better input to the reconstruction algorithm), a phase-retrieval step is performed
that recovers the original phase-shift given by the presence of the sample on the X-ray
wavefront, immediately after its position. The phase-retrieval process may require the
same sample to be scanned at multiple values of the sample to detector distance, with
the magnitude of the phase contrast increasing with the distance [152]. The Paganin
solution [153]., based on a specific filtering of the projections, is often adopted to
avoid collecting multiple images [148]. Synchrotron sources are particularly suited
for the algorithm for their highly coherent beams, but applications of phase retrieval
using laboratory-CT for imaging are available in the literature [154].

Fig. 3.5 shows cross-sections of two different in situ tested carbon fibre coupons
extracted from [31] (Fig. 3.5a,b) and [143] (Fig. 3.5¢) using synchrotron sources. For
both coupons, scans were acquired in the near-field Fresnel regime, but Fig. 3.5a was
reconstructed using conventional X-ray attenuation and Fig. 3.5b,c using Paganin.
The same GRIDREC/FFT algorithm was employed for the tomographic reconstruc-

tions [155] and no image post processing was applied. The Paganin algorithm has not
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Figure 3.5. In-line phase contrast mechanisms explained for the cone-beam geometry.
The phase-shift due to the sample being in the X-ray path, distorts its wavefront, giving
the Fresnel diffraction fringes in the image. The synchrotron wavefront is approximately

planar but the mechanism is the same [150].

enhanced the crack edges in the case of very small features, such as fibre breaks, while
compromising sharpness (see Fig. 3.5b), but facilitated the segmentation of wider
cracks, such as matrix cracks or large groups of fibre breaks, as shown in Fig. 3.5c.
Hence, even though phase retrieval is widely adopted for damage detection when
in situ testing composites, absorption-based reconstructions have been used in this
work, focused on the analysis of single fibre breaks and small groups of fibre breaks

(up to six adjacent fibre breaks have been observed in the current work, as shown in

Chapter 5).
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) 100 pm b)

Figure 3.6. Cross-sections of a tensile tested carbon fibre composite coupon. Scans are
reconstructed under absorption mode in (a) and Paganin mode in (b,c). Paganin mode
has not provided any small crack detection enhancement (similar level of detectability in
(a) and (b)), while the edges of matrix cracks and very large groups of fibre breaks are

particularly enhanced, as shown in (c) [31, 143].

3.5 Ex situ, interrupted CT and continuous in situ

CT

In recent years, the use of X-ray computed tomography for fibre architecture
inspection and manufacturing defects and in situ damage accumulation detection in
composite materials has gained more and more importance, allowing users to examine
the internal structure of components without laborious sectioning, and the associated
risk of causing further damage introduction.

Both ex situ and in situ imaging can be performed in a time-lapse manner on
the same sample [156]. In an ex situ experiment, the sample is removed from the
rig/chamber before scanning and placed on the stage of the X-ray CT setup and the
acquisition strategy follows that shown in Fig. 3.6a. In an in situ experiment the
sample is imaged under load/heat using a rig that is mounted on the X-ray CT stage.
Advantages of the in situ approach rely on not having to move the sample from the
rig/chamber to perform each scan, avoiding environmental changes as well as damage
introduction. Moreover, features such as transverse cracks in tensile testing tend to
close when load is completely removed, becoming more difficult to be resolved from

CT scans [157]. In the interrupted in situ imaging, stress relaxation can occur (as
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Figure 3.7. Temporal X-ray CT acquisition strategies (in red) to follow a tensile test or

heating cycle (in blue) [143].

shown in Fig. 3.6b). Hence, an interrupted imaging approach with load reduction
to levels that reduce any stress relaxations within the material before scanning is
adopted in this work, allowing high quality scans to be collected and features such
as individual fibres to be tracked and segmented from low contrast images with high
levels of fidelity. In synchrotron facilities, continuous streaming of projections is
being more and more adopted, allowing continuous imaging (Fig. 3.6d). However, if
the time scale of damage evolution is much smaller than the duration of the tomogram
acquisition the technique might not be useful and an interrupted approach preferred
instead. A reduction in the number of projections per tomogram and an increase in the
flux represent a possible solution to the issue [157]. However, this often leads to lower

quality scans for which extracting particularly small features becomes challenging.
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3.6 Conclusions

Currently, all the material characterisation techniques are affected by limitations.
With X-ray micro-tomography limitations to be mentioned are the penetrating ability
of the X-ray due to the material density of the scanned sample (in the case of dense
material, very high-energy X-ray or very small specimens are typically adopted) and
the limited ability to differentiate material phases with large differences in X-ray
absorptions. In this case, the less absorptive phase would exhibit a very poor contrast.
In the case of synchrotron X-ray sources, the availability of the facilities can be added
to the limitations [136].

The main advantages of the technique can be summarised as allowing the non-
destructive evaluation of internal material features that are imaged in three dimen-
sions at relatively high spatial resolution. Quantitative measurements can be made:
spatial distribution and the volume fraction of phases, as well as the evaluation of
the variations in the phases due to mechanical or chemical phenomena [158]. Tech-
niques such as Digital Volume Correlation (DVC) can be used to extract from the
3D images quantitative information on the displacement and strain distributions in
heterogeneous materials under different loading conditions [159].

Even if the recent developments of the laboratory CT systems are reducing the
gaps existing between laboratory- and synchrotron-CT, the latter will keep its unique
characteristics: a combination of a high-speed detector, high flux X-ray beam and fast
reconstruction algorithms can lead to 3D images being able to follow the effect on

phases of mechanical or chemical testing with a level of details not achievable before.
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CHAPTER 4

FIBRE/MATRIX INTERFACE EFFECTS ON FIBRE
FAILURE

In situ synchrotron radiation computed tomography (SRCT) has been used to
compare the fibre damage progression in five configurations of (902/0;)s carbon-epoxy
notched coupons loaded to failure. To the authors knowledge, this represents the first
study wn which the effects of different sizing types, surface treatments and fibre di-
ameters on the macroscopic properties of the materials, e.g. ultimate tensile strength
(UTS), and on the damage accumulation at a microscopic scale, e.g. fibre break accu-
mulation, are assessed with particular focus to the formation of groups of interacting
fibre breaks (multiplets), believed to drive the final failure events. A semi-automated
approach has been adopted to process the large amount of data obtained from the
SRCT scans to assess the fibre break development and further areas of applicability of
the method can be envisaged. For the material tests, single fibre break accumulation
was seen to be influenced by the fibre diameter and the fibre type, but not the surface
treatment and the sizing type, which was seen to influence the formation of groups
of interacting breaks. For the material configurations presented, it can be suggested
that an increased defect tolerance can be obtained by moving from stronger to weaker
fibre/matriz adhesion, with sub-critical multiplet behaviour emerging as independent

of the average UTS value.

95
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4.1 Introduction

Accurate prediction of failure behaviour in composite laminates remains a topic
of ongoing research [32]. Tensile failure of longitudinal unidirectional (UD) layers
often represents the limiting factor in the ultimate tensile strength (UTS) of multi-
layered composites, and has been widely discussed within the literature [14]. Analyt-
ical, statistical and finite element (FE) models are reported [26, 27, 40, 48, 76, 84,
86, 101, 105, 112, 160, 161], that often use the concept of a localised critical dam-
age site controlling final catastrophic failure. Such a site is believed to be formed
by a number of neighbouring fibres failing as a mechanically coupled group, guided
primarily by the distribution of strength of the individual fibres and the stress con-
centration that occurs around broken fibres. When studying the tensile failure of
unidirectional composites, the strength of the fibres is recognised to have a stochastic
distribution, related to the presence of flaws, as first identified by Griffith in the early
1920’s [36]. Many studies have focused on the characterisation of the fibre strength,
using different approaches mainly based on the Weibull strength distribution [41, 42].
A development of this approach was proposed by Curtin in [45], who introduced the
Weibull of Weibulls (WOW) model that proposes a strength distribution along a fibre
to describe the presence of flaws, while a different distribution is adopted to assign
to each fibre a characteristic strength value. This to account for the damage intro-
duced during processing and handling of the fibres, and arguably represents a more
physically realistic approach than a single distribution.

The second key parameter in studying the longitudinal tensile failure of com-
posites is the stress concentration around fibre breaks. When a fibre breaks, load is
transferred onto the surrounding fibres, eventually leading to the formation of groups
of interacting fibre breaks (multiplets). Failure is presumed to occur by a critical
multiplet acting as a crack unstably propagating and causing the failure of the com-
ponent [14, 22, 27, 32]. When a fibre breaks, the matrix is primarily loaded in shear
and transfers the stress back onto the fibre [84, 85, 162]. The ineffective length is
defined as the length over which the fibre carries a reduced stress either side of the
break, and models exist in the literature to evaluate this length, such as Cox’s shear-

lag model [163]. Many modelling strategies have been proposed: whilst some have
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considered fibre failure to be an essentially static problem, others have considered
time-dependant aspects both in terms of (a) viscoelastic matrix behaviour [28-30],
and (b) the dynamics of the fibre break [100, 164]. Previous synchrotron radiation
computed tomography (SRCT) studies have adopted in situ testing to quantify the
fibre failure progression in carbon fibre reinforced polymers (CFRPs) [22, 24, 31],
showing that the total number of breaks observed can be approximated by a power-
law relationship and a significant numbers of interacting fibre breaks (multiplets) are
associated with high stress levels, close to final failure of the coupons. Such exper-
imental results have been compared to the model predictions and highlighted how
the models commonly overestimate the stresses at which multiplets form [24, 32],
even when the effects of the dynamic stress concentrations are considered [100]. This
emphasises the difficulties in predicting multiplet formation. Planar multiplets were
seen to ‘pop-in’ and not increase in number of fibre fractures involved for higher
stresses [24], and this is shown up to ~99.9% ultimate tensile strength (UTS) in [31].

In the current study, fibre break accumulation activity in different cross-ply
prepreg laminate configurations has been explored, with the fibres being subjected to
two surface treatment types and two sizing types, providing different levels of adhesion
to the same matrix system. Differences in break accumulation between two different
diameter fibres are also presented. A semi-automated approach is adopted to isolate
specific regions of the coupons and to analyse within those the damage progression
from low to high strains. The variation in fibre break accumulation within and be-
tween different coupons cut from the same composite laminate is also investigated.
The differences among the tested materials is presented in terms of macroscopic (aver-
age UTS) and microscopic properties, with particular focus on the diffuse and planar
multiplets; features that are closely related to the final failure events. The signifi-
cance of the planar multiplets with regard to tensile failure is not completely clear to
the research community engaged in modelling fibre fracture and tensile strength, as
represented in the published literature on the subject. While it is understood that
single-fibre breaks are unlikely to be the controlling damage mechanism for tensile
strength [14, 32, 164], it is contended that models for tensile strength, which explic-
itly include fibre failure should be able to predict the formation of singlets as well as

the more important multiplets. The available model predictions of single fibre breaks,
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both individual and grouped, all show significant discrepancies from the experimental
data. The present work is an original attempt to understand whether there are ad-
ditional micro-structural factors that should be considered to improve the modelling

capability.

4.2 Materials and experimental procedure

4.2.1 Materials

Five different material configurations are tested in the current study, with coupons
cut from (905/05)s laminates produced from Mitsubishi Chemical Corporation (MCC)
carbon fibre prepreg to the manufacturer’s specifications; a summary of material con-
figuration identifiers, prepreg grade, fibre diameters, sizing agent, surface treatment
and resin type adopted is reported in Table 1. Two fibre types are tested, with di-
ameter respectively of 5.8 and 5.4 pum. Two proprietary sizing agent types are used,
with sizing agent 1 being reported to provide stronger adhesion to the matrix resin
than 2. Two surface treatments were also tested, with I providing stronger adhesion
than II. The resin used for all the material configurations in this study is an MCC
350 series, amine curing epoxy. Indicated in Table 4.2 are additional properties,
such as the Weibull parameters for the fibres provided by MCC and the composite
average UTS measured for the geometry tested. Two coupons were tested per ma-
terial system, using 1 mm thick double-edge notched coupons, realised via water-jet
cutting, following the approach of Wright et al. [127], see Fig. 4.1. Aluminium tabs
were adhesively bonded to ensure alignment of the coupons during tensile loading in
the electro-mechanical rig. About 8000 fibres are captured in the 0° layers across the
central notch region, with a gauge length of ~1.3 mm being imaged in the field of

view of the scans that were carried out during tensile testing to failure (see Fig. 4.1c).

4.2.2 Experimental procedure

Progressive in situ tensile tests to failure were performed at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble, France (ID19 micro-tomography
beamline). Following [22], tests have been performed using a modified DEBEN
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Figure 4.1. (a) [llustration of the compact loading rig on the experimentation stage at the
synchrotron facilities, (b) coupon geometry, (c) a 3D representation of the imaged volumes
for all the scans and (d) a top view of the features detected within the volume (single
fibre breaks or groups of co-planar fibre breaks. In this case a singlet and a duplet are

highlighted).

Table 4.1. Summary of the material configurations assessed in this work. Two carbon
fibre types are used. Two sizing agent types (with type 1 providing stronger adhesion than
type 2) and two surface treatment configurations are used, with type I stronger than type

II.

Fibre  Sizing  Surface

Configuration diameter agent treatment Resin

(um)  type type

A . I

B IT 350 series,
5.4 #

C ) I amine curing

D IT epoxy

E 5.8 1 I

CT5000® tensile stage (Fig. 4.1a). The central notched region of the coupons (Fig. 4.1b)
was initially scanned at between ~50% and ~80% of the expected UTS, with an av-

erage of eight more scans being collected between ~90% UTS and final tensile failure
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of the coupon. The number of scans collected per test varies somewhat due to the
stochastic nature of composite strength. The individual scan duration was ~2.5 min.
A displacement rate of 0.2 mm/min was used between scans, with the tensile force on
the coupon being reduced slightly (~10%) while scanning, to promote sample stabil-
ity during scanning. To ensure crack opening displacements at fibre breaks were well
in excess of the voxel size, whilst maintaining a field of view large enough to perform
a reasonable statistical evaluation of the data, a resolution of 0.65 ym was chosen for
this study. A representative transverse SRCT slice of a single and two adjacent fibre
breaks is highlighted in Fig. 4.1d. 2996 projections were collected per scan with an
exposure time of 50 ms. A near-field Fresnel /edge enhancement regime was adopted
at a coupon-to-detector propagation distance of 50 mm, using a multilayer monochro-
mator (0E/E ~ 107%) at an energy of 19.5 kV. In-house software from ESRF was used
for the tomographic reconstruction. In Fig. 4.1c, a scan collected immediately prior to
macroscopic failure is shown (coupon C 1), highlighting the numbers of break events
(typically in the order of 300 - 500) seen at this point within a scan volume (light
green points within the Fig. 4.1c).

4.2.2.1 Notched coupons ultimate tensile strength evaluation

In order to obtain an average UTS, by which to guide the in situ tests, tensile
tests were conducted on ten coupons per material configuration on an INSTRON®
servo-mechanical testing machine at a displacement rate of 0.2 mm/min. The UTS
for each specimen was obtained by dividing the failure load by the cross-sectional
area between the notches of each coupon. This was essential as water-jet cut notched
sections achieved a tolerance of +10% from the nominal width value of 1.0 mm.
The cross-sectional area (CSA) value was obtained by the use of optical microscopes
and CT scans using the Custom Nikon/Xtek Hutch among the u-VIS X-ray Imaging
Centre facilities. The scans, obtained at a resolution of 75 um, had provided CSA
values that led to the average UTS measured on the ten coupons being ~20% lower
than the UTS of the SRCT in situ tested coupons (for which the CSA was measured
through the 0.65 pm resolution scans), consistently for the six materials. However, by
measuring the ten CSAs through laboratory microscopy, the measurement accuracy

was improved and the CSA results were found to be in good agreement with those
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Script opens all the scan volumes in Image)™
User visually chooses a pattern drawn by the transversal view of the fibres (see Fig. 3)
Clicking on the same feature in each volume saves the 3D coordinates

v

The 3D coordinates are copied to a pre-formatted table in Excel®
The range of slices used to crop each volume to the same position along the coupon is obtained

v

Volumes to be aligned to the same horizontal position (see Fig. 4a)
User calculates angle using Imagel™ preview tool

v

A pattern is chosen in the most damaged scans
Pattern has to be close to the edge between delamination and 0° split (Fig. 4)
Scans are cropped to the same volume from low to high strains
No external cracks are included, source of errors in fibre break detection

v

Imagel™ script opens all the scans and GUIs appear asking for user input
(e.g. slice range to which to crop the volumes)
User input is minimal and oriented to ensure a visual inspection of each volume is performed

v

Imagel)™ script performs the thresholding using Otsu’s method [3]
All sites are recorded for coordinates, dimensions and volume (see Fig. 5)

Figure 4.2. (a) [llustration of the compact loading rig on the experimentation stage at the
synchrotron facilities, (b) coupon geometry, (c) a 3D representation of the imaged volumes
for all the scans and (d) a top view of the features detected within the volume (single

fibre breaks or groups of co-planar fibre breaks. In this case a singlet and a duplet are

highlighted).

found during the SRCT test campaign.

4.3 Image analysis

JTM

An automated image processing workflow was implemented in Image and

MATLAB®. The approach adopted in ImageJ™ for fibre break thresholding is
shown in Fig. 4.2.
When strain is applied at this relatively high resolution, it requires care to image

accurately the same volume with the required precision of a few micro-metres as the
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Figure 4.3. Cropping selection: (a) shows the typical damage modes in the analysed

geometry (more details can be found in [22]); in (b) the 0° layers are rotated and the cropped
selection is shown in green, that will be used for an automated fibre break detection; in
(c) an example of a pattern created by the fibre locations used to crop accurately all the

scanned volumes to the same location within the coupon.

material in the intended scan volume is displaced due to the applied loading. However,
by registering all the volumes to the same micro-structural reference points within
the actual coupon, fibre breaks appearing at low strains will keep approximately the
same coordinates within volume collected right up to failure. The same feature (i.e.
the pattern created by the fibre positions on a transversal SRCT slice) is identified in
all the scanned volumes — particle inclusions, voids, external peculiarities due to the
manufacturing of the plates that are in the imaged area, as well as fibres in resin rich
regions (for their misorientation with respect to the loading direction, represented by
the z axis) are chosen. Accuracy in the use of such reference features is checked, and
is found to always correspond to less than three voxels in the fibre direction from low
to high applied loads. A pre-formatted Excel® sheet is filled with the z coordinates
of the fibre patterns; as output, the range of slices to which to crop each volume to
the smaller portion of volume that is equal for all the scan volumes is obtained. This
range of slices is transferred via the GUI of the ImageJ™ script to allow user to crop
the volumes.

The last collected scan (most damaged situation) is analysed first: the whole
volume is rotated so as to orientate the composite layers orthogonal to the image (see
Fig. 4.3a, then rotated in Fig. 4.3b). An identified fibre pattern is chosen, close to the
edge between the delaminated area and the 0° split (more details on these damage

modes for this coupon geometry can be found in [22]), as shown in Fig. 4.3c.
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Otsu’s thresholding

Figure 4.4. Segmentation approach for the break formation/accumulation evaluation.
Scripts have been developed, using Otsu’s threshold method [165]. From the binary images,

all sites are recorded for coordinates, dimensions and volume.

A rectangular cropping selection is drawn, that contains the 0° layers and includes
no delamination or 0° splits within the selected region (in green in Fig. 4.3b), as
such cracks could represent false positives in the fibre break detection. At the end
of this process, all the collected scans are cropped to smaller dimensions to ensure
from unloaded to prior-to-failure conditions the same volumes are analysed. The
same dimensions are used for all the cropped scans to ease the processing: it is
checked that from 80% to 99% UTS, this corresponds to less than 20 slices being lost
(corresponding to less than 15 pm in the z direction) in the last captured scan, which
represents the most elongated condition. However, this translates into an error of
below 0.5% in the fibre break evaluation, due to the fact that the spike in the fibre
break formation happens at very high load levels, when less than 20% of the total
elongation is left before failure. This allows the multiplets to be followed accurately,

according to their appearance and evolution from low to high applied loads. Volumes
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Figure 4.5. The average composite strength of the five configurations (based on 10 mea-
surements per material) is reported. Materials are presented in order of fibre diameter
(smaller to larger). The surface treatment (indicated as ST) has the greatest influence,
with Materials B and D (surface treatment II) being the strongest. As can be seen, the
strongest adhesion (configuration A) did not result in the highest composite strength. Also,

a limited influence of the sizing is observed.

are binarised using Otsu’s method [165]. An example of a binarised image is shown
in Fig. 4.4, in which fibre break sites are identified, with data for their coordinates,
dimensions and volumes recorded.

Single fibre breaks and multiplets are relatively easily distinguished by the feature

volumes and linear dimensions. However, given:

e the low number of multiplets occurring within each volume (about 10-15 in

scans prior to failure),

e the variation in multiplet geometry (for example a triplet can have a near-linear

arrangement, or a more triangular geometry),

it was considered worthwhile for automated multiplet evaluation to be confirmed
directly by visual inspection, given that the script provides their accurate position
within the volume. As such, a high level of confidence is achieved in the current

measurements of multiplet character (number of fibres, local spatial arrangement),
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having been carefully checked/confirmed for any false positives/false negatives during

image processing.

4.3.1 Fibre volume fraction extraction

A macro written in Image]J™ was adopted to extract the fibre volume fraction
from the high resolution scans. For each coupon, the scans collected at 100 N, i.e.
containing no damage, were examined. Five images showing the top view of the
fibres, similar to those adopted for the fibre break extraction shown in Fig. 4.4, were
extracted from the main scanned volume at an axial distance of ~250 ym from each
other. From each image, all the fibre centres were extracted using the following
image processing approach: a median filter was first used to reduce the general noise,
followed by a sharpening to better define the edges of the fibres. An appropriate value
for the thresholding was chosen to correctly binarise the fibres, followed by a watershed
step to ensure that two fibres segmented as one (this is particularly likely to happen
in highly packed regions), are divided into two entities; an eroding and dilating step is
added to enhance the fibres separation. Following this, the ‘ultimate points’ function
is adopted that provides the ultimate eroded points of the Euclidean distance map of
the fibres in [23], which translates into only the centres of the segmented fibre being
kept. The number of detected centres are multiplied by the nominal individual fibre
section value provided by the manufacturer. The result is divided by the examined
area from which the fibre centres have been extracted. This provides an approximate
value for the fibre volume fraction, affected by an error for the approach adopted in
this study of ~41%, due to false positive and negative detection, and the omission
in the centres count of the fibre centres at the edges of an image, centres that would

have otherwise contributed with fractions of fibre sections.

4.4 Results

4.4.1 Macroscopic properties

In Table 4.2, for the five tested materials the fibre properties are presented. To a
higher average fibre strength (calculated using the Weibull distribution) corresponds
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Figure 4.6. Example of planar and diffuse multiplets. Diffuse multiplets are defined as
in [22].

to a higher composite strength.

The nominal fibre strength and the resulting measured average strength of the
materials tested are summarised in Table 4.2, with the highest UTS fibres resulting
in the highest composite strength. In Fig. 4.6, the average composite strength of the
five configurations (based on ten measurements per material) is reported. The cross-
sectional area was obtained through use of optical microscopy. The surface treatment
appears to have the greatest influence, with materials B and D (surface treatment
IT) being the strongest. As can be seen, the strongest adhesion (configuration A) did
not result in the composite having the highest strength. Also, a limited influence of
the sizing is observed. The surface treatment seems to dominate the results, with
B and D materials being stronger than A and C by at least ~6%, corresponding
in ~200 MPa; the strongest surface treatment does not however translate into the

highest strength. A limited influence of the sizing can be observed as well.

4.4.2 Multiplet arrangements

In this study, a distinction is made between planar and diffuse multiplets (see Fig. 4.6).
In the absence of a generally accepted definition, multiplet definition follows that re-
ported in [22; 24]. Planar multiplets were defined here as those having an axial
separation of less than a fibre diameter, whilst diffuse multiplets have an axial sepa-
ration lower than the estimated ineffective length of 70 pum reported by Scott et al.
for the Hexcel Hexply T700/M21 system in [22]. It should be noted that this value
of the ineffective length for the material systems analysed here could differ, but it

is adopted in this instance for fibre break count comparison purposes only. An au-
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Table 4.2. Summary of the nominal fibre strength of the fibres and the resulting mea-
sured average strength of composite in the tested geometry (extracted from ten measure-
ments) with associated standard error values. The fibre volume fraction values are based
on two measurements per configuration, based on the extraction procedure reported in

Section 4.3.1, using the high resolution scans analysed in this study.

Average
Standard
Nominal  Fibre  Weibull Weibull fibre Average
error
fibre volume  shape scale  strength composite
Mat. composite
diameter fraction factor  factor using UTS UTS
(um) (%) (-) (GPa)  Weibull (GPa)
(GPa)
(GPa)
A 47 3.49 0.10
—FF 511 11.35 8.05
B 52 3.65 0.07
5.4
C 50 3.47 0.08
O W Y 11.29 8.07
D 46 3.74 0.06
E 5.8 59 6.31 9.7 7.55 3.14 0.05

tomated evaluation of the ineffective length is planned that follows the fibre shape,
providing the length also for highly misaligned fibres.

The fibre break accumulation curves will be presented by separately plotting
the total number of individual fibre breaks (including breaks that are part of diffuse
multiplets), and the number of planar multiplets, to better assess the differences
among the materials tested in terms of groups of individual and interacting fibre

breaks, their formation and evolution®.

4.4.3 Variability between coupons

In assessing the damage formation and propagation within the small sampling
volumes in SRCT there are statistical aspects of damage that must be considered. In

this case, these might be identified with local micro-structure variations, debonding

IThis results in a lower number of breaks being presented, than was found in previous SRCT
studies ([22, 24, 31]) that counted the total number of fibre breaks (i.e. all of the individual breaks

in the planar multiplets were included in the count).
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Figure 4.7. Comparison of coupons D 1 (scanned in multiple regions: D 1, D 1 top and

D 1 bottom, as explained in Section 4.4.4), D 2, C 1 and C 2. Variability between coupons

is estimated to be ~30% in fibre break density (planar multiplets not included). The error

in stress is estimated to be ~5%.
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Figure 4.8. Coupon D 1, (a) tested geometry and imaged volumes to assess variability in

fibre break accumulation within a coupon, highlighting the extensive 0° ply splits, decou-

pling the central region from the initial notches; (b) the fibre break accumulation curves

(planar multiplets not included); (c) the difference in breaks count at the same load level

is assessed. Variation between different regions of the same coupon is ~30%.
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between the plies and transverse ply crack (TPC) variability (damage modes exten-
sively described in [22, 31]). As reported in Table 4.2, a variation in the fibre volume
fraction is observed among the five material configurations, with values ranging from
46 to 59%. In Fig. 4.7, the number of fibre breaks as a function of the ply-level
stress (the applied nominal stress in the reduced load-bearing section) is presented
for material configurations C and D, with C representing the material with the best
sampling (at least 10 data points collected for both coupons) and D the worst (4 data
points vs. 10); this is associated with the stochastic nature of composite strength,
as noted in Section 4.2.2. D 1, D 1 top and D 1 bottom indicate that the scans
are collected at three different locations within the same coupon to assess levels of
variability within individual coupons, as will be discussed in Section 4.4.4. For the
material configurations tested in this study, variability between coupons has been
estimated to be ~30% in fibre break density (planar multiplets not included). An

error of ~5% in stress measurement is estimated.

4.4.4 Variability within a coupon

In order to assess volume sampling aspects of damage measurements (i.e. recog-
nising the limited sampling volumes inherent to high resolution SRCT), fibre break
measurement variations were analysed. Notwithstanding limitations on synchrotron
access, this was achieved within one of the test coupons, thereby ensuring equivalent
sample/material preparation influence and load bearing cross-section. Three posi-
tions along the coupon length and close to the notched area have been imaged as
indicated in Fig. 4.8a, in which the approximate position of final failure with respect
to the imaged regions is identified with a dotted line. At these loads 0° plies are
extensively debonded and mechanically uncoupled from the notches, i.e. equivalent
and uniform loading is assumed for the three regions (observed 0° splits indicated in
green in Fig. 4.8a). The accumulation of fibre breaks with increasing ply-level stress is
shown in Fig. 8b. For low stress levels, only the mid volume (in yellow) was scanned,
as for all the other coupons imaged in this study. At a ply stress of 3259 MPa the
three regions were scanned, and for higher stress levels the top and bottom regions
were scanned. Fig. 4.8c shows the variability in break density for the three volumes

at 3259 MPa. Variation between regions within the individual coupon is therefore in
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the range of ~30% in terms of breaks, or ~6% if considered in terms of stress, which

might be attributable to the estimated ~5% error in stress measurement.

4.4.5 Comparison 1: change in surface treatment (A to B)

In Fig. 4.9, the fibre break activity of the coupons with the highest number of
collected scans is presented. As n-plets, the sum of the diffuse and planar multiplets is
indicated; one n-plet is counted as one entity. This comparison could be equally made
between materials A and B or C and D (sharing the same sizing type but adopting
different surface treatments). However, although D 1 and D 2 exhibit a very similar
singlet formation with stress, the truncation due to early failure of coupon D 2 results
in this material being not to most suitable for drawing conclusions regarding fibre
break accumulation. Hence, this comparison will be focused on materials A and B
(with the exemplary coupons A 1 and B 1). Although the singlet formation with
stress is very similar for the two materials, the higher average strength configuration
(B) demonstrated a greater propensity for multiplet formation (particularly for n-
plets with n > 3). The last scan collected for coupon B 1 appears at the final failure
stress level (3629 MPa); this is due to the coupon being loaded to that level and the
load (reduced by 10%) being held while scanning. When loading to the higher load
step, the coupon failed before reaching the previous stress level, at 3606 MPa.

Modifying the surface treatment, obtaining a weaker adhesion, resulted in the
coupons exhibiting a higher UTS (as shown in Fig. 4.5), while allowing more damage
to be tolerated before failure (see Fig. 4.9). The size (n) of the largest observed
multiplets doubled in coupon B 1, with a 5-plet captured in A 1 at ~98% UTS and a
10-plet in B 1 at a similar stress level. Between materials A and B, the small multiplet
activity is similar (2-plets and 3-plets), but more larger multiplets were observed in
material B. A high multiplet susceptibility for a given stress level is evidently not a
simple indicator of strength and the total defect content at failure is clearly material-
dependent, with B being the more defect tolerant of the two materials compared here.
As will be shown in Section 4.4.7 where a different fibre type is adopted, the reason
for a similar single fibre break accumulation from low to high strains may be due to

the fibre type that is kept the same for the two configurations A and B.
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Figure 4.9. The fibre break accumulation activity is shown for individual coupons of the
materials assessed in the three comparisons. The sum of diffuse and planar multiplets is
represented, as the total of n-plet sites,, with a 2-plet counted as a single entity. In red
symbols, the largest multiplets are represented, as they are believed to be the possible

trigger for final failure [14, 32].

4.4.6 Comparison 2: change in sizing (A to C)

As for comparison 1 of Section 4.4.5 between materials using the same fibre type,
the singlet formation vs. stress response is very similar. However, for an equivalent
level of stress and immediately prior to failure, a very high susceptibility to multiplets
for material C, adopting the sizing type 2 (allows a weaker adhesion than sizing type
1) is observed. The largest multiplet captured before failure for high strains is a 5-plet
in A 1 and an 11-plet in C 1. The number of 2 plets observed in C 1 is two times
higher than A 1, with C being the material configuration with the highest number
of small multiplets (2-plets and 3-plets) observed in this test campaign. The high
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number of multiplet sites is clear and consistent for repeat coupons and as the two
configurations are characterised by a similar average strength (the coupons A 1 and
C 1 presented in Fig. 4.9 have different individual UTS values, but the average values
are comparable, as shown in Fig. 4.5), the multiplet build-up and final state cannot
simply be linked to the average UTS. An increased defect tolerance is observed when

a weaker adhesion is obtained by a change in sizing type.

4.4.7 Comparison 3: change in fibre type (A to E)

Configuration E is characterised by a larger diameter and a lower nominal fibre
UTS: 5.6 GPa of the fibres used in configuration E against 6.5 GPa of the fibre type
used for the configurations A to D. The same fibre sizing and interface treatment
are adopted as for both materials A and E. The average composite UTSs are 3.49
GPa for Material A and 3.14 GPa for material E. As shown in Fig. 4.9, the singlet
formation with increasing stress in the two configurations is similar but different by
coupon UTS level. However, a rapid onset of 2-plets/multiplets at low stresses as well
as a truncation of the singlet accumulation curve by early failure can be observed for
material E. In this case, susceptibility to multiplets is apparently coincident with a

lower average UTS value.

4.4.8 Planar multiplets

Planar multiplets are best assessed in terms of 2-plets for the materials in this
study as larger multiplets are too sparse for a simple comparison. The ratio of planar
to diffuse 2-plets typically is in the 40-50% range, with the exception of configuration
E as shown in Fig. 4.10, in which comparison 4 (A 1 vs. E 1 of Fig. 4.9) is repeated for
planar multiplets only: coupon E 1 appears to be particularly susceptible to planar
multiplet formation. It can be observed that a higher number of planar 2 plets form
in E 1 in Fig. 4.10 in comparison to the number of total 2-plets of Fig. 4.9. This is
explained with the planar defects being also counted within the larger diffuse clusters.
Planar 2 plets and n-plets increased rapidly, appearing to be fibre controlled, as the
two configurations share the same sizing and surface treatment. Overwhelmingly, the

planar multiplets observed in this study have been seen to form at different UTS levels
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but not grow close to macroscopic final failure (as reported in [22-24, 31]). Details
of the formation, evolution and local morphology of the planar multiplets observed

in this study will be provided in a following publication.
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Figure 4.10. Materials A and E are compared in terms of single fibre break and planar
multiplet accumulation. A certain degree of planar damage susceptibility is observed in ma-
terial E. This phenomenon seems to be fibre controlled, as sizing type and surface treatment

are unchanged between the two configurations.

4.4.9 Comparison summary

Across the supplied fibres, sizing and surface treatment types, a number of points

are identified:

e the rate of singlet fibre break accumulation with ply stress appears relatively
consistent for these composites (within the experimental scatter), and is inde-

pendent of UTS and the multiplet behaviour;

e the incidence (onset and rate) of multiplet damage accumulation with applied

ply stress does vary significantly within the test group;

e for material configurations A to C, the prevalence of multiplet formation in-
creased from A to C, with B being the highest average UTS Material and A
and C having a similar level of average UTS (see Fig. 4.10). A weaker adhesion
obtained through different surface treatment (materials A to B) led to a compa-

rable number of small multiplets (2- and 3-plets), but a higher number of large
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multiplets (with a 10 plet formed in B). An even weaker adhesion (materials B
to C) obtained by changing the sizing type led instead to a similar activity for

large multiplets accompanied by a much larger formation of small multiplets
(see Fig. 4.9).
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Figure 4.11. The average UTSs of the three materials which are the main focus of the
comparisons, are represented in order of amount of multiplets accumulated before final

failure (A to C). The multiplet behaviour appears to be independent of the average UTS

value.

4.4.10 Conclusions

An extensive database of performance and damage behaviour at a deep micro-
mechanical level has been generated in this study for a range of materials with different
fibres, surface treatments and sizing, to an extent and detail the authors believe has
not been achieved before. A semi-automated approach has been developed to precisely
quantify the damage progression within in situ tested composite coupons and further
areas of application can be considered (e.g. inter- and intra-laminar damage tracking).
Automated quantification, repeatability and morphology measures (e.g. planar and
diffuse multiplets) have been generated for a large number of SRCT scans. The

following conclusions have been drawn from the results:

e the accumulation of singlets and multiplets indicates that single fibre breaks

play no simple role in controlling the average UTS of the material;
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e if a clustering behaviour is to be controlled, both surface treatment and sizing
can be modified, consistently with some interface role in load shedding from

break sites to intact neighbours;

e current materials behaviour appears most readily interpreted in terms of com-

bined influence of:

— multiplet susceptibility;

— defect resistance (maximum scale/frequency of multiplet site that can be

accommodated before failure);
e materials control/design aspects evident from the results suggest:

— the same sizing types and surface treatments may be identified with detri-
mental influences on defect tolerance, but by different mechanisms: e.g.
sizing type 1 and surface treatment II in the lower diameter, higher strength
fibres configuration (M aterial A) has led to lower UTS than other config-
urations with the same fibres but to small/sparse population of multiplets,
whilst in larger diameter, lower strength fibres configuration (material E)
the same sizing/interface induced the formation of more planar multiplets,

which are more detrimental to strength.

This work represents an experimental effort that is only a first step in the on-
going research to better understanding the key failure events in tensile loaded unidi-
rectional composites. Further comprehensive experimental campaigns are suggested
that can provide a better insight into the statistical coupon-level variability as well
as the higher level of detail as to the different mechanisms occurring when modifying

the fibre/matrix interface.
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CHAPTER b

PLANAR FIBRE BREAK CLUSTER ASSESSMENT

A higher level of understanding is desirable in describing the micro-mechanisms
leading to longitudinal tensile failure in fibre-reinforced polymers, as to whether the
critical state of groups of interacting fibre breaks (clusters), thought to trigger unsta-
ble crack propagation, can be recognised and predicted, and whether models can be
improved to enable better engineered and hence better performing components. In situ
SRCT has been used to perform a detailed qualitative (and where possible quantitative)
study of cluster morphology, obtained through careful comparison of different coupons
made of the same material that include systematic variation in the fibre/matriz in-
terface, believed to guide the cluster formation. The effects of different fibre types are
also explored, and it is confirmed that stronger interfaces lead to cluster formation at
lower stress levels. For the test matriz investigated herein, higher Weibull modulus
fibres and a stronger interface seem to induce the highest multiplet (i.e. clusters con-
taining multiple fibre breaks) to singlet break ratio (40/60). New hypotheses are also
discussed as to the potential causes of stabilised clusters based on the level of damage

that has been observed post-mortem.

7
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5.1 Introduction

In many applications, a key design consideration for composite components is
the tensile failure of their unidirectional plies, commonly controlling ultimate tensile
strength [22]. Accurately predicting the failure of unidirectional composites is thus of
importance but remains a challenging task due to the complex internal structure and
hence the large number of model inputs needed. Furthermore, detailed experimental
insight is lacking regarding the micro-mechanisms leading to failure [14]. In practice,
predictive uncertainties commonly lead to components being often over-designed [24].

The longitudinal tensile failure of unidirectional composites is generally believed
to be controlled by the following process: all fibres are loaded in their axial direction
and begin to fail individually, based on the -fibre strength distribution. Fibres sur-
rounding the broken ones experience a stress concentration that will increase their
chance of failure. This leads to the formation of groups of fibre breaks that even-
tually coalesce and further intensify the stress concentrations on the neighbouring
intact fibres. One of these groups of interacting fibre breaks (referred to interchange-
ably as clusters or multiplets) will become large enough to grow unstably, causing
macroscopic failure [32].

Several models are available in the literature [27-30, 52, 101], that include dif-
ferent mechanisms and/or simplifications to the fibre failure phenomenon. As noted
by [14], for elastic and well-bonded materials, the stress concentration in the portion
of matrix surrounding a fibre break would be infinite, which is non-physical. Instead,
one or more of the following phenomena can moderate the local stress: the matrix
yields, micro-cracks form in the break plane or the fibre/matrix interface debonds. In
the modelling exercise of [26], it is indicated that matrix cracks have a negligible in-
fluence on stress concentrations, ineffective length, multiplet development and failure
strain.

Yielding of the matrix and interfacial debonding near the fibre fracture crack tip
can instead lower the stress concentrations, thereby reducing the tendency of further
fracture growth [63]. The wider distributions of stress resulting from the debonding
(as well as the plasticity of the matrix) help spreading non-catastrophic failure modes

enhancing the toughness of the material [63]. If the matrix yield stress in shear
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is much lower than the interfacial strength, it has experimentally demonstrated that
plastic deformation of the matrix occurs rather than fibre to matrix debonding, with a
longitudinal plastic region developing in the matrix at the crack tip [166, 167]. Within
the modelling results of [100], the dimensions of the largest multiplets observed before
failure reduce of approximately 70% for the material system simulated in the study
(T700/M21, of which experimental data was extracted from [22]) when introducing
matrix yielding (an elastic-perfectly plastic behaviour of the matrix is assumed),
confirming the effect of the reductions in the stress concentration factor (SCF) on
multiple fibre failure.

Debonding may be expected to be controlled by the interfacial shear strength,
the strain energy release rate, the fibre/matrix friction, the matrix yield strength and
the fibre stiffness [14]. Current in situ tensile tests performed on CFRPs, imaging
thousands of fibres, such as the ones performed in this work and in [22, 24, 31}, do
not have a resolution high enough to capture the separation between fibre and ma-
trix in CFRPs and alternative techniques that could capture the phenomenon are
limited to surface measurements only [14]. This means the results for the fibre frac-
ture geometries observed in single fibre composite tests ([70]) have not been proved
to be transferable to coupons with thousands of fibres [14]. In [164] the effects of
both matrix plasticity and interfacial debonding on the SCFs are shown. A matrix
with a relatively low yield strength reduces the SCF values more than the fibre/ma-
trix interfacial debonding; it is observed that modelling the matrix as elastic leads
to an unstable interfacial debonding, while an elastic-plastic matrix allows a stable
debonding and arrest.

Fibre fracture is a dynamic process that leads to a change in the stress level
over time, leading to higher SCFs [14]. The failure of a fibre causes a compressive
wave to develop in the neighbouring fibres, followed by a tensile wave, leading to a
dynamic axial stress overshoot and higher dynamic SCF values [118]; a local plastic
zone can be expected to form within the matrix in a region that is close to the break,
due to the rapid spring-back of the fractured fibre. Considering the matrix as elastic-
perfectly plastic, leads to a reduction in the peak SCF as well as acting as a damping
mechanism for the stress wave produced when the fibre breaks (the oscillations are

less pronounced and extend for shorter distances), thus reducing the dynamic SCF
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value. For both an elastic or elastic-plastic matrix, stress concentrations extend to
much larger distances than in the static case [100, 164]. Hence, from a material design
point of view, to reduce the peak dynamic SCFs and delay the dynamic formation
of clusters, a resin system with relatively low yield strength could be adopted [164]:
a matrix that plasticises at lower stress levels leads to the stresses being spread out
over larger distances, while the peak SCF reduces.

To the best of the authors’ knowledge, none of the quasi-static models retrievable
in the literature, e.g. [27-30, 52, 101] predicts the sudden appearance of planar multi-
plets as well as their arrest in growth after formation, as observed in the experimental
campaigns of [22-24, 31]. In [100], the dynamic effects of the instantaneous formation
of groups of interacting fibre breaks are evaluated that provide an indication of the
SCF increase due to the dynamic effects. However, in their study it appears to the
authors that no indication is reported as to the number of planar multiplets (a) form-
ing in the time windows associated with the dynamic phenomena and (b) arresting
their growth after formation.

In the last decade, Synchrotron Radiation Computed Tomography (SRCT) has
become a powerful source of new insight into the damage mechanisms of CFRPs and
as a validation tool for predictive models [127, 168-170]. While no direct evidence
has been provided, SRCT has suggested, through the studies reported in [22-24, 31|
some implications of the dynamic stress concentrations in the failure processes of
unidirectional composites, where further increases in load did not lead to further
adjacent breaks. The current study uses SRCT with the aim of reporting on the local
morphology of clusters, to better understand the effects of constituent parameters
and micro-structural features on their initiation and accumulation (up to the point
of macroscopic final failure of the tested coupons). Cluster formation is examined
in detail in a significant number of coupons, addressing a number of fundamental
variables, and this will be presented qualitatively and where possible quantitatively.
Consistent systematic variations in materials parameters are considered, such as the
fibre/matrix interface, as suggested in [14, 32] to guide further tests to provide the
modelling community new experimental data to perform a model consistency check

across a range of materials.
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5.2 DMaterials and experimental procedure

5.2.1 Materials

Coupons made of five different material configurations were cut from (905/02)s
prepreg panels fabricated by Mitsubishi Chemical Co. and tensile tested to failure
to assess the effects of the fibre type, sizing type and the surface treatment on the
fibre break accumulation. These materials in the same configurations were reported in
Chapter 4. Whilst specific material and process conditions are proprietary, qualitative

differences are provided in Table 5.1.

Table 5.1. Summary of the material configurations (as presented in Chapter 4, reported
here for ease of reference). Two carbon fibre types are used. Two sizing agent types (with
type 1 providing stronger adhesion than type 2) and two surface treatment configurations

are used, with type I providing stronger adhesion than type II.

Fibre Sizing  Surface

Configuration diameter agent treatment Resin

(pm)  type type

A . I

B IT 350 series,
5.4 #

C ) I amine curing

D IT epoxy

E 5.8 1 I

These materials can be classified in order of fibre/matrix adhesion:

e Materials A and E: the strongest adhesion is provided by sizing agent type 1
and surface treatment I. Material E is distinct from A in terms of fibre diameter
(5.8 vs. 5.4 um nominal average diameter respectively) and a lower average

strength (more details in Table 5.2);

e Materials B and C: Material B has a lower fibre to matrix adhesion than A
and E, obtained through a different surface treatment; Material C has a lower

fibre to matrix adhesion than A and E through a different sizing type. The
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Table 5.2. Summary of the nominal fibre strength of the fibres and the resulting measured
average strength of composite in the tested geometry extracted from ten measurements with
associated standard error values, as presented in Chapter 4, reported here for ease of refer-
ence). The fibre volume fraction values are based on two measurements per configuration,
based on the extraction procedure reported in Section 4.3.1, using the high resolution scans

analysed in this study.

Average
Standard
Nominal  Fibre = Weibull Weibull fibre Average
error
fibre volume  shape scale  strength composite
Mat. composite
diameter fraction factor  factor using UTS UTS
(um) (%) (-) (GPa)  Weibull (GPa)
(GPa)
(GPa)
A 47 3.49 0.10
—FF 511 11.35 8.05
B 52 3.65 0.07
5.4
C 50 3.47 0.08
— 547 11.29 8.07
D 46 3.74 0.06
E 5.8 59 6.31 9.70 7.55 3.14 0.05

manufacturers identify A and C as having similar overall fibre/matrix adhesion

strength;

e Material D: characterised by a lower adhesion sizing agent (type 2) and surface
treatment (type II). The same aerospace grade fibres of Materials A, B and C
are adopted.

1 mm thick double-edge notched coupons were machined via water-jet cutting,

following Wright et al.’s procedure [127].

5.2.2 Experimental procedure

In situ tensile testing campaigns were carried out at the European Synchrotron
Radiation Facilities (ESRF) in Grenoble, France, at beamline ID19, with the sample-
detector distance being set to 50 mm, enabling near-field Fresnel diffraction (edge

detection). The beam energy was 19.5 keV and a multilayer monochromator was
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adopted. The coupons were placed in a custom modified DEBEN CT5000® electro-
mechanical compact rig, fixed on the rotating stage. The coupons were scanned
initially in a near-unloaded state (100 N was applied to ensure no movement between
the coupon and the grips, that could compromise the image quality) and then in
a loaded state. To ensure no further damage was introduced while scanning, the
load was reduced to ~10% lower than the peak load applied at any specific load
step, before each scan was performed. 2996 projections were collected during each
tomographic scan, using a 2160x2160 pixel detector system, through a 180° rotation.
An exposure time of 50 ms was chosen, resulting in ~2.5 min of total scan time. The
optics adopted in the current study provided an isotropic voxel resolution of 0.65 pm,
that allowed individual fibre and fibre break identification from the scans. Although
the field of view of 1.3 mm was the same for all the ~140 volumes collected in the test
campaign, the examined volumes differ in dimensions. By registering all the volumes
to the same position within the coupon length and by cropping out larger cracks
(delamination, transverse ply cracks and 0° splits) which may cause false fibre break
detection, the analysed regions for fibre break assessment have volumes in the range
of 0.3 to 0.5 mm?, while typically including ~8000 fibres in the 0° plies. Due to the
stochastic distribution of strength in these materials, it is not possible to precisely
determine a priori the load steps as a percentage of UTS at which to scan a coupon.
Hence, there are some discrepancies in terms of the intervals at which images were
captured between the coupons.

Starting from the ~90% UTS step, one coupon (Material D, Coupon 1) has
been scanned at two locations positioned at an axial distance of +2.5 mm from
the location of all the other scans that were centred on the notched area, to assess
multiplet activity variability within the same coupon. Scans are indicated as D 1 top
and D 1 bottom. A second coupon (Material C, Coupon 1) was scanned post-mortem
during a different test campaign at the same synchrotron facilities and using broadly
similar settings. A value of 0.325 um for the isotropic voxel resolution was adopted in
this case, with a propagation distance of 14 mm and an exposure time of 5 ms. The
typical geometry of the coupons analysed in the current work is reported in Fig. 5.1.
Pull-out of the central 0° layers was observed, for a length of ~2-3 mm. As shown

in Fig. 5.1a and Fig. 5.1b, this results in the mean failure plane not being captured
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within the field of view of the scans, which were located at the mid-section of the
coupons and the region scanned post mortem being different from that scanned before
failure. Nevertheless, imaging the crack profile and a volume below it, allowed the
differences in terms of fibre breaks between the prior to-failure and the post-mortem

conditions to be assessed.

5.3 Image analysis

Automated image processing was implemented in ImageJ™ and MATLAB®,
and has been outlined in Chapter 4; here the main steps are reported for clarity. When
tensile strain is applied at such high resolution, appreciable specimen movement is to
be expected, causing the imaged volume to shift slightly. As such a script has been
developed that opens all the scans in ImageJ™ and allows the user to visualise each
scanned volume and to find patterns created by the view of the fibres along the fibre
direction, that are then used to crop all the volumes to the same dimensions and
position within the coupon length. This is done to analyse fibre break formation and
evolution from low to high strains with each break keeping the same coordinates in all
the volumes. Fibre break segmentation follows, adopting Otsu’s method [165]. Single
and multiple fibre breaks are distinguished and catalogued by volume size using a
MATLAB® script. Given the relatively low number of multiplets identified and the
variation in cluster geometry (distinct multiplet geometries are observed, as will be
shown in Section 5.4.3), it was possible for all multiplet identifications to be confirmed
by visual inspection, with the automated measures being carefully checked for any

false positives and false negatives.

5.4 Results

5.4.1 Individual multiplet formation and growth

In the first instance, planar multiplet formation is analysed here, as these features
are considered most likely to constitute the critical damage that cause the final failure

in tensile loaded unidirectional composites [14, 32]. SRCT evidence has shown that
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90° layers ~

0° layers —}

a)

Figure 5.1. The geometry of a typical tensile failed coupon from this test campaign is
shown in a) and b). The pull-out of the thinnest section composed of 0° layers is observed
for a length of ~2-3 mm for the great majority of the specimens. The scanned volume is

shown in c¢). The fracture surface is characterised by fibre bundle pullout.

no more than 10% of fibres have failed in the micro-mechanical coupons used in
the current work at 99% of the UTS, [22, 23, 31], implying the unlikeliness of final
failure being caused by the catastrophic uniform weakening of a transverse section
due to a non-localised, high density of fibre breaks. In the great majority of these
studies, planar multiplets were seen to appear ‘instantaneously’ while performing the
experiments, at least given the time required (~4 minutes) to capture an image by
SRCT and the load steps used. An average of eight scans collected between ~90%UTS
and the final tensile failure of the coupon were collected in the current study. As such,
a given multiplet consisting of n breaks would appear at a specific load step: in the
great majority of cases, subsequent loading did not give rise to any further fibre breaks
at the site (n would be unchanged immediately prior to final fracture), potentially
consistent with an influence of dynamic stress concentration being involved in their
formation, as discussed in Section 5.1, or some form of SCF amelioration occurring
during the initial multiplet formation event, such as fibre/matrix debonding and/or
matrix plasticity.

In each tested coupon, only a handful of multiplets has been observed to grow in
number of fractures with the applied stress. Based on noting samples/materials with

the most consistent behaviour between individual tests, two coupons of Material C
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Figure 5.2. The total number of planar 2- and 3-plets as observed in the five materials
plotted in terms of ply-level stress. The coupons chosen are those with the highest number
of scans obtained (scans slightly differ in volume; values indicated in Table 5.2). Fibre
breaks are seen to develop for lower levels of stress in Material E, which exhibits a lower
average strength compared to the other material configurations. The remaining materials
shows a more comparable accumulation of multiplets. This includes the D 1 t. and D 1 b.

scans collected at the axial distance of £2.5 mm from the location of all the other scans.

(C 1 and C 2) have been visually assessed for multiplet formation. Of the 37 multiplets
observed in C 1 (the total number of multiplets is reported in Table 5.3), only one
3-plet originated from a pre-existing singlet with the appearance of a 2-plet within a
single load step. Three more 2-plets formed from singlets, representing a total of less
than 10% of multiplets growing. A similar trend was observed in coupon C 2.
Effects of material configuration were identified on multiplet formation behaviour.
In most cases the 2-plets formation started at ~80% coupon UTS and the 3-plet
at ~85% coupon UTS. The few larger multiplets observed (five 4-plets, three 5-plets
and one 6-plet) formed at ~90% coupon UTS and above. The only exception is rep-
resented by Material E, characterised as larger diameter, lower strength level fibres:
5.8 yum vs. 5.4 pm diameter, a higher Weibull shape factor, and a lower average
fibre strength calculated using the Weibull distribution of 7.55 GPa vs. 8.05 GPa, as
reported in Table 5.2. Material E exhibited the earliest planar multiplet onset of the

tested materials.
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Material E is also the material with the highest fibre volume fraction observed
in this study (59%), while the remaining four configurations sharing the same fibre

type had a volume fraction of ~49%, see Table 5.2.

5.4.2 Multiplets accumulation

Notwithstanding the observation that multiplets generally do not grow under
load, the accumulation of smaller (2-plets) and larger multiplets (3-plets and higher)
under increasing load was seen to differ among the materials tested. In Fig. 5.2,
the planar 2-plet and 3-plet accumulation plots for the four coupons with the high-
est number of collected scans are shown, with 2-plet and 3-plet representing the
only multiplet configurations observed in significant numbers in the tested coupons.
While an increase in 2-plet formation can be observed for larger strains, distinct
plateaux are observed for the formation of 3-plets, particular on initial formation (in
the 85 to 95% UTS range).

The material configurations are compared (using one exemplary coupon per ma-

terial) in terms of planar multiplet formation and accumulation. It is observed that:

e the strongest interface materials (A and E, characterised by different fibre types,
but the same sizing and surface treatment) behaved differently, with the lower
fibre strength configuration (Material E) exhibiting higher numbers of 2-plet and
3-plet formation than Material A and at lower ply stress levels. At the highest
load steps captured (at ~97% UTS), Coupon E 1 showed a higher number of
larger n-plets than in A 1: four 3 plets, one 4-plet and three 5-plets vs. one 3-
plet (see Table 5.2). E represents the configuration with the highest propensity
for multiplet accumulation (normalised to the ply stress). In the first instance,
it is noted that E possessing the highest Weibull modulus (see Table 5.2), i.e.

fibres are expected to break at stress levels closer to each other [14, 70];

e a change from a stronger to a weaker interface, through a variation in the surface
treatment, is analysed when comparing Material A to B or C to D. Focusing on
Material A and B, the same Weibull parameters were provided (see Table 5.2),
indicating a similar likelihood of broken fibre at a given ply stress level based on

the fibre strength distribution only. A slightly higher fibre fraction is observed



88 Sebastian Rosini

in B if comparing to A (respectively 52% vs. 47%, with a ~+£1% of error in
the estimates) as well as a slightly higher average composite UTS (3.65 vs.
3.47 GPa). The accumulation of 2-plets and 3-plets in terms of ply stress level
is different: Fig. 5.2 shows a reduced propensity for multiplet format in the
weaker interfaced Material B. This is consistent with the interface debonding
enhancing damage tolerance [63], in that in Material B with multiplets being
less able to extend for a given applied stress. The comparison of Materials C
and D did not show such a consistent effect however, the 2- and 3-plet formation
appearing to be broadly similar, suggesting that the sizing type was having a

more dominant effect in this case (i.e. both employ Type 2 sizing).

In terms of the apparent fibre interface changes here, observations appear to be
consistent with [23], in which it was reported that stronger interface materials showed

a steeper multiplet accumulation rate.

5.4.3 Singlet to planar multiplet ratios

Among the scans collected before macroscopic failure for the tested coupons,
~200 2-plets, 30 3-plets and 10 larger multiplets were visually checked. In Fig. 5.3a,
the percentages of singlets and planar multiplets are compared for six material con-
figurations, presented in order of fibre/matrix interface strength. The respective
multiplet count is presented in Table 5.3. In counting the multiplet percentages, each
break is considered, i.e. a 2-plet contributes two breaks to the overall count. The
last two bars (identified by D 1 t. and D 1 b.), represent the data from two series
of scans collected on coupon D 1 at an axial distance of 2.5 mm from the position
of all the other scans that were centred on the notched area. D 1 b. location, in
red in Fig. 5.3b, is closer than the position of D 1 t. to the plane at which the final
failure of the coupon occurred. The multiplet behaviour observed in these scans is
consistent with those observed from scans in the notch region, as shown in Fig. 5.3a
and Table 5.3.

Material E clearly demonstrated a different behaviour compared to the other five
materials investigated: ~40% of the fibre fracture locations were multiplets (vs. sin-

glets), which was more than double the percentage in any of the other materials.
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Figure 5.3. In a) the singlet and multiplet proportions plotted for the six exemplary
coupons in the scans collected prior to failure, i.e. at ~96-99% coupon UTS (see Table 5.3).
Material E is clearly significantly different in its behaviour from the others and shows the
highest multiplet to singlet ratio of the materials tested; b) shows the two positions along
the coupon length at which scans identified as D 1t. and D 1 b. are collected. In light green
the 0° splits are indicated that isolate the central region (i.e. portion of coupon between

the green lines in the figure) from the lateral parts that have been notched.

In Fig. 5.4, the development of the multiplet percentage from low to high stress lev-
els is plotted. As shown in Fig. 5.4a, the majority of breaks appeared in the form
of singlets, with the number and fraction of multiplets increasing with stress. This
trend was observed for all the coupons and material configurations tested in the cur-
rent work and is consistent with the response reported in [23, 31]. In Fig. 5.4b, the
number of singlets and planar multiplets is shown, highlighting the contribution of

2-plets, 3-plets and 5-plets to the high multiplet percentages reported in Fig. 5.4a.



90

Sebastian Rosini

Table 5.3. Number of planar multiplets as observed from CT scans taken prior to

failure. Multiplets are indicated for the coupons with the highest number of collected

scans. Materials are presented in order of the level of adhesion: Materials A and E

have the highest adhesion level.

Ave. Highest  Volume

Coupon strength % UTS analysed ) > > &
plets plets plets plets

(GPa)* scanned  (mm?®)
Al 3.49 97.3 0.35 12 3 - -
E1 3.14 96.4 0.36 19 4 3 -
B1 3.65 98.0° 0.43 10 1 - 1
C1 3.47 96.4 0.54 28 6 - -
D1t. 3.74 98.1 0.33 34 2 - -
D 1b. 3.74 98.1 0.33 37 2 - -

a

b

: composite average strength values as extracted from Section 4.4.1;

: before scanning, load is reduced by ~10% to avoid material movement (due

to stress relaxation) and to avoid consequent artefacts. After scanning and while

loading to the next load step, the coupon failed before reaching the load already

reached at the previous step. Hence, a 98.0% indicative value is reported that could

be affected by a ~+2% of error, given the average UTS obtained for the material

configuration.

5.5 Discussion

5.5.1 Multiplet geometries

In Fig. 5.5, examples of multiplet shapes are presented, as extracted from the

CT scans collected prior to failure, on two orthogonal views. Planar multiplets were

seen to arise in both locally highly and loosely packed regions, with different multiplet

shapes. Compact, linear or ‘quasi-linear’ geometries were observed for the 3-, 4- and

5-plets. No evident patterns or preferred directions of development with respect to the

in-layer or out-of-layer directions were found, with a significant number of multiplets

having no specific orientation.
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Figure 5.4. Coupon E 1 break behaviour as a function of ply-level stress: a) proportions

of singlets and multiplets; b) singlet, 2-, 3- and 5-plet count.

Figure 5.5. Examples of planar multiplets as extracted from the CT scans on two orthog-
onal views. In a) a 3-plets as seen in coupon A 1; in b) a 4-plet in coupon E 2, ¢) a 5-plet

in coupon E 1 and in d) a 6-plet in coupon B 1 are shown.

5.5.2 Post-mortem coupon assessment

A qualitative and quantitative post-failure analysis of coupon C 1 has been per-
formed (scan location and settings have been described in Section 5.2.2). In a volume
of ~0.1 mm?, the singlet and planar multiplet counts have been evaluated and are
discussed further in section Section 5.5.3. In the current section, a qualitative anal-
ysis of the multiplet geometries observed in the volume below the crack profile is
reported. A few cases of multiplets connected to the main fracture surface (of which
a 3D representation is reported in Fig. 5.1) are shown. In the majority of cases, 2-

plets and 3-plets were the deepest break arrangements seen to directly connect to the



92 Sebastian Rosini

main fracture surface, i.e. these represent the furthest point reached by the fracture
surface, in the fibre direction. Several singlets were observed in the same region, but
none connected to the main crack that showed only a few fibres pulled-out. In Fig. 5.6
and Fig. 5.7 respectively, examples of multiplets connected and not connected to the
main crack surface are shown. The morphology appears as complex, with multiplets
arising in both high and low local volume fraction regions, for 2-, 3- and 4-plets. In
Fig. 5.7, a 4- and a 5-plet not connected to the main crack are shown. These appear
in a quasi-linear arrangement, located in locally low volume fraction regions and close

to the layer edges.

Figure 5.6. The morphology of the 2-, 3- and 4-plets connected to the main fracture

surface appears as complex. High and low volume fraction regions can be observed.

Two more observations from the post-mortem scans are provided in Fig. 5.8 and
Fig. 5.9. In Fig. 5.8a, an example of two multiplets connected to the main crack
surface is shown. Moving towards the mean fracture plane in the fibre direction,
the multiplets are seen to aggregate to form a larger crack. This crack enlarges to
include tens of fibre breaks and joins cracks formed in other layers, as shown in
Fig. 5.8b. In Fig. 5.9, image slices are shown at 50-100 gm intervals from a 2-plet
seen at ~500 pum below the mean fracture plane, back to the mean fracture plane. In
Fig. 5.9a to Fig. 5.9h, the same fibres are observed and the crack development followed.
In Fig. 5.9a, a 2-plet is observed, that evolves into a 5-plet moving towards the mean
fracture plane in Fig. 5.9b. In Fig. 5.9¢, several small multiplets are observed in the
vicinity, from which coalescence into a large crack originates, as shown in Fig. 5.9d.

Moving 100 pum towards the main crack plane, in Fig. 5.9e a large crack is formed and
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Figure 5.7. a) A 4-plet and a b) 5-plet not part of the final fracture surface, as observed
in the post-mortem CT scans. The two multiplets share: i) a close-to-linear geometry, ii)
a close-to-the-edge of the layer location and iii) are positioned in a relatively low volume
fraction region. Fibres are circled in white as the breaks are not all on the same plane, hence
visible on a same CT image (the distance between breaks is lower than a fibre diameter,

allowing to catalogue these as planar multiplets).

stabilised in dimension (for tens of ym) and contained in a single prepreg layer. In
Fig. 5.9f, 100 pm below the main crack plane, the large crack links to another crack
formed within the same layer, through a resin rich area as shown in the enlargement
of Fig. 5.9f (size is 130x130 pm). In Fig. 5.9g, the crack connects to other cracks
outside the layer of formation, as better shown in Fig. 5.9h), at the mean fracture
plane.

The implications of these examples are not clear. As observed in [23] for the
T700/M21 configuration, weaker interfaces can lead to more dispersed failure, re-
sulting in a brush-like fracture surface. A fracture profile that develops in the axial
direction, as shown in these images, represents a relatively diffuse failure profile sug-
gesting a weak interface. However, as shown in Fig. 5.10, the crack profile seen in
both the in-layer and out-of-layer views, shows several cases of bundle debonding
that can arise when the interface is too strong for individual debonding to occur. A
complex crack path is related to fibre strength variation and fibre/matrix debonding.

Conversely, the small multiplets that represented the furthest points reached by
the crack profile away from the mean failure plane, could have formed before the final
failure, and represented a lower energy path, combined with extensive debonding and
splitting, for the macroscopic crack to propagate across the whole cross-section of
the coupon. This uncertainty regarding mechanisms emphasises the importance of

future work to capture the actual macroscopic failure region prior to final failure.
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Figure 5.8. a) Multiplets connected to the main fracture surface, located in high volume
fraction regions, ~500 pum below the mean fracture plane. 2 plets are the most common
features observed in the farthest damage sites from the mean failure plane measured parallel
to the the fibre direction. N-plets, such as those shown in a), have not been observed to
propagate over the layer edges (white dotted lines in b)) moving in the axial direction

towards the main crack surface, until not fully developed as in b).

Figure 5.9. How a 2-plet connects to the main fracture surface of the coupon at a distance

of 500 pm below the crack surface.

This requires a certain amount of good fortune and persistence as the exact failure
plane is not known a priori, and the fields of view are small if individual fibre breaks

are to be imaged.
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Figure 5.10. The crack profile has been assessed in the two orthogonal directions: a)
in-layer direction and b) out-of-layer profile. The profile indicates that there are relatively
few individual pulled out fibres, with most steps on the fracture surface composed of at

least two adjacent broken fibres.
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Figure 5.11. The fibre break (planar multiplet sites not included) and the planar 2-plet
densities as a function of the stress in the load-bearing reduced cross section are plotted
for the Material C and the T700/M21 material configuration studied by Garcea et al. and
Scott et al. in previous SRCT test campaigns (][22, 31]). T700/M21 data is extracted from
[22] and has been obtained through continuous monotonic loading and scanning, while 90%

of the applied load was held during the scan duration (approx. 2.5 min) on the C coupons.
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5.5.3 Fibre break assessment in the post-mortem coupon

Fibre breaks were counted in the post-failure volume, obtained by scanning
coupon C 1 below the macroscopic failure surface. No automated fibre break ex-
traction was possible in this case, as no load was applied on the failed coupon and
the residual fibre-break opening displacement is greatly reduced. This leads to most
fibre breaks assuming a grey scale value close to that of the surrounding matrix rather
than being completely dark and easily detectable, as in the in situ scans. In a volume
of ~0.1 mm?®, a total of 93 breaks was detected after three manual counts. Twelve
planar multiplets have been observed of which eight were 2-plets, three 4-plets and
one 5-plet. This is translated to an average density of ~1000 breaks/mm? and ~80 2-
plets/mm? observed in the analysed volume below the main crack profile. These
values are higher than those observed in the site scanned before failure at 96.4%
coupon UTS located in the notched region, ~3 mm far from the post-mortem scan
location, in the axial direction, as shown in Fig. 5.1. In Fig. 5.11, the accumulation
of singlets and 2-plets is reported for coupons C 1 and C 2 and two coupons cut
from a T700/M21 prepreg plate. Coupon UTS values are indicated with a vertical
line: respectively at 3814 MPa and 3557 MPa for C 1 and C 2, and 2844 MPa and
3111 MPa for T700/M21 coupons 1 and 2. Denoted by the squared symbol, are the
singlet and planar 2-plet densities extracted from the post-mortem volume.

The data from the commercial aerospace-grade thermoplastic particle toughened
carbon/epoxy T700/M21 from Hexcel HexPly is compared to the fibre break accu-
mulation curves of Material C. The first dataset on the accumulation of fibre break of
T700/M21 was reported in [22], then in [31], and several models were tested against
it ([24, 100, 101, 112]). Hence, the accumulation trends for the singlets and planar
2-plets are reported here as extracted from [31]: the in situ tensile tests were per-
formed using a similar geometry to that used in the current study, tested through a
continuous monotonic loading and scanning (while 90% of the applied load was held
during scanning time of ~2.5 min on the coupons tested in the current study).

The higher acquisition frequency has the advantage of allowing better damage
progression tracking: scans in [31] have been collected until 99.9% UTS, very close
to the last moment preceding the macroscopic failure of the coupons. The drawback

is a compromise in signal to noise ratio, due to less projections being acquired [31,
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143]. Since the purpose of the present test campaign was to obtain a high fidelity
representation of the local morphology in the fibre break sites, a step wise acquisition
was preferred over this technique, as it provides higher quality images. The continuous
approach adopted in [31], by avoiding interruptions and hold-at-load, would ensure
no additional damage is introduced while scanning. This additional damage has
been extensively described in [27], but it should be noted that the load has been
systematically reduced by ~10% (i.e. always kept below 90% coupon UTS) before
scanning to reduce the effects of the matrix relaxation while keeping the broken
fibre ends apart and thus ensuring that breaks are easily detectable and the coupons
compared in this study have a comparable number of scans collected, i.e. kept loaded
for a similar amount of time, leading to similar testing conditions in the analysed
batch.

Adding the two coupons continuously scanned (with focus on the last two data
points prior to failure) allows us to suggest that the accumulation of both singlets
and planar 2-plets follows a power law curve until 99.9% UTS is reached. Therefore,
the jump in 2-plet count observed for coupon C 1 between the prior-to-failure and
post-mortem scans (last two points of the 2 plets accumulation of coupon C 1 in
Fig. 5.11) might be related to some dynamic stress release due to the catastrophic
failure and not only to the accumulation of 2-plets missed between the scan collected
at 96.4% coupon UTS and 99.9% coupon UTS.

The smaller dimensions of the post-mortem scans (volume of ~0.1 mm? vs.
0.54 mm? for the prior to failure scans) might have affected the results. Hence,
the prior to failure scan volumes have been divided into six smaller sub-volumes, of
the same volume of the post-mortem scan. In these, the density of fibre breaks is eval-
uated: the six values are plotted with a triangle symbol in the plots of Fig. 5.11. It is
observed that while the singlet count does not vary much, with a standard deviation
of 79 fibres/mm? (representing the 8.3% of the total break count), in the planar 2-plet
counts a wider scatter is observed with a standard deviation of 33 2-plets/mm? (rep-
resenting 64% of the 2-plet count). This means the value observed post-mortem could
be reasonable for a locally higher break density region. However, the question remains
open and larger volumes and more coupons should be scanned post-mortem to clarify

whether final failure is a smooth extension of damage accumulation or whether there



98 Sebastian Rosini

is a burst of additional damage at the point of catastrophic failure.

During the macroscopic failure process, the energy release involved is likely to
cause additional damage in the composite micro-structure. The jump in the number of
2-plets, that is not seen in the singlet count, could be explained by the hypothesis that
this final multiplet formation is a consequence of a rate effect. The failure of the fibres
involved in 2-plets is likely to happen at a high rate and it could be speculated that the
rate of the final failure at the fibre/matrix interface does not provide sufficient time for
the interface to debond and slide, leading to an increased likelihood of neighbouring
fibre breakage. Instead, when loading with a slower elongation rate, this could be less
likely to happen. The singlet formation could be more associated with incremental
loading (hence the comparable number of singlets ante- and post-mortem observed
in Fig. 5.11a), where the formation of planar multiplets could be more related to the

rate of debonding and sliding. ‘Stabilised’ multiplets can form:

(a) as a natural statistical consequence of the fibre strength distribution, i.e. most
fibres have a sufficient strength to withstand the applied stress and only the

weakest fibres break, and occasionally these happen to be near to each other;

(b) due to the existence of some mechanism by which the stress concentration factor
(SCF) around the broken fibres can change from a high to a low value. This could
be attributed to a:

(i) dynamic stress wave, which exists for a few nanoseconds when the first fibre

breaks, but then dissipates, or

(ii) fibre/matrix interface shear or separation which occurs once the multiplet

reaches some critical length.

Processes i. and ii. might be coupled, i.e. interface shear or de-cohesion are
time dependant as they involve the matrix (which is visco-elastic). The following
phenomenon could then potentially occur: dynamic loading allows a multiplet to
grow to some specific size. It then stops, and the resultant multiplet 'edge’ (which
is highly loaded) undergoes time dependent matrix processes, further shielding the

adjacent fibres from stress concentration.
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5.6 Conclusions

The major contribution of the present work is to make quantitative data and
qualitative observations of the micro-mechanisms related to the longitudinal tensile
failure of fibre-reinforced polymers available to the modelling community. About
250 multiplet clusters of fibre breaks have been examined in tensile loaded micro-
mechanical coupons prior to failure and post-mortem. Coupons cut from prepreg
laminates made of similar materials adopting controlled variations of surface treat-
ment, sizing agent and fibre type have been analysed and the multiplet accumulation
has been tracked to characterise these critical features.

Variations in the multiplet topology have been identified as an indication of
how damage accumulation is sensitive to small variations in specific parameters. Of
the multiplet geometries analysed in this study, only 2-plets and 3-plets have been
observed in sufficient numbers to merit detailed quantitative analysis, with a 6-plet
being the largest multiplet detected in any of the materials tested prior to failure. The
multiplet formation seems to be primarily influenced by the fibre type and the level
of adhesion at the fibre/matrix interface, with the highest percentage of multiplets
being observed in the material featuring the strongest fibre/matrix interface and the
highest Weibull modulus fibres, which is consistent with the higher values of local
stress concentrations expected on the plane of the fibre breakages and the fibres
being more likely to break at closer stress levels to each other [14, 70].

Of the four configurations adopting the same fibre type, the configuration con-
taining the strongest interface exhibits the highest level of multiplet formation at the
lowest stress level, corresponding to its lower average UTS. It is shown that within
the configurations tested, a change in fibre surface treatment is more critical than
the sizing, in that for a given applied stress multiplets are less extended and larger
multiplets are accepted without necessarily leading to final failure of the coupon.

One of the analysed coupons (coupon C 1) has been scanned post-failure adjacent
to the macroscopic fracture surface and a fibre break assessment has been performed in
the imaged volume. The post-mortem fibre break count agrees to with that estimated
by extrapolating a power law curve fitted to the fibre fracture accumulation prior to

failure.
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CHAPTER 6

STATISTICAL MEASUREMENTS OF THE LOCAL
MORPHOLOGY

Models are still deficient in accurately reproducing the mechanisms that trigger
tensile failure in unidirectional composites, highlighting a lack of direct experimental
evidence. In this study, emphasis is given to the identification of connections between
local fibre misorientation, packing and Weibull strength distribution in causing tensile
failure. Synchrotron Radiation Computed Tomography (SRCT) and automated image
processing techniques are adopted to segment individual fibres from loaded carbon fibre
coupons. Subtle indications in the misorientation of local damaged sites are assessed
in novel statistical detail for systematic differentiation from non-damaged sites. It is
observed that the morphology of the surrounding environment of damaged sites sta-
tistically differs from that of non-damaged sites, even though locally damaged sites
(containing single or coupled breaks) do not exhibit a peculiar fibre packing arrange-
ment. For adjacent coupled breaks, the statistical nature of fibre separation distances

18 also reported.

101



102 Sebastian Rosini

6.1 Introduction

Polymer matrix composites represent a diverse class of materials widely used
in transport applications for their high specific properties and adaptability. Models
predicting the failure performance of such materials for engineering purposes are not
well established however, leading to over-engineered and hence heavier, larger and
more expensive components [52]. This has been attributed to the complex micro-
mechanical interactions within and between the matrix, reinforcing fibres and multi-
orientation laminar layups, engendering multiple potential damage modes within any
given component, e.g. matrix cracking, fibre/matrix debonding, micro-buckling, de-
lamination and fibre failure [32]. Attempts to predict the failure of multi-directional
composites under different loading conditions have been extensively tested within the
World Wide Failure Exercises (WWFE) I, II, III [12, 171] in which numerous mod-
elling strategies have been assessed in detail and compared to reference experimental
data sets. The results showed a significant spread in the predictions, highlighting the
need for many model input properties (often difficult to measure), as well as challeng-
ing experimental validation [52]; a simpler approach might be preferred to capture
correctly the fundamental mechanisms. Within a multi-orientation laminate, it can
be expected that the ultimate tensile strength will be limited by essentially simple
tensile separation of the 0° plies (i.e. plies aligned with the primary tensile load)
[14, 32]. This process has been analysed historically, with various modelling strate-
gies reported in the literature based on essentially the same fundamental assumed

mechanisms [76, 83]:

e Within a given 0° ply, as the longitudinal stress increases, failure of the weakest
fibres occurs (according to a statistical strength distribution [48]), generating

stress concentration on immediately neighbouring intact fibres.

e As loads increase, fibres neighbouring breaks are more likely to fail than those

in the surrounding micro-structure, leading to local clustering of breaks.

e From this, a cascade effect is eventually achieved, where a critical cluster of

broken fibres grows in an unstable, self-sustaining manner.

In this context, the local role of the matrix is to load in shear and transfer
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the stress back onto the broken fibre, as well as to transfer stress onto the fibres
surrounding the broken one, generating stress concentration on these for a certain
distance from the break position along their length. In the literature, this is indi-
cated as the ineffective length [37] with experimental measurements for carbon fibre
reinforced polymers (CFRPs) provided by Scott et al. [22], as an example.

Although the process of fibre break accumulation can be seen as conceptually
simple, various issues arise in the corresponding predictive models, for example, the
experimental determination of appropriate Weibull distribution parameters and the
approximations used to model the fibre and matrix mechanical behaviour. The latter
commonly entails the assumption of the fibre and matrix being linear elastic, and the
fibre/matrix interface being intact, in the simplest case. In reality, the matrix shear
yields or cracks and fibre/matrix interface debonding is often observed in composites
with poor adhesion [52]. Commonly made assumptions in strength models are ex-
tensively described by Swolfs et al. in [14], including alternative representations of
fibre packing, stress redistribution around single and multiple fibre breaks, and the
potential influence of dynamic stress concentrations. Other assumptions that have
received little attention in the literature until now may also be identified in stress
variation within the cross-section of intact fibres surrounding breaks, the incidence of
planarity (or non-planarity) of groups of breaks (some models assume full planarity
of groups of breaks [79]). Assumptions vary regarding the onset of unstable break
clustering causing final failure (whether it should be a fracture mechanics approach
rather than a stress-based one), whilst Swolfs et al. further identify the absence of
local fibre micro-structure in contemporary models.

Models that predict the accumulation of interacting fibre breaks can be retrieved
in the literature and to be cited are the hierarchical scaling law [101]; the spring ele-
ment models [90, 95, 172] (inspired by the Zhou and Curtin’s lattice Green’s function
model [87]) and following evolutions of this model that include dynamic effects on the
break formation, such as [99, 100]; the direct numerical simulation method that used a
fibre-bundle model similar to the above-mentioned spring element model [26, 52, 173];
the multi-scale FE? model that uses the FE analysis of composites at the micro-scale
and includes time-dependent visco-elastic effects and homogenisation methods [28-

30, 60, 111]. These models have been tested against experimental results and in
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some cases a good agreement with the single fibre break predictions is reached (as
reported in [32, 99]), while the clustering prediction is still inaccurate, suggesting a
higher level of understanding of the features governing the longitudinal tensile failure
of composites is needed. Despite fibre strength distributions clearly playing a key
role in strength models, the significance of the assumptions outlined above is not
clear. Hence, in this study we have performed a detailed analysis of local fibre micro-
structures, with a view to providing statistically significant indications of potential
influence on the formation of single fibre breaks, and groups of closely interacting
breaks. Focus is given to planar coupled breaks: since they are available in a good
amount in the collected data to draw statistical conclusions, and since, according to
the majority of models, should play a crucial role in increasing the stress concentra-
tion around a break site and the recovery length if compared to diffuse clusters of
breaks [120], and as predictive models are still deficient in accurately tracking their
formation and evolution, as noted in [24] where the results of an SRCT experimental
campaign were compared to the modelling predictions. In this respect, in situ X-ray
SRCT has emerged in the last decade as a unique tool to quantify micro-structure
and damage in composite materials, and follow the chronology of damage progression,
providing the modelling community with novel experimental validation opportunities
at a micro-mechanical level.

In studying the morphology of continuous fibre composites via computed tomog-
raphy, previous studies have assessed the presence of misorientation in carbon fibre
reinforced polymers (CFRPs). A multiple field image analysis method was adopted in
[174], well suited for coupons with pronounced waviness, while a method applicable to
small volumes with limited amount of fibres was adopted in [175]. However, no results
are presented on in situ following the damage accumulation. Emerson et al. ([176]),
have reached a fibre-by-fibre detection level, characterising orientation in glass and
carbon fibre composites from relatively low contrast images, and presented quan-
titative results on the axial compression of composites in [21]. Where Emerson’s
algorithm comprises a training process to generate a dictionary that reduces the de-
gree of false centre detection, in this study a simple Otsu’s threshold ([165]) has been
shown to track fibres accurately. Although in both cases about 7 pixels covered a

fibre diameter, the approach used in the present work can be justified by the bet-
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ter quality of the scans obtained through SRCT rather than laboratory-CT (beam
is brighter, monochromatic, more coherent and parallel providing less noisy images,
with a higher level of phase contrast and absence of beam hardening artefacts [143]).
However, where Emerson’s algorithm is proven to accurately track fibres over lengths
of millimetres and focus on larger lengths to analyse the fibre orientations, focus is
here given to shorter lengths (below 100 pm) and to the centre detection accuracy
within the cross-section of a fibre, checking at a sub-micron level with a meticulous
error trapping approach. In this study we exploit previously presented damage mon-
itoring methods (see [22, 31, 127], and, to the authors knowledge, provide the first
automated approach to quantify at the individual fibre level the local micro-structure
at single and groups of adjacent fibre breaks locations in statistically significant num-
bers. By combining for the first time SRCT, automated image processing techniques
and statistical tools, the study represents a first step towards a full micro-structural
analysis of composite coupons in situ tested using SRCT, that can inform on the ge-
ometry of large groups of interacting fibre breaks, believed to drive the longitudinal
tensile failure mechanisms in composites. The damage progression is not only followed
in terms of fibre breaks from low to high applied strains but also the morphology of
all the fibre break sites is captured prior to failure. The results of the method adopted
for the analysis in this study show that it is possible to capture subtle indications in
the fibre misorientation and spacing distributions in the single fibre break and intact
sites, as these are features available in sufficient amount in the analysed material.
Nevertheless, where possible results will be also presented on coupled planar breaks,
that represent the planar features still observable in a small-to-average amount to
draw statistical conclusions. The final aim will be to perform a test campaign that
captures a higher number of large n-plets, believed to drive the longitudinal tensile
failure mechanisms in composites and statistically observe their morphology compar-
ing it to the morphology presented in this study of non-damaged, single and coupled
fibre break sites. This could benefit future experimental analyses, e.g. in recognis-
ing a priori areas of peculiar morphologies that could be in situ followed from low
to high strain for group of interacting fibre break formation that could lead to the
failure and inform the modelling community on uncharacteristic morphologies (e.g.

regions of fibre waviness, entanglement or resin rich regions) that should be included
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in the models to fully capture the mechanisms leading to longitudinal final failure of

composites.

6.2 Materials and experimental procedure

6.2.1 Materials

(902/02)s laminates were produced from Mitsubishi Chemical Co. carbon fibre
pre-preg to the manufacturer’s specifications; the nominal fibre diameter was 5.4 ym
and the tensile modulus 289 GPa. The tensile strength follows a Weibull distribution,
with a shape factor of 5.47 and a scale factor of 11.29 GPa, at a gauge length of 5 mm
(see Table 4.2). The average strength calculated by Weibull distribution is of 8.07
GPa. This matches the experimental average strength of 7.76 GPa. 1 mm thick double
edge notched tensile test coupons were realised via water-jet cutting, as indicated in
Wright et al. [127]. Aluminium tabs were carefully glued to ensure alignment of the
sample during tensile loading in the electro-mechanical rig. The average ultimate
tensile stress (o) measured across the notched section was 3.47 GPa. Two coupons
were investigated in this study (identified as Coupon 1 and Coupon 2), to assess levels
of reproducibility. About 8000 fibres were present within the notched region, with a

gauge length of ~1.3 mm being imaged in the field of view of the scans.

6.2.2 Experimental procedure

In situ tensile tests were performed at the European Synchrotron Radiation
Facility (ESRF) in Grenoble, France (ID19 micro-tomography beamline). A modified
DEBEN CT5000® tensile stage was used to carry out the tests, as reported previously
[169]. The central notched region of the coupons was initially scanned at ~50%
and ~80% of the nominal average ultimate tensile strength (UTS) for the coupon
geometry, with at least ten more scans being collected between ~80% UTS and final
tensile failure of the coupon. Tests were carried out at a displacement rate of 0.2
mm,/min, being halted briefly for each scan (individual scan duration was ~2.5 min),
the tensile force was backed off by ~10% during the scan, for mechanical stability

and to optimise image quality for subsequent quantitative analysis.
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Voxel resolution provided by the optics in this study was ~0.65 pum (sufficient
to observe individual fibre breaks) with a field of view of ~1.3 mm, in which a 3D
representation of the imaged volume for all the scans is shown. Exposure time was
50 ms and the number of projections 2996. A multi-layer monochromator was used
(6E/E ~ 1072) at an energy of 19.5 kV and sample-to-detector propagation distance
of 50 mm (near-field Fresnel/edge enhancement regime). Crack opening due to fibre
breaks was well in excess of the voxel size for all the collected volumes of scans, with

breaks being readily detected via automated approaches.

6.3 Image Analysis

Automated image processing was carried out in ImageJ™ and MATLAB®.
Fig. 6.1 illustrates the approach adopted to observe fibre misorientation at individual

damaged sites, as explained below.

6.3.1 Individual fibre tracking and sub-volumes extraction

An TmageJ™ ([177]) macro is used to load the last collected volume of a given
set of sample scans, just prior to failure, which thresholds the fibre break sites and
save information on their morphology (spatial coordinates, dimensions, volume, ori-
entation, etc.). Based on this, a MATLAB® script catalogues the breaks into singlets
and planar duplets (see Section 6.4). Given the number of planar multiplets observed
(~3 to 5% of all break sites) and their complex geometry, a final visual inspection
of these sites allows the user to visually confirm the automated measurement of the
number of fibres associated with each site. A second MATLAB® script that uses
the Image Processing Toolbox [178], takes the last collected scan volume prior to
failure and extracts for each fibre break site a sub-volume centred on the break that
includes some 30 to 50 fibres surrounding the broken one, ~0.65 pum long, as shown
in the blue box in Fig. 6.1a. The script also extracts sub-volumes at coupled fibre
break locations and a randomly selected set of intact locations, separate from break
locations and from each other to be reasonably uniformly distributed through the
whole volume (see Fig. 6.1a,b). Measurements at the intact locations are used to

characterise as the ‘background’ micro-structure of the material. Thus, sub-volumes
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Figure 6.1. Misorientation data extraction methodology: (a) Single top view slice of 0°
ply at high strains (immediately prior to macroscopic failure of the coupon). Locations for
sub-volume extraction are centred appropriately between single, coupled fibre break sites
or random non-damaged sites. (b) 3D sub-volumes extracted from the scanned volume. (c)
Fibre tracking: on a single top view slice of a sub-volume, an image enhancement approach is
adopted to segment the fibres. After this, an algorithm recognises and catalogues one by one
all the fibres centres in a sub-volume, tracing continuity between all slices, which effectively
removes occasional false detection on a single slice or occasional small group of slices. (d)
in black at the centre of the image, two co-planar breaks - red crosses indicate candidate
fibres location used in the tracing analysis. (e) Fibres in a sub-volume are visualised: more
misaligned fibres (misorientation greater than 1.50° with respect to loading direction) are

here represented in red; in green, fibres having a lower degree of misorientation.

are divided into: sub-volumes centred on a single fibre break (hereafter indicated as
‘singlet sites’), damaged sub-volumes centred on two planar adjacent breaks (‘duplet
sites’) and sub-volumes containing non-broken fibres (‘intact sites’).

Within a sub-volume, the ‘imadjust’ function is used to enhances the contrast of
the images containing the top views of the fibres prior filtering with the ‘imgaussfilt’
function: a 2-D Gaussian filter that reduces the contrast but at the same time lowers

noise within the resin regions, which is the principal cause of false fibre detection.
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The fibres are then morphologically opened with the ‘imopen’ function: an erosion
followed by a dilation, using the same disk-shaped structuring element to facilitate
the fibre thresholding. After this, the ‘imbinarize’ function is adopted to threshold
the fibres by means of a globally determined threshold value obtained with Otsu’s
method [165]. Finally, the ‘regionprops’ function provides the centre of each fibre
detected in the 2-D slice. Fibres are segmented on every tenth slice (perpendicular to
the fibre direction, as indicated in Fig. 6.1c), for a total of ten steps spaced 6.5 pm
from each other. The ‘rangesearch’ function is adopted that works as follow: for each
fibre centre in slice i, its correspondent is found in slice i+1 that has a difference in
coordinates of less than a certain distance (initial tests showed 2 pixels, equivalent
to 1.3 pm was a good compromise for the analysed material). Two centres of a same
fibre detected at an axial distance of 6.5 ym that have a transversal distance larger
than 1.3 um are rejected, i.e. an angle with the vertical loading direction of more
than 12 is not accepted: fibres in this study have been observed to have a degree of
misorientation that can reach up to 8° with respect to the vertical direction of the
CT scans.

If a centre is missed on one slice, the script keeps the same coordinates of the
centre and moves to the next slice. The ‘regionprops’ function provides the coordi-
nates of the centre of a fibre with four decimal digits. If these digits do not change for
at least half the number of slices investigated, then this fibre candidate is rejected.
The results of the script have been visually checked for 40 sub-volumes containing an
average of 55 fibres each on a total of about 2200 analysed fibres, showing the fol-
lowing errors: 7 false negatives and 7 false positives, representing an error of 0.006%
in fibre detection. Detected fibre centres are connected by linear interpolation, and
fibres recognised and catalogued individually. Sub-volumes are slightly larger than
needed to ensure fibres in the area of interest are well tracked as shown in Fig. 6.1d,
where the fibres assessed in relation to the central duplet (in black at the centre of the
image) are indicated with a red cross. Fig. 6.1e illustrates fibres from a typical single
sub-volume, where fibres with a misorientation greater than 1.5° (with respect to
the coupon loading direction) have been distinguished in red from their more closely

aligned neighbours (green).
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6.3.1.1 Estimation of fibre orientation errors

Sub-pixel accuracy in fibre tracking is achieved by fitting to centroids measured
on multiple slices, following the fibre trajectory and, ameliorating local errors/noise
in the centre detection on any one slice of within a sub-volume. Linear regression is
adopted to get the best fit of the fibre centres. The linear regression is separately
applied to the x coordinates of the fibres and then to the y coordinates obtaining
a smooth straight shape for each fibre. Mean R? values evaluated for a sample of
2500 fibres extracted from Coupon 1 were of 0.65 and 0.71, respectively in x and
y directions, with a standard deviation of 0.30 and 0.31. However, the correction
given by the linear regression approach was always well below a pixel size. A visual
approach was adopted for which fibres have been checked in the scanned volume and
within a length of about 100 pm (well in excess of the 65 um of the sub-volume
length): fibres appeared as straight and did not show any signs of waviness. This
was checked on a large number of sites (~40). As a further error check step, the
sub-volume length is changed from 65 to 52 and then 78 pum. If fibres are correctly
detected, their misorientation should be identical if detection is done on a smaller or
larger length, i.e. detection performed on a lower or higher number of slices should
lead to the same fibre misorientation. An example is shown in Fig. 6.2a: varying
lengths of fibre are presented for single broken fibre sites. Over 100 sites with 40 by
40 pm cross-sections were assessed. Circular selections centred on the fibre breaks
were assessed, containing an average of 7 fibres per site. Fibre misorientation was
checked separately in the in-layer and out-of-layer directions, using the displacement
between the two ends of the centres of the fibres at the top and at the bottom faces
of the sub-volumes, i.e. considering the coordinates (x1, y1, zl), (x2, y2, z2) and

calculating for the in-layer direction:

0, = tan™ Cohm
29 — 21
where 75 - z; equals the sub-volume length.
The histograms of the fibre misorientation angles in the in-layer direction for the
three different-length sub-volumes centred on the same fibre breaks showed clear su-

perposition. A two-sample Kolmogorov-Smirnov (KS) test has been used to compare



Chapter 6. Statistical measurements of the local morphology 111

52 pm
78 um

Figure 6.2. The length of the same sites centred on a single broken fibres is varied from
52 to 78 pm. Over 100 sites with a 60 by 60 pixel (about 40 by 40 um) cross-section were
assessed. Fibres were detected in circular selections centred on the fibre breaks, containing

an average of 7 fibres per site.

the three distributions of data, being a non-parametric method to compare samples,
sensitive to differences in location and shape of the samples cumulative distribution
functions [179]. The distributions were confirmed to be drawn from the same statis-
tical population (with a p-value of 1.0), i.e. more confidence can be given to the fibre
centre detection, as changing the tomographic slice at which the centre is detected
does not change the fibre orientation value obtained. In this study, the number of
observations played a relevant role in maximising the statistical value of the work:
choosing long sub-volumes effectively reduced space available in the main volumes to
extract separate sub-volumes for comparison. Hence, a length of 100 pixels (equivalent
to 65 um) was chosen, allowing a good number of sub-volumes to be extracted from

the main scans, but still permitting accurate representation of local fibre orientations.

6.3.1.2 Identification of local micro-structure length scales

For the two analysed coupons, a total number of 199 singlet sites and 23 planar
duplet sites were extracted from the main scanned volumes. Given the amount of

volume left after the singlet and duplet sites extraction, it was possible to extract a
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slightly lower number of intact sites (specifically, 183) which did not overlap with any
of the break sites.

The length-scale over which patterns of fibre misorientation may or may not af-
fect fibre break events is considered to be unknown here. For example, is one ‘rogue’
near-neighbour fibre sufficient to influence failure, or may disruptions or intersections
at tow level lead to local changes in compliance and hence local overload of fibres.
Thus, different micro-structural sampling scales have been tested, presuming that
too small a sampled region may not capture enough local structure to be mechanisti-
cally meaningful, but too large may statistically overwhelm the real micro-structural
influence with surrounding unrelated measurements.

In the first instance, a rectangular cross-section was chosen for local micro-
structural assessment, for its simple shape and reflection of some expected difference
in how in-layer and through-thickness misorientation arise. To assess length scales,
different region widths in the through-thickness direction are assessed here, from two
fibre diameters (‘Width 17) to eight fibre diameters (‘Width 4’), see Fig. 6.3. Although
all width steps were analysed, focus was given here to Width 2. The rationale for
this choice can be found in Section 6.4.3.1.2 where it is shown that this step seems to
be enough at a local scale to capture variations between damaged and not-damaged
sites When not specified, the following considerations will be based on data extracted
from sites having this width. Misorientation angle values were recorded for: the single
broken fibres and the fibres surrounding these, the planar coupled broken fibres and
the fibres surrounding these, the intact fibres at the centre of the ’intact’ sites and

the fibres surrounding these.

6.4 Results and discussion

As noted above, image analysis was carried out for two representative coupons cut
from the same CFRP panel (Coupon 1 and Coupon 2). Qualitative observations sug-
gested some influence of fibre misorientation and coordination on damage processes:
Fig. 6.4 for example, shows a site of particularly intense damage (2D slice views in
Fig. 6.4a~c) where 7 closely associated fibres have been segmented and coloured for

clarity (Fig. 6.4d,e). The 3 fibres highlighted in green in Fig. 6.4d all break at 4 sites
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(a) Width 1: 2 fibre diameter (b) Width 2: 4 fibre diameter

0 0

Z 2 LA = 20 L) [+
8 “ Y E 0 ° o
= = o
= e = @ ° o
S 40F Two £ 10 e 9 P
2 planar @ 2 .OO
< 60| breaks 260 .. o
g 0. g ° %
:j.; 20 ° = 80 P .. [}
e - e 0
100 100
0 20 40 60 80 100 0 20 40 60 80 100
Out-of-layer direction (pixel) Out-of-laver direction (pixel)
0 0
o g 5]
— e Q e” 0
g LX) o °To ey’ 0
S 2} ® o Q g 20 ® o Y
& o ® =) 8 © °
g 40 0% o 'S g 00 o
g °Q g SR PSR
£ ¢ "o £ 0 ey
k=t 6 @ 0 9 i 6 @ _© ..
2 60 8.9_° < 60r © g .0 0
5. [} ] Qe = ® Q@ L]
= CY K- o 0, Y
L 80} oo ¢ & 80 oo e °.§
- o 0 ¥ = 0o 0 ¥
o (")
100 100
0 20 40 60 80 100 0 20 40 60 80 100
Out-of-layer direction (pixel) Out-of-layer direction (pixel)
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Figure 6.3. Different micro-structural sampling scales have been analysed within a sub-
volume (with a different number of fibres being extracted from rectangular cross-sections
having the larger dimension parallel to the in-layer direction). Width 1 is of two fibre
diameters, increasing of 2 fibre diameters up to Width 4, 8 fibre diameters wide. Although
all the width-steps were analysed, width 2 was chosen for the results section, being at a
scale local enough to capture variability in the fibre misorientation between damaged and

intact sites. Rationale of the choice is described in Section 6.4.3.1.2.

along their length (field of view ~1.3 mm): as a group, these 3 fibres are seen to
be twisted around a number of their neighbours (in yellow), but are in themselves
closely packed and retain a consistent coordination with each other. A further fi-
bre that is highlighted in blue is initially separate from green group, but at a point
of close approach with the green group, experiences breaks at these same locations.
The above-mentioned represent two of the four 4 plets captured in the prior-to-failure
scans of the two analysed coupons. No larger multiplets were observed in the analysed

scans and for this material configuration. The influence of such specific fibre arrange-
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@ Clusters of broken fibres
Fibres presenting multiple clusters

® Fourth fibre clustering

Three intact surrounding fibres

‘2 planar 3-plets ! 2 planar 4-plets

1

Figure 6.4. Three fibres break four times along their captured length in the field of view
of the scans. A fourth fibre breaks twice with them when touching them. In (a-c), the
lateral and top view of the adjacent multiplets; in (d) damaged site as segmented from
tomographic scans. In green the three fibres breaking four times, in blue the fibre breaking
twice with the green ones, when in close proximity (e) the yellow surrounding intact fibres

are shown, with their distinctive twisting.

ments might of course be taken forward and investigated by direct micro-structural
finite element (FE) simulation [26]. In the first instance, we note that: (a) by eye,
there is a high level of self-similarity within the micro-structure, making it difficult
to discern if behaviour at a site such as Fig. 6.4 is indeed truly distinctive from the
surroundings, and (b) the statistical variability of fibre strengths may be anticipated
to superimpose upon local micro-structural influence, complicating apparent causal-
ity. As such we believe that break behaviour merits quantitative, statistical analysis
of micro-structure at damage sites against what might be considered ‘background’
undamaged micro-structure, as outlined in Section 6.2. A hypothesis-led approach
is therefore adopted. In the first instance, we outline five main comparisons here, as

illustrated in Fig. 6.5.

e Hypothesis 1: The orientation of the individual fibres that actually break is
distinctive from the general, undamaged micro-structure. As such the fibres
that break (i.e. those at the centres of the singlet/duplet sites described in

Section 6.3.1), are statistically compared to fibres within intact sites.
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183 intact sites 199 singlet sites 23 duplet sites
Central intact fibres are compared to
central broken fibres. Central fibres have

peculiar misalignment that lead to
failure/survival.

1 1
: : Central fibres are compared to their
Hypothesis 2 : : surrounding fibres, separately. Fibres that
I I break have a different misalighment from
1 1 the intact surrounding.
1 1
" I Central fibres are excluded. The
surrounding  background fibres are
Hypothesis 3 — — compared. When a fibre breaks, the
;,I whole environment has a peculiar
I misalignment degree.
Breakage is influenced by local fibre
packing and misalignment scatter within
Hypothesis 4 — > the local environment. When one or two
fibres break, there is a particular
combination of the two factors.

Hypothesis 1

600 intact sites 600 singlet sites 30 duplet sites

A nearest neighbouring distance analysis
is performed, for which the central fibres
are analysed together with their closest

Hypothesis 5 fibre

Figure 6.5. The five comparisons are illustrated. Comparison 1 to 3 looks at the fibre
orientation differences between the three classes of fibres, aiming at indications in the mis-
orientation of the central broken fibres or the surrounding environments that can imply
different morphologies for locally damaged sites. Comparison 4 accounts for the local fibre
packing and misorientation scatter within sub-volumes. Lastly, comparison 5 investigates

the nearest neighbouring distance between the same classes of fibres.

e Hypothesis 2: The orientation of fibres that break is distinctive from their
immediate environment. For example, indicating if an otherwise well aligned
fibre surrounded by a region of misorientation is more likely to break. As
such, the orientation characteristics of fibres that break are compared to their

immediately surrounding environment.

e Hypothesis 3: The environment surrounding singlet/duplet sites is distinctive
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from equivalently proportioned regions where breaks have not occurred. As
such, the orientation characteristics of fibres within singlet/duplet sites are com-

pared to those within intact sites.

e Hypothesis 4: The local fibre packing and the scatter in the local fibre misori-
entation influence the failure process. The number of fibres within a site and
the standard error of their misorientation are quantified to identify a peculiar

combination of the two factors.

e Hypothesis 5: This focusses on the incidence of coupled fibre break duplets,
testing if the nearest-neighbour fibre separation at duplet sites is distinctive
from nearest-neighbour distances where either a single fibre break has been
recorded, or the nearest-neighbour distances drawn from the general unbroken

micro-structure.

With the many thousands of individual fibre measurements that are readily de-
rived from the fibre segmentation, many other tests/hypotheses are possible — four
are considered here for brevity. As stated in Section 6.2.2, it is noted that measure-
ments presented here are based on the final load step (between 98 and 99% of coupon
UTS). Even at such high relative loads, the number of high multiplet sites (n > 3) is
limited: as such, only the statistics associated with duplets has been examined here,
representing at least an initial stage in progressing from single fibre break to critical

cluster formation.

Table 6.1. Hypothesis 1: the mean (1) and standard deviation (o) of the intact and singlet
fibres are shown for the in-layer direction. For both the assessed coupons, o of the singlet
fibres is higher. In the two columns on the right, the Kolmogorov-Smirnov test results are

indicated: the distributions of misorientations are drawn from a same population.

p misorientation (deg) o misorientation (-)

K-S test p-value

Coupon Intact Singlet Intact Singlet
value (-)
fibres fibres fibres fibres
1 -0.13 -0.16 0.90 1.11 0 0.52

2 0.22 0.38 0.86 1.09 0 0.73
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6.4.1 Hypothesis 1: broken fibres to intact fibres

The misorientation angles for the in-layer and out-of-layer directions are pre-

sented in Fig. 6.6 for broken and non-broken fibres.
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Figure 6.6. Scatter plot of the fibre orientation of the individual fibres the sub-volumes
at the intact, singlet and duplet sites.

In the first instance, it may be seen that the spread of fibre misorientation is
distinctly wider in the in-layer direction. The maximum range of in-layer orientations
of the unbroken fibres (i.e. randomly selected micro-structure) is ~4-5°, while out-
of-layer range is ~2° the corresponding standard deviations are ~0.4° and ~1.1°.

Whilst samples were cut from the same as-manufactured plate, and care was taken
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to cut and align samples prior to testing, there is a slight divergence of alignment
between the two: Coupon 1 presents a slight out-of-layer tilt in the order of 0.5°,
whilst Coupon 2 shows an in-layer tilt from the loading direction in the order of 0.2°.

While by looking at the mean value () of the intact and singlet fibre misorien-
tation distributions no difference is evinced, a consistent larger value is observed for
the standard deviation (o) of the singlet fibres (see Table 6.2) of both coupons. A
K-S test run to better discern the differences between the two distributions of data
has indicated that these are drawn from the same population. K-S test results with
associated p-values are reported in Table 6.2, where 0 indicates the distributions are
drawn from the same population and 1 that the populations are statistically distinct,

with a threshold probability of 0.05.

Table 6.2. Summary of the resampling analysis, carried out to check whether the duplet
smaller sample size affected the comparison results. K-S and A-D tests are performed before
implementing the resampling approach. Each of the 1000 samples randomly extracted from
the singlet and intact sites, is K-S and A-D tested and the proportion of values below the
5% p-value threshold is indicated.

Coupon 1 Coupon 2
Test performed Duplet Duplet Duplet Duplet
intact singlet intact singlet
K-S before resampling 0.59 0.31 0.57 0.66
A-D before resampling 0.44 0.18 0.90 0.80

K-S p-value proportion <0.05  0.00 0.02 0.00 0.00
A-D p-value proportion <0.05  0.03 0.09 0.00 0.00

6.4.1.1 Unbalanced sample size comparison statistical tests

Given that the duplet fibres sample size is significantly smaller than the intact
and singlet samples (across both coupons total duplets N = 46, as opposed to N ~200
measured for intact fibres and singlets), sub-sampling of the singlet and intact fibre
datasets to ensure an equal sample size in the K-S and A-D tests. Multiple random

subsamples were considered, to account for variation in results between subsamples.
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Figure 6.7. Scatter plot of the 1000 resamples to the smallest sample dimension (duplet

samples of respectively 10 and 36 measurements).

Subsampling was used as statistical tests for unbalanced samples often result in bias.
The same approach is implemented for all the comparisons presenting an unbalanced
sample size.

The software environment for statistical computing and graphics R ([180]) is
adopted to check whether the unbalanced sample sizes affect the comparison results.
Both an Anderson Darling (A-D) and K-S tests are used, where A-D is more sensitive
to the tails of the distributions than K-S [179]. The same statistical tests (K-S and
A-D tests) are performed before and after carrying out the resampling to the smallest

sample dimension, and results are compared. Resampling is performed by randomly
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extracting without replacement 1000 samples of data extracted from the intact and
singlet sites of the dimension of the duplet sites, i.e. for Coupon 1 and 2, 1000 samples
made of respectively 10 and 36 values of singlet and intact fibre misorientation angles.

Each sub-sample of data is compared to the sample of duplet fibre angles using
the K-S and A-D tests. The proportion of p-values below 0.05 (indicating statistically
significant difference between the distributions of the data) is reported in Table 6.2.
For both coupons and comparisons (duplet to singlet fibres and duplet to intact fi-
bres), the proportion below 0.05 is low enough to confirm that the smaller duplet
sample size does not statistically affect the observed results: there is statistical evi-
dence to suggest that the duplet fibre misorientation distribution is drawn from the
same population of fibre misorientation as that of the singlet/intact fibres.

In Fig. 6.7, for Coupon 1 and 2, the mean and standard deviation values for the
extracted singlet and intact sub-samples and duplet samples is shown. As can be
seen, the in-layer standard deviation is slightly higher for the singlet sites than for

the intact sites.

6.4.2 Hypothesis 2: broken fibres to their surrounding envi-

ronment

The fibre orientation of the singlet fibres and their surrounding environment
is analysed. For Coupon 1, 78 singlet fibre orientations are compared to the 2054
background surrounding fibres extracted from the same singlet sites (121 to 3400
for Coupon 2), see Fig. 6.8. Given that the two samples of data are unbalanced,
a resampling approach is adopted, as done for Section 6.4.1.1. The proportion of
p-values of the 1000 extracted sub-samples is observed being about 1%, providing
no statistical evidence to suggest that the distributions of the fibre misorientations
differ. The same comparison is performed for the duplet and the intact sites, showing
no statistical evidence for a difference; and hence suggesting that the fibres broken
in a duplet or singlet fashion do not have a different orientation if compared to their

background environment.
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Figure 6.8. For Coupon 1 and 2, the misorientation angles in the in-layer and out-of-layer
directions are plotted for the singlet fibres and the surrounding environment. The results
of the K-S tests run for the distributions in the two separate directions are shown (zero

meaning distributions are drawn from the same population).

6.4.3 Hypothesis 3: the background environments

The distributions of fibre orientations in the in-layer direction are compared for
the singlet and intact background fibres (central fibres are excluded from the compar-

ison). To better compare the misorientation values of the two coupons, the average
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fibre orientation (calculated considering all sites) of a single coupon is evaluated. This
value is subtracted from each fibre misorientation value, providing the distributions
are centred on the zero (representing the vertical loading direction). Coupon 2 ap-
peared to be overall more misaligned in the in-layer direction and on the opposite
direction of Coupon 1 (by a fraction of degree). This could be introduced from the
manufacturing of the coupon. For this reason, the signs of the values for Coupon 2
are reversed in the histograms shown in Fig. 6.9. Having a lower number of measure-
ments and to better visualise the different activities in the tails of the distributions,
the duplet environment distributions are not included in the histogram plots. A K-S
test carried out on the background fibre distributions of the singlet and intact sites
provided statistical evidence to suggest that the distributions are drawn from different
populations. Very similar results are obtained if comparing the duplet to the intact
environment. The mean y of the singlet and intact environments are different, as well
as the standard deviation o, which is fractionally higher in the singlet environment

distribution (see Table 6.4 in Section 6.4.3.1.2).

6.4.3.1 Analyses of the tails of the background environment distributions

In the two following sections, statistical tools are implemented to better highlight
dissimilarities between the distributions of data of the background environments. In
Section 6.4.3.1.1, the outliers of the distributions are detected and removed to assess
their influence on the statistical comparison. Following this, Kurtosis and Skewness
analyses ([181]) are employed to further discern the distributions. These tests also
allow a better definition of the length-scale over which patterns of fibre misorientation

may or may not affect fibre break formation, as will be discussed in Section 6.4.3.1.2.

6.4.3.1.1 Outliers detection and removal through the Pukelsheim three sigma rule

An outlier detection technique is adopted to better understand if the differences
observed for p and o in Section 6.4.3 are related to the different tails of the distri-
butions. The aim is to assess the impact of outliers on the results of the K-S test
and A-D test and the standard deviations of the samples of data. Outliers can be
detected in a number of different ways. In this study, a Pukelsheim three sigma rule is

used to detect the outliers [182]. This rule states that 95% of the density of unimodal
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distributions lies within three standard deviations of the mean, hence the outliers are
treated as those which fall outside this range. Initial analysis of this dataset suggests
that the distribution of misorientation data is unimodal. If removing these values
makes a difference to the analysis, then the outliers should be checked to identify if
they are errors or points of interest. For the in-layer directions, two comparisons are
made: duplet to intact and singlet to intact environments. Table 6.3 shows the results
for the first three width steps to show how values change when moving from width
2 to thicker or thinner cross-sections, i.e. including more or less fibres surrounding a

broken one.

Table 6.3. K-S and A-D tests to estimate dissimilarities between the distributions of fibre
misorientation before and after removal of outliers using the Pukelsheim three sigma rule.
A p-value below 0.05 represents a statistically significant difference between the compared

distributions.

Singlet to intact

Coupon 1 Coupon 2
Duplet to intact
Width 1 2 3 1 2 3
K-S p-value before 0.01 0 0 0 0 0
outliers removal 0.2 0.1 0.02 0.12  0.03 0.02
A-D p-value before 0.01 0 0 0 0 0
outliers removal 0.08 0.02 0 0.09  0.03 0.04
Number of outliers 4,1 13,7 17,24 8,14 16,27 27, 36
detected 1,1 2,7 2,24 0,14 4,27 4,36
K-S p-value after 0.01 0 0 0 0 0
outliers removal 0.22 0.05 0.01 0.13  0.04 0.02
A-D p-value after 0.01 0 0 0 0 0
outliers removal 0.06 0.01 0 0.08  0.03 0.03

In Table 6.3, the number of outliers removed from the left and the right side
of the distributions are indicated. The K-S and A-D tests are used to compare the
distributions before and after the outlier removal. For all the analysed cases, the
p-values of the K-S and A-D tests before and after outlier removal reveal no evidence

of outliers effects on the results of the statistical tests. No firm conclusions can be
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Figure 6.9. The distributions of the misorientation angles on the in-layer direction are
shown. To better compare the misorientation values of the two coupons, the distributions
are shifted of the average coupon fibre orientation. For Coupon 2, the sign of the orientation
values is inverted to better compare the two distributions. Statistical assessments are made

using the original distributions of data.

drawn from the comparison between duplet and intact sites, with width 3 being the
only step at which statistical differences between the distributions are observed for
both coupons. This can be related to the particularly low number of duplet sites
available. As to the singlet to intact environment comparison, for both coupons it

is there is statistical evidence to suggest that the two distributions are drawn from
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different populations, according to both K-S and A-D tests, before and after outlier
removal, meaning the difference between the background environments of singlet and
intact sites cannot be attributed to the extreme values of the distributions but there

is evidence to suggest it is related to an intrinsic dissimilarity.

6.4.3.1.2 Kurtosis and Skewness analyses and justification of the length-scale choice

Kurtosis is a measure of how outlier-prone a distribution is. Where the kurtosis of
the normal distribution is 3, distributions that are more outlier-prone than the normal
distribution have kurtosis greater than 3 and distributions that are less outlier-prone
have kurtosis less than 3. As shown in Fig. 11, with the exception of width 1,
all the analysed widths provide distributions of fibre misorientation that are more
outlier-prone than a normal distribution. Skewness is a measure of the symmetry of
a distribution. The normal distribution is a symmetric distribution, and its skewness
value is zero. A negative skewness value means the distribution is asymmetrical and
its values are skewed to values below the mean. The opposite is valid for positive
skewness values [181, 183]. Of all the analysed width steps, width 2 shows the greatest
difference between the kurtosis values. This lead us to give more interest to width
2, being the area around the central fibres at which the difference between damaged
and intact sites was the greatest. Results are shown for Coupon 1 which of the two
coupons, is the most aligned to the loading direction. The results of the Skewness
analysis indicate how the singlet background fibre distribution is slightly more skewed
left on widths 2, 3 and 4. In Table 6.4, the results of the K-S tests for both coupons,
surrounding environment fibres distribution in the in-layer direction are shown. With
a p-value equal to 0, there is strong statistical evidence to suggest that the two

distributions representing the environments in the singlet and intact sites are different.

6.4.4 Hypothesis 4: Local fibre packing and misorientation
scatter within sub-volumes
When a fibre breaks, the surrounding fibres experience a stress increase. This is

quantified using the stress concentration factor (SCF), which is the relative increase

in stress these fibres will perceive [14]. Fibre packing affects the SCF and starting
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Figure 6.10. The distributions of the misorientation angles on the in-layer direction are
shown. To better compare the misorientation values of the two coupons, the distributions
are shifted of the average coupon fibre orientation. For Coupon 2, the sign of the orientation
values is inverted to better compare the two distributions. Statistical assessments are made

using the original distributions of data.

Table 6.4. Hypothesis 3: p and o of the intact and singlet environment fibres are shown
for the in-layer direction. For both the assessed coupons, o of the singlet fibres is higher.
In the two columns on the right, the Kolmogorov-Smirnov test results are indicated: the

distributions of misorientations are proven to be statistically different with a p-value equal

to zero.
p misorientation (deg) o misorientation (-)
K-S test p-value

Coupon Intact Singlet Intact Singlet
value (-)

fibres fibres fibres fibres
1 -0.09 -0.18 0.92 1.01 1 0
2 0.18 0.33 0.92 1.01 1 0

from the 1960’s modellers have considered different fibre arrangements moving from
a regular 1D to a random 2D configuration and quantified the effect of these packing
arrangements on the SCF values [84, 94, 184]. Using a finite element approach,

Swolfs et al. showed random packing leads to higher SCF values if compared to
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regular arrangements [25]. This provides further significance to the examination of
the local fibre packing in the analysed coupons to understand if fibre failure is affected
by local volumetric fibre distribution. Only fibres fully contained within the analysed
volume (of width 2 cross-section described in Section 6.3.1.2) were tracked in this
study. Hence, the parameter presented below will be identified as a fibre volume
fraction ‘factor’, obtained as a classic fibre volume fraction value but not accounting
for portions of fibres falling within the edges of volume, i.e. this factor is equal to or
lower than the fibre volume fraction. In Fig. 6.11, for Coupon 2 (presenting the highest
number of sites) the factor is plotted against the standard error of the misorientation
of the fibres comprised in a sub-volume. Each point is indicative of a full sub-volume
condition. A sub-volume with a higher fraction factor is expected to have a lower
misorientation standard error due to the fibres being closely packed together, where
the opposite is likely to happen for a sub-volume with a low fraction factor. The
mean and the standard deviation of the values for the three sub-volume categories
are reported in Table 6.5, highlighting that no major differences are observed. K-S
tests run separately on the two parameters comparing the distributions singlet-intact,
singlet-duplet and intact-duplet suggest no statistical differences can be evinced (p-

values in the range of 0.5-0.7). Similar results are obtained for Coupon 1.

Table 6.5. p and o of the fibre fraction factor (FFF) and misorientation standard error
(MSE) shown in Fig. 6.11. No statistical differences are evinced among the three site

categories.

1 o
Intact Singlet Duplet Intact Singlet Duplet
fibres  fibres  fibres fibres fibres  fibres

FFF (-) 0.63 0.63 0.65 0.08 0.09 0.11

MSE (-) 0.12 0.12 0.13 0.07 0.07 0.06

6.4.5 Hypothesis 5: Nearest neighbour distance analysis

A statistical assessment of the nearest-neighbour distances is carried out. Two

different break clusters patterns are observed. In Fig. 13 (a, b) an example of planar
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Figure 6.11. The sub-volumes fibre volume fraction factors (number of entire fibres per
sub-volume cross-sectional area times the average nominal fibre cross-section) against the
standard error of the misorientation of the fibres within the sub-volumes of Coupon 2 (show-
ing the highest number of sub-volumes), width 2. K-S tests show no statistical differences

between the three categories. Similar results are obtained for Coupon 1.

clusters and diffuse clusters is shown. Planar (or adjacent) clusters (focus of the study)
are considered as groups of fibre breaks with a distance less than a fibre diameter.
Fibre breaks with a distance less than the ineffective length are catalogued as diffuse
clusters [14, 24]. In Fig. 6.12¢-f, examples of planar clusters are presented. As shown,
clusters arise both in locally high volume fraction regions, and mixed regions, where a
linear pattern is commonly observed. Except for two cases, fibre break clusters have
not been observed to grow under increased loading, as illustrated in [22, 24, 31].
With a distance of 1.65 fibre diameter, the only case of a large nearest-neighbouring

distance between two planar broken fibres is shown in Fig. 6.13. This experimental
finding confirms what would be intuitively indicated by a load shedding behaviour:
clustering should happen mostly between close neighbours (higher load is seen by an
intact fibre that is closer to a break). In Fig. 6.14, the nearest neighbouring fibre
distance values collected for the two coupons is shown. For the singlet and intact
locations, about 600 values have been collected, against 25 values for the duplet sites

(related to the highest number of clusters observed in the prior-to-failure scans). With
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Figure 6.12. (a) Example of a planar multiplet, (b) diffuse multiplet. In (c): in the white
circle the fibre breaking in a duplet fashion. Circled in green its closest fibre, preferred for
duplet formation; among all the neighbours, in red the furthest (typically not involved in
multiplet formation) is highlighted. In (d, e), planar duplets in a high fibre volume fraction

region whereas in (f, g) triplet and duplet are shown in a ‘mixed’ volume fraction region.

a few cases of fibres having the nearest neighbour at a distance greater than 1.5 fi-
bre diameter, the mean nearest neighbouring distance observed value is for all the
three cases of ~1.1 fibre diameter, meaning that even in low packed regions, the great
majority of fibres tend to have at least one very close nearest neighbour. This is in
contrast to 1.35 fibre diameter, the nearest neighbouring distance that is calculated
assuming a 2D hexagonal packing with same fibre volume fraction (of 50% in this
study) and according to that indicated by Swolfs et al. [14]: having random packings
much closer fibres to the broken ones, these see an increase in the stress concentration
factors when compared to regular packings. A K-S test is performed to compare the
three groups of data, and it suggests that there are no statistical differences between

the distributions shown in Fig. 6.14.

6.5 Conclusions

In situ synchrotron X-ray computed tomography was performed to investigate

the morphology of local damaged sites in untoughened aerospace grade carbon-epoxy
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Figure 6.13. (a, b) Top view and (c) lateral view of the duplet with the largest detected
distance observed in the two analysed coupons. Separation distance between the centres of

the break was of ~3 pm.
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Figure 6.14. Histogram of the relative distances between two broken fibres recorded a fibre
diameter below the failure plane (duplets); relative distances between a broken fibre to its
nearest neighbouring intact fibre (singlets); closest distance between random intact fibres
(intact locations). Values are obtained combining the data of the two analysed coupons,

cut from the same CFRP panel.

coupons under quasi-static tensile loading. It is well known that carbon fibre ten-
sile strength distributions follow a Weibull probabilistic model. However, local fibre
misorientation and packing needs to be assessed to clarify their effects on the failure

processes. To the best of the authors knowledge, this is the first time an automated



Chapter 6. Statistical measurements of the local morphology 131

approach was developed that uses image analysis and statistical tools to investigate at
a micro-scale level single and adjacently coupled fibre break locations, assessing dif-
ferences in the misorientation of the fibres and in the nearest neighbouring distances
between fibres, both in damaged and non-damaged local sites. Great attention is
given to the quality of the fibres segmented from low contrast images with high fibre
volume fraction, with a detailed error trapping approach.

Statistically assessed experimental observations of the fibre misorientation an-
gle distributions provide subtle indications on the existence of different morphologies
among these sites. For the carbon fibre pre-preg composite coupons object of this
study, there is statistical evidence to suggest that the local background environment
of singlet sites and intact sites differ, providing input for further investigations. The
single broken fibre orientation distribution shows a consistent higher standard devia-
tion value, when compared to the intact fibre orientation distribution. In contrast, no
statistically significant differences are observed regarding the fibre packing in locally
damaged sites. The nearest neighbouring distances are evaluated for the cases of two
intact fibres, one broken and one intact fibre and two adjacent broken fibres, showing
that two fibres prefer to break in a nearest neighbouring fashion. These observations
suggest that the morphology of fibre break sites appear as complex. By a simple vi-
sual assessment of a few sites, contrasting and incorrect conclusions could be reached,
e.g. a fibre is more likely to fail if surrounded by misoriented, hence less loaded fibres
or fibres break in a duplet fashion when close to each other and near a resin rich
region, experiencing a higher stress than expected.

It is suggested in the literature that the singlet density is not likely to be the
cause of longitudinal final failure of composites [14, 22, 24|, while the large multi-
plets might have a stronger role instead, suggesting a failure criterion driven by the
Fracture Mechanics could be preferred over the Strength of Materials [32]. However,
reliable models predicting both the damage development and the final failure of unidi-
rectional composites should include and correctly describe the mechanisms leading to
the accumulation of these features, that strongly escalates prior to final failure. The
fibre strength is typically described using the Weibull strength distribution. However,
measuring the Weibull distributions remains challenging and studies have shown that

better distributions, more challenging to implement in models but more suitable to
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describe the strength variability could be adopted ([45, 185]). Hence, model overes-
timations in the singlet prediction are often attributed to the distribution errors, as

done in [24]. However, by combining:

e in situ SRCT, allowing the damage to be fully captured in 3D in a prior-to-

failure condition,

e automated image processing techniques, that enable the comprehensive mor-
phology of damaged and non-damaged local regions to be extracted in low com-
putational times from CT scans, with an error trapping approach that reduces

the fibre centre detection error to a negligible level,

e reliable statistical tools, such as Kolmogorov-Smirnov tests, Anderson-Darling
tests, Kurtosis and Skewness tests as well as a Pukelsheim three sigma rule, used
to capture subtle differences in the distributions of the data extracted from self-
similar micro-structures difficult to discern by eye, recognise the variability in
the sizes of the distributions of data and investigate the influence of the tails of

the distributions, typically indication of errors or peculiar cases of interest,

it can now be suggested that the local morphology might have a role in the
formation of fibre breaks as it is shown that statistically the background environment
of singlet sites has some peculiarities that should be further explored by including
the real fibre geometry as extracted from the analysed sites into finite element (FE)
predictive models. The analysis presented in this chapter represents a first step
towards a full characterisation of the large multiplet local morphology that can provide
the modelling community more information on the influence that these features have
on the final failure events. However, larger experimental campaigns are needed that
test a greater amount of coupons of the same material, as in this study a total of
four 4-plets have been captured in the prior-to-failure scans from the two analysed
coupons, i.e. tens of coupons should be tested to obtain statistically approachable
data.

The tools are now developed, with a high level of confidence in the basic measure-
ments and other application areas can be envisaged where micro-structural influence

may be important: e.g. compression/micro-buckling, and materials with non-ideal
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unidirectional alignment. In addition to the applications on particular materials, the
work presented in this chapter illustrates an approach, consistent with the philosophy
of “data rich mechanics” whereby very high levels of utilisation of experimental stud-

ies can be used to extract data by which to inform model development and validation.
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CHAPTER [/

CONCLUSIONS AND FURTHER WORK

In situ synchrotron radiation computed tomography has been used to analyse the
effects of fibre/matriz properties and manufacturing parameters on the accumulation
of individual fibre breaks and groups of interacting fibre breaks. Qwerall, the work
has successfully captured the variations in the tensile behaviour when the fibre/matriz
interfacial properties are modified in five aerospace grade configurations of (904 /0s)s
carbon-epoxy notched coupons as well as underlined in an original approach the pecu-
liarities in the morphology of locally damaged sites. Semi-automated approaches have
been developed to capture the damage behaviour at a deep micro-mechanical level for
a range of materials with different fibres, surface treatments and sizing. Statistical
tools have been adopted to explore single and adjacently coupled fibre break locations,
measuring subtle alterations in the fibre misorientation and in the nearest neighbour-
ing distances between fibre. Quantitative data and qualitative observations have been
presented that are consistent with the philosophy of “data rich mechanics” by which

to inform model development and validation.

135
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7.1 Summary

An extensive database of performance and damage behaviour at a deep micro-
mechanical level has been presented in Chapters 4 to 6 for a range of materials with
different fibres, surface treatments and sizing. In Chapters 4 and 5 the fibre damage
progression is followed in five tested material configurations, while in Chapter 6 focus
is given to the material configuration that is most consistent for repeat coupons and
statistical measurements are performed in damaged sites to capture local morphology
peculiarities that could influence the damage development.

In Chapter 4, the material properties, the experimental procedure adopted and
the semi automated tools developed to reduce the processing time of the ~140 volumes
collected during the main test campaign performed at the European Synchrotron Ra-
diation Facilities are presented. The fibre volume fraction and the average composite
UTS for the tested geometries are calculated, showing a difference in the UTS val-
ues in the materials adopting the same fibre type that could be attributed to the
different fibre/matrix interface treatments. As the discussion focuses on the planar
multiplets, believed to drive the micro-mechanisms leading to final failure, the reader
is introduced to the typologies of multiplets reported in the literature ([22, 24, 31]),
i.e. planar and diffuse multiplets, as observed in the materials assessed in this study.

Statistical aspects of the damage should be considered when analysing very small
sampling volumes in assessing the damage development. Hence, the variability in fibre
break density between coupons and within different locations in an individual coupon
is estimated to be within a range of ~30%. The main comparisons are presented and
individual fibre break accumulation with ply stress is shown to be relatively consistent
within the tested batch, where the opposite is observed for the multiplet accumulation.
Sizing type and surface treatment are not seen to induce multiplet accumulation to
the same extent as changing fibre type does, as extrapolated from the comparisons
between materials A and E (differing for the fibre type adopted) and materials A
and C (differing for sizing type). The multiplet formation is seen to increase when
moving from material A to C, i.e. from a stronger to a weaker fibre/matrix interface.
Weakening the interface through a change in surface treatment (materials A to B)

led to a comparable formation of small multiplets, but higher formation of large



Chapter 7. Conclusions and Further Work 137

multiplets, while an even weaker interface through different sizing type (B to C) did
not increase the large multiplet formation but noticeably increased the small multiplet
count.

In Chapter 5 the analysis of ~250 planar multiplet is reported. Planar multiplets
have been followed from the formation to the prior to failure conditions of the coupons,
and for one coupon in post-mortem conditions. Of the multiplet geometries analysed
in this study, only 2-plets and 3-plets have been observed in sufficient numbers to merit
detailed quantitative analysis, with a 6-plet being the largest multiplet detected in
any of the materials tested prior to failure. The highest planar multiplet formation is
observed in the material (configuration E) with the strongest fibre/matrix interface
and the highest Weibull modulus fibre, consistent with the higher stress concentration
factors (SCFs) in the multiplet plane as well as the potential of higher amount of fibres
failing at the same given stress.

For the remaining configurations (A to D) sharing the same fibre type, it is ob-
served that a change in surface treatment is more critical than a change in sizing
type, as defect resistance of the material is enhanced, with the coupon able to with-
stand a higher density of planar multiplets before failure. A post-mortem fibre break
count performed below the crack surface, has revealed potential agreement to that
predicted using a power law curve fitted to the fibre fracture accumulation from low
to high applied stress levels, although a slightly higher value for the post-mortem
multiplet count is observed that needs clarification, on whether it is related to the

3 vs. 0.54 mm? of the before failure

small post-mortem volume analysed (~0.1 mm
scans), hence due to a locally higher break density region, or on the energy release
involved in the macroscopic failure that could cause additional damage in compos-
ite micro-structure. Considerations are made on the possible mechanisms leading to
stabilised multiplets that after formation are not growing in size with the applied
stress, with a hypothesised interaction of the dynamic loading leading to a multiplet
of a certain size, that potentially would stop in growing in size for increased applied
stresses for time dependent matrix processes that would further shield the adjacent
fibres from stress concentration.

In Chapter 6, the morphology of local damaged sites was investigated in great

detail. An automated approach adopting image processing techniques and reliable



138 Sebastian Rosini

statistical tools (such as Kolmogorov-Smirnov tests, Anderson-Darling tests, Kurtosis
and Skewness tests and a Pukelsheim three sigma rule), was developed to investigate
at a micro-scale level single and adjacently coupled fibre break locations and clar-
ify the local fibre misorientation and packing effects on the tensile failure processes.
Subtle indications on the existence of different morphologies among damaged and non-
damaged local sites were obtained, suggesting that local background environment of
singlet sites and intact sites statistical differ, providing input for further investiga-
tions. Furthermore, while no statistically significant dissimilarities are detected on
the fibre packing in locally damaged sites, a consistently higher standard deviation
value is observed for the single broken fibre orientation distribution when compared
to the intact fibre orientation distribution. A method of investigation is developed,
with a high level of confidence in the basic measurements and other areas of applica-
tion can be considered in which micro-structure characterisation has a role, such as

compression/micro-buckling, and materials with non-ideal unidirectional alignment.

7.2 Conclusions

The main observations that can be extracted from the work are reported below.

e A higher fibre strength does not necessarily translate into a stronger compos-
ite. A high level of understanding is needed to capture the interaction between
constituents and the failure mechanisms when developing materials. A stronger
composite can potentially be obtained by accurate selection of treatments than
can enhance the fibre/matrix interface properties, leading to higher defect re-
sistance, such as a higher scale/frequency of multiplet sites that can be accom-

modated before failure.

e Single fibre breaks play no simple role in controlling the average UTS of the
material. For the material configurations tested in the study, the rate of sin-
glet fibre break accumulation with ply stress appeared as relatively consistent

(within the experimental scatter, and independent of the multiplet behaviour).

e The incidence (onset and rate) of multiplet damage accumulation with applied

ply stress varies significantly with modifications on the surface treatments and
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sizing types adopted for the fibres, consistently with different mechanisms hap-

pening by which the SCFs around the broken fibres change.

e The same sizing type and surface treatment can affect differently the defect
tolerance. Sizing type 1 and surface treatment II is seen to lead to material
A (lower diameter, higher strength fibres and) exhibiting the lowest UTS value
of the materials sharing the same fibre type, with a relatively low number of
multiplets observed, whilst in material E (larger diameter, lower strength fibres),
the same sizing and surface treatment induced the formation of a higher number

of multiplets, potentially detrimental to the strength.

e Within the configurations tested, a change in fibre surface treatment appears
as more critical than a change in sizing type, with the planar multiplets being
less extended and larger multiplets being accepted without necessarily leading

to macroscopic failure.

e A statistical assessment of the local morphologies of composites extracted from
CT scans is a valuable approach that can lead to new insights not accounted be-
fore and is suggested for future investigations studying micro-structural features
in composites to avoid incorrect conclusions due to simple visual assessment of
a few micro-scopic sites. For the aerospace grade materials tested in this study,
it emerged that the local background environment of singlet sites and intact

sites statistically differ providing input for further investigations.

e The nearest neighbouring distances are evaluated for the cases of two intact
fibres, one broken and one intact fibre and two adjacent broken fibres, show-
ing that two fibres are more likely to break in a nearest neighbouring fashion,
consistent with a load shedding behaviour: clustering should happen mostly be-
tween close neighbours. Also, the mean nearest neighbouring distance observed
value for the three cases is of ~1.1 fibre diameter, meaning that even in low
packed regions, the great majority of fibres tend to have at least one very close

nearest neighbour.
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7.3 Further work

The current research has highlighted areas for further investigation, predomi-

nantly in the experimental and image processing methods.

7.3.1 Experimental method

e Size effects are well recognised in the literature [186-188]. The work of Scott et al.
showed that notched coupons exhibited similar damage mechanisms to pressure
vessels coupons. However, more work is needed to understand what the influ-
ence of size effects are on the fibre break and multiplet formations, as these are
not retrieved in the literature. Scaling the coupons to 2x, 4x, 8x the cross sec-
tional area (or equivalently the number of 0° plies, leading to thicknesses in the
notched region in the order of 2, 4 and 8 mm, while keeping the 1 mm width)
would give more insight to this phenomenon. As found by Borstnar et al. ([189]),
it would be assumed that coupons of larger dimensions and higher thickness to
width ratios (a 20 mm x 3 mm cross section is mentioned in the study) could
cause photon starvation at certain rotation positions while SRCT scanning.
However, this was found to be incorrect and hence larger coupon geometries
(that those analysed in this study) can be scanned using high resolution SRCT,

while keeping a spatial resolution not far from that achieved here.

e The number of high multiplet sites (n>3) observed in this study was limited:
as such, only the statistics associated with duplets has been examined. A larger
number of coupons should be tested to better quantify the variations in the
morphology of large multiplet sites. Hence, the following areas of improvement
in the testing procedures are suggested that could help testing a larger number

of coupons:

— in the current study, a few coupons have failed prematurely, due to coupon-
level variability and inaccuracies in the smallest load bearing cross-sectional
area evaluation. A voxel size of 75 pm (leading to errors in the area esti-
mation in the range of 30%), was adopted to accommodate a large number

of coupons; ~60 coupons were imaged in one scan. A more precise cross-



Chapter 7. Conclusions and Further Work 141

section evaluation of the coupons prior SRCT testing with higher resolution
CT scans could help reducing the difference between the expected failure
load and real value and lead to higher chances of capturing a comparable

number of scans per coupons;

— without collecting intermediate load step scans, coupons could be loaded
to ~95-97% expected coupon UTS and scanned (with ~90% or less of
load applied to keep cracks open). At these stress levels, large planar mul-
tiplets observed in this study have already formed in a sufficient amount.
This would allow testing time reductions while increasing the number of
tested coupons, considered the limited scanning time availability at the

synchrotron facilities;

e The importance of the matrix relaxation and its effects on tensile tests of com-
posites is discussed in the literature [14, 29, 31]. Providing experimental ev-
idence of the effects that models (such as the one of [29]) predict, could be
potentially obtained by performing in situ SRCT with both continuous and in-
terrupted scanning. If this was not possible (compact loading rigs specifically
optimised for the fast rotation speeds typical of the continuous scanning are
needed that might not always be available), the tests suggested above could be
performed to at least in part clarify the effects of matrix relaxation: a number
of coupons could be scanned collecting multiple scans at several load steps as
done in the current study, while a similar number of scans could be obtained
loading to very high percentages of the expected coupon UTS and scanning,

holding ~90% of the load.

e Analysing the post-mortem conditions of the tested coupons could provide novel
findings. Further investigations (following the approach taken in Chapter 5) are
suggested to clarify the effects of the energy release involved in the macroscopic
failure processes that can potentially introduce additional damage in the com-

posite micro-structure.
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7.3.2 Image processing

Automated image processing techniques that have allowed comprehensive mor-
phology information to be extracted in low computational times from CT scans could
be further implemented to allow more data to be extracted from the scans. The full
length of the fibres could be extracted and by associating the fibre breaks to the actual
full fibre shapes, precise estimates of the ineffective lengths could be extracted and
statistically assessed. Furthermore, extracting larger fibre lengths would allow the
fibre waviness in damaged and un-damaged local regions to be statistically assessed.
If statistical evidence of fibre waviness is obtained from the comparisons (adopting
an approach similar to that used in this study), the effects of the fibre waviness on
the tensile failure of composites could be assessed, by extracting the fibre shapes in
damaged and un-damaged volumes and use these volumes as representative volume

elements (RVEs) to be studied through finite element (FE) simulations.
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