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Abstract 

3D IMAGING OF THE TENSILE FAILURE MECHANISMS OF CARBON 

FIBRE COMPOSITES 

Hannah Morton 

Synchrotron radiation computed tomography (SRCT) has been used to analyse the tensile 

failure mechanisms in carbon fibre/epoxy composites.  Two specimen types were analysed 

– in situ loaded coupons and filament wound samples, taken from incrementally loaded 

cylinders and scanned “post mortem”.  The effects of fibre, matrix and interfacial 

properties on the initiation and accumulation of fibre breaks have been analysed.  Breaks 

accumulated on a power law curve as a function of fibre stress; however the fibre and 

matrix moduli had little effect on accumulation.  Initial analysis of the fibre Weibull moduli 

showed little correlation between Weibull modulus and break accumulation.  Singlets 

initiated in low fibre volume fraction areas; however a full investigation into the effects of 

varying fibre volume fraction has not been possible.   

Attention was focused on the formation of interacting groups of broken fibres (clusters), as 

they are believed to be the strength-defining failure event.  The in situ coupons had much 

larger maximum cluster sizes than the filament wound counterparts (14 vs. 9), and a 

correlation between high break density and low cluster percentage is proposed.  No simple 

correlations were found between fibre/matrix moduli and the clustering parameters.  

Clusters formed in one load step, and did not grow from singlets or smaller clusters, which 

suggests a dynamic process.   The interface is suggested to be key to damage initiation and 

propagation. 

The work provides links between experimental studies and simulation tools by informing 

and validating a micromechanical tensile failure model.  Comparisons between 

experimental and modelled results found that the model accurately predicted the 

composite failure strain but not the complex damage accumulation processes.  The model 

under-predicted both cluster size and the proportion of interacting breaks; this is 

attributed to the inaccurate modelling of the stress transfer process.  Both experimentally 

and analytically the dominant parameter controlling clustering was the overall stress 

concentration factor.  This has been infrequently analysed in work published in the 

literature, and is the recommended focus of the future work.   
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1 Introduction 

 

Carbon fibre/epoxy composites are composed of two constituents with a large mismatch in 

mechanical properties.  Stiff and brittle carbon fibres are embedded in a compliant epoxy 

matrix, which may undergo considerable deformation before failure [1].  They offer 

superior properties for structural applications, including high specific stiffness and strength, 

good fatigue behaviour, and excellent corrosion resistance [2].  The use of these materials 

as replacements for their traditional metal counterparts has increased considerably over 

the last couple of decades [3].  However, the optimal design of a composite structure is 

often not achieved, due to uncertainties surrounding the prediction of failure [4].  This 

chapter provides a general overview to the work and motivation for the PhD. 
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1.1 Background and Motivation 

The tensile strength of continuous fibre FRPs is controlled by the fibre properties, and more 

specifically the stress transfer mechanisms surrounding broken fibres [1, 5].  The failure 

process of a composite undergoing tensile failure has two distinguishing features (1) 

multiple failure sites, distributed through the structure and (2) a sequential progression of 

failure as a function of increasing load or time duration under applied load [6].  Failure 

occurs due to the accumulation and interaction of individual fibre breaks, which develop as 

the material is loaded until a group of interacting breaks reaches a critical size and the 

specimen fails catastrophically [7].  The strength of a specific structure ultimately then 

depends on the chance dispersion or clustering of failure sites [6].  The understanding of 

this damage initiation and propagation in composites, and the role of the material 

parameters in the transition from subcritical to critical damage is vital in material 

development and design applications [8]. 

The superior properties of carbon fibre composites have enabled the evolution of filament 

wound pressure-vessels.  The use of metal liners with a composite overwrap allows for 

smaller, lighter cylinders, capable of reaching higher service pressures.  Originally pressure 

vessels were entirely made of metal, and the current standards used to test composite 

cylinders are still based on their all-metal predecessors.  During proof testing, all-metal 

cylinders are pressurised to 1.5 times service pressure, after which the cylinder is presumed 

to be safe at the lower service pressure.  Pressurisation induces plastic deformation at the 

tips of any cracks within the cylinder, which impairs crack development at service pressure.  

This method is not applicable to composite cylinders, as plastic deformation does not occur 

in the composite, and failure is not due to a macroscopic crack.  Over pressurisation 

induces plastic deformation in the metallic liner; however it will also introduce irreversible 

damage in the composite, which is the strength-determining component.  There is thus a 

need for new standards to be devised, based on the failure mechanisms of composites.  To 

achieve this there is a need to determine how composite materials fail on the 

micromechanical level and to analyse the effect of material and manufacturing parameters. 

Analysing structural performance solely through experimental testing can be prohibitively 

expensive because of the number of specimens needed to characterise the range of loading 

conditions, specimen geometries and component parameters that may be relevant to the 

structural design. It is, therefore, desirable to develop predictive models that are accurate 
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and reliable, and do not require a large amount of experimentally determined material 

parameters [9].  However, the complexities of the stress transfer and redistribution 

mechanisms, combined with the statistical aspects of fibre strength, make modelling 

composite strength a challenge [10].  In general, failure models can be broadly 

characterised as either phenomenological or mechanism-based [11].  The former are curve 

fits and failure envelopes calibrated on macro-scale mechanical property data, whilst the 

latter account explicitly for underlying damage mechanisms, and are the focus for the 

present work.  These models of composite tensile failure tend to include the statistical 

nature of fibre strength, calculation of the stress transfer coefficient around a fibre break, 

and the formation of a critical cluster, resulting in final failure [12].   

A lack of comprehensive experimental data exists with which to validate and inform the 

current generation of mechanism-based models [13].  The absence of an effective model 

capability leads to a reliance on largely empirical approaches to design.  This results in 

composite designs being implemented in a safe but often overly cautious way, leading to 

larger, heavier and more expensive composite structures than may be needed [14].  

Regarding the validation of mechanism-based models for composite tensile strength, 

previous experimental work has focused on single fibres [15-19] or model composites [19-

21], analysed using scanning or Raman microscopy.  These techniques do not allow 

determination of matrix effects or the stress concentrations in neighbouring fibres.  

Furthermore, the restriction to surface observations does not permit measurement of the 

bulk composite without sectioning, which has the inherent risk of introducing additional 

damage.  Synchrotron radiation computed tomography (SRCT) provides a three 

dimensional representation of the material’s internal structure at a sub-micron resolution, 

which is sufficient to identify individual broken fibres [22].  In situ loading enables the 

damage progression in specimens to be analysed within the same specimen.  The 

technique is extremely “data-rich”, resulting in large amounts of information regarding the 

microstructure and damage progression being identified in a relatively short time [23].  

Such data sets have the potential to enable the comprehensive validation of mechanism-

based failure models.   

Sponsorship and motivation for the project come from the gas cylinder subsidiary of The 

Luxfer Group, a materials’ technology company.  Luxfer Gas Cylinders focus on the 

manufacture of high-pressure aluminium and composite cylinders for a diverse and 

increasing customer base.  Luxfer cylinders can be divided into four basic categories: 
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 Protective: such as self-contained breathing apparatus (SCBA) as used by fire-

fighters, rescue personnel and airmen/parachutists, and SCUBA devices used by 

divers.  Other uses include fire extinguishers and cylinders used to inflate 

emergency floatation devices. 

 Healthcare: oxygen therapy cylinders and emergency oxygen cylinders used across 

medical and care home facilities.  Other uses include cold sterilisation of medical 

instruments and the containment of gases used in cosmetic surgery. 

 Environmental: includes alternative fuel cylinders for compressed natural gas (CNG) 

containment as used by automobiles, trucks and buses, and cylinders for the 

storage and transport of CNG. 

 Specialist: includes welding/gas cutting cylinders, CO2 for beverage dispensing and 

aquarium applications, paintball cylinders and NO2 cylinders to boost engine 

performance in race cars. 

The PhD is focused on small, personal cylinders from the protective and healthcare 

categories.  Users of this group of products include long-term oxygen therapy patients and 

rescue personnel using SCBA.  These cylinders are metal-lined with a carbon fibre/epoxy 

over-wrap providing the main strength component, and are discussed further in Section 

4.1.1.  There is a demand for the cylinders to have increased storage capacity, without a 

corresponding increase in size and/or weight.  To do this it is important to be able to 

predict composite failure accurately and reliably in order to optimise the cylinder design 

and safely reduce overly-cautious safety factors.  The primary aim of the project is to 

identify for Luxfer improved fibre/matrix combinations in order to optimise cylinder 

performance, by analysing the effects of fibre/matrix parameters on cylinder failure.   

Within this work, the micromechanical failure mechanisms of carbon fibre/epoxy 

composites have been analysed in both flat plate and exemplar pressure vessel 

configurations.  Flat plates present a simplified microstructure, which allow a more precise 

and simplified analysis due to the simple lay-up and loading state.  The coupling of SRCT 

and in situ loading permits the analysis of damage progression in bulk specimens, which are 

representative of commercially available systems.  In contrast the cylinders give a much 

more complex microstructure, incorporating winding parameters, and providing something 

closer to a composite pressure vessel example in terms of loading.  SRCT is thus used to 
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quantify in three dimensions the microstructure, micromechanical features, and failure 

mechanisms of CFRPs under tensile loading.  The work focuses on how the fibre break 

accumulation under tensile loading varies between commercially representative CFRP 

systems.  The work allows recommendations to be made with respect to the optimisation 

of composite pressure vessel design. 

 

1.2 Aims and Objective 

The overall aim of the project is to optimise composite pressure vessel design through the 

analysis and understanding of the effect of fibre/matrix/interface properties on the tensile 

failure mechanisms of composites.  This will be achieved through the following subsidiary 

aims: 

 Analysis of the variation in fibre breakage and cluster accumulation as a function of 

component properties. 

 Determination of how clusters of interacting breaks form as a function of fibre 

stress. 

 Determination of the effects of fibre volume fraction and void volume fraction on 

composite tensile failure. 

 Linking experimental results to simulation tools to provide physical validation for 

the selection and calibration of fibre break models. 

 

1.3 Thesis Structure 

The thesis is arranged as follows: 

Chapter 2 – Literature Review – The Mechanisms of Tensile Failure: The literature review 

provides a general over-view of composites, before moving onto a more in depth review of 

micromechanical tensile failure mechanisms.  The review focuses on how constituent 

parameters and microstructural features affect the accumulation of damage.  The chapter 
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identifies areas for analysis, and provides motivation for the experimental chapters that 

follow. 

Chapter 3 – Literature Review - Micromechanical Tensile Failure Models: The chapter 

provides an overview of how micromechanical tensile failure models have evolved.  It looks 

at how different modelling families incorporate the various fibre, matrix and interface 

parameters and micromechanical features.  Additionally, it analyses what effect the 

modelling assumptions have on the prediction of fibre break and cluster accumulation.   

 Chapter 4 - Analysis of Hoop Wound Pressure Vessels: This chapter reviews the 

manufacture and service testing of Luxfer type 3 cylinders and the factors affecting cylinder 

performance, providing a general background to the subject.  Experimental work is 

undertaken to analyse the effects of fibre and matrix properties on the performance of 

small, hoop wound cylinders and to provide information on cylinder optimisation  

Chapter 5 - In Situ SRCT Analysis of the Tensile Failure Mechanisms of CFRPs: The chapter 

focuses on the use of synchrotron radiation computed tomography (SRCT) to analyse the 

initiation and propagation of damage in aerospace grade in situ coupons. Initial analyses of 

the composite strength, variation in fibre volume fraction and the presence of matrix 

micro-cracks are presented. 

Chapter 6 Determination of Interfacial Strength and the Fibre Weibull Parameters: Within 

the chapter a qualitative analysis of interfacial strength is undertaken using SEM images to 

rank the interfaces, and to determine the differences between nominally similar matrices.  

Additionally, the chapter discusses the motivation behind calculating the Weibull moduli 

and reference strengths, and the methodology used to determine the Weibull parameters 

for a subset of the fibre/matrix combinations used in the in situ coupons.   

Chapter 7 - Experimental Results : The chapter presents the main body of results from both 

the hoop wound cylinders and the in situ experimental chapters.  The main focus of the 

chapter is the effect of composite and constituent parameters on damage initiation, 

accumulation and final failure.  The chapter also provides recommendations as to where 

further research is needed.  Particular attention is focused on the analysis of clusters as the 

development of a critical size of interacting breaks is often assumed to be the strength 

defining failure event. 
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Chapter 8 - The Use of SRCT Data to Validate a Micromechanical Tensile Failure Model: 

One of the aims of this PhD is to provide experimental data relating to the initiation and 

progression of damage, which can be used to inform and validate the current generation of 

failure models.  To achieve this, a modelling collaboration has been set up with the aim of 

comparing analytical and experimental results from the in situ-loading experiments.  The 

chapter presents and evaluates the analytical results, and provides recommendations for 

model development. 

Chapter 9 - Conclusions and Further Work:  Synchrotron radiation computed tomography 

has been used to analyse the effect of fibre/matrix properties and manufacturing 

parameters on the accumulation of fibre breaks and clusters of interacting breaks.  Two 

different specimen types have been analysed, and compared to previous work undertaken 

by Scott.  This has enabled analysis and comparison of aerospace-grade in situ-loaded 

coupons, filament wound hoop wound pressure vessels, and filament wound fully-wound 

pressure vessels (analysed by Scott).  In the case of the aerospace-grade coupons it has also 

allowed in situ loading, which allows analysis of damage initiation and progression within 

the same coupon.  The chapter presents concluding remarks and discusses the implications 

with respect to further experimental and modelling work. 
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2 Literature Review – The Mechanisms of 

Tensile Failure  

The literature review provides a general overview of composites and their constituents, 

before moving onto a review of micromechanical tensile failure mechanisms.  The review 

focuses on how constituent parameters and microstructural features affect the 

accumulation of damage, and includes fibre strength variation, as described by the Weibull 

model for weakest link statistics, the effect of a broken fibre in the form of static and 

dynamic stress concentrations and debonding, the interaction of breaks and the 

accumulation of breaks culminating in final failure, and the inherent size effect associated 

with composites.  The initiation and progression of damage, from a single fibre to break to 

multiple interacting breaks and ultimately final failure is discussed across the sections.  The 

chapter identifies areas for analysis, and provides motivation for the experimental chapters 

that follow. 
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2.1 Introduction  

Composite materials are formed from the combination of two or more materials to achieve 

properties that are superior to those of the constituents [24].  This means that the 

properties and characteristics of a composite may be created at the same time as the 

product being formed [25].  Laminated fibre reinforced polymer matrix composite have 

been in use for over 50 years, and are commonly used for high performance structures, due 

to their very good strength and stiffness-to-weight ratios.  An advantage of composites is 

that they can be tailored to achieve specific component properties, such as stiffness or 

strength.  However much of the reliability issues with composites revolve around the 

nature and progression of damage within these systems [26].  The understanding of 

damage initiation and propagation, and the transition from subcritical to critical damage is 

vital in material development and application [8].  Composite damage and failure processes 

are known to involve a sequential accumulation and interaction of matrix micro-cracks, 

delaminations and fibre failures [27]; the difficulty in predicting failure comes from these 

multiple interacting failure mechanisms occurring in three dimensions [28]. 

 

2.2 Macroscopic Failure of Composites 

The macroscopic failure mechanisms of composites are complex, and vary greatly as a 

function of loading, orientation and lay-up of the laminates.  Composites are multi-scale 

materials, meaning that different scales of analysis will be needed in order to build up an 

overall model of composite behaviour, as shown in Figure 2-1.  Individual fibres are 

combined with a matrix and built into a lamina, then a laminate and then finally into a 

structure.  It is necessary to determine what the relationship is between the material 

properties of the constituents to the laminates and overall to and the material properties 

of the composite itself. 

Macromechanics is defined as the study of composite behaviour, where the material is 

assumed to be homogeneous; the effects of the constituent materials are considered only 

as average properties of the whole material [29].  The macromechanics approach considers 

the unidirectional lamina as a quasi-homogeneous, anisotropic material, with its own 

average stiffness and strength.  This approach determines the overall elastic, viscoelastic 

and hygrothermal behaviour [30].  In contrast, micromechanics can be defined as studying 
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the interaction of constituent materials at a microscopic scale, e.g. at fibre diameter level 

~7μm.  Micromechanics thus analyses the state of deformation and the stress field in 

constituents, and their local failure; this includes fibre failure, matrix failure and interface 

failure.  These properties are strongly influenced by local characteristics which can’t be 

averaged out.   

 

Figure 2-1 The different levels of composites and the respective scales of analysis  

CFRPs contain fibres with a high, but variable strength, when this is coupled with a 

relatively weak matrix and large interfacial areas it results in a multitude of failure modes 

and failure paths through the composite [31].  There are three main types of damage in 

carbon fibre-reinforced polymers (CFRPs) under general loading conditions: fibre breakage, 

matrix damage (including cross-ply cracking), and delaminations, as shown schematically in 

Figure 2-2 and in a SRCT slice in Figure 2-3.  Broken fibres lose their stress-carrying 

capabilities, transferring loads to the surrounding unbroken fibres.  Fibre fracture induces 

matrix cracks, due to the excessive plastic strains in the adjacent matrix; the presence of 

the crack can then increase the stresses on surviving fibres, causing them to fracture [32].  

Delaminations cause local separations of the plies and are due to matrix cracking between 

the layers, or debonding at the fibre/matrix interface [33].  These mechanisms can all occur 

during failure and may interact, causing further damage accumulation.  However, in 

composites undergoing tensile loading, final failure is due to the accumulation and 
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interaction of broken fibres.  There is thus scope to determine how changes at the 

microstructural scale lead to variations in macroscopic failure. 

 

Figure 2-2 The three main types of damage in carbon fibre-reinforced polymers [31] 

 

Figure 2-3 In situ SRCT image of a loaded specimen at 80% σf showing the different damage mechanisms [34]  
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2.2.1 Size Effects 

Many engineering structures evolve from small-scale tests, undertaken under laboratory 

conditions [35].  The scrutiny of real-life composite structures based on these tests is often 

limited, meaning it is important to have confidence in results predicted from small-scale 

coupon tests [36].  The number of weaker fibres increases as the composite size increases, 

thus the average strength of the composite decreases with increasing size [37].  Small-scale 

tests, often used to determine allowable strengths for full-scale structures, may therefore 

prove non-conservative if their results are extrapolated without accounting for these size 

effects [38].  Conversely, overly large safety factors may sometimes be applied to full-scale 

structures to compensate for uncertainties, resulting in overweight designs [39].  

Additionally, material properties such as strength and stiffness obtained from laboratory 

tests, may not be representative of their properties in large-scale components [35].  

Predictive models for size effects in composite materials are then essential for scaling the 

results of small–coupon experiments to the design of large structures [40]. 

Randomness in a constituent property, or in a localised area, does not automatically induce 

significant randomness in the corresponding composite property [41].  For example, global 

composite stiffness is fairly deterministic, despite fluctuations in the localised stiffness 

values, as the fluctuations average out over a sufficiently large volume.  In contrast, 

composite strength is dominated by weak extremes of local strength, which can cause final 

catastrophic failure.  Fibres strength variability, thus tends to continue through the 

different length scales to cause strength variability at the global scale [41], although the 

bulk composite will have less variation than the individual fibres.  It is therefore important 

to determine which properties are size-dependent and which ‘average out’ in larger 

structures. 

The testing methodology can also have an effect on the calculated scaled strength of the 

composite, as such, care must be taken when making comparisons between different tests 

[42].  Flexural tests subject a smaller volume to the maximum stress than tensile tests, and 

tend to measure higher strengths; failure may also be progressive through the specimen 

thickness.  In contrast, tensile tests cause sudden, catastrophic failure and may be 

susceptible to premature failure due to stress concentrations at the grips [42].  The 

manufacturing differences between full-scale structures and test coupons may also give 

rise to size effects which are not due to the material volume [42].  Size effects in laminates 
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are further complicated by the complex interaction of different failure mechanisms, 

including matrix cracking and delaminations [43].  As the size of the specimen increases the 

scatter associated with the properties decreases, as shown in Figure 2-4.  In general larger 

specimens show less variation, as the extreme values are averaged out.   

Often the term ‘composite size effects’ is used to cover the multitude of effects discussed 

here, with little differentiation between the different effects such as statistical defects, 

material properties, manufacturing processes, stress gradients and test methods and 

parameters [44].  The significance of size effects due to the type and scale of production 

must also be considered, although it is not frequently discussed in the literature [45].  The 

volumetric size effect is dependent on material parameters and various manufacturing 

factors; therefore the effect must be determined prior to designing as the material and 

manufacturing processes are changed.  Overall it is important to understand how results 

from small-test coupons can be scaled up to be representative of the full-scale structures, 

and specifically whether small, notched coupons are representative of large filament 

wound cylinders. 

 

Figure 2-4 Laminated composite strength distribution as a function of n, the number of sub-laminates [46] 

 

2.2.2 Composite Lay-Up Effects 

The simplest structure is a unidirectional composite, in which all the fibres run in the same 

direction, parallel to each other.  Their most common form is a cross-ply laminate, built up 

from a sequence of unidirectional plies; these suffer from complex damage processes 
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involving debonding, transverse cracking, delaminations and fibre failure [47].  The 

accumulation and interaction of damage mechanisms, as well as final failure will all be 

affected by the chosen lay-up.  In a laminate there are two ways of scaling the thickness, 

repeating blocks of plies – sublaminate scaling ([0/90]ns); or increasing the number of plies 

of the same orientation blocked together – ply level scaling ([0n/90n]s) [43].  The advantage 

of sublaminate scaling is that plies of a similar orientation are dispersed [48].  Size effects 

have also been found to be more prevalent in ply-level scaling ([0n/90n]s), rather than 

sublaminate scaling ([0/90]ns) [39]. 

Lavoie et al analysed the size-dependence on the failure strength of tensile loaded coupons.  

The laminate lay-ups included [0]8n, [02n/902n]s and [+45n/-45n/0n/90n], all of which were 

scaled geometrically (length and width were scaled according to the scale factor n).  The 

results were also compared to those from other studies, including Jackson et al [49].  The 

average tensile strength of the 24 unidirectional [0]8n specimens was 1539N for n=1, 

dropping to 1322 for n=4 [49]; all specimens failed under or at the end of the grips.  The 

[02n/902n]s specimens also failed at the grips, and had a reduction in strength of 17%. Laffan 

et al tested specimens with varying thicknesses of 8-120 plies, and found that the 

measured fracture toughness (KIC) decreased with increasing thickness, reaching a plateau 

at a thickness above 64 plies.  This can be attributed to longitudinal splitting in the outer 0° 

plies.  The splitting affects the stress intensity at the crack tip, increasing the resistance to 

crack growth; as laminate thickness increases, this surface phenomenon becomes less 

influential [50]. 

For laminates with stress concentrators such as holes or notches, it is always the fibres 

close to notch tips and hole-edges, which fail first.  In this instance, the higher stress limits 

the influence of the statistical strength variation of the fibres [4].  Studies have reported an 

increase in notched tensile strength, with decreasing notch size [39].  Hallett et al analysed 

the size effects in scaled [0/90]s glass/epoxy laminates loaded in tension [9].  The cross-ply 

laminates showed almost identical failure patterns for all sizes – fibre damage progressed 

across the specimen in a crack-like manner, accompanied by a band of splitting and 

delamination, as shown in Figure 2-5. 

Wisnom et al analysed notched coupons with all dimensions (length, width, thickness and 

number of plies) scaled up by a factor of 2, 4 or 8 [43].  Larger plies showed a reduction in 

strength with increasing size.  Additionally two types of carbon/epoxy double-notched 



16 

 

specimens with lay-ups of [90/0]2s and [902/02]s were tensile loaded to 263MPa by 

Kortschot et al [51].  More extensive 0° ply splitting was found in the [902/02]s laminate, 

which isolated the load-bearing 0° fibres from the stress concentrating effect, increasing 

the specimen strength by 50%. 

 

Figure 2-5 Damage zone size for [90/0]s cross-ply specimens, with scaled in-plane dimensions [9] 

Hallett et al analysed the effect of three different scaling routines for carbon/epoxy 

specimens scaled by a factor of 2 each time, up to a maximum of 8 [52].  [45/90/-45/0]s 

IM7/8552 specimens, with a centrally located hole were tensile tested to failure, defined as 

a 5% load drop on the load-displacement curve.  Specimens were scaled in three different 

ways: 1D where only the specimen thickness was increased; 2D with increased in-plane 

dimensions (length, width and hole diameter) and 3D where all dimensions were 

simultaneously increased.  Specimen thickness was increased both by sub-laminate scaling 

and ply-level scaling.  Differences were found in both laminate strength and failure 

mechanisms; pull-out, fibre breaks (here defined as brittle) and delaminations were found 

across the specimens.  The specimen failure strengths and failure mechanisms are seen in 

Table 2-1.  Brittle failure was dominated by fibre failures, resulting in a relatively clean 

break across the specimen width, with little evidence of delamination. The pull-out 

mechanism was also dominated by fibre failures, but included large amounts of 

delamination and ply cracking, so the off-axis plies could “pull-out” of the laminate.  Fibre 

failures were not always present in the delamination failure mode; the specimens did not 
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always fail catastrophically, but there was a large load drop, which was defined as failure.  

Examples of all three specimens are shown in Figure 2-6.   

Laminate 

thickness 

t (mm) 

Hole size (mm) 

Sub-laminate scaling ([0/90]ns) Ply-level scaling ([0n/90n]s) 

3.175 6.35 12.7 25.4 3.175 6.35 12.7 25.4 

1 570    570    

2 500 438   396 498   

4 478 433 374 331 275 285 362 417 

8 476   332 202   232 

Table 2-1 Experimental strength results (MPa) for scaled open hole tensile tests – red values indicate pull-out, 

blue indicate fibre failure and green delamination, as defined in Figure 2-6 after [53] 

 

Figure 2-6 Definition of the three different failure mechanisms – brittle, pull-out and delamination [53] 

In all circumstances, isolated damage occurred first at the hole and specimen free edges; 

delaminations occurred in almost triangular patterns between the hole edge, at a similar 

magnitude to the ply thickness.  0° splits originated at the hole edges, which helped to 

reduce the stress concentration, and delay the onset of further damage.  Damage 

development was dependent on the ease of delamination and splitting propagation 

through the laminate and plies.  The sublaminate-scaled specimens experienced less sub-

critical damage, with delaminations occurring mainly in the outer sub-laminates; there fibre 

failure was the dominant failure mechanism.  In the sublaminate scaled specimens, 

relatively longer 0° splits occurred for the smaller hole sizes, which further reduces the 

stress concentration, delaying fibre failure and increasing the specimen strength.  However 
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in the ply-level scaled specimens, the increased delamination around a smaller hole, led to 

further delaminations at the -45/0° interface, which was the ultimate failure mechanism. 

 

2.3 Composite Constituents 

Composites are heterogeneous materials consisting of domains of different materials, or 

different states of the same material [54].  Fibrous composites comprise a weak matrix 

reinforced by strong, stiff fibres [55].  The properties of composites will therefore be 

dependent on the properties of the constituents, as well as their geometry and the 

distribution of reinforcement.  Composites owe their tensile strength to the fibres; if the 

structure is well designed, the fibres have to break for the structure to fail catastrophically 

[56].  When a unidirectional composite is subjected to a tensile load, the strain in the 

matrix, εm, is equal to the strain in the fibres, εf, as long as there is perfect bonding between 

the two constituents.  Under the assumption that both fibre and matrix behave elastically, 

the axial stresses (acting parallel to the fibres) can be approximated as: 

            and            Eq 1 

The difference in moduli between the fibre and matrix results in the applied load being 

distributed between the constituents as: 

               Eq 2 

The large difference between fibre and matrix moduli (typically a ratio of 50-200) means 

that approximately 99% of the tensile load is carried by the fibres, hence composite failure 

is effectively dictated by fibre failure [57].  The fibres themselves display a variation in fibre 

strength and additional randomness arises from local variations in the composite 

microstructure, including the presence of voids, fibre waviness and local fibre volume 

fraction variations.  Consequently, nominally identical specimens display statistical 

variations in their ultimate strengths [41].  Prediction of a composite’s mechanical 

properties therefore requires a detailed understanding of the stress and strain states in the 

constituent materials, and the statistical nature of the fibres [55].  Therefore there is a 
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wealth of analysis needed to analyse the effects of constituent parameters on composite 

failure. 

 

2.3.1 Carbon Fibres 

Carbon fibres are the reinforcement within the composite, and provide the main strength 

component.  The manufacturing methodology will cause variations in the fibre morphology 

and resultant fibre properties.  After manufacture the fibre surface may be chemically 

treated and/or coated with a thin layer of epoxy to improve wettability with the matrix, 

and to protect the fibre during component manufacture.   

 

2.3.1.1 Morphology 

Carbon fibres are made by the controlled pyrolysis of a precursor material in filament form; 

the most common precursors are pitch and polyacrylonitrile, (PAN) [58].  The strength, 

structure and Young’s modulus of fibres are all influenced by the precursor and the heat 

treatment it undergoes [57, 58], specifically the tensile strength of both types of fibre, is 

partially dictated by the degree of crystallite disorder [59].  There are three main stages in 

converting polyacrylonitrile into a high-performance carbon fibre.  The first stage is 

oxidative stabilisation, the precursor is stretched and oxidised at 200-300°C, which converts 

thermoplastic PAN to a non-plastic, cyclic compound.  The second stage is carbonisation at 

1000°C in an inert atmosphere for several hours during which non-carbon elements are 

removed to give fibres with a yield approximately 50% of the precursor mass.  The final 

stage is graphitisation which occurs at temperatures between 1500-3000°C, dependent on 

the modulus value required [58].  Fibres are then surface treated and sized to enhance 

adhesion properties and protect the fibre in the subsequent process steps required to 

create a composite material [60].   

The manufacture of pitch-based fibres is similar to their PAN-based counterparts; the first 

step is pitch preparation, in which the molecular weight, viscosity and crystal orientation 

are adjusted for spinning and further heating.  The pitch is spun and drawn to convert it 

into filaments; this process begins to align the crystallites responsible for the anisotropic 

properties.  The fibres are then oxidised slowly to ensure stabilisation by cross-linking.  The 
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process induces thermosetting and ensures the filaments retain their shape during 

carbonisation.  The fibres are carbonised at temperatures of 1000-1500°C [61], 

approximately half the temperature used for PAN fibres. 

 

Figure 2-7 SEM Images highlighting the different morphologies of pitch- and PAN-based fibres where (a) 

shows a high strength PAN-based fibre, (b) shows a high-modulus PAN-based fibre and (c) shows an ultra-

high modulus pitch-based fibre [59] 

PAN-based fibres consist of fibrils of turbostratic carbon [62], they have an ‘onion-skin’ 

type cross-section, with basal planes arranged in approximately circular arcs [63].  The 

fibres contain many interlinking crystallites, formed between pores which are enclosed by 

crystallite ribbons [64].  Strength-optimised PAN-based fibres have a rough fracture surface, 

with a poorly defined granular texture (Figure 2-7 (a)); modulus-optimised PAN-based fibre 

fracture surfaces are more sheet-like, and it is easier to identify the fibrillar structures 

(Figure 2-7 (b)) [59].  In pitch-based fibres the basal planes instead lie along radial planes 

[63].  High-strength pitch-based fibres have a more particulate, granular morphology, 
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whilst the high-modulus pitch-based fibres have a more sheet-like morphology (Figure 2-7 

(c)) [59].  The different morphologies mean that fibre types have different failure modes; 

PAN-based fibre failure is initiated by surface defects, whilst pitch-based fibre failure is 

predominately due to internal defects [59].  The fibre strength variation of both PAN- and 

pitch-based fibres can be quantified by Weibull statistics.   

 

2.3.1.2 Fibre Strength Variation - The use of Weibull Statistics 

The strength of a specific fibre is dependent on the variation of flaws, or more specifically, 

the largest flaw along its length [65].  High strength variability means that not all fibres 

break at the same applied stress, this necessitates the use of statistical analyses for their 

safe incorporation in the design and manufacture of structures [66, 67].  To model fibre 

failure the fibre may be represented by a chain, in which the weakest links control failure 

[67, 68].  A fibre is regarded as a single chain of units, each length of L0, with a failure stress 

σn [69].  If F1(σ) is the probability of failure at stress σ for one unit, the probability of survival 

for that unit is [45]: 

   ( )     ( ) Eq 3 

If F(σ) describes the strength distribution for every element, and each F(σ) is an 

independent randomly distributed variable, the probability of survival of n elements is then 

given by: 

    ( )   [   ( )]
  Eq 4 

Hence the probability of failure of a chain of n elements can be written as: 

   ( )    [    ( )]
  Eq 5 

For very large values of n: 
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   ( )       [     ( )] Eq 6 

As n is proportional to the fibre length L, Eq 6 can be written as: 

        [
 

  
   (

 

  
)
 

] Eq 7 

where σ0 is the scale parameter, σu is the location constant, or for fibres the threshold 

stress below which failure does not occur, and m is the shape parameter or Weibull 

modulus.  The Weibull modulus, m, is dimensionless; a high value of m corresponds to a 

narrow distribution function [69], and therefore for fibres a greater strength uniformity 

[70].  It is derived from the Weibull statistical model, which is commonly used to analyse 

the failure strength distribution of brittle fibres [71], although other models are also 

possible.  The original formula describes the strength distribution of materials subjected to 

a stress, σ [72].  A material function, n(σ) is proposed which takes the form: 

 
 ( )   [

     
  

]
 

 Eq 8 

The parameters σ0 and m can be estimated from linear regression of single fibre tensile test 

results.  By ranking the resultant fibre strength and plotting the log strength against the log 

(log) of (1/1-F) a straight line is produced, where m is the gradient and σ0 is the intercept 

[65].  This methodology is used and further explained in Chapter 6.   

In order to determine Weibull parameters experimentally, standard test methods have 

been developed, in which individual fibres are placed on a cardboard frame and fixed in 

place with epoxy glue [73].  The cardboard is fixed in a tensile testing machine, and the 

central part of the cardboard removed by cutting through it, so that the cardboard acts as 

loading tabs without bearing any of the load.  The fibre is then tensile loaded to failure [73].  

Usually upwards of 30 individual fibres are tested to determine the scatter in fibre strength; 

however the reliability of the derived parameters will be dependent on the number of 

fibres tested [69].  As a fibre is only as strong as its weakest portion; long fibres are weaker 
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than short fibres because the probability of encountering a fatal flaw in them is greater 

than in a shorter fibre [74], as shown in Figure 2-8. 

Fibre elements may exhibit coefficients of variation which exceed 40%; this leads to 

significant fluctuations in the local material strength [75].  Example plots of the fibre 

strength distribution, calculated from experimental results, are shown in Figure 2-9.  It can 

be seen that there is significant deviation from the line of best fit, especially at the low 

break probability end of the curve.  Overall, fibre strength variation means that a definite 

composite strength should not be given; composite strength should instead be 

characterised in terms of strength distribution, i.e. the probability of composite failure at a 

given load [75]. 

 

Figure 2-8 Probability of failure curves for different carbon fibre gauge lengths [76] 
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Figure 2-9 Example Weibull plots for carbon fibre; significant scatter can be seen at the lower tail end [65] 

2.3.2 The Matrix 

The matrix has several functions: (1) to wet out the fibre and cure satisfactorily during 

manufacture, (2) to bind together the fibres and protect their surfaces, (3) to separate the 

fibres to try to prevent crack propagation, and (4) to transfer stresses efficiently between 

the fibres [77].  Polymers are a common matrix for composites and can be defined as either 

thermoplastic or thermosetting.  For polymer matrix composites, the choice of matrix is 

limited by the fact that the matrix must have a greater elongation to failure than the 

reinforcement [78].  Thermosets, such as phenolics and epoxies, are usually made from 

liquid or semi-solid precursors which harden irreversibly, by polymerisation or curing [77].  

These resins have cross-linked structures, achieved with chemicals that react with the 

epoxy groups between chains, and whose arrangement will influence the mechanical 

properties of the resin [79].  The most common process for producing epoxies is the 

reaction of epichlorohydrin with bisphenol-A or bisphenol-F;  Bis-A is a reaction product of 

acetone and phenol [80], whilst  Bisphenol-F is made from a phenol formaldehyde phenolic 

resin [81].  Bis-A is a cost-effective, general purpose resin, whilst Bis-F offers improved acid 

and solvent resistance [82].  Epoxy resins are normally sold as single constituents, to which 

the hardener (a cross-linking agent) is added [80].  The hardener plays a major role in 

determining the overall properties of the cured epoxy [82], which means that variations in 

the hardener used can translate to variations in matrix properties. 

One of the major limitations of carbon-epoxy composites is their low fracture energy, 

leading to low impact strength and poor delamination resistance [83].  The need for more 

damage-tolerant aerospace structures has led to the development of toughened matrices 
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[84].  Matrix toughening may be achieved by the addition of rubberised particles, such as 

carboxyl-terminated copolymer of butadiene (CTBN) particles.  The particles are soluble in 

most epoxides, but separate during the curing process to form discrete particles which 

increase the matrix fracture resistance by up to a factor of 20 [85].   

Two different CBTN toughening mechanisms are commonly found, the first is localised 

shear yielding which occurs between the rubber particles.  Due to the large number of 

particles involved, toughened epoxies experience a higher level of plastic yielding than 

standard single-phase epoxies [86].  The second mechanism is interfacial debonding of the 

particles, which enables the growth of voids from plastic deformation of the matrix.  

Irreversible void growth dissipates energy and contributes to enhanced fracture toughness 

[86].  The rubberised particles will induce stress concentrations in the originally 

homogeneous matrix; as the volume fraction of the particles increases, the stress 

concentrations will also increase [86].  The presence of toughening particles will also 

reduce the fibre volume fraction.  Other toughening methods include the addition of a 

thermoplastic phase or varying the cross-linking density [87].  Toughening may have a 

detrimental effect on other properties, e.g. a resin with improved tensile strength may 

experience a degradation in shear strength [88].  The effect of toughening particles on 

composite failure is analysed in Chapter 7. 

 

2.3.3 The Interface 

Whilst both the fibre and matrix play an important role in the failure properties of the 

composite, their interaction, defined as the interface, plays a critical role in composite 

properties and reliability [89].  Composite strength is dependent on a strong interfacial 

bond between the constituents [15], as stress transfer between fibres through the matrix is 

dependent on the level of adhesion between them [90].  The interface can be defined as a 

common boundary between the two constituents, analogous to grain boundaries in 

monolithic materials [78].  Its role is to transfer stresses between neighbouring fibres via 

the matrix through a shear-activated mechanism.  Stress transfer may happen at a 

discontinuity, such as fibre fractures, or during off-axis shear loading [90].  The interface 

can therefore affect the in-plane and inter-laminar shear strengths, longitudinal and 

transverse tensile, flexural and compressive strengths, and the mode 2 fracture toughness 

[15].  A better understanding of the interface and the factors affecting it, such as fibre 
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surface treatment and sizing can promote better load transfer, and give a more efficient 

composite [91]. 

The level of adhesion between fibre and matrix governs a composite’s properties; in 

general a successful interface is one which allows sufficient stress transfer between fibres 

and matrix [92].  Therefore to understand the properties of the interface, and its role in 

controlling failure, it is essential to understand the mechanisms of adhesion at the 

interfacial level [93] .  For less than optimum levels of adhesion, the load-bearing capacity 

of the composite is reduced or the component increased in size by increasing the ply 

thickness [94].  Either option is undesirable as it removes the strength-to-weight 

advantages of the composite.  Fibre/matrix adhesion is mainly controlled by the level of 

oxidative surface treatment applied to the fibre after fibre manufacture [95].  The adhesion 

itself can be divided into two groups, physical interaction (mechanical interlock) and 

chemical interaction.  There are then three main mechanisms contributing to adhesion 

strength; the first is the removal of contaminants.  Here, a friable layer of loosely bound 

carbon flakes on the surface of the carbon fibre is removed though an oxidation process, 

which then promotes bonding through increased formation of reactive groups [96].   

The second mechanism is the absorption of resin molecules onto the fibre surface, brought 

about by the chemical bonds between the functional groups (COH, COOH) of the sized 

fibres and the amino groups from the resin [97].  A better wetting ability with phenolic 

resin is found for high-strength fibres than with highly orientated ultra-high-modulus fibres; 

this is due to the increased fibre contact surfaces for high-strength fibres [98].  The fibre 

manufacture process results in the fibre surface experiencing molecular rearrangement, 

which produces variations in the surface morphologies of the fibres.  The disordered 

surface of high-strength fibres presents a much larger surface area for functional groups to 

form.  By contrast, the smoother, sheet-like surface of high-modulus fibres presents a 

smaller surface area, resulting in fewer functional groups [99]. 

The third mechanism through which adhesion with the matrix is improved is a mechanical 

keying effect, wherein the resin gains better adhesion with the fibre surface, which has 

been roughened by surface treatments [60].  The surface of untreated fibres is relatively 

smooth, with some parallel grooves along the fibre length; increasing treatment time 

increased the depth and width of grooves, allowing better adhesion  Epoxy resins don’t 

bond well to untreated carbon fibres and no interface is detected with unsized fibres [97].  
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[100].  If an unsuitable surface treatment is used, bonding only occurs with the carbon 

edges at the fibre surface; thus contact between fibre and matrix exists only over small 

areas and numerous decohesions are observed [101]. 

After the surface treatment the fibres are generally sized with a thin layer of uncured resin, 

which protects the carbon fibre surface and enhances the interfacial properties [92].  

Normally 0.5-1% by weight sizing is applied, which translates to a sizing thickness of 

approximately 0.03 μm for a 7 μm fibre [102]  The sizing is thin enough to avoid masking 

changes from the surface treatment.  The main function of sizing is to reduce surface 

damage to fibres during component manufacture [102], however it also improves the 

handling, wetting and adhesion of the fibre [17]. 

2.3.3.1 Measuring Interfacial Strength 

In general, the evaluation of the interfacial strength from micromechanical test methods is 

based on a strength criterion – if the applied load on an embedded single fibre reaches a 

critical value, the interface fails.  Through knowledge of the maximum applied load and the 

embedded fibre surface, an interfacial strength can be calculated [103].  Single fibre and 

multi-fibre test methods have previously been employed to assess the interfacial shear 

strength of composite systems.  Some of the most common are the fibre pull-out test (as 

discussed by groups including Wang [104], Hampe [103], Deng [105]), the fibre-

fragmentation test (Wagner [106], Tripathi [107]), and the Broutman test (Broutman [108], 

Ageorges [16], Schuller [109]).   

The fibre pull-out test basically comprises a single or multiple fibres being pulled out of a 

block of resin, as shown in Figure 2-10.  The interfacial shear strength at failure is then 

calculated as: 

    
  
    

 Eq 9 

where F is the peak load, L is the embedded fibre length and Df is the fibre diameter.  Deng 

et al used the single fibre failure test to determine the interfacial shear strengths for T700 

and T800 fibres in an araldite matrix.  They calculated average IFSS of 80MPa and 60MPa 

respectively [105], and showed that fibre surface treatment and sizing increased the IFSS of 

the composites.  The single fibre pull-out test gives load-displacement data of the loaded 
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fibre, and also allows insight into the debonding process if the interfacial crack growth is 

measured through microscopy [103].  However, a key flaw of the test is that debonding 

must occur before fibre failure, in order to determine interfacial properties.  In pull-out 

tests the debonding force is related to the embedded fibre length, therefore there is a 

maximum fibre length which allows fibre pull-out without fibre failure [105].  For carbon 

fibre/epoxy systems the embedded length may be less than 200µm, which makes specimen 

preparation difficult. 

In the fibre fragmentation test a single fibre is embedded in a matrix with a higher strain to 

failure, and loaded in tension [106].  The embedded fibre repeatedly breaks at its weakest 

points, and at a given strain the fibre fragments become so short that the shear transfer 

along their lengths can no longer build up enough tensile stress to cause further failure, 

resulting in saturation.  The shortest fragment length which can break upon the application 

of stress is defined as the critical fibre length [107].  Due to the statistical nature of fibre 

strength, a single fibre does not break into equal sized fragments, resulting in varying 

fragment lengths, as shown in Figure 2-11.  The average interfacial shear strength at the 

interface can then be estimated, based on Kelly and Tyson’s work [110], in which: 

    
     

   
 Eq 10 

Where Df is the fibre diameter and σfu is the fibre strength at a length equal to the critical 

fibre length lc, calculated as: 

     
 

 
   ̅ Eq 11 

where   ̅is the average fragment length.  A key problem with the test is determination of σfu 

which is dependent on  ,̅ as this length may be around 0.25mm it is not easy to measure.  

Instead σfu may be approximated by extrapolating Weibull data from longer gauge lengths 

[96].  However, Section 2.3.1.2 has already shown that there are often large deviations at 

the lower tail end, which results in large errors in determining σfu. 

The fibre fragmentation technique may be augmented by Raman spectroscopy; the 

technique is based on the fact that the Raman frequencies of fibre reinforcements are 

dependent on stress.  This means that unique stress vs. Raman frequency curves can be 
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produced for a fibre and used to convert the Raman frequencies into values of axial stress 

or strain.  The stress transfer profile, along the fibre axis, can then be converted into 

interfacial shear stress profiles by balancing the shear and axial forces present [111].  This 

leads to an analytical relationship between the interfacial shear stress (τi) and the gradient 

of the stress transfer profile (dσf/dx): 

      
 

 

   

  
 Eq 12 

where r is the fibre radius and x is the distance along the fibre [111].  The mapped stress in 

a broken fibre and the resultant interfacial shear stress is shown in Figure 2-12. 

The Broutman test involves a single fibre embedded in a necked block of matrix, and 

compressed axially, as shown in Figure 2-13 [108].  Due to the mis-match in Poisson’s ratios 

the axial stress creates a homogeneous tensile stress at the interface.  Interfacial 

debonding can be observed and quantified, and the interfacial strength defined from the 

axial load at the onset of debonding.  The interfacial stress can be calculated as: 

         
  (     )  

(     )    (        
 )  

 Eq 13 

where σD is the debond stress, ν is the Poisson’s ratio, σm is the stress in the minimum 

cross-section, E is the elastic modulus and m and f refer to the fibre and matrix. 

 

Figure 2-10 Example fibre pull-out test set-up, with the embedded length (l) and the debond length (c [104])  
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Figure 2-11 A schematic of the fragmentation test, highlighting the variation in fragment length and defintion 

of critical length [107] 

 

Figure 2-12 Stress mapping in a broken fibre, where (a) shows the fibre stress along the gauge length and (b) 

shows the interfacial shear stress [111] 
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Figure 2-13 Schematic of the Broutman test set-up, showing a single fibre in a necked matrix, which is 

compressed axially [109] 

All of the techniques discussed above are limited by their use of single fibre composites.  

Whilst multi-fibre composites can be used, they still normally only incorporate a few fibres, 

which means analysis of the effects of multiple fibres neighbouring a broken one is not 

possible.  Dependent on the test used, errors in the calculated interfacial strength may 

arise from inaccurate measurement of critical lengths, debond lengths and/or debond 

strengths.  Additionally the choice of either the Cox shear-lag model or the Kelly-Tyson 

model will result in variations in IFSS predictions.  Overall the use of different tests on the 

same fibre/matrix micro-composite often results in different predictions for the same 

actual IFSS value.  The methods do however allow an approximation of a composites 

interfacial strength to be obtained, and would enable at least a qualitative ranking of the 

interfacial strengths of a group of CFRP composites, if not a full analysis. 

 

2.4 Microscopic Failure – The Interaction of Fibre Breaks 

Tensile load in a polymer matrix composite, loaded in the fibre direction, is mainly carried 

by the fibres due to their relatively high stiffness and volume fraction [29].  Due to the 

statistical distribution of fibre strengths, fibre breaks in a composite occur randomly during 

tensile loading [31, 112].  Ultimate failure of the specimen is dependent on the progression 

from single, isolated breaks to multiple interacting breaks and eventually to the 
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development of a critical size of interacting breaks, which is the strength-defining failure 

event [12, 67].  Each broken fibre affects neighbouring fibres as they are subjected to 

higher stresses than fibres away from breaks [113].  The resulting local stress 

concentrations due to the initial broken fibres may cause neighbouring fibres to fail, 

without an increase in the applied stress [41].  Thus to determine a safe failure strength of 

the composite, a detailed understanding of the micromechanical and statistical failure 

mechanisms is needed [75].   

 

2.4.1 Static Stress Concentration 

When a fibre fails it is no longer able to carry load at the location of the break.  The axial 

stress in a broken fibre thus falls to zero at the location of the break, as shown in Figure 

2-15 [31, 89].  The stress increases away from the break due to stress transfer by the 

surrounding matrix, and via the fibre/matrix interface [16].  Over the distance of increasing 

axial stress the fibre is regarded as being ineffective at transferring load, hence the use of 

the term ineffective length, lc [41], as defined in Mahesh et al.  This length is shown in 

Figure 2-14, and can be expressed as  

    
  

 

     (  )    

  
 Eq 14 

where σf,ut (lc)tens is the tensile strength of the fibre at the critical length, Df is the fibre 

diameter and τi is the interfacial shear strength [16].   

 

Figure 2-14 Fibre stress profile from a tensile fragmentation test, showing the ineffective length [16] 
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The critical length is a measure of the stress transfer efficiency, as it is directly dependent 

on the local shear properties [31].  lc can be related to the magnitude of stress 

concentration present in fibres adjacent to fibre fractures [92].  To restore equilibrium the 

load shed by the broken fibre is transferred by shear through the matrix and the 

fibre/matrix interface to the adjacent surviving fibres [114].  The local load transfer results 

in localised high interface shear stresses and an increased stress concentration in fibres 

neighbouring a break [31], shown in Figure 2-15.  Each break affects neighbouring fibres as 

they are subjected to higher stresses than fibres which are not adjacent to fibre breaks.  

Further from the break, the stress in adjacent fibres falls below the raised value [113].   

 

Figure 2-15 The stress profile in a broken fibre and in a neighbouring fibre [Rosen] 

The increased stress concentration in surviving neighbours is defined as the ratio between 

the local stress in the intact fibre, (σlocal) and the applied stress in the fibre far from the 

break (σapp) [115].  This is the stress concentration factor (SCF), Kr, calculated in Eq 15.  As 

σlocal is comprised of the applied stress plus the extra stress released by the fibre break, the 

SCF can be expressed as in Eq 16. 

    
 local
 applied

 Eq 15 

expressed as:      
 extra
 applied

 Eq 16 
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An initial solution to the SCF in fibres was proposed by Hedgepeth [116], who considered 

the effects of a number of consecutively broken fibres in a 2D planar array.  Shear lag 

analysis was used (as further explained in Section 3.2.2), meaning the model was 

composed of tension-carrying elements connected by a purely shear-carrying material 

[116].  This gave the values for the stress concentration factor Kr for n broken fibres, as 

shown in Table 2-2 [116].  Table 2-2 shows the stress concentration factor for several 

values of n broken fibres. 

n 1 2 3 4 5 6 

Kr 1.33 1.6 1.83 2.03 2.22 2.39 

Table 2-2 Stress concentration for r broken neighbouring fibres 

Hedgepeth’s second paper included the effects of three dimensions and plasticity, which 

resulted in a reduction in the calculated stress concentrations [114].  Further FEA 

simulations determined that the SCF is approximately 1.06-1.07 for one broken fibre in 

carbon fibre/epoxy composites [21], which is lower still than Hedgepeth’s initial prediction.  

The reduction is because Hedgepeth’s model does not consider interfibre distances (or 

fibre volume fraction, Vf), fibre packing irregularity or fibre/matrix/interfacial properties.  

The original model also did not consider load sharing beyond the two nearest neighbours, 

as it assumed a planar array, all of which results in the SCF being too high.  This has been 

verified experimentally by groups including van den Heuvel et al, who used Raman 

spectroscopy to calculate the SCF around a broken fibre in model composites [95].  In 

comparison to the model composites considered by Hedgepeth and others, a real 

composite has many more fibres over which to redistribute load, resulting in a lower stress 

concentration factor [117].  The most severely overloaded fibre however will be the 

nearest intact neighbour, and the load shed is approximately in proportion to 1/n, where n 

is the proximity to the broken fibre, i.e. n=1 is the nearest neighbour, n=2 is the second 

nearest etc., and the load shed onto neighbouring fibres decays with distance [75]. 

The axial distance over-which the stress concentration factor occurs in the neighbouring 

fibre is termed the positively affected length (PAL), which is approximately double the 

length of the ineffective length [118].  There is a positively affected length (PAL) along 

neighbouring fibres, over which the local stress is higher than the far-field stress, this is 

estimated using shear-lag methods [21].  The positively affected length, like the ineffective 



35 

 

length, is affected by the matrix and interfacial properties.  The shear yield stress and the 

Young’s modulus of the matrix determines the rate of stress transfer to the fibre, as well as 

the maximum shear stress that the interface can withstand without debonding or matrix 

yielding in the interphase region [89].  By rearranging Eq 9, the interfacial shear stress 

transfer level <τ> can be evaluated from the fibre critical length [15]: 

       
  ̅    (  )

   
 Eq 17 

 

Figure 2-16 Interactions between fibre breaks in a composite, based on Wisnom [113] 

As the load is increased, the density of fibre breaks increases; if a fibre adjacent to a broken 

one breaks within the critical length lc there will then be an increased stress along the 

whole length between the two breaks, as shown in Figure 2-16 (a).  As a simplification, the 

two breaks can be assumed to be a single entity, with an increased stress zone; if any fibre 

adjacent to this larger damaged zone breaks, a further joining up of damage zones is 

expected to create a triple break, as shown in Figure 2-16 (b) [113].  A cluster or group of i-

breaks, is deemed an i-plet.  Breaks are assumed to interact if they occur within the 

ineffective length of each other [113].  In this case, the presence of the first break results in 
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a stress concentration factor, which causes a second neighbouring break, which is defined 

as interacting.  Break interaction is thus the key to the tensile failure of composites.  Cluster 

formation (i.e. the interaction of fibre breaks) and overall composite failure is dependent 

on the stress concentration, which in turn is dependent on material properties and 

microstructural features [120].  

A group of interacting breaks is termed a cluster or an i-plet, where i is the number of 

interacting breaks.  Batdorf proposed a cumulative local damage model for predicting 

failure in UD fibre composites [119].  The model assumes that damage occurs in the form of 

isolated, compact planar clusters of breaks, in which there are n fibres of length L in a 

composite, then the number of isolated fractures at stress σ is given by: 

         (
 

  
)
 

 Eq 18 

where Q1 is the number of 1-plets, F is the cumulative probability of fibre failure,    is the 

scale parameter and m is the Weibull modulus from Eq 8 [119].  A 1-plet develops into a 2-

plet when a neighbouring fibre breaks within the ineffective length; the number of 2-plets 

created at stress σ is then approximately: 

          (
    

  
)
 

 Eq 19 

where n1 is the number of fibres immediately adjacent to a 1-plet, kr1 is the stress 

concentration factor and O1 is the length of the overloaded region [119].  Eq 19 can be 

generalised to give the number of i-plets in a given volume [119]: 

            (
    

  
)
 

 Eq 20 
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2.4.2 Dynamic Stress Concentrations 

Acoustic emissions recorded during the progressive failure of low-elongation fibre 

composites showed that dynamic events also occur during the tensile loading of a 

composite material [122].  Hedgepeth’s paper considered a dynamic effect, which 

incorporated the stress concentration as a function of time as shown in Figure 2-17, from 

which we can identify the dynamic stress concentration factor, DSCF.  The first peak of the 

wave determines the dynamic overshoot, which is defined as the ratio between the 

maximum stress and the static stress, ηn, i.e. between the peak value and the steady state 

value [116].  The dynamic component is gained from a Laplace transform of the static stress 

concentration problem.  The dynamic stress concentration factor, Kr
(d), which occurs with 

the simultaneous failure of n fibres, may be defined as: 

   
( )
       Eq 21 

 

Figure 2-17 Stress concentration factor and dynamic SCF for r broken fibres; reproduced from [116] 

The dynamic stress concentration factor is a function of the static stress concentration, Kr, 

with the value of ηn for 1, 2 and 3 broken fibres shown in Table 2-3.  Here ηn is the dynamic 
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response factor defined by Hedgepeth as the ratio between the maximum stress and the 

static stress [116]. 

n 1 2 3 

ηn 1.15 1.19 1.20 

Table 2-3 Dynamic stress concentration factor as a factor of ηn - the dynamic response factor, defined as the 

ratio between the maximum stress and the static stress. 

It can be seen that the dynamic overshoot increases with increasing number of broken 

fibres, reaching a limit at ηn = 1.27 [116].  The dynamic stress concentration factor will 

further increase the stress on neighbours surrounding a break, as well as inducing fractures 

in the matrix and/or the interface [123].  As with the static stress concentration factor, SCF, 

the most severe dynamic stress concentration factor occurs adjacent to the break, in the 

nearest surviving neighbour.  It is a function of the static stress concentration factor, so 

based on Table 2-3 for three broken neighbours, the static stress concentration factor has 

to be multiplied by 1.2 to give the total stress concentration when a fibre fails.  This value 

will reduce to just the static stress concentration factor over a period of time.  Dynamic 

stress concentrations may be attributed to the broken fibres releasing energy in the form 

of propagating stress waves [116].  In this situation the energy released from a fibre break 

has to be dissipated, which can initiate damage in neighbouring fibres [31].  When a fibre 

fractures, the broken fibre ends lose load and retract into the matrix, a stress wave moves 

then through the fibre and into the matrix [123].   

 

2.5 Effect of Fibre, Matrix and Interfacial Properties 

All macroscopic events stem from micromechanical features such as fibre and matrix 

strength variability, interface strength, stress concentration factors in neighbouring fibres 

and matrix cracks [20].  The nature of damage and its progression depend on the 

microstructure of the material [124], and the material properties of the constituents, as 

discussed in the following sections. 
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2.5.1 Effect of Fibre and Matrix Moduli 

Matrix parameters will affect the stress redistribution, ineffective length and stress 

concentration factor.  An increase in matrix modulus results in a decrease in the ineffective 

length and the stress concentration factor.  Thus a more compliant matrix introduces 

higher SCFs at larger distances from the plane of the break [120].  An increased ineffective 

length (from a more compliant matrix) widens the stress concentration profile, i.e. it 

increases the value of SCF at a given point, without changing the maximum value of SCF at 

the break location [120].  This however is only relevant at high fibre volume fractions, as 

the volume fraction decreases the effect becomes negligible.  A stiffer matrix allows faster 

stress recovery from the fibre break, which leads to a shorter ineffective length [117].  A 

stiffer matrix also carries more of the shed load, resulting in a decrease in the stress 

concentration on the surviving neighbours [117].   

The stress concentration factor as a function of Ef/Em is plotted in Figure 2-18 which shows 

that at the two extremes (very high or very low matrix modulus) the SCF reaches unity.  The 

approximate boundaries of the fibre/matrix modulus ratio tested in the experimental 

chapters (4 and 5) are shown with dotted lines; within this region it can be seen that an 

increase in the ratio (a reduction in matrix modulus) leads to an increase in the stress 

concentration factor [117].  Figure 2-19 shows the stress concentration in a fibre 

neighbouring a break, plotted as a function of Ef/Em at several sites along the fibre.  It can 

be seen that at the break location (z = 0μm), the stress concentration is not affected by the 

ratio of Ef/Em.  Moving away from the fibre break along the fibre axis, (i.e. z = 5, 10 μm) the 

stress concentration factor decreases more and more with distance, whilst increasing from 

unity (no stress concentration when Ef = Em) to progressively higher values as the ratio of 

Ef=/Em increases. 
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Figure 2-18 Influence of Ef/Em on the SCF for an elastic matrix composite [117]; the range of fibre/matrix 

moduli ratios tested in Chapters 4 and 5 is denoted with dotted red lines. 

 

Figure 2-19 Effect of Ef/Em on the SCF at high Vf at specific distances from a fibre break 

Matrix plasticity also needs to be considered, as at higher stresses the matrix may yield, 

reducing its stress transfer efficiency.  For an elastic-plastic matrix, the SCF is dependent on 
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the applied strain hence the SCF decreases with increasing load, as the matrix yields [117].  

This means that the stress concentration values from models and approximations, which do 

not consider matrix plasticity, will be too high.  Matrix yielding may also result in negative 

shear in the matrix surrounding the fibre break, which shifts the maximum SCF away from 

the break [125].  At high strain levels, an increase in the Vf leads to a decrease in the SCF, 

due to extensive yielding at the interface of the adjacent fibre [125].  The maximum stress 

concentration factor SCFmax at the crack tip as a function of yielding (β) and debonding (α) is 

shown in Figure 2-20.  From this, debonding reduces the SCF in the fibre element in the 

crack plane, z = 0, directly ahead of the last broken fibre more than yielding [126].  When 

matrix viscoelasticity is considered, the stress concentration in surviving neighbours 

increases with time; the elastic reinforcements can continue to fail even when the applied 

load remains constant [127].  This may result in further fibre breaks, which develop over 

time; this phenomenon is analysed in Section 7.3. 

 

Figure 2-20 Maximum SCF at the crack tip versus the extent of yielding (β) and fibre matrix debonding (α) 

[126] 
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2.5.2 Effect of Fibre Weibull Modulus 

The fibre Weibull modulus changes the amount of variation in the strength of carbon fibres.  

A higher Weibull modulus is predicted to decrease the number of broken fibres before the 

onset of unstable failure [128].  The lower the Weibull modulus, the more damage the 

composite can sustain prior to failure, as isolated breaks occur and the diffusive mechanism 

is dominant [7].  For a large variation in fibre strength (i.e. a low Weibull modulus) the 

cluster-driven failure mechanism is subdued by the more dominant diffuse cluster failure 

break mechanism.  The tendency to form and grow clusters is suppressed by the tendency 

to form dispersed breaks.  This reduces the ability of any one cluster to propagate and grow 

to critical size, meaning failure instead results from the coalescence of small clusters and 

dispersed breaks [41].  Co-planar clusters are predicted to form in fibres with a high 

Weibull modulus; a reduced fibre strength variation means that at an applied stress, the 

UTS of a greater percentage of fibres is exceeded, resulting in more fibres failing at the 

same load.  It needs to be determined whether composites with diffuse clusters are 

stronger than their co-planar counterparts. 

 

2.5.3 Effects of Fibre Surface Treatment and Sizing 

Sizing causes a change in failure mechanisms; composites with sized fibres undergo mixed-

mode cracking, whilst unsized fibres experience interfacial failure [92].  In a sized 

composite stress is transferred between matrix and fibre causing stress relief at the 

interface, as the composite strain increases this area of stress relief grows.  A sized 

composite can sustain higher shear stresses at the interface, however sizing prevents 

matrix/fibre bridging which changes the stress redistribution around a fibre break [129], 

causing matrix failure.  An unsized fibre experiences debonding, however radial 

compression induces interface bridging [92], where the compressive stress at the fibre tip 

bridges the fibre fracture, which provides adequate stress transfer [90].  The absence of 

sizing prevents the formation of a crack, which means there is no mixed mode cracking. 

Ageorges et al used the Broutman test to determine the ineffective lengths of fibres with 

different levels of sizing [16].  They found a significant amount of matrix remained bonded 

to a sized fibre after tensile tests, meaning failure was by matrix fracture as seen in Figure 

2-21.  For an unsized fibre, the fibre surface was clean, meaning failure was due to 
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fibre/matrix interface failure [16].  Both Ageorges [16] and Paipeties et al [92] found that as 

the interface strength increased, due to the level of surface treatment, the critical fibre 

length decreased due to improved stress transfer between matrix and fibres.   

 

Figure 2-21 Comparison of the amount of resin remaining on (a) sized and (b) unsized fibres after the 

Broutman test [16] 

Jones et al found that the IFSS increased for treated fibres; reducing the treatment 

oxidation reduced the IFSS [60].  Quek found that the sizing modulus affected the stress 

profile in the fibre and matrix.  Stress transfer takes place solely through the shearing of 

sizing, thus the sizing shear stress is indicative of the stress transfer from fibre to matrix. 

Stress transfer is more efficient with increased coating modulus, therefore a softer coating 

reduces the maximum interfacial shear stresses [17].  The shear strain in sizing with a low 

shear modulus will be large, but the shear stress, τ, will be low. 

Dispersed or brush-like failure may occur in composites with a weak interfaces or where 

the matrix has a low yield strength [75].  This can be attributed to the poor stress transfer 

to the neighbouring fibres, which results in a lower stress concentration factor. Argon et al 

assumed that for well-bonded fibres, the initial fibre breaks would be close together, due 

to the local stress effects [130].  This downplays the role of fibre strength variability.  For a 

strong interface, co-planar clusters are more likely to form, and a catastrophic crack may 

propagate perpendicular to the fibre axis [131], as shown in Figure 2-22 (a).  In contrast for 

a system with a weak interface, clusters of breaks are expected to be more diffuse, 

however it is possible the multiple clusters may coalesce to form a “super cluster” which 

triggers final failure.  In this case the fracture surface may be more brush-like [75], as 

shown in Figure 2-22 (b). 
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Figure 2-22 Comparison between (a) localised failure and (b) dispersed brush-like failure [75] 

Marston et al used Raman spectroscopy to analyse the stress distribution along individual 

fibres in carbon fibre/epoxy tows [19].  They observed a higher stress concentration in 

sized fibres due to the improved stress transfer through the matrix.  For a single fibre break, 

the stress concentration was 1.18, which increased to 1.33 for a 2-plet. Sized specimens 

(with stronger fibre/matrix bonding) had both larger clusters, and more clusters, than their 

unsized counterparts.  At a strain of 0.45% a 6-plet was found in the sized tow, whilst the 

largest cluster in the unsized tow was a 3-plet.  This is because the higher stress 

concentration found in sized fibres leads to a greater probability of neighbours failing.  In 

unsized fibres, the reduced stress transfer reduces the probability of the stress 

concentration coinciding with a flaw, leading to fewer i-plets [132].  It was also found that 

clusters were offset from each other in the unsized tow, and were more co-planar in the 

sized tows [131].  This difference can be attributed to the higher interface strength in the 

sized tows, which results in a higher stress concentration factor over a shorter positively 

affected length.  The effect of interfacial strength on cluster size and cluster pattern is 

analysed in Section 7.2.3. 

 

2.5.4 Effects of Debonding 

If the interface is weak, a shear stress concentration parallel to the fibre/matrix interface, 

e.g. the shear stress resulting from a fibre break, will often cause debonding [133].  
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Fibre/matrix debonding occurs along the fibre up to a certain length from the break [115].  

The debonded region is inefficient at transferring load, so the main stress concentration 

factor is moved to the end of the debonded region [95, 115, 134], as shown in Figure 2-23 

(a) and (b).  The SCF at the end of the debond length may deflect the fibre break fracture 

path, so the final failure surface may be more brush-like [125].  Interfacial friction in the 

debonded region of the broken fibre induces a shear stress on the surface of nearby intact 

fibres, which induces an additional small tensile stress in the intact fibre within the 

debonded length.  This phenomenon was investigated by van den Heuvel et al who used 

Raman spectroscopy to calculate the stress redistribution in model composites with 

debonding [95].  A five-fibre model composite was loaded to 1.6% macroscopic strain, and 

the interaction between fibre breaks was analysed.  It was previously thought that these 

breaks occurred randomly, however it was shown that breaks were offset due to the stress 

concentrations at the end of debond zones, as shown in Figure 2-23 (c).  An intact fibre 

with a damaged interface may experience a slightly lower stress level; the increased stress 

is instead transferred the neighbouring fibres, which may fail [135].  Composites with large-

scale debonding yield smaller i-plets than those with small-scale debonding [133], which 

again can be attributed to the effectiveness of stress transfer. 

An increase in the debond length increases the area over which inefficient stress transfer 

takes place, leading to a small decrease of the SCF at the plane of fracture [125].  As the 

interface strength increases, the ineffective length decreases, due to improved stress 

transfer between matrix and fibres [16, 92].  With a strong interfacial bond a matrix crack 

may initiate at fibre break locations and extend into the matrix, perpendicular to the fibre 

axis, which will increase stress concentrations around the break [133].  Poor interfacial 

strength, however, results in large-scale debonding, and poor load-carrying capacity from a 

broken fibre [133]. A strong interfacial bond however is not always desirable; a weak 

interface allows fibre pull-out which can result in an overall tougher composite system 

[136].  Fibre pull-out is a consequence of interfacial debonding - the broken fibre ends shed 

load as the fibre fails, and the tensile stress in the fibre beyond the debond may cause the 

fibre to retract into the matrix [115].  Tensile failure models may not account for fibre pull-

out, which may lead to an overestimation of the stress concentration at the break, leading 

to an underestimation of composite strength [12].  
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Figure 2-23 (a) shows the debond length along a broken fibre, with (b) showing the fitted strain profile of the 

broken fibre.  (c) shows break co-ordination due to interacting debond zones, based on [95] 

In composites with matrix cracks or micro-matrix cracking, when the matrix fails, the fibres 

will be left spanning the crack wake, and can act as bridges to inhibit further crack opening.  
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The Cook-Gordon effect describes premature debonding normal to the fibre axis [137]. 

Consider a tensile crack growing through a unidirectional laminate, ahead of the crack tip is 

a tensile stress (σ1) and, as there is no stress across the crack faces, an associated shear 

stress τ [138].  When the crack approaches a fibre the shear stress is parallel to the fibre, 

leading to a shear stress at the interface and ultimately localised interfacial failure 

(debonding).  Fibre debonding therefore takes place ahead of the matrix crack, as shown in 

Figure 2-24, resulting in an effective blunting of the crack tip as it debonds.  Cracks running 

across fibres will induce bridging stresses, which are a function of the total crack opening.  

Here, the normal stresses ahead of a matrix crack (which is modelled as an elliptical flaw) 

are compared to the normal stresses along an interface perpendicular to the crack [137].  

By equating the ratio of the maximum values of the two stresses, it can be shown that the 

debond strength of the interface will be reached before the matrix crack grows, if the 

cohesive strength of the interface is less than about 20% of the matrix strength.  The model 

implies that if the bond strength is too high, the material will fail in a brittle manner; for 

weaker interfaces, where debonding occurs, the final failure profile will be more diffuse, as 

shown schematically in Figure 2-25 and in situ in Figure 2-26.  The Cook-Gordon 

mechanism may therefore be favourable in increasing the toughness and potentially the 

failure strength of a composite.   

 

Figure 2-24 The Cook-Gordon effect (a) induces fibre-matrix separation due to the tensile stress in the 

horizontal direction associated with the elastic crack tip filed of the approaching matrix crack.  This leads to 

(b) with additional crack opening due to elastic stretching of the fibre segment α in addition to the δ 

associated with interfacial frictional debonding. 
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Figure 2-25 (a) Limited debonding leading to brittle fracture and (b) extensive debonding leading to brush-like 

failure [138]. 

 

Figure 2-26 Comparison between (a) localised failure and (b) dispersed brush-like failure [79] 

 

2.5.5 Effects of Matrix Voids and Matrix Cracking 

Matrix voids are a function of manufacturing parameters, and act as stress raisers, causing 

a degradation of material properties [139].  Porosity, which includes the distribution, 

volume and shapes of pores, plays a key role in the mechanical behaviour of materials 

[140].  It is the distribution and interaction of these defects which partially determine 
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material variability [141].  It is essential that both of the causes of, and the effects that 

voids have on composites is known, to reduce their impact [142].  Two causes of void 

nucleation and growth are the entrapment of gases during manufacture and volatiles from 

the resin system.  Void growth may occur through the coalescence of voids [143].  The 

majority of growth occurs during curing, as the temperature increases and gases diffuse 

into existing air pockets [144]. 

When voids occur they expel resin, not fibres, meaning the number of fibres in a volume 

remains constant, regardless of voids.  In a given area the volume of the resin is reduced, 

meaning the area has a higher local fibre density and a higher local stiffness [144].  The 

total resin in the composite must remain constant, which may result in an increase in local 

wall thickness.  Large voids occur mainly between plies where there is a higher volume of 

resin; smaller voids occur within plies where it is harder to nucleate and grow [139].  In 

unidirectional pre-pregs, pores are elongated in the fibre direction and are considerably 

larger than the randomly distributed pores in short-fibre composites [140]. 

The porosity of a material is given by the ratio of pore volume to the total volume of the 

specimen [145].  Papers have analysed the volume fraction of voids, [144] however it is the 

size and shape of voids which have the biggest impact on performance [139].  Huang et al 

found that a larger width-to-height ratio lead to a small reduction for the in-plane modulus, 

but a larger reduction for the out-of-plane modulus [144].  Voids have a larger effect on the 

out-of-plane properties; as the void content increases there is an almost linear reduction in 

the principal moduli [144].  Olivier et al found that the interlaminar shear strength was 

affected by voids, which act as local debonding sites [139]. 

 

2.5.6 Effects of Vf Variation and Fibre Packing 

A low fibre volume fraction results in a larger inter-fibre distance, and accordingly a lower 

stress concentration factor as the load redistribution is less pronounced [19, 146].  Thus the 

resultant fibre stress in surviving neighbours increases as the interfibre space decreases 

[147] as shown in Figure 2-27; this suggests an increase in clustering [148, 149].  The 

distribution of fracture sites is also dependent on interfibre spacing as smaller spacing leads 

to more co-ordinated fibre ruptures [120].  As the spacing increases the break co-

ordination decreases, and the failure pattern becomes more random and is instead 
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governed by fibre strength [125].  The transition from co-ordinated breaks to random 

breaks occurs at approximately 8-9 times the fibre diameter (Df) [20], although based on 

the author’s results this is an unrealistically high inter-fibre spacing.   

The stress concentration factor is much lower in square array composites than in 

composites with hexagonal arrays; this is because hexagonal arrays have a higher fibre 

volume fraction [147].  In reality composites exhibit a random fibre packing arrangement 

and consequently a variation in interfibre distances, as there may be isolated fibres, which 

have few near neighbours.  When breaks occur in these isolated fibres, the stress 

concentrations on remaining fibres may be greater than in areas of locally higher fibre 

volume fraction, as there are limited nearby fibres to carry the transferred load [7].   

 

Figure 2-27  Stress concentration profiles in a surviving neighbour for several inter-fibre (edge-to-edge) 

distances for carbon (solid line) and Kevlar (dashed line) composites  [106] 
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2.6 Review of Previous Experimental Results from Southampton 

Two previous PhD students from the University of Southampton have used SRCT to analyse 

the damage accumulation in various lay-ups of fibre-reinforced composites.  The section 

reviews their work, which provides a background for this PhD and identifies the areas 

where novel research has been performed for the current PhD. 

 

2.6.1 Wright 

Pete Wright analysed two different sets of notched coupons, which were loaded both in 

and ex situ.  For the ex situ tests, [90/+45/-45/ ̅]s plates were cut into 24x250mm plates, 

with a slot cut as shown schematically in Figure 2-28 (a) [150].  The plates were loaded in 

quasi-static uniaxial tension to 250MPa, approximately 80% of the nominal UTS.  

Matchstick samples were then cut using a low-speed diamond saw, to give a single-notched 

coupon, as shown in Figure 2-28 (b) and (c).  The coupons were analysed using synchrotron 

radiation computed tomography, at a resolution of 0.7 m.  Figure 2-29 shows the damage 

in the individual plies; delamination occurs between the +45° and -45° plies, because the 

difference in ply angle is twice that of the other interfaces.  There are multiple fibre breaks 

in the 0° ply, whilst at the -45°/0° interface there was a clustered series of breaks aligned 

with a split in the -45° ply.  Intra-laminar cracks were found in the non-zero plies, following 

the fibre direction.  The results showed strong correlation between fibre fracture and intra-

laminar cracks.  As the loading is ex-situ the work provides a post-mortem “snap shot” of 

damage, and does not allow an analysis of damage progression. 

Wright also analysed [90/0]s T700/M21 double-notched coupons, incrementally loaded in 

tension in situ and scanned at the European Synchrotron Radiation Facility (ESRF) with a 

resolution of 1.4μm [151].  Coupons were scanned in a loaded state, with stress increments 

that ranged from 30-90% of the nominal failure stress.  The data was reconstructed using 

in-house software, and analysed using VG-Studios™ to segment and highlight the regions of 

interest.  Three principal damage mechanisms were observed - 0° ply intra-laminar splits, 

90° ply transverse ply cracks and 0°/90° ply-interface delaminations.  Transverse ply cracks 

initiated at 20% of the final failure load, 0° ply splits around 40%; and after 70% ply splitting 

and delaminations decoupled the 0° and 90° plies [151], as shown in Figure 2-30.  From the 

results, it can be seen that the “first failure” due to local stress concentrations can occur at 
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very low load levels.  It is therefore necessary to capture the interaction of the various 

failure mechanisms to predict final failure accurately [44]. 

 

Figure 2-28 (a) Schematic of laminate coupon; (b) region of sectioning and (c) matchstick coupon [150]. 

 

Figure 2-29 SRCT showing segmented cracks, delaminations and fibre breaks ahead of the notch.  The original 

volume is included to show the fibre orientation in each ply [150].  
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Figure 2-30 Segmented matrix damage in a specimen loaded incrementally to 20-80% of nominal failure load.  

Transverse ply cracks, 0° splits and delaminations can all be seen [152]. 

Wrights work showed the impact and advantages of using SRCT to analyse the damage 

accumulation in commercially representative carbon fibre/epoxy specimens.  Wright 

focused on the in situ total damage accumulation in specimens made of one fibre/epoxy 

combination (T700/M21), and did not provide an in depth analysis of fibre break 

accumulation and interaction.  The focus was instead on modelling damage accumulation, 

at different length scales.  There is thus scope to add novelty to Wright’s work by analysing 

a range of fibre matrix combinations, with particular emphasis on the causation of final 

failure – fibre break accumulation and interaction. 

 

2.6.2 Scott 

Anna Scott was also sponsored by Luxfer Gas Cylinders, with her work mainly focusing on 

analysing the damage accumulation in filament wound pressure vessels, at multiple 

damage scales.  Scott’s body of experimental work is divided into two sub-sections, the first 

looking at damage accumulation in an in situ notched coupon, and the other looking at 

damage accumulation in full wound cylinders.  Scott’s experimental work was used to 

model damage accumulation in filament wound cylinders, which is not discussed within this 

thesis.   
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2.6.2.1 In Situ Coupons 

Scott analysed T700/M21 [90/0]s notched coupons, focusing on the accumulation of fibre 

breaks, which were identified using the distinctive bright fringe generated by phase 

contrast imaging [152].  The results showed a distinct acceleration of fibre breaks occurring 

at approximately 90% of final failure, with breaks occurring on a power law curve [153], as 

shown in Figure 2-31.  The damage in a specimen taken to 94% of final failure is shown in 

Figure 2-32, where the composite has been rendered partially transparent.  Fibre breaks 

are seen in the 0° ply, which has been decoupled from the 90° plie by delaminations.  In 

this work, no correlation was found between cracks in 90° plies and fibre breaks in the 0° 

ply – which contradicts Wright’s previous findings [152].  This contradiction may be 

because Wrights results are based on T300/914C - an untoughened matrix with a higher 

fibre volume fraction [150], whilst Scott’s are based on T700/M21 composites [154].  The 

variations in fibre and matrix properties may be enough to cause the variations in 

micromechanical failure mechanisms. 

 

Figure 2-31 Fibre break accumulation as a function of fibre stress; error bars are based on 3 recounts [152] 
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Figure 2-32 Segmented damage in a specimen loaded to 94% of nominal failure load [152]. 

 % of UTS 

Clusters 0 28 64 70 80 85 88 94 

1-plet 0 1 6 10 15 58 95 151 

2-plet   3 3 6 6 9 13 

3-plet      1 3 7 

4-plet       1 3 

6-plet        2 

8-plet        1 

14-plet        1 

Table 2-4 Cluster accumulation as a function of load in a tensile loaded notched CFRP coupon [99] 

The ineffective length was also estimated by Scott, who measured the distance between 

breaks occurring along the axis of the same fibre; the value of lc ranged from 70-335μm 

[121].  The occurrence of interacting breaks (clusters) was analysed; in this work a cluster 
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was defined as two or more breaks in neighbouring fibres occurring with an axial 

separation less than the ineffective length [152].  At 94% of final failure load three large 

clusters of 6,8 and 14 were found in the notched specimen [155], Table 2-4.  A gradual 

accumulation of breaks with load wasn’t observed for the large clusters (greater than 5-

plets), instead clusters formed within a very narrow load band [152]. 

 

2.6.2.2 Full Wound Cylinders 

Scott analysed T700/epoxy full-wrapped type-3 cylinders, with a metal liner, and both a 

carbon fibre and glass fibre overwrap.  These cylinders provide an industrially-

representative cylinder in terms of the material used and the composite lay-up.  The 

cylinders were filament wound in both the hoop and helical direction.  Analysis of both the 

fibre break accumulation as a function of effective fibre stress and the variation in fibre and 

void volume fractions was also undertaken. 

The fully-wound cylinders were prepared by Scott in a similar manner to the hoop wound 

cylinders, as described further in Section 4.2.2.  Cylinders were taken to increments of 

nominal burst pressure, approximately 110 MPa, and matchstick samples taken from the 

cylinders based on AE results.  For this analysis both Acoustic Emission (AE) hotspots (areas 

expected to exhibit high levels of local damage) and quiet-spots (low levels of local damage) 

were analysed.  Hotspots were defined as the highest peak in the AE data; whilst quiet-

spots were those with no located AE energy ( i.e. low energy and amplitude, defined as < 

500eu and <75DB) [156].  The cylinder labelling used indicates the specimen pressure and 

whether it is from an AE quiet-spot (Q) or an AE hotspot (H).  The number denotes the 

percentage of nominal burst pressure that the specific cylinder was taken to, e.g. 80H 

denotes data from the hotspot region of a cylinder taken to 80% of nominal burst pressure.   

A sensitivity study was taken to determine the variation in break density between small 

and large imaging volumes, as shown in Table 2-5.  Two volumes from the inner hoop, a 

large volume and a sub-volume; and a volume from the outer hoop were analysed. 
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Location Inner hoop Inner hoop Outer hoop 

Volume (mm³) 2.77 0.485 0.517 

Break density 1356 1508 590 

Table 2-5 Fibre break density in 100H1 – taken to 100% nominal burst pressure 

A 10% variation in the break density was found between the large volume and smaller sub-

volume of the inner hoop, this was sufficiently consistent to conclude that smaller volumes 

can be representative of larger volumes.  The fibre break densities (BD) for the specimens 

calculated by Scott are shown in Table 2-6.  The fibre break density increased with 

increasing pressurisation on a power law curve; additionally in general the outer hoop had 

fewer fibre breaks than the inner hoop.  This is to be expected as an FEA analysis carried 

out by Scott showed that the outer hoop experiences a lower stress than the inner hoop 

due to the lower fibre volume fraction within the outer hoop ply.  There was also a large 

variation between the fibre break densities in the two specimens taken to 100%, in both 

the inner and outer hoops.  These variations are attributed to multiple factors including 

micromechanical features and material parameters. 

 

70 

H 

70 

Q 

80 

H 

90 

H 

95 

H 

98 

H 

100 

H1 

100 

H2 

100 

Q 

In
n

e
r Stress (GPa) 3.58 3.58 4.21 4.85 5.17 5.37 5.49 5.49 5.49 

BD 34 24 56 573 1208 1071 1548 936 60 

O
u

te
r Stress (GPa) 3.02 3.02 3.55 4.09 4.36 4.53 4.63 4.63 4.63 

BD 9.9 7.9 6 117 180 440 602 319 12 

Table 2-6 Fibre break densities (BD) for the inner and outer hoop plies of cylinder samples [159] 

Scott found diffuse clusters, i.e. those with an axial separation in the filament wound 

cylinders.  Cluster sizes were found to range from 2-plets to a 4-plet in the inner hoop of 

95H.  The largest clusters in the outer hoops were 2-plets, which were only found in 90H, 

100H1 and 100Q, the others only contained singlets.  It was found that whilst the number 

of singlets accumulated on a power law curve, the accumulation of clusters was much more 

controlled. 
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Scott analysed the void volume fraction VV in sub-volumes of fully-wound cylinder 

specimens [156].  Scott found that the majority of voids were fairly uniformly oriented 

along the fibre alignment direction with a cross-section of between 0.001mm2 and 

0.015mm2 and lengths of 0.05-2mm.  Scott found the largest voids occurred at the 

hoop/helical ply interface; a variation in void volume fraction was found between the two 

plies, where the inner ply had an average VV of 3.9% and the outer ply had an average VV of 

6.4%.  Scott also analysed the correlation between voids and fibre break locations.  Three 

volumes, each of approximately 0.2mm3
, of the three highest break density samples were 

analysed.  The voids and breaks were extracted, as shown in Figure 2-33, where the 

extracted voids are in blue and the broken fibres in red.  Scott found that in two of the 

three analysed samples a 30% increase in fibre breaks neighbouring voids to what would be 

expected statistically.   

 

Figure 2-33 (a) 3D view of segmented fibre breaks (red) and voids (blue); (b) fibre breaks and voids projected 

onto a 2D slice to show correlation between breaks and voids [156]. 

 

2.6.2.3 Conclusions to Scott’s Work 

Scott’s work allowed the comparison of fibre break accumulation, cluster shapes, and 

critical length estimations in flat pre-preg specimens, and filament wound cylinder 

specimens [121].  The ineffective length of fibres in the cylinder specimens was 26 μm, 

shorter than the notched specimen length of 70μm. The largest cluster found in filament 
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wound specimens was a 4-plet compared to the 14-plet in the coupons.  It was also found 

that for every singlet in the notched specimens there were many more clusters, in 

comparison to the filament-wound specimens [121].  Scott also found that the shape of 

clusters differed; clusters in the filament-wound structures frequently occurred with non-

zero axial separations.  In contrast, clusters in notched coupons were found to lie on the 

same plane suggesting little or no effective debonding occurred during cluster formation 

[121]. 

 

2.6.3 Summary and Review of Novelty 

To the author’s knowledge, Wright and Scott’s works are the first to use SRCT to analyse 

the damage initiation and progression in notched CFRPs loaded in situ.  The use of SRCT 

differentiates them from previous work, as a much higher resolution is achieved, which 

allows analysis of the dominant failure mechanism (fibre breaks).  These past works have 

identified and quantified the different interacting mechanisms, which contribute to the 

final failure of a specimen.  Scott’s work has highlighted the difference in failure 

mechanisms between specimens produced by different manufacturing methods.  From the 

previous work there appears to be great scope to develop such analysis to include the 

effect of component properties and manufacturing techniques on the failure of 

representative CFRPs.   

From Wright’s work and Scott’s in situ work there is scope again to extend the range of 

fibre matrix combinations analysed.  There is a need to explore in further detail how fibre 

breaks initiate and accumulate, and what material parameters affect their accumulation.  

The current work analyses the effect of fibre, matrix and interfacial properties on the 

accumulation of damage in more detail than the previous works.  In particular the work 

focuses on the interaction of fibre breaks, in a greater level of detail than either if the two 

previous works.  As a critical cluster is believed to be the strength defining failure event, 

the work provides a more in depth analysis of the final cause of failure. From Scott’s work 

there is also scope to analyse the links between small, notched coupon samples and large 

filament wound pressure vessels.  The work would allow a review of whether small cross-

ply coupons could be used to develop and optimise large full wound cylinders. 
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In his work Wright identifies areas for future research, including the use of SRCT data sets 

to evaluate the accuracy of existing failure models [34], which the author’s work has done.  

A key part of the current work is thus the use of the experimental results to validate a 

micromechanical tensile failure model.  The author’s results have also been used in a larger 

benchmarking exercise, which aims to evaluate six different micromechanical tensile failure 

models. 

 

2.7 Summary of Reviewed Literature 

The fibre manufacturing methodology will cause variations in fibre morphology, which 

could ultimately lead to variations in adhesion between the fibre and the matrix.  

Additionally, the manufacturing process induces variation in the failure mechanisms of the 

fibre.  The brittle nature of fibres results in a variation in fibre strength, which can be 

analysed using Weibull statistics.  Their brittle nature means that fibres are only as strong 

as their weakest portion, thus, as fibre length increases, so does the probability of 

encountering a fatal flaw.  The method of determining Weibull parameters is sensitive to 

the testing methodology, and the number of specimens tested.  In determining the fibre 

strength variation, there is often significant deviation from the line of best fit, especially at 

the lower break probability end of the curve.  Weibull parameters are also gauge length-

dependent; meaning tests at multiple specimen sizes may be needed to determine 

accurate results.  There is a need to determine the effect of specimen size on its failure 

mechanisms, as it is necessary to be able to scale between coupon-size and full-scale 

results with confidence. 

The aim of the matrix is to transfer stress between the fibres, and to redistribute stresses 

around broken fibres.  The matrix parameters will cause variations in stress transfer and 

accordingly fibre break accumulation, which need to be considered when analysing 

composite failure.  Whilst both the fibre and matrix play an important role in the failure 

properties of the composite, their interaction, defined as the interface, plays a critical role 

in composite properties and reliability [89].  Composite strength is dependent on a strong 

interfacial bond between the constituents [15], as stress transfer between fibres through 

the matrix is dependent on the level of adhesion between them [90].   
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When a fibre breaks, it is no longer able to carry load at the break location, the stress 

carried by the fibre is recovered over a distance termed the ineffective length, lc.  The 

ineffective length is a function of material parameters such as fibre and matrix moduli and 

the interface.  The shed load from the broken fibre is redistributed to neighbouring fibres, 

which locally increases the stress they experience.  A dynamic stress concentration factor is 

also encountered in the form of a stress wave, which propagates through the composite.  

Debonding may occur, which affects the stress concentration in fibres neighbouring a break.  

All three of these mechanisms are believed to affect the stress redistribution to surviving 

fibres neighbouring a broken fibre.  The mechanisms, and the level to which they affect the 

composite, will all be affected by material parameters.  The presence of these three 

interacting mechanisms causes a stress concentration in surviving neighbours, which may 

in turn cause them to fail.  If a second fibre breaks occurs within the ineffective length of 

the first break, the two breaks are considered interacting, and defined as a cluster.  It is 

believed that the presence of a cluster of critical size is the strength-defining failure event.  

Cluster formation is believed to be a function of the composite’s ineffective length and 

stress transfer efficiency, and thus is a function of material parameters.  The mechanisms 

interact, which complicates the analysis of the effect of broken fibres in the composites. 

Existing experimental analysis of damage accumulation has been limited to either surface 

measurements, use of model composites, post-mortem analysis or limited by the imaging 

resolution.  The recent use of in situ loading allows the damage progression to be analysed 

and quantified when coupled with SRCT, which has a high enough resolution to identify 

microstructural features.  Fibre breaks have been found to accumulate on a power law 

curve, as a function of applied load.  Whilst cracks and delaminations may appear from 

upwards of 20% of a specimen’s UTS, fibre breaks are the dominant damage mechanism in 

a cross-ply specimen, uniaxially loaded in tension to failure.   

 

2.7.1 Impact of Reviewed Literature on Aims and Objectives 

From the literature it can be seen that there is a need to analyse and quantify the 

accumulation and interaction of fibre breaks in representative CFRPs.  In particular the 

effect of constituent parameters on damage accumulation needs to be analysed.  The 

effect of material parameters in nominally similar cross-ply notched coupons will be 

analysed, to inform and validate the current generation of failure models.  The 
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effectiveness and validity of using small-scale coupons to analyse pressure vessel 

parameters and their associated size effects will be analysed.  Additionally, there is scope 

to combine the experimental data with different modelling predictions to validate the 

model and augment the data. 
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3 Literature Review - Micromechanical 

Tensile Failure Models 

 

The mechanisms which lead to failure in composite materials are complex and as such are 

not yet fully understood [157].  Therefore there is currently a lack of understanding 

surrounding the structural changes in composite materials, which take place continuously 

and cumulatively [158].  However the increasingly high demand for composite materials 

means there is a need for reliable failure theories and damage propagation methodologies 

that can accurately predict these complex mechanisms [159].  Currently the capacity to 

optimise the design of composite structures is limited by the predictive abilities of the 

various progressive damage and failure analysis models [160].  The chapter provides an 

overview of how micromechanical tensile failure models have evolved.  It looks at how 

different modelling families incorporate the various fibre, matrix and interface parameters 

and micromechanical features.  Additionally, it analyses what effect the modelling 

assumptions have on the prediction of fibre break and cluster accumulation.  It discusses 

possible sources of error in the analytical results, based on input from the Chapter 2.  

Finally it reviews the use of experimental data to validate micromechanical tensile failure 

models. 
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3.1 Introduction  

Within the field of composite failure modelling there is a wide range of modelling 

approaches, incorporating multiple failure criteria to predict the full range of failure modes 

which can occur under multi-axial loading [161].  This chapter focuses on micromechanical 

models, as macroscopic models do not explicitly account for the microscopic events, which 

drive composite failure, and thus cannot predict fibre break accumulation and critical 

cluster formation.  Macroscopic models, which assume homogeneity across the composite, 

will ignore the fluctuations in the micro-stresses which initiate and propagate damage.  

Their assumption of homogeneity also ignores the differences in fibre and matrix behaviour 

and parameters, and the effect of micromechanical features such as voids and resin-rich 

regions.  Micromechanical models instead aim to account explicitly for underlying damage 

mechanisms and allow for the various failure mechanisms, such as damage initiation and 

propagation, to be studied [162].  This group of models tend to include the statistical 

nature of fibre strength, calculation of the stress transfer coefficient around a fibre break, 

and the formation of a critical cluster, resulting in final failure [12]. 

The chapter provides an overview of the development of models, identifying the key 

developments.  In Section 3.3 it provides an overview of how various modelling families 

include the effects of various constituent parameters and micromechanical features.  

Section 3.4 describes the validation of a micromechanical tensile failure model, using data 

provided by Scott, which has also been analysed by the author.  The final section, discusses 

a new model by Swolfs, which provides an idea of the current state of the art in modelling.  

Swolfs has worked with the author, to validate the model using the author’s in situ data, 

and to provide recommendations for further improvements in the modelling community. 

 

3.2 Evolution of Micromechanical Tensile Failure Models 

3.2.1 Original Fibre Bundle Model 

The original fibre bundle model was developed by Daniels around 1945, and analysed the 

maximum load a fibre bundle could carry, which was defined as its strength.  Daniels 

discussed the probability distribution of the strength of bundles, where the constituent 

threads were sampled from an infinite population of threads with a known strength 
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distribution.  The sample is loaded parallel to the fibre direction, and the fibre or thread 

fails if their failure strength is exceeded.  Within the original model, a bundle of N fibres 

was considered, with identical elastic properties under a uniform stress.  When a fibre 

breaks the load is redistributed equally over the remaining fibres.  In a dry fibre bundle 

model, i.e. with no matrix presence, the broken fibre does not support load anymore, and 

the load is redistributed across all surviving fibres.  This means that the load on fibre i is 

simply given by: 

     
 

  ( )
 Eq 22 

where ns(F) is the total number of surviving fibres at load F. 

The model resdistributes load over all surviving neighbours, so the load transfer is 

commonly referred to as Global Load sharing (GLS).  Under the assumption of GLS, there 

are no spatial correlations, i.e. breaks occur in a purely stochastic manner, which results in 

randomly nucleated breaks, driven by the fibre’s Weibull modulus and the applied stress 

[163].  For fibres which are bound together by a matrix, as in composite materials, an 

alternative load sharing model is needed. 

 

3.2.2 Cox’s Shear Lag Model 

Cox developed a shear lag model in the 50s to calculate the stresses in a fibre embedded in 

an elastic matrix.  Cox considered a single fibre break embedded in a matrix, and did not 

model the effects on surviving neighbouring fibres [164].  The model consists of a single 

cylindrical fibre of radius rf, encases in a cylindrical matrix of radius rm with length 2l, as 

shown in Figure 3-1.  The composite is loaded in tension along the fibre direction and is 

applied to the matrix at z = ± l.  Cox assumed an equilibrium relation between average fibre 

stress <σf> and the interfacial shear stress τ: 

 
 〈  〉

  
   

  

  
 Eq 23 

From this the resultant shear force, Pτ, which the matrix exerts on the fibre can then be 

calculated: 
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 Eq 24 

where rf is the fibre radius, τi is the interfacial shear stress, Fa is the applied force, and dz is 

the change in length along the fibre [165]. 

 

Figure 3-1 Schematic of Cox's model composite used to derive the shear lag model 

Load transfer models based on this theory tend to adopt the following main assumptions 

[166]: 

 The fibre geometry is a circular cylinder, of length l and diameter d. 

 The fibre and matrix behave as linear elastic, isotropic solids.  The fibre is only 

loaded in tension and the matrix only in shear. 

 Dynamic effects are negligible. 

 The fibre axial stress vanishes at the broken fibre ends. 

 There is no interaction between broken fibre segments. 

Variations in results from shear lag models can be attributed to differences in the assumed 

matrix and interface behaviour [55].  Shear lag assumptions state that the fibre only carries 

tensile load and the matrix only carries shear loads; however this is only valid when the 

matrix modulus is very low in comparison to the fibre modulus, and when the fibre volume 
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fraction is high [112, 167].  If matrix elasticity is not incorporated the normal stress 

supported by the matrix are neglected, the stress concentration factors in neighbouring 

fibres are over-estimated, leading to an under-estimation of composite strength [37, 112].  

The model also assumes that the fibres are one-dimensional spring elements, neglecting 

the radial stresses and variations in the axial stress in the fibre cross-section.  Overall, 

shear-lag models are commonly used to reduce the computational costs involved in the 

stress analysis of CFRPs [168].  The method allows all field quantities to be related to the 

axial displacement of the broken fibre [55], however finite element analysis has shown that 

they over-predict stress concentration factors [112].  Their associated error however is 

often accepted as a compromise for the reduced complexity they introduce into overall 

models for composite failure. 

 

3.2.3 Calculation of the Stress Concentration Around a Broken Fibre 

Hedgepeth’s work has already been described in Section 2.4.1, however a summary of his 

methodology is repeated here.  Hedgepeth used the shear lag model in a multi-fibre model 

system, to study the stress distribution around broken fibres in a 2D unidirectional 

composite.  Fibres were evenly spaced in the composite and numbered from -∞ to ∞.  

Shear lag analysis was used, meaning the model was composed of tension-carrying 

elements connected by a purely shear-carrying material [116].  This gave the values for the 

stress concentration factor Kr for n broken fibres, as shown in Table 3-1 [116].  

n 1 2 3 4 5 6 

Kr 1.33 1.6 1.83 2.03 2.22 2.39 

Table 3-1 Stress concentration for r broken neighbouring fibres 

 

3.2.4 Refinement to Fibre Bundle Models 

Rosen and Zweben’s work used a fibre bundle model as the framework for their work to 

provide insight into the failure mechanisms of CFRPs.  The model incorporated the 

statistical nature of fibre strength, and the global load redistribution around a fibre break.  
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The load redistribution will cause adjacent fibres to break (which mimic a crack through the 

composite), whilst high shear stresses may cause matrix shear failure or interfacial 

debonding, which retard the propagating crack.  The model is a development of Daniels’ 

work, as it considers localised stress redistribution rather than global load sharing.  As the 

stress level in the composite increases, the material experiences distributed groups of 

broken fibres.  In the model, a composite contains N parallel fibres, each of length L; the 

material itself is considered to contain M layers of length δ, where M = L/ δ and δ is 

equivalent to the ineffective length, as shown in Figure-3-2.  The thickness of each layer, δ, 

depends on the moduli of the constituents and the fibre volume fraction.  In this way, the 

segment of a fibre within a layer may be considered as a link in the chain, which constitutes 

the fibre, each layer is a bundle of such links, and the composite itself is a series of bundles. 

 

Figure-3-2 Tensile failure model of a fibrous composite material, showing the model composition and stress 

redistribution around a broken fibre [31]. 

When fibres break, the assumption is that the load is distributed uniformly among the 

unbroken neighbours within each layer.  Stress transfer around a broken fibre occurs 

through shear lag, which includes the associated assumptions.  An increase in load causes 

an increasing number of broken fibres.  Composite failure then occurs when the surviving 

neighbours in the weakest layer are unable to sustain the applied load.  For fibres 

characterised by a Weibull strength distribution, result in a definition of a statistical mode 

of composite strength, σc*, which is a function of fibre strength and the layer thickness δ.   
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Zweben used the model to study the influence of stress concentrations, and identified the 

concept of a critical cluster size.  The model identifies the importance of fibre strength 

variability, and the effects of matrix and interfacial plasticity.  The model also highlights the 

occurrence of fibre failures at relatively low fibre stresses, and the accumulation of fibre 

breaks.  Rosen’s work also identifies the importance of understanding the effects of 

individual constituent properties on break initiation, accumulation and interaction, which 

provides motivation for the current body of work.   

 

3.2.5 Development of Local Load Sharing Around a Broken Fibre 

Phoenix and Harlow proposed a local load sharing model (LLS) in which the shed load from 

a broken fibre was redistributed among the two nearest fibres neighbouring the break [11], 

whilst the more distant fibres remain unaffected.  This results in a higher stress 

concentration in fibres surrounding a break than those in the bulk of the composite.  The 

LLS method gives a lower bound of composite strength, as it restricts load redistribution to 

the nearest neighbours, enforcing on them an overly high stress concentration factor [169].  

The original model was refined by multiple groups, including Curtis working with Phoenix 

and Harlow, who assumed that the stress from a broken fibre was redistributed over six 

nearest neighbours rather than the two originally proposed by Phonix and Harlow [128].  

Their methodology used Rosen’s model formation, wherein the composite was composed 

of layers of 20 x 20 parallel fibres each with a statistical fibre strength.  The load is 

incrementally applied, if a fibre breaks the load is redistributed, and the model is checked 

for further broken fibres.  Curtis et al found that initially stable groups of broken fibres 

(clusters) develop, until eventually a group of fibre breaks becomes unstable and layer 

failure occurs.  Within the model, a critical cluster size of four interacting breaks was 

predicted to cause catastrophic failure.  The model is not able to incorporate variations in 

fibre volume fraction, the fibre /matrix bond strength (and thus the ineffective length), 

debonding or the effect of multiple interacting breaks. 

 



70 

 

3.2.6 Further Refinements to the Fibre Bundle Model 

Further developments to fibre bundle models have been undertaken by Kun [163, 170, 171] 

and Raischel [172], who introduced a continuous damage element.  When the load on a 

fibre reaches a threshold value, the stiffness Ef of the fibre is reduced by a factor 0 < α < 1.  

By the use of local load transfer, a fibre can fail multiple times along its length.  Kun et al 

predicted the formation of co-planar clusters of broken fibres, predicting an avalanche of 

clusters close to failure, with the coalescence of clusters causing final failure. 

Additional refinements include those by Phoenix, Harlow and Beyerlein [173, 174], who 

included a time-dependency factor, which enables the modelling of composite creep failure.  

The model considers a tube of fibres, (instead of a tape to avoid edge effects), which is 

partitioned into m short sections which are termed bundles, each with n elements.  Each 

bundle is of length δ, which is the effective load transfer length.  Load from a broken fibre 

is redistributed via local load sharing (LLS), where the load concentration factor Kr is 

dependent on the number of r, consecutive failure fibre elements immediately adjacent to 

the surviving element.  In general Kr = 1 +r/2.  In this way, the load from failed elements is 

redistributed in equal portions onto the two nearest neighbours.  Phoenix and Beyerlein 

introduce the idea of a k*-crack, defined as a sequence of k* adjacent fibre breaks which 

suddenly become unstable, causing final failure.  The k*-crack is analogous to a critical 

cluster, i.e. a crack which will propagate catastrophically and cause composite failure.  A 

key feature of this model is that it allows the effects of matrix visco-elastic creep to 

modelled, by increasing the length of δ (the load transfer length).   

 

3.2.7 The Stress Concentration from Interacting Broken Fibres 

The break influence superposition technique (BIS) can be used to analyse the effects of 

multiple fibre breaks on the stress distribution and the composite strength [11].  The 

technique developed by Sastry and Phoenix considers an infinite lamina with n aligned 

breaks, each subjected to a compressive load.  The fibre and matrix loads and displacement 

at an arbitrary point are determined as weighted sums of the influence of n single breaks.  

The influence of a single break is not computed by the technique itself, but relies on input 

from techniques such as the shear-lag model [175].  The weighting factors are calculated 

from a system of n equations, and the tensile load superimposed on the solution.  An 
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advantage of the method is that the computation time is dependent on the amount of 

damaged elements and not the size of the composite [175].  The method was extended to 

the quadratic influence superposition technique (QIS) by Beyerlein and Phoenix, [126].  This 

allows analysis of the deformation and damage of elastic fibres in an elastic-plastic matrix, 

accounting for interfacial debonding and matrix yielding, as shown schematically in Figure 

3-3.  

 

Figure 3-3 Two dimensional infinite lamina with a central crack with N fibre breaks, debonds of length (0 < ξ < 

α) and yield zones (0 < z < b) [126] 

The Green’s function model (developed by Curtin and co-workers) is an alternative 

methodology to model the stress transfer around breaks and ultimately damage evolution 

[176].  Similar to the BIS technique, the technique uses the stress state around a single 

break to determine the stress distribution from multiple, interacting breaks [176].  The 

initial stresses around a single break can be determined from any micromechanical solution; 

the GFM transforms the in-plane stresses from a single fibre break into a Green’s function 

Gij and then calculates the full 3D stress redistribution due to multiple interacting breaks.  
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For both the break influence superposition technique and the Green’s function technique, 

errors will be introduced through the assumptions of the methods used to calculate the 

initial, single fibre stress state.   

 

3.2.8 The Use of FEA to Model Stress Concentrations and Tensile Failure 

Both GLS and LLS models inherently result in a size-dependency on the composite strength, 

which is important when moving between test-coupons and real-world components [7].  

Both methodologies are simplified redistribution models; nowadays the redistribution is 

often calculated using finite element methods to give a result between the two extremes.  

Three-dimensional finite element models may be used to calculate the stress redistribution 

resulting from a broken fibre, which has been used by multiple modelling groups.  Jacobs 

used FEA to demonstrate that a stiffer fibre sizing reduced the ineffective length and 

positively affected length, due to better stress transfer between the fibre and matrix.   

Mishnaevsky et al used FEA to analyse the mechanical behaviour and damage evolution in 

glass fibre composites.  The model incorporated a composite of 20 x 20 fibres, with Weibull 

defined fibre strengths and an interface to allow the modelling of debonding.  The fibres 

were uniformly loaded in tension.  Mishnaevsky’s work includes the effects of matrix micro-

cracking around fibre breaks, which will increase the stress concentration on surviving 

neighbours.  The model also looked at the infects of interface cracking and found that no 

matrix cracks formed near the fibres with damaged interfaces.  Additionally it was found 

that the damaged interface caused slightly lower stress levels in neighbouring fibres.   

FEA is computationally expensive, which limits the number of fibres which can be 

modelled.  This means that the method may be insufficient to predict the full statistical 

nature of composite failure on its own; however it can be used as an input for strength 

models.  The stress concentration factors calculated by the FE method may then be 

inputted into an additional model, which reduces the need for complex FE calculations.  

This method is used in the Chapter 8, where it is explained in further detail.  The stress 

concentration factor for multiple neighbouring broken fibres may thus be calculated by the 

FE method, or by the superposition techniques. 
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3.2.9 Summary  

Since Daniels’ original fibre bundle model, developed in the 1940s, there have been many 

refinements by multiple different modelling groups.  Early refinements focused on the 

stress distribution around a broken fibre, with techniques including global load sharing, 

local load sharing, and superposition principles all being developed.  The basics of the fibre 

bundle model have stayed reasonably constant, with the composite being modelled as a 

series of fibre elements, which have a statistical fibre strength variation.  The application of 

load results in broken fibres and the redistribution of load to surviving neighbours.  As 

models have developed, the calculation of the stress redistribution has become more 

sophisticated.  Additionally models are able to incorporate a greater number of composite 

parameters, as will be shown in the following section. 

 

3.3 The Incorporation of Constituent Parameters 

This section looks at how the different families of micromechanical tensile failure models 

incorporate the different fibre, matrix and interfacial properties.  It identifies areas which 

may induce errors in the predicted results, and suggests areas for further research.  From 

the literature review the parameters that need to be included in models are: 

 Fibre/matrix moduli and strengths – these are often readily available from the 

suppliers/manufacturers, and should be fairly straightforward to implement, 

therefore they are not discussed further within the chapter. 

 Fibre strength variation – this is commonly implemented using Weibull statistics, 

which may be found in the literature or may need to be determined experimentally 

by the modeller. 

 Stress transfer around a broken fibre – this is complex as it can firstly be divided 

into static and dynamic components (dynamic effects are discussed in a later 

section).  The static component is dependent on the stress transfer, which is a 

function of multiple parameters. 
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 The fibre/matrix interface – the interfacial strength has been to shown to affect 

the proportion of interacting fibre breaks; however the full effect of the interface 

has not been full quantified with respect to the SRCT data. 

 Fibre/matrix debonding – this is related to the interfacial strength, and will 

influence the stress concentration factor and where it acts relative to the plane of 

fracture. 

 Fibre random packing (including local fibre volume fraction variation and voids) - 

low fibre volume fraction has been shown to influence the initiation of singlets; 

however the effect of fibre volume fraction has not been fully explored with the 

current experimental data sets.  Additionally singlets were found to preferentially 

initiate in fibres touching voids in filament wound cylinders.   

 Dynamic effects - alongside the static SCF there is also a dynamic component, of 

which little is written about in the literature or explored experimentally.  This may 

include stress waves and a strain-rate dependency of the matrix. 

 

3.3.1 The Statistical Nature of Fibre Strength 

Statistical strength models aim to predict the dominant failure modes and statistical 

strength distributions of the composite structure, based on the statistical fibre strength, 

interface/matrix properties and specimen dimensions [177].  These models are usually 

based on the assemblage of various single-fibre elements, whose size is equivalent to the 

ineffective length.  Monte Carlo simulations are often used to incorporate the statistical 

nature of fibre and composite strength [178].  The strengths of the failure sites are 

assumed to follow a Weibull distribution, however any statistical distribution can be 

incorporated into the model [177].  Models using the fibre’s Weibull values can use either 

the two- or three-parameter Weibull distribution.  Alternatively, models may randomly 

distribute flaw locations along the fibres to represent the fibres’ statistical strengths.  The 

Weibull statistical model for fibre failure can be directly incorporated into a finite element 

model, which enables the prediction of progressive fibre failure [44].  In this case the 

probability of survival of the laminate or structure is the product of the probability of 

survival of the elements comprising the laminate.  The accuracy in determining the Weibull 
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parameters (or other statistical representation of fibre strength) for a specific fibre will be 

the main contributor of error when incorporating this parameter.   

 

3.3.2 Stress Transfer Around a Broken Fibre  

All tensile strength predictions will need information relating to the stress state near one or 

more broken fibres.  The stress state information is comprised of stress state parameters – 

the ineffective length, the positively affected length and the maximum stress concentration 

factor.  These stress state parameters enable a simplification of the actual stress profiles, 

reducing model complexity but potentially increasing the sources of errors [179].  Many 

theoretical models for fibrous composites consider fibres arranged in a uniform array.  The 

static load on any surviving fibre then depends on the number of failure neighbours 

adjacent to it.  If the number of neighbouring broken fibres is n, then the load 

concentration factor kr is given by Eq 25, in which the function g(n) may take many forms 

[74].  The challenge for the modelling community is to represent the function as accurately 

as possible, to ensure the stress transfer is accounted for.  The assumptions associated with 

the chosen load redistribution mechanism will reduce the accuracy of the model and 

consideration of the load distribution model is important. 

       ( ) Eq 25 

The errors associated with Cox’s shear lag model have already been discussed, and are 

shown to over-predict the resultant stress concentration factor.  The use of break influence 

techniques (such as BIS, Greens function or linear superposition) all induce errors as they 

do not account for the effect that broken fibres have on each other.  FEA methods allow a 

greater degree of accuracy, but increase the computational complexity. 

 

3.3.3 Effects of the Interface  

From the literature, the interface has its own material properties, which are different to 

those of the fibre or matrix [180]; however it is often difficult to get accurate values for 
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interfacial strength.  A weak interface will lead to debonding, which in turn will lead to a 

different stress distribution in the composite.  In order to model the interface some 

approaches choose to incorporate an explicit third phase in the composite.  Calculations of 

failure based on these parameters may require input data including the fibre, matrix and 

interface moduli, the fibre volume fraction, component moduli and shear moduli and the 

interlayer thickness [179].  Thus the inclusion of interfacial interactions within the model is 

difficult to accomplish as the interfacial properties are difficult to observe and quantify.  

Models can include a third phase of strongly adsorbed and immobilised polymer on the 

fibre surface to account for fibre/matrix interactions [181].  Experimental work will then be 

needed to determine the modulus and volume of the sizing within the composite, in order 

to accurately include the interface parameters.  Models may instead incorporate an 

interphase in the form of a transition zone from the fibre to the pure matrix phase, where 

the interphase properties lie on a gradient between fibre and matrix properties. 

The general method of cells methodology (a refinement of the RVE technique) enables the 

modelling of an arbitrary shaped inclusion in a matrix.  This may be adapted into an 

inclusion which encircles the fibre and thus mimics the interphase.  In this case the 

interface properties are functions of the matrix properties [180].  Alternatively, interface 

elements (a modelling term rather than a composite-specific term) may be used, which 

function by connecting the two constituents and transferring all tractions across the 

interface until the specified criteria is reached.  At this point the element stiffness 

properties degrade to simulate debonding or interfacial failure.  The element behaviour is 

determined by the constitutive relationship between the displacements of the two 

constituents and the traction generated between them as a result [182].   

 

3.3.4 Effects of Debonding 

The determination of debonding is often accomplished using a maximum stress criterion – 

in which debonding occurs when the interfacial shear strength of the fibre/matrix interface 

is exceeded [183].  In this case, determination of the interfacial strength is key.  After 

debonding has occurred, the model then needs to be updated to incorporate the change in 

stress transfer.  Debonding can be modelled using a contact option in some modelling 

approaches; in this option the surface of the fibre and matrix are separately considered 

along the debond length.  This means that the surface nodes are not shared, and Coulomb 
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friction is assumed between the fibre and matrix, simulating interfacial bonding [117].  The 

Coulomb frictional law incorporates two parameters – the coefficient of cohesion (which 

accounts for the shear strength of the interfacial bond between fibre and matrix) and the 

coefficient of friction.  Both parameters can be determined from the fibre-matrix interfacial 

strengths [184]. Perfect adhesion is assumed outside the debonded zone, meaning the 

fibre/matrix interface nodes are shared by both materials.  The Coulomb friction model 

provides a simpler method of accounting for debonding; however the simplifications will 

lead to errors.   

Debonding may also be modelled using a global energy approach – when a fibre breaks the 

released energy exceeds the energy needed to create the two fibre surfaces.  To ensure 

final equilibrium this additional energy has to be consumed, through the development of 

additional damage.  By assuming that the excess energy released from a fibre break is 

totally consumed in developing debonds, it is possible to model debonding using an energy 

approach [179].  This specific method negates the effects of plastic dissipation and any 

stress which damages the fibre or matrix away from the debond.  It requires parameters 

such as the fibre surface energy, the interfacial fracture toughness, the energy released at 

fibre fracture, the energy release rate at debond extension and the change in debond 

length, which can be used to determine the initial debond length.  The method will induce 

large errors as it does not consider the dynamic stress concentration, which is known to 

increase the overall stress transferred to surviving neighbours.   

Across all the debonding and interfacial models, there is a general theme that the accuracy 

of the models is again dependent on determination of material parameters.  Classical fibre 

bundle models, which do not include the matrix, will not be able to model debonding, and 

the interface is accounted for by the chosen stress transfer methodology.  Finite element 

methods may incorporate defined interfaces, or may just account for the interface through 

the chosen stress transfer method. 

 

3.3.5 Random Fibre Packings 

Huang et al modelled square, hexagonal, and random fibre packing to predict the effect of 

fibre packing on the mechanical properties of composites [185].  Due to the lack of 

symmetry it is impossible to extract a unit cell that contains only one fibre from a random 
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array.  To counteract this, the microstructure was built from the extrusion of two 

dimensional fibre array images, shown in Figure 3-4.  Effective material properties were 

predicted, for the three different packing arrangements (hexagonal, square and random), 

and compared to experimental results.  The range of stress concentration values in the 

random fibre array was wider than in the ordered arrays due to irregular inter-fibre 

spacing.  This resulted in lower predicted strengths, due to the higher probability of failure 

[185].  The model currently only offers a prediction of the composite’s UTS and does not 

predict damage accumulation.  The model may be used to augment the experimental 

results, which are not currently able to confirm the role of volume fraction in tensile failure.  

Alternatively the methodology could be developed and incorporated into a tensile failure 

model. 

 

Figure 3-4 FE modelling of a random fibre array (Vf=60%) with (a) 2D random array, (b) mesh generation, (c) 

3D extruded fibres (d) matrix insertion [185] 

 

3.3.6 The Effects of a Dynamic Stress Concentration Factor  

Of the micromechanical tensile failure models reviewed, none appear to be able to 

incorporate the dynamic stress concentration factor, which will have a large effect on the 

overall stress concentration on fibres, and thus the formation of clusters.  The pop-in 

nature of clusters (as defined in Chapter 7) is suggested to be attributed to near 
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instantaneous effects, which may include stress waves and strain rate dependencies of the 

matrix; however little work has been undertaken in these areas.  It is suggested that this 

will lead to an under-prediction of the stress concentration factor resulting from a break, 

and thus an under-prediction of cluster size, and cluster percentage.  It may also result in 

models predicting cluster growth, rather than pop-in clusters. 

 

 

3.4 Previous Model-Experimental Validation 

It has previously been stated that micromechanical tensile failure models need 

experimental data to validate them.  Thus, there is great scope to use the current batch of 

SRCT to validate the current generation of models.  To this end, data from T700/M21 in situ 

fibre has been used in two different validations, the first by Scott [155] and the second by 

the author.  The validations are discussed in sections 3.4 and 3.5. 

 

3.4.1 Methodology 

A previous collaboration was established between Scott and Blassiau [155] in order to 

validate a multi-scale composite failure model developed by Blassiau et al [127, 186-188].  

The model identifies an RVE containing 32 fibres with a periodic hexagonal array.  Five RVE 

damage states are considered, based on the number of broken fibres as shown in Figure 

3-5: 

C2 representing one broken fibre in two 

C4 one fibre in four 

C8 one in eight 

C16 one in sixteen 

C32 one broken fibre in the RVE – shown to have no effect on fibres outside the RVE. 
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Figure 3-5 RVEs of the five damage states and geometries, where broken fibres are shown in red [189] 

In this case, C2 is the most extreme case, resulting in the RVE failing, whilst C16 represent 

the situation in which there is no interaction between failure sites in the composite.  An 

iterative approach is used to incrementally increase the applied stress until ultimate failure.  

A localisation step is used to relate the macroscopic state to the microscopic stress state in 

surviving fibres; this stress allows the number of broken fibres in the RVE to evolve.  A 

homogenisation step is then used to calculate the resultant macroscopic composite 

behaviour, as a function of the new microscopic damage state.  The stress is then 

incrementally increased again, and the process repeated. 

 

3.4.2 Results 

The fibre break accumulation as a function of fibre stress can be determined; however the 

model does not predict cluster formation accurately, under-predicting the observed 

increase in number and size of clusters with load.  Blassiau’s analytical results were 

compared to Scott’s experimental results for a T700/M21 notched coupon, in which the 

fibre break accumulation was analysed using SRCT.  Two simulation types were run – the 
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first (woft) did not incorporate matrix cracking whilst the second (wft) did.  The woft 

simulations were found to under-predict the accumulation of fibre breaks, which may be 

because the model does not decouple the 0° and 90° plies, so the predicted 0° stress is too 

low.  By including matrix cracks and decoupling the plies, the wft simulation showed a slight 

improvement in accuracy in the overall prediction of breaks, although the break prediction 

as a function of fibre stress is still too low, Figure 3-6.  

Both simulations however showed reduced accuracy in the prediction of cluster formation, 

as shown in Figure 3-7 (singlets and 2-plets) and Figure 3-8 (3-plets and 4-plets).  This 

under-prediction may be because the model needs accurate values of the constituent 

material and interface properties to be incorporated.  This makes it difficult and time 

consuming to apply the model to different fibre/matrix combinations, without extensive 

prior finite element modelling to determine the local stress concentration factors and 

resultant stress redistribution.  Because of this, the experimental results are for a T700 

fibre, and the analytical results are for a T600 fibre.  Based on the results from Chapter 7 

the variation in Weibull modulus and sizing treatment in particular could account for the 

large differences in the clustering results.  As the interfacial properties are believed to be 

some of the most important to model accurately, but are also the most difficult to 

determine accurately, it is more likely that the clustering results, which are more heavily 

influenced by the interfacial parameters, will be wrong.  The error between simulated and 

experimental results increases with cluster size, which highlights the importance of 

accurately modelling stress transfer.  It is also suggested that neglecting dynamic effects, 

will result in a reduction in both the size and number of clusters predicted by the model. 

The section shows the importance of validating predictions from the various modelling 

families, with experimental data.  Through an in-depth comparison of experimental results 

and analytical predictions, it is possible to refine and develop the current generation of 

micromechanical failure models.  The collaboration between Scott and Blassiau et al, 

highlights the need to validate models through comparison with experimental data.  Whilst 

the model is able to predict the accumulation of fibre breaks with reasonable accuracy it 

greatly under-predicts the accumulation of clusters.  The same experimental data set is 

modelled by Swolfs in as part of a modelling collaboration between the author and a 

modelling group at KU Leuven.  This allows a direct comparison of the two models, and 

enables analysis of the results, which seem to be consistently difficult to model.  The model 
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itself is described in the next section (3.5), whilst the validation is presented in Chapter 8, 

after the experimental results.   

 

Figure 3-6 Number of fibre breaks (NFB) as a function of fibre stress - comparison between simulation and 

experimental results.  The wft simulation incorporates matrix cracks, whilst the woft does no. 
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Figure 3-7 Comparison between experimental and analytical results of the singlet and 2-plet accumulation as 

a function of fibre stress 

 

Figure 3-8 Comparison between experimental and analytical results of the accumulation of 3-plets and 4-plets 

as a function of fibre stress 

 

3.5 Current Model-Experimental Validation 

The collaborative validation between Blassiau and Scott, as described in the preceding 

section, has been further developed by work between the author and Yentl Swolfs from KU 

Leuven.  In this collaboration the same data from T700/M21 was modelled by Swolfs, with 

the aim of (1) validating his model and (2) comparing Swolf and Blasiau’s models.  The 

T700/M21 results are first discussed in Chapter 7, so the comparison is postponed to 

Chapter 8.  A detailed explanation of Swolfs’ model is included here to show how his model 

has evolved from the preceding work.  Swolfs et al have developed a fibre bundle model 

which combines a fibre bundle model, with a finite element analysis to determine the 

stress distribution around broken fibres.  The model incorporates many of the 

developments discussed throughout this chapter (including fibre strength variation, matrix 

micro-cracks, a superposition principle and random fibre packing), and provides an insight 

into the current state of the art of micromechanical tensile failure models.   
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Swolfs’ model combines finite element analysis to determine the stress redistribution 

around fibre breaks, and a fibre bundle strength model.  There are two steps, first the 

stress redistribution from a single broken fibre is calculated using finite element analysis.  

The resultant stress fields are then incorporated into a chain of bundles strength model for 

unidirectional composites.  After assigning a local strength to each fibre element, according 

to a Weibull distribution, the global strain is increased by 0.04%, this increment is gradually 

reduced until near final failure it becomes 0.0025%.  After each strain increment, the stress 

in each fibre element is calculated, based on the applied strain and the stress concentration 

factor, and compared to its strength.  The element is considered broken if its stress exceeds 

its strength. The cluster size is then updated for all fibre breaks and finite element data 

used to incorporate the stress concentration factors (SCFs) in the nearby fibre elements.   

As the SCFs from a broken element may cause additional elements to break, the model 

updates the element stresses and checks whether any new elements have broken.  The 

process is repeated until no new fibre breaks are found at the current strain level, the 

strain is then incremented and the process repeated. The model stopped if an unstable 

propagation of fibre breaks was detected, defined as an exponentially increasing number of 

fibre breaks within the same strain increment.  The modelling process is shown 

schematically in Figure 3-9.  The model is one of the first, to the author’s knowledge, to 

incorporate realistic random fibre packing [190]. 

 

Figure 3-9 Schematic of the modelling process as used by Swolfs 
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3.5.1 Generation of the Stress Redistribution Model 

The stress redistribution model uses a random fibre array, which is generated using a 

technique developed by Melro et al; the description of the array generator is taken from 

Melro’s paper [191].  The first step is to place fibres at random co-ordinates within a square 

RVE, using a Poisson point distribution, which provides a statistical distribution of points 

within a given area. This distribution does not guarantee non-overlapping fibres, so a 

refinement is needed – a consideration that the points are centres of fibres, and that the 

probability of finding a point at a distance less than or equal to the fibre diameter is zero.  

This method ensures that fibres cannot overlap, but does not allow a volume fraction 

greater than 55%.  The fibre volume fraction is further increased by pushing the fibres 

inwards, towards each other.  For every new fibre centre position generated, the algorithm 

checks whether it overlaps with any of the existing fibres, if it does it is discarded and the 

process restarted and then iterated until the desired volume fraction is reached [191].  

Within the current model, the number of near neighbours is not constant, but varies 

between four and seven.  Near neighbours are defined as those fibres which have an 

interfibre distance of less than four fibre radii [190]. 

 

3.5.2 Calculation of the Stress Redistribution and a Broken Fibre 

A finite element model is used to calculate the full stress redistribution around a single 

broken T700 fibre in an M21 matrix.  To calculate the stress redistribution a cylindrical sub-

model is extracted from the original square RVE, which was used to develop the random 

array.  The cylindrical sub-model incorporates 42-122 fibres dependent on the desired 

volume fraction [192].  The fibre packings are extruded axially, to a length of 60 fibre radii 

to give a 3D FE model [190].  Quadratic elements are used, with mesh refinement near the 

stress concentration sites, using a sensitivity study to verify that the mesh optimisation did 

not affect the ineffective lengths, PAL and SCF values.  The applied boundary conditions are 

shown in Figure 3-10.  The entire top plane is displaced vertically with a strain of 0.1%, 

whilst z-symmetry is applied to the bottom plane.  Symmetry is not imposed on the middle 

fibre which is broken, this instead has a traction-free surface to represent the break [190].  

Free boundary conditions are applied to the axial surface of the RVE.  Within each fibre the 

average stress is calculated parallel to the fibre break in 25 planes at distances z* measured 
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axially from the break.  In each plane, the fibre stress is analysed at 2400 points, and then 

averaged over the plane to give an average fibre stress of σz,avg at z*. 

 

Figure 3-10 A 3D view of the finite element model, with boundary conditions in red [190]. 

Three parameters can be calculated from the FE analysis – the ineffective length, the stress 

concentration factor and the overload length.  The ineffective length definition is taken 

from Rosen [31], defined as double the length of 90% of the stress recovery length.  The 

positively affected length is defined as twice the value of the distance between the fibre 

break and plane at which the stress returns to the far field value.  The stress concentration 

factor is defined as the relative increase in fibre stress at point z* due to a fibre break.  An 

equivalent definition originally given by Fukuda et al is used in which the SCF is calculated 

as the relative increases in average fibre stress σz, avg at z* divided by the average fibre 

stress σz, avg far from the failure location.  This definition assumes that the stress far from 

the break is not influenced by the broken fibre, and thus is just the applied stress in the 

fibre.  The definition is not consistent with the one given in the literature review, taken 

from Zhou et al [115], however Swolfs’ definition eliminates the need to calculate the 

stress field without the fibre breakage, which saves calculation time. 

Four stress concentration values are used, as defined in Figure 3-11(a); the values taken 

are the maximum SCF (which occurs at a small distance from the break), the location where 

the SCF first reaches 1, the minimum SCF and 80% of the minimum.  The three parameters 

are calculated for five random arrays and once each for square and hexagonal arrays.  The 

SCF is calculated individually for each near neighbour, as the SCF is dependent on the 

interfibre distance, which varies for random arrays.  The maximum SCF as a function of 

relative distance from the broken fibre is shown in Figure 3-11 (b).  Trend lines are fitted 

through the data points for the random arrays, to allow the transfer of the data to the 

strength model. 
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Figure 3-11 (a) Definition of the maximum and minimum stress concentration factors and the overload length 

in a fibre neighbouring a fibre break and (b) Maximum stress concentration factor as a function of the 

relative distance from the broken fibre [190]. 

 

3.5.3 Superposition to Calculate the SCF for Multiple Fibre Breaks  

When broken fibres are isolated there is no interaction, however if breaks are in clusters 

their interaction becomes stronger.  It is not practical to predict all possible cluster 

geometries, and the resultant stress concentration factors, thus a superposition rule is used 

to extend the SCF from one break to be relevant for clusters.  Originally the model used 

standard linear superposition, which adds up the SCF for a single fibre break, even though 

this will result in an underestimation of the SCFs [193].  The approach also neglects the 

SCFs exerted by the broken fibres on each other, resulting in a loss of load equilibrium in 

the model.  To account for this, the model was refined to use the enhanced linear 

superposition rule, which redistributes the neglected SCFs over the nearby intact fibres.  

This is applied in proportion to the SCF predicted by standard linear superposition, while 

maintaining load equilibrium.  The results presented here are just for the enhanced linear 

superposition (ELSp).  The model incorporates the presence of matrix cracks around a 

broken fibre, which results in the stress concentration factor shown in Figure 3-12. 
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Figure 3-12 The SCF from a single broken fibres, as a function of the relative distance from the broken fibre.  

The data points from a fibre break with no surrounding matrix crack provide a comparison point, but are not 

used in the model 

 

3.5.4 Calculation of Fibre Weibull Moduli 

A bimodal Weibull distribution based on the work of Watanabe et al has been used to 

determine the fibre strength variation [194]; this has been supplied by Toray, the 

manufacturer of the T700 fibres.  The bimodal Weibull distribution is based on the 

assumption of two competing flaws, which is described by Eq 26.  In which σf is the fibre 

strength, L is the element length, Lo is the reference gauge length, σ01 and σ02 are the 

Weibull scale parameters for the first and second flaw distributions respectively and m1 and 

m2 are the Weibull moduli or shape parameters.  The Weibull parameters taken from the 

paper are therefore: L0 = 10mm, σ01 = 5200MPa, m1 = 4.8, σ02 = 6100MPa and m2 = 12.  The 

first Weibull shape parameter (m1) is smaller than the second, which implies that the 

strength distribution at short gauge lengths is narrower than at long gauge lengths. 
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This bimodal Weibull distribution was chosen by Swolfs as it gave a more accurate fibre 

failure strain than the author’s experimental failure strain given in Chapter 6 (2.5-2.7% vs. 

3.5-4%). 

 

3.5.5 Strength Model 

The classic chain of bundles model is used, with incrementally increasing global strain.  

After each increment every fibre element is checked to determine whether its strength has 

been exceeded.  If it has, the stress is redistributed and the stress in the surrounding 

elements updated using the stress redistribution model.  The stress redistribution may 

cause further breaks at the same strain increment, so the process is repeated until no 

further fibres break at the current strain increment.  If the bulk composite does not fail, the 

strain is increased again and the process repeated.  The model stops when an unstable 

propagation of fibre breaks is detected, defined as an exponentially increasing number of 

fibre breaks within the same strain increment.   

Iso-strain is assumed across each plane of elements if all the fibres are intact; when a fibre 

element breaks, the plane containing the break becomes more compliant.  This means that 

strain in the plane should be higher than in the other planes; therefore the assumption of 

iso-strain is not correct.  To account for this, the strain on each cross-sectional plane is 

allowed to be different from the global strain; the average of all the local strains however 

has to equal the global strain.  This means that the sum of the local displacements must be 

equal to the global displacement.  A plane with more broken fibres will thus be subjected 

to a larger strain. 

 

3.6 Summary of Chapter 

The modelling of the failure of a specimen loaded in tension is a complex problem, as there 

are multiple modes of damage accumulation, each dependent on the stress field in the 

composite [79].  Analysis of the accuracy of a specific failure model within a given family is 

complicated by the failure definition used, level of detail required, the size and complexity 

of the problem, and the availability of material data with which to validate the model.  
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Alongside these problems there is a need to define the point of failure in the composite, 

which varies both between and within the different modelling approaches [128].  There is, 

however, a general theme that runs through the modelling categories – models can only be 

as accurate as the assumptions they are based on.  For models to be accurate there is a 

need to define accurately the loading state, boundary conditions and specimen geometry 

[195], which is not always easy.  Any chosen methodology should agree quantitatively with 

the experimental results (initial and ultimate loads) as well as qualitatively (shape, size and 

location of the damage zones) [159].  

The stress concentrations around fibre breaks drive the damage accumulation process; 

they establish the critical cluster size, determine the composite UTS and in situ fibre 

strength, and the size-dependence of composite strength [112].  Thus, an accurate 

description of the load transfer is necessary to predict accurately fibre break and clustering 

accumulation [163].  However across all the modelling approaches, there is a problem with 

the methods used to model stress transfer.  Many models still use the shear-lag 

methodology, which although less complex than other methodologies, over-simplifies the 

problem; resulting in an under-prediction of composite strength.  For finite element 

models, the accuracy and complexity of the constitutive models can dictate the accuracy of 

the stress transfer.  Of the models reviewed none explicitly incorporate a dynamic effect, 

which results in an over-prediction of composite strength, and an under-prediction of 

clustering parameters.  This problem can, however, be related back to the lack of 

experimental data available to inform and calibrate the models. 

Alongside the stress transfer problems is the size and complexity of the models; large 

Monte Carlo simulations used in fibre bundle models demand large amounts of computing 

power.  For finite element models, as the mesh sensitivity is increased it will increase the 

time and power needed to solve the problem.  For periodic fibre arrays it is possible to use 

symmetry to reduce the fraction of the fibre being modelled – between a 1/4 or 1/12 of a 

unit cell may represent the whole unit cell and ultimately the full array of unit cells [196].  

As composites are heterogeneous and not periodic this usually prevents consideration of 

random arrays of fibres, and the inclusion of the effect of fibre volume fraction variation.  

Whilst some models are able to incorporate random fibre packing, the computational cost 

is larger, and to the author’s knowledge, there are few final failure models.  Models seem 

to be able to incorporate Weibull parameters accurately, as this is a simpler parameter.  
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For this parameter the main source of error will be the accurate determination of Weibull 

modulus.   

The results suggest that more analysis is needed of the stress transfer parameters and how 

to incorporate the stress transfer mechanisms accurately into models.  Further work is 

needed to analyse and comprehend the dynamic stress concentration factor, as currently 

little work has been done either experimentally or analytically.  Table 3-2 Overview of 

modelling family inputs and outputs – the table highlights the inputs and outputs which 

models struggle to incorporate or predict. gives an overview of some of the different 

modelling families, and the inputs and outputs that they incorporate.  Across the table it 

can be seen that all the approaches incorporate fibre strength variation (mainly through 

Weibull statistics).  A range of stress transfer parameters are used, including global load 

sharing, shear lag and finite element methods.  None of the models incorporate dynamic 

effects, and few include interfacial effects, debonding or random fibre packing.  Of the 

outputs, the majority can predict break accumulation, and cluster size as a function of fibre 

strain, whilst only one explicitly predicts cluster shapes, and none predict the pop-in nature 

of clusters.  The table highlights the diversity of models available, and more importantly the 

similarity in the outputs they are able to predict. 
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Inputs  Outputs 

Author 
Fibre strength 

variation 
Static SCF 

Dynamic 

SCF 

Interfacial 

strength 
Debonding 

Random 

packing 
 

Failure 

Strength 

Break 

density 

Break 

Location 

Cluster 

size 

Cluster 

shape 

Cluster 

pop-in 

Behzadi [193] Y FE N N N N  Y N N Y N N 

Blassiau [186] Y FE N N N N  Y Y N Y N N 

Curtin [197] Y LLS N N N N  Y N N Y N N 

Curtis [128] Y LLS N N N N  Y Y Y Y N N 

Ibnabdeljalil [198] Y GF N N N N  Y N N N N N 

Kun [170] Y LLS N N N N  Y Y N Y N N 

Landis [177] Y SL (IS) N N N N  Y N Y Y Y N 

Pickering [21] Y SL N Y N N  Y Y N N N N 

Raischel [172] Y GLS N N N N  Y Y N Y N N 

Wang [168] Y BIS N N Y N  Y Y N N N N 

Wongsto [199] Y FE N N N Y  Y N N N N N 

Table 3-2 Overview of modelling family inputs and outputs – the table highlights the inputs and outputs which models struggle to incorporate or predict. 
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4 Analysis of Hoop Wound Pressure Vessels 

 

The aim of the PhD is to enable Luxfer to improve cylinder design, through the 

understanding of the effects of fibre and matrix properties on the mechanisms of cylinder 

failure.  Composite pressure vessels with aluminium or plastic liners are widely used for 

high pressure gas storage [200].  Their performance relies on the alignment of tows with 

the principal stress direction, so that tows are equally loaded in tension [201].  The design 

of these pressure vessels depends on the physical and mechanical properties of materials, 

and the geometry of the vessel [202].  There is however a need to understand how these 

parameters affect the underlying composite microstructure in order to be able to reliably 

implement the suggested changes.  This chapter reviews the manufacture and service 

testing of Luxfer type 3 cylinders and the factors affecting cylinder performance, providing 

a general background to the subject.  Experimental work is undertaken to analyse the 

effects of fibre and matrix properties on the performance of small, hoop wound cylinders 

and to provide information on cylinder optimisation.   

 

  



94 

 

4.1 Literature Review 

There are currently four types of cylinders available; type 1 monolithic metal, type 2 metal 

lined with hoop-wrapped carbon or Kevlar fibres, type 3 metal lined full-wrapped (helical- 

and hoop-wraps) carbon and glass fibres, and type 4 plastic lined, full-wrapped carbon and 

glass fibres [203].  This project focuses on type 3 cylinders, which have a gas capacity 

ranging from approximately 300-1850 litres dependent on size, and a service pressure of 

300 bar [204]; an example type 3 cylinder is shown in Figure 4-1. 

 

Figure 4-1 Schematic of a type 3 cylinder with approximate layer thicknesses [205]  

In type 3 cylinders the aluminium liner acts as a non-removable mandrel for the filament 

winding process [202].  The carbon fibre hoop plies provide strength in the hoop direction 

whilst the helical ply provides axial strength.  Previous analysis found that the inner hoop 

experiences the highest stresses as it has the highest volume fraction.  Typically an outer 

glass fibre layer is used to provide sacrificial impact and abrasion resistance, and thus it is 

not meant to be load carrying [204]. 

 

4.1.1 Manufacture 

The manufacturing procedure described here is unique to Luxfer, and as such may differ 

slightly to the methodology used elsewhere.  Luxfer type-3 liners are made from plate or 

extruded closed end shells [204].  The liner is cold drawn and spun closed, solution heated 

and artificially aged to obtain the desired mechanical properties [204].  The cylinder neck is 

machined to accept the valve [206].  Liners are checked for wall thickness, straightness, 
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out-of-roundness, eccentricity and surface finish.  The effectiveness of the heat treatment 

is tested by tensile testing a specimen from the batch [204]. 

The aluminium liner is overwrapped by the composite, usually through filament winding 

[207], which involves continuously winding composite layers onto a rotating mandrel [208].  

There are two main types: wet winding where fibres pass through a resin bath as they are 

wound, and pre-preg winding where pre-impregnated fibre tows are placed on a rotating 

mandrel [209].  An example of the wet winding process is given in Figure 4-2, in which the 

aim is to cover the mandrel with a constant thickness of composite.  Filament winding is 

commonly used as the fibres can be orientated to match the direction and magnitude of 

stress, whilst the automated process reduces labour costs, increases reproducibility and 

reduces waste [210].  In wet winding the fibres are dipped through a resin bath prior to 

winding, which introduces the epoxy matrix.  During winding the tow is placed at one end 

of the mandrel and wound at a constant angle towards the other end.  The tow direction is 

then changed, causing it to cross over previously wound tows [211].  Due to the mandrel 

rotation there will be a path shift between circuits, which defines the final pattern of the 

structure [211].  If the fibres are placed on geodesic paths there is little likelihood of fibre 

slippage, as no friction is needed for the fibre to remain stable.  Fibres cannot always follow 

geodesic paths since the fibre winding angle changes as the carbon fibre thickness 

increases [212]. 

 

Figure 4-2 Example of the filament winding process, showing the components needed [205]. 

There are three winding patterns: polar, helical and hoop and the choice between them is 

based on the part being made and the reinforcement needed [210].  Polar winding lays the 
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fibres close to 0° along the longitudinal axis, with fibres passing close to the mandrel poles; 

there may be issues with fibre slippage off the cylinder shoulders.  Hoop winding deposits 

fibres at approximately 90° to the longitudinal axis and is generally only applied to the 

cylindrical portion of the mandrel as there can be fibre slippage on the cylinder shoulders.  

In helical winding fibres are laid at angles ranging from 5-80° to the longitudinal axis; the 

fibres are wound in alternating positive and negative orientations.  This results in a double 

layer of fibres being wound, and allows the shoulders to be wound [210].  Type 3 cylinders 

feature hoop and helical wound fibres, with the hoop fibres carrying the majority of the 

load. 

The fibre path can be determined and monitored by controlling the combined rotational 

and translational motion of the mandrel [213].  The process produces superior properties 

as regulating the winding patterns allows cylinders to withstand higher stresses whilst 

maintaining thin vessel walls [209].  There are however problems with the process, 

including a restriction on shape, problems with the outer surface condition [210] and 

manufacturing induced defects [214].  Wound cylinders are placed in an oven to cure; this 

may induce residual stresses through thermal and chemical changes, and through the 

mismatch of thermal properties [205].  Cylinders have an added complication as the outer 

hoop layer prevents free expansion and contraction during curing [139].  The cure cycle 

consists of a liquefying stage, which reduces the viscosity of the resin, allowing it to flow 

through the fibre layers.  The second, higher temperature stage initiates the epoxy cross-

linking, whilst the third stage ensures that the whole composite is cured [215].  Curing has a 

significant effect on composite material properties, affecting the level of voids, as well as 

residual stress distribution.   Thus by controlling and reducing voids it may be possible to 

remove, or at least reduce, the influence of one of the initiators of fibre breaks. 

Autofrettage is used to increase the durability of the cylinder [216]; the cylinder is 

subjected to an “over-pressure” greater than the liner’s yield strength, inducing plastic 

strain in the aluminium which cause compressive residual stresses [217].  When the vessel 

is subjected to service pressures the mean stresses are reduced resulting in an improved 

fatigue life [218]. Cylinders are typically autofrettaged using water as the pressurisation 

medium for 10-20 seconds [206].  Whilst the process is beneficial for the liner it places the 

carbon fibres under tensile residual stresses, which, under sever conditions, may induce 

irreversible damage.  After manufacture, the cylinders are inspected and tested according 

to the required test regulations – e.g. ISO11119-2:2013 [219].  The maximum number of 
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cylinders in a batch is 200 and each batch is tested to ensure compliance with design 

specifications.  All cylinders are hydraulically tested to a test pressure, typically 1.5 times 

service pressure [204].  One cylinder from each batch is burst tested after curing and 

another is fatigue tested after autofrettage [206].  The burst test involves water 

pressurisation until failure [220]; in order for a cylinder to pass, it must exceed a minimum 

burst pressure, and failure must have initiated in the main body of the cylinder.  A failed 

test causes the rejection of the whole batch [206]. 

 

4.1.2 Stress and Failure 

A typical cylinder has a service life of over fifteen years [204]; along with the applied 

stresses there may already be residual stresses from the manufacturing process [221].  An 

understanding of the residual stresses and the causes of failure can improve cylinder design 

and reduce failure risk.  For a cylindrical pressure vessel with closed ends, subjected to an 

internal pressure, the resultant stresses can be written as: 

    
  

 
         Eq 27 

which gives a hoop: axial stress ratio of 2:1 [222].  For cylinders with plies at different 

angles, the ratio of hoop to axial stress varies with each lamina [223].  To account for this, 

the ply wrap angle and its cross-sectional area must be calculated; once this has been done 

the stress in each ply can then be calculated and the overall stress found [224].  It is 

difficult to measure the internal residual stresses accurately during service life [225]; 

however numerical predictions of residual stresses and cylinder performance can aid 

cylinder design and reduce overly high safety factors.  In predicting strength, the differing 

material properties of the cylinder components must be considered.  The composite stress-

strain curve will be linearly elastic up to and even beyond the proof strain; in contrast the 

metal liner stress-strain curve will show yield and plastic flow [224].  Successful models 

must take into account this plastic deformation to give an accurate representation of the 

cylinder stress field. 
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There are many manufacturing parameters which can have an impact on the performance 

of a filament wound structure; the analysis is further complicated by their interaction [214].  

Studies on the effect of filament winding parameters on cylinder performance include 

those by Zhao [208], Cohen [214, 226] and Mertiny [227].  Zhao et al analysed the effect of 

resin parameters during filament winding and curing [208].  Fibre compaction occurs as 

soon as the layers are wound and does not stop until the layer has fully cured.  Compaction 

leads to resin squeezing which increases the Vf; layers closer to the centre of the cylinder 

undergo more compaction which leads to a Vf gradient [208].  An increase in winding 

tension leads to an increase in fibre volume fraction, due to increased displacement of the 

resin from the fibre bed [227]. Resin squeezing can cause large build-ups of resin, which 

become trapped between plies leading to resin rich regions.  The Vf varies between hoop 

layer plies, so each layer can act as a weakest link in the composite.  Failure can initiate in 

any ply, dependent on the applied strain, and the strain to failure of each layer. 

The concentration of matrix precursor within the solvent solutions significantly influences 

the viscosity of the resulting solution [228].  A lower viscosity resin is more able to infiltrate 

and wet the fibre bundles, which may result in resin rich regions.  However if the matrix 

volume fraction is too low, the matrix may not be able to carry shear loads in the 

composite.  Excess resin accumulates on the cylinder surface during the winding process, 

strongly affecting the local fibre volume fraction measurement [227].  The composite hoop 

modulus was affected by winding tension and winding time, which both play a role in 

controlling the fibre volume fraction [214].  The wall thickness also decreases with 

increased winding tension and decreased winding time, as they are also factors of resin 

squeezing.  The majority of manufacturing processes had an effect on the size or 

distribution of voids [214]. 

The laminate stacking sequence has a significant effect on both the average fibre volume 

fraction and the maximum fibre volume fraction.  On average the blocked hoop plies had a 

4.8% higher average fibre volume fraction, and a 4.1% higher maximum fibre volume 

fraction than the dispersed hoop plies [227]. All of the variables relate back to the 

correlation between fibre volume fraction and composite strength.  The effect of each 

parameter is still relatively small; the greatest effect was winding tension, which gave a 

percentage variation of 2.5% [214].  In addition to the filament winding parameters, the 

effects of material parameters must also be considered.  
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4.1.3 Summary 

Whilst the loading of hoop wound fibres in filament pressure vessels can be considered 

analogous to tensile loaded unidirectional specimens, the material parameters and 

manufacturing processes add extra complexity to the analysis of specimen failure.  The 

filament winding process causes a variation in fibre volume fraction and ply thickness, as 

resin squeezing reduces the amount of resin in previously wound layers.  The void volume 

fraction is anticipated to be higher in Luxfer pressure vessels than in aerospace-grade 

materials, due to the non-autoclave cure.  The autofrettage process induces residual 

stresses in the fibres, which may cause a reduction in fibre strength, and initiate damage in 

the composite, dependent on the autofrettage pressure.  Each cylinder is also hydraulically 

pressurised as part of the safety inspection, which may potentially further damage fibres.  

In this study, only the effect of material parameters on final burst pressure is considered as 

analysis of fatigue and impact damage is beyond the scope of the work. 

 

4.2 Testing of Hoop Wound Cylinders 

Small hoop wound cylinders were manufactured to enable analysis of the effects of fibre 

properties on the damage accumulation in hoop wound cylinders.  Two different fibre 

types were used, T700 and T800, from which batches of 30 cylinders were manufactured.  

Half of the cylinders were pressurised to failure in order to determine the nominal burst 

pressure.  The other cylinders were taken to a specific increment of the defined nominal 

burst pressure, and were then sectioned to give match-stick samples.  This means that each 

cylinder sample represents a specific percentage of final burst pressure, and so there is no 

continuity between the different load steps.  The matchstick samples were analysed using 

synchrotron radiation computed tomography (SRCT) at the Swiss Light Source, and the 

results used to analyse the effect of fibre and interfacial properties on the accumulation of 

fibre breaks in hoop wound cylinders. 
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4.2.1 Overview of Computed Tomography 

The principles of computed tomography (CT) and synchrotron radiation computed 

tomography (SRCT) are both discussed in this section.  X-ray tomography is a radiographic 

imaging technique, capable of producing a three dimensional representation of a material’s 

internal structure from the reconstruction of two-dimensional slices [22, 229].  The 

technique utilises measurements of the linear attenuation coefficients of a structure which 

has been penetrated by an x-ray beam [230].  By recording the resultant radiographs over 

an angle distribution of at least 180°, the beam attenuation at different orientations is 

captured [231].  The x-ray attenuation is represented by corresponding grey-scale values, 

which are reconstructed to form a 3D volume.  The different phases or components are 

determined from this reconstruction [232]; the process is shown schematically in Figure 4-3. 

 

Figure 4-3 Schematic illustration of the CT acquisition and reconstruction process [177] 

Reconstruction is the mathematical process of converting the projections, in the form of 

sinograms into two dimensional slice images [233].  It is commonly undertaken using back 

projection which involves projecting each image back along the direction the projection 

was taken [233].  The technique is based on the assumption that a particular volume 

element attenuates all x-rays in the same way, independent of projection angle or path 

length [234].  The basic back-projection technique will cause blurring of the image, as 

shown in Figure 4-4, so filtered back projection is commonly used to correct the blurring 

and retain the sharp edges [232], as seen in  Figure 4-5.   
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Figure 4-4 CT reconstruction using the back projection technique; illustrating the blurring associated with the 

technique [235] . 

 

Figure 4-5 CT reconstruction using the filtered back projection technique, the resultant image is much sharper 

when compared to simple (non-filtered) back projection [235]. 
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The appearance of the scan can be controlled by multiple imaging parameters, from the 

setup of the x-ray source and the sample manipulation, through to the choice of detector 

and associated signal processing.  Contrast is defined by local differences in attenuation 

coefficient between different constituents [232].  This means that arbitrarily small 

differences in the density or composition may be rendered in sufficient detail [232].  

However signal-to-noise issues in acquiring radiographs, and the high amplification 

associated with filtered back projection, will affect the actual differentiation of the 

components of similar attenuation coefficients [236].  One method to address this is the 

use of phase contrast imaging, as discussed in Section 4.2.1.2. 

Increasing the x-ray energy increases the penetrating power of the x-rays, enabling more to 

pass completely through the specimen and hit the detector, brightening the images [237].  

However, increased voltage reduces the contrast between materials, meaning image 

details may become washed out.  Increasing the current in a micro-focus source will 

increase the number of x-rays passing through the specimen, but cannot increase the x-ray 

penetrating power.  If the voltage is sufficient for the beam to fully penetrate, increasing 

the current is preferable, to improve the image signal-to-noise ratio and/or reduce the scan 

time [237].  The current may however need to be low if a high resolution is needed for a 

small specimen. 

 

4.2.1.1 Noise and Artefacts 

Noise in an image can be defined as a variation in the CT number of a uniform object [235].  

Noise is often due to the relatively low x-ray flux being spread over the large number of 

pixels in the detector, an example of a noisy data set is shown in Figure 4-6 (a).  Even with a 

reasonably constant flux, the number of x-rays in a given pixel varies slightly with each 

exposure, generating noise.  A lower x-ray dose will result in the random fluctuations 

having a greater noise effect.  As such, noise can be combatted by longer exposures, more 

projection images and higher x-ray fluxes [237]. 

Multiple artefacts may appear in the CT images, and can be grouped into streaking, shading, 

rings and bands, and miscellaneous [238].  Streaking artefacts often appear as intense 

straight lines across the image, and may be either dark or light, as shown in Figure 4-6 (b).  

They may occur for a variety of reasons, but are commonly seen from beam hardening 
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along specific density paths within a structure (see below).  Ring artefacts, appear as full or 

partial circles centred on the rotational axis [233].  They typically occur when detector 

elements are not correctly calibrated or are defective, resulting in consistently incorrect 

readings at each angular position [239], Figure 4-6 (c).  If too few projections are taken 

(under-sampling) the reconstruction process may fail with small objects and sharp edges.  

This causes aliasing, where fine stripes are seen radiating from the edge of, but at a 

distance from a dense structure, Figure 4-6 (d).  Beam hardening may occur in 

polychromatic beams, as the lower energy x-ray beams are absorbed more than the higher 

energy beams [240].  Then, as the material path length increases, the mean energy of the x-

ray beam increases and thus the beam becomes more and more penetrating [237].  

Examples of images with and without beam hardening are shown in Figure 4-7.  Filters may 

be used to counteract this by removing lower energy photons and thus reducing beam 

hardening potential within the sample itself [234]. 

 

Figure 4-6 Example of some of the artefacts occurring in CT images: (a) noisy data set [241], (b) streaking 

[238], (c) ring artefacts [233], (d) aliasing [238] 
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Figure 4-7 Simulated scans without (top row) and with beam hardening (bottom row); dark streaks occur 

along the lines of greatest attenuation, with light streaks along other directions [241] 

 

4.2.1.2 Synchrotron Radiation Computed Tomography 

Synchrotron radiation computed tomography uses the same principles as standard 

laboratory CT scanning (i.e. with a micro-focus source) - reconstruction of x-ray projection 

data to yield a 3D image.  Synchrotron radiation however classically originates from the 

acceleration of electrons by magnets, to form a closed circular path (identifiable with the 

‘storage ring’ in contemporary synchrotron facilities).  As the electrons pass through 

bending magnets, they emit electro-magnet radiation, known as synchrotron light [145, 

242], as shown in Figure 4-8 (a).  In 3rd generation synchrotron sources, such as the Swiss 

Light Source, insertion devices (such as undulators and wigglers) are composed of arrays of 

magnets, as shown in Figure 4-8 (b).  These are used to concentrate the beam into discrete 

lines in the spectrum, and to produce more intense x-ray beams [242, 243].   

Insertion devices in the straight sections of the storage ring direct the synchrotron light into 

the respective beamlines, where the experimental hutches are located. Critically, very high 

flux levels, near parallel beam geometries and high resolution detectors at synchrotron 

sources support fast, sub-micron resolution CT images. The high photon flux means that 

scans take a few minutes rather than hours [244] and allows the identification of 

micromechanical features, such as individual carbon fibres (5-7µm in diameter) [245].   
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Figure 4-8 SRCT: (a) Bending magnets accelerate the electrons (in blue) which release synchrotron light 

(yellow) as they change direction.  (b) The undulators (red and green) focus the beam and split it into discrete 

lines in the spectrum [242]. 

Cone beam CT commonly used in laboratory CT, uses the geometric magnification of the 

cone shaped beam to increase the image voxel resolution, as show in Figure 4-9 (b). In 

comparison the parallel beam generated in synchrotron CT results in the use of a high-

resolution detector system and camera optics to determine the voxel size. Small samples (a 

few millimetres in cross-section) are required for this high-resolution imaging.  The beam is 

typically monochromised by a double multi-layer monochromator, which means that beam 

hardening artefacts do not appear [246]. 

 

Figure 4-9 Comparison of (a) fan beam, (b) cone beam and (c) parallel beam sources [247]. 

Standard computed tomography is based solely on the difference in radiation absorption 

by different materials or components in different geometries (x-ray path length) [248].  The 

beam coherence conditions of SRCT allows phase contrast to be exploited, which may be 

necessary when the linear absorption coefficients of the components are not 

distinguishable due to similar material densities or overly high voltage [249].  When an x-

ray passes through a specimen, it experiences a phase shift due to the variation in 
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refractive index of different features [250, 251].  In conventional CT, the attenuation 

patterns of x-rays emerging from different paths are used to define the different 

constituents in a specimen.  Phase-contrast enhancement via propagation methods (near-

field/Fresnel conditions) allows edge detection to be used in low contrast samples.  The 

method creates bright fringes at interfaces, making it easier to identify the microstructural 

features in various engineering materials [252].  A comparison between an absorption and 

a phase contrast image of a SiC particle reinforced aluminium-based composite is shown in 

Figure 4-10.   

 

Figure 4-10 Comparison of (a) standard absorption and (b) phase contrast imaging [253]; the increased clarity 

from phase contrast makes it possible to identify the SiC particles. 

 

Figure 4-11 Cross section of CT-data of a CFRP specimen at a specimen detector distance of (a) 189mm and (b) 

486mm, at a resolution of 2.75μm [254] 
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Phase contrast images are thus generated from the interference of different phase shifts, 

which create contrast in the image [250].  In propagation-based phase contrast imaging, 

there is a relationship between the intensity in the image plane, and phase shift induced by 

the specimen [255].  Specimen features introduce local variations in the optical path length, 

hence there is virtually no absorption contrast when the detector is close to the specimen; 

however as the detector is moved away, the contrast builds up [251].  Different length 

scales become more obvious, dependent on the specimen to detector distance [254].  An 

example of the difference in contrast from two specimen-detector distances is shown in 

Figure 4-11, where, a longer specimen-detector distance gives a greater enhanced edge.   

Overall, synchrotron radiation computed tomography (SRCT) provides a three dimensional 

representation of the material’s internal structure at sub-micron resolution, which is 

sufficient to identify individual broken fibres and other micro-structural features [22].  The 

technique is extremely “data-rich”, resulting in large amounts of information regarding the 

microstructure and damage being identified in a relatively short time [23].   

 

4.2.2 Specimen Preparation 

Small hoop wound cylinders were manufactured by Luxfer to allow analysis of the effect of 

winding parameters.  These were not designed to be used in service but simply as a way of 

incorporating manufacturing effects representative of industrial, non-autoclaved, filament 

wound material. Two fibre types, which are commonly used by Luxfer, were used with a Bis 

A matrix (Epon 826, and T403 hardener).  Each fibre has its own sizing and surface 

treatment regime, which means that not only do the fibre properties vary, but the matrix 

compatibility with the fibre sizing will also be different, resulting in different interfacial 

strengths.  An initial analysis of the interface has been undertaken and is discussed further 

in Chapter 5; however the interfacial properties will be specific to each fibre/matrix 

combination.  The carbon fibre thickness was the maximum thickness possible for the 

cylinder to burst in the hoop direction in the main body of the cylinder, denoting composite 

failure, not failure of the aluminium liner. This results in two different thicknesses of carbon 

fibre across the two cylinder types.  The known properties are shown in Table 4-1. 
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Fibre Matrix CF 

Type UTS (MPa) Mod (GPa) Type Mod (GPa) Thickness (mm) 

T700S 4900 230 Bis A, T403 3.026 0.45 

T800S 5880 294 Bis A, T403 3.026 0.225 

Table 4-1 Hoop wound cylinder Material Properties 

Eight cylinders from each batch of thirty were burst to determine their nominal burst 

pressure, as denoted in Table 4-2.  Pictures of two of the burst cylinders are shown in 

Figure 4-12, where (a) shows a successful hoop burst, whilst (b) shows a burst in the axial 

direction, which suggests liner failure.  The remaining cylinders were taken to percentages 

of nominal burst pressure, as shown in Table 4-3, where red denotes that the cylinder burst.  

One cylinder from each batch was left unpressurised to determine the extent of damage 

from the manufacture and specimen preparation process. 

 Burst Pressure (MPa) Ave SD 

T700 32.6 33.1 32.7 32.6 32.7 32.5 32.6 32.8 32.7 0.185 

T800 30.0 29.0 29.9 30.5 29.3 30.0 30.4 29.4 29.9 0.602 

Table 4-2 Hoop wound cylinder nominal burst pressure determination 

 

Figure 4-12 Example burst cylinders showing (a) correct burst; (b) failed burst 
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T700 T800 

Burst % Pressure (MPa) Burst % Pressure (MPa) 

70 229, 229 70 209, 209 

90 295, 295 90 268, 268 

95 311, 311 95 284, 284 

98 321, 321 98 292, 292 

100 
286, 327, 321, 317, 

327, 327, 321, 326 
100 

299, 290, 297, 298, 

300, 303, 282, 276 

Table 4-3 Cylinder pressure increments, where values in red denotes the cylinder burst 

Acoustic emission equipment was used during pressurisation to locate areas of damage, 

and inform the sampling regions.  The technique measures the elastic waves generated 

from the rapid release of strain energy caused by damage evolution in a material [256].  

These waves are a consequence of the material’s changing stress distribution, and can be 

detected and converted to voltage signals by piezoelectric transducers mounted on the 

structure’s surface [257].  The waves resulting from damage depend on multiple 

propagation conditions, including attenuation, damping and boundary surface conditions, 

as shown in Figure 4-13.  This means that the signal arriving at the sensor is a modified 

representation of the original, and hence it is difficult to fully quantify the results [258].  

The technique is used qualitatively here to locate regions of highest damage. 

A typical AE system consists of a signal detector, amplification, data-storage, processor and 

analyser [257].  The amount of energy released during a failure event, and the amplitude of 

the subsequent wave are related to the magnitude and velocity of the event [259].  Waves 

propagate from the source of the event in all directions; by using multiple sensors it is 

possible to determine the location and amplitude of an event [259].  AE allows dynamic 

processes to be monitored, meaning active features such as crack growth can be analysed.  

However it is possible for flaws to go undetected if loading does not create an acoustic 

event. 
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Figure 4-13 Example of a typical AE signal, showing the different components of the signal [260] 

Attempts have been made to correlate AE information to the differing physical damage 

processes, such as matrix cracking and fibre breaks.  Studies have presented contradictory 

amplitude ranges for the failure modes observed [261].  Siron et al found that there was a 

correlation between the initiation and propagation of acoustic events and different failure 

events in T800/3631 composites; matrix cracking displayed short duration, low-medium 

amplitude events.  Delaminations caused medium duration, medium-high amplitude AE 

events; and medium duration and the highest amplitude events were assigned to 

fibre/bundle failure.  High duration and high amplitude events were associated with the 

sudden propagation of macro-cracks [27].  In contrast, Ely and Hill found that stronger 

signals, (high amplitude, energy, counts and short duration) resulted from longitudinal 

splits [258].  Currently there is little consensus amongst the community regarding the signal 

characteristics relating to a specific failure event.  To this end, acoustic emission monitoring 

is used in the project as a means of qualitatively identifying regions of interest, and not as a 

quantitative measurement. 

Six AE sensors were used in the current work, and were located on the cylinder as shown in 

Figure 4-14.  The Euclidean distances from sensor 1 to the other sensors are shown below, 

Table 4-4.  The distances allow the damage location to be determined based on the 

respective times it takes for the wave to reach each of the sensors. The sensors were piezo-

electric sensors, VS600-Z1, supplied by Vallen, with a frequency range of 550-730 kHz and a 

frequency peak of 600 kHz.  The sensors were glued in position using a cyanoacrylate 

adhesive (‘superglue’), which enabled them to be snapped off easily after measurements 
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were taken.  Example AE data is shown in Figure 4-15, where each peak represents a 

damage event, correlating to areas of damage. 

Sensor S1 S2 S3 S4 S5 S6 

Co-ordinates (0,0) (71,74) (142,0) (71,-74) (0,-147) (142, -147) 

Distance to S1 (mm) 0 102.4 142 102.4 147.7 204.4 

 

Figure 4-14 Schematic showing the placement of AE sensors on the cylinders 

Table 4-4 The distance between sensor 1 and the other AE sensors 

 

Figure 4-15 AE data from one of the hoop wound cylinders, showing the point of highest energy(in amplitude) 

in the cylinder – this correlates to the damage location. 
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3cm wide hoops incorporating the worst damage area were cut using a slow-speed 

diamond saw with a speed of approximately 200rpm and a blade thickness of 1.9mm.  The 

saw caused the carbon fibre to unravel from 6 cylinders (T700: 70%, 95%, 100%, and T800: 

70%, 98%, 101%), which meant they could not be analysed.  The rings were set in a low 

exothermic resin, to prevent the loss of residual stresses and cut into matchsticks (1.5 x 30 

x 30mm).  These were cut using an abrasive cut-off machine, with a Type T blade with a 

250mm diameter and 1mm thickness, spinning at 400rpm.  The matchsticks were polished 

to remove resin and the aluminium liner to give a specimen (1.5 x 1.5 x 30mm); the 

polishing process caused T700 98% and T800 102% to snap.  Matchstick samples were 

taken from unpressurised samples, and scanned using SRCT; the results showed little 

damage within these samples, confirming that the preparation damage did not induce 

significant damage within the coupons. 

Scans were undertaken at the TOMCAT beamline at the Swiss Light Source (SLS), Paul 

Scherrer Institut, Villigen, Switzerland.  A voxel resolution of 0.6 μm was used, with a 

detector size of 2048 x 2048 pixels.  The resolution allows the identification of individual 

fibres, with a scan time of approximately seven minutes.  A beam energy of 17keV was 

used, with an exposure time of 200ms.  A propagation distance of 20mm allowed a degree 

of near-field Fresnel edge enhancement, which makes it easier to identify individual fibre 

breaks.  The settings were determined empirically, based on image quality.  Figure 4-16 (a-

and b) show example slices from the hoop wound specimen scans.  All of the scans have 

some degree of blurring, which makes it more difficult to identify individual fibres and 

other micromechanical features.  One of the key observations is the presence of voids, 

which are commonly found in non-autoclaved specimens.  In Figure 4-16 (a) it is difficult to 

segment individual fibres in the high volume fraction areas, as the fibres are more difficult 

to individually distinguish.  Figure 4-16 (b) shows fibre misalignment and large voids which 

run parallel to the fibres; the void volume fraction is calculated in Section 4.3.3. 
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Figure 4-16 Example slices from (a) T700 and (b) T800 hoop wound cylinders; the side-on scans show large 

voids parallel to the fibres, and fibre misalignment.  The slices perpendicular to the fibres show fibre blurring. 

 

4.3 Initial Analysis 

4.3.1 Fibre Volume Fraction 

The fibre volume fraction (Vf) is an important factor in stress redistribution after a fibre 

break – the literature has shown that a low fibre volume fraction results in a lower stress 

concentration factor as the load redistribution is less pronounced [19, 146].  The fibre 

stress in intact neighbouring fibres after a fibre break will increase as the interfibre-spacing 

decreases [147].  Variations in the fibre volume fraction will also affect the local compliance 

of the composite.  The fibre volume fraction is also needed to calculate the fibre stress as a 

result of pressurisation.  It is therefore important to quantify the average fibre volume 

fraction in specimens, and the volume fraction variation throughout the composite 

thickness.  Figure 4-17 shows a typical slice from the cylinder data sets, where a high 

degree of blurriness is apparent.  The blurriness is attributed to the scanning parameters, 

and dirt on the scintillator.  It is possible to analyse the less blurred sections, as delineated 

by the dotted line in Figure 4-17, however these areas are too small to be fully 

representative of the whole cylinder and there is still a large degree of error.  Within the 

less blurred sections of the specimen the error between “hand” and automated counts is 

approximately 10%, because the algorithm finds it easier to identify the individual fibres, 

however there is still a large amount of scatter in the results, making them unreliable.  Due 
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to the blurring, it has not been possible to obtain accurate and reliable fibre volume 

fractions for the cylinders. 

 

Figure 4-17 Head-on view of fibres in a T800 hoop wound specimen, used for determination of fibre volume 

fraction; the dashed line denotes the corner in which the Vf can be analysed 

 

4.3.2 Calculating Fibre Stress 

It is important to calculate the fibre stress to account for differences in fibre volume 

fraction and carbon thickness.  It also allows the results to be compared to the in situ 

coupons analysed in Chapter 5. The standard deviation and 95% confidence intervals were 

calculated for the two nominal burst pressures, shown in Table 4-5.  The results show little 

scatter in the data, with low variation between burst pressures. 

 Burst Pressure (MPa) Ave SD 

T700 32.6 33.1 32.7 32.6 32.7 32.5 32.6 32.8 32.7 0.185 

T800 30.0 29.0 29.9 30.5 29.3 30.0 30.4 29.4 29.9 0.602 

Table 4-5 Determination of cylinder nominal burst pressure 
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The fibre stress calculation methodology is taken from Thesken’s paper [262], and the 

material properties used are shown in Table 4-6, where it is assumed that the liner and 

composite radii are the same, i.e. rL = rc due to the thin wall assumption. 

Liner T700 T800 

EL (GPa) 69 Ec (GPa) 150 Ec (GPa) 190 

Radius (mm) 88 Radius (mm) 88 Radius (mm) 88 

Thickness (mm) 3.25 Thickness (mm) 0.5 Thickness (mm) 0.25 

  EL/EC 0.46 EL/EC 0.36 

  Vf 0.55 Vf 0.55 

  Em (GPa) 3.5 Em (GPa) 3.5 

Table 4-6 Material parameters used in calculating fibre stress in hoop wound cylinders 

The total pressure in the cylinder is PL + PC with the pressure distributed according to the 

components modulus, this is based on load equilibrium in the pressure vessel, in which the 

total applied pressure must be equal to the sum of the pressure carried by the individual 

components [262].  As the composite has a higher modulus than the liner it will carry a 

higher percentage of the pressure, in the ratio of EL/EC.  The composite pressure at each 

percentage of nominal burst pressure is calculated as: 

                                                    Eq 28 

The composite stress is then calculated based on Thesken’s work and the thin walled 

pressure vessel equation:  

          
  
  

 Eq 29 

The fibre stress itself is calculated using the rule of mixtures and assuming iso-strain: 
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                Eq 30 

and     
  
  
  

  
          

       
   

  
 Eq 31 

The resultant fibre stresses as a function of pressure are shown in Table 4-7, from which it 

can be seen that the fibre stress in the T700 fibres is approximately half of that in the T800 

fibres.  This is partially attributed to the difference in composite thickness, as the T700 

layer is twice the thickness of the T800 layer, increasing the fibre area over which the 

pressure is distributed.  The fibre stress as a function of applied pressure is shown in Figure 

4-18, which also includes the fibre stress if the fibre layer thicknesses were both 0.5mm 

(denoted T800_thick).  If the variation in fibre thickness is accounted for, the difference in 

fibre stress becomes negligible. 

T 
7

0
0

 

Pressure (%) 70 70 90 90 95 100   

Pressure (MPa) 22.9 22.9 29.4 29.4 31.1 32.7   

Fibre stress (GPa) 1.80 1.80 2.31 2.31 2.44 2.57   

T 
8

0
0

 

Pressure (%) 70 70 90 90 95 98 100 100 

Pressure (MPa) 21 21 26.9 26.9 28.4 29.3 29.9 29.9 

Fibre stress (GPa) 3.88 3.88 4.99 4.99 5.27 5.43 5.44 5.44 

Table 4-7 Cylinder pressure and the resultant fibre stresses 
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Figure 4-18 Resultant fibre stress as a function of applied pressure for hoop wound cylinder, the fibre stress if 

the same thickness of carbon fibre was used in both cylinders is included. 

 

4.3.3 Void Volume Fraction 

Luxfer cylinders are not autoclave cured, which results in a higher potential void volume 

fraction than autoclave-cured specimens.  It is important to quantify the size and 

proportion of voids within the samples, and to determine whether there is a correlation 

between voids and fibre break initiation.  The void volume fraction was calculated for each 

of the specimens; sub-volumes were extracted from the specimens to remove the cylinder 

edges, which introduced false positive.  The voids were segmented in FijiTM, using a 

trainable segmentation tool; the methodology is based on Scott’s for void extraction [263].  

Using this process, examples of voids and the background microstructure are selected 

manually.  The examples are used to train the plugin, and the plugin automatically 

segments the rest of the volume.  A classification tree links the features from the volume to 

the examples provided, which then designates each feature to the correct class (void or 

background).  The segmented voids were then binarised and the histogram tool was to 

determine the number of black (background) and white (void) pixels in the volume.   

0

1

2

3

4

5

6

0 20 40 60 80 100 120

Fi
b

re
 S

tr
e

ss
 (

G
P

a)
 

% of Nominal Burst Pressure 

T700

T800

T800_thick



118 

 

The void volume fraction for each of the specimens is shown in Table 4-8, from which it can 

be seen that the void volume fraction ranges from 0.7-3.4%.  An example of the extracted 

voids both within the composite (a) and isolated from the composite (b) are shown in 

Figure 4-19.  From the figure it can be seen that the majority of voids were long and thin, 

and ran parallel to the fibres.  Some noise from the void extraction process can be seen, 

however this is minimal compared to the bulk of the voids extracted.  The accuracy of the 

segmentation process is validated by overlaying the binarised void volume on the original 

volume in FijiTM, and manually checking the percentage of false positives and false 

negatives. 

T 
7

0
0

 

Fibre stress (GPa) 1.80 1.80 2.31 2.31 2.44 2.57   

Void Vf (%) 2.0 2.9 1.7 3.4 1.4 1.6   

T 
8

0
0

 

Fibre stress (GPa) 3.88 3.88 4.99 4.99 5.27 5.43 5.44 5.44 

Void Vf (%) 0.7 2.9 2.2 2.4 2.8 3.1 1.7 0.9 

Table 4-8 Void volume fraction in hoop wound cylinders 

 

Figure 4-19 Example of segmented voids from a hoop wound cylinder 



119 

 

4.4 Problems/Recommendations 

There are several challenges associated with the analysis of the cylinders.  Firstly, the 

acoustic emissions system will have an error associated with its location accuracy (± 5cm).  

This means that it is not possible to identify the exact location of greatest damage, to be 

sectioned and analysed.  The AE detects regions of damage but it cannot determine what 

the damage is (i.e. matrix cracks or fibre breaks), so may detect ‘hot spots’ which are not 

associated primarily with fibre breaks.   

To account for location problems, it would be advisable to take more matchstick samples, 

at 1cm increments around the hotspot location.  Each matchstick is currently 1mm wide 

and 5cm tall, from which a height of approximately 1.5cm is scanned.  By taking more 

matchsticks, it would be possible to analyse how localised damage is, even within a 10cm 

radius.  It would also allow for errors in the AE equipment to be accounted for.  Figure 4-20 

shows possible locations for matchstick samples to be taken around the hotspot, where the 

solid red dot identifies the hotspot, the dotted red line the potential error associated with 

the AE equipment, and the purple lines denote possible sampling regions.  Increasing the 

number of matchsticks will obviously increase the number of scans needed, so it may be 

necessary to only analyse cylinders taken to higher pressures.   

 

Figure 4-20 Schematic showing possible matchstick locations in hoop wound cylinders (not to scale) 

Dependent on the amount of scan time available, it would also be beneficial to scan regions 

away from the designated hotspot.  Scott has already analysed two quiet-spot samples 

taken from fully-wound cylinders at 70% and 100% of nominal burst pressure [156].  It 
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would be interesting to analyse the extent of damage in the quiet-spot locations, and see if 

there is any variation between both hoop wound/filament-wound specimens and also to 

see if there is a variation between the T700 and T800 specimens.  The two fibres have 

different Weibull moduli, so it would be expected that T800, which has the lower Weibull 

modulus, would accumulate more random breaks in the quiet-spots.  The effect of Weibull 

modulus is analysed in Chapter 7. 

The technique is a “post mortem” approach, which means that a different specimen is 

analysed for each data point.  This makes it difficult to analyse damage progression in the 

system, as each specimen will have its own unique microstructure and associated 

variations.  Care was taken however to keep the cylinder manufacture as consistent as 

possible, e.g. all cylinders were manufactured on the same day, using the same liner batch 

etc.  The post mortem approach makes it impossible to determine the final failure stress for 

each specimen.  This means it is not possible to estimate accurately the fibre stress in each 

specimen, although the low variation in nominal burst pressure does partially reduce this 

error. 

Fewer specimens were analysed than planned due to the problems with the sectioning 

process.  The low-speed saw used to cut 5cm hoops from the whole cylinders was more 

destructive than anticipated.  Eight specimens were damaged in the sectioning and 

polishing processes (6/8 during sectioning), which meant a third of the pressurised 

cylinders could not be used.  This may be attributed to the thickness of the blade used, or 

because it is very easy for the hoop wound fibres to delaminate from the liner, which 

renders them unusable.  The remaining specimens were examined using microscopy to 

determine whether there was any surface damage to the carbon fibres.  Only one size and 

thickness of metallic liner was available, so the thickness of the T800 fibres was half that of 

the T700 fibres to ensure the cylinder did not fail in the liner dome ends (due to the 

stronger T800 fibre), meaning the stress in them was twice as high.    
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5 In Situ SRCT Analysis of the Tensile Failure 

Mechanisms of CFRPs 

 

The hoop wound fibres in pressure vessels, which carry the majority of the load, are loaded 

in tension when the cylinder is pressurised.  Their loading condition is thus analogous, at 

the fibre level, to the behaviour of unidirectional coupons tensile loaded along the fibre 

axis [189].  This allows small notched coupons to be used to further develop the 

experimental analysis undertaken in Chapter 4.  The current chapter focuses on the use of 

synchrotron radiation computed tomography (SRCT) to analyse the initiation and 

propagation of damage in aerospace grade in situ coupons. Initial analyses of the 

composite strength, variation in fibre volume fraction and the presence of matrix micro-

cracks are presented.  It is also important to determine whether the in situ test coupons are 

representative of the larger cylinder samples, to enable product design and optimisation to 

be carried out using small test coupons, rather than full-scale structures.  To accommodate 

this, in Chapter 7, comparisons will be drawn between the fully-wound cylinders analysed 

by Scott [156], the hoop wound cylinders analysed by the author  (Chapter 3) and the in 

situ coupons discussed in this chapter.   
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5.1 Methodology 

Six material systems, composed of different fibres and matrices have been investigated, 

and the results compared to those reported for a similar system (T700/M21) by Scott, [152, 

154, 264].  The known properties are reported in Table 5-1.  The matrix used with the IM8 

and MR60H fibres is currently in development, and as the mechanical property values are 

proprietary, the suppliers have indicated an approximate matrix modulus of 4.5GPa.  For 

most epoxy resins, the tensile moduli are usually in the 3.5-5 GPa range [265], which means 

that the M21 matrix used here has an uncommonly low modulus value (1.26 GPa).  All the 

matrices used are toughened, apart from IM8/UT and MR60H/UT, which are untoughened, 

as stated.  The T700 and T800 fibres are the same fibres as used in the hoop wound 

cylinders, analysed in Chapter 4.  This allows a direct comparison between the in situ 

aerospace grade coupons and the filament wound cylinder matchstick samples. 

The coupons represent a simpler microstructure with fewer manufacturing defects as they 

are made from aerospace grade materials.  The pre-preg coupons do not incorporate 

variations due to the filament winding parameters, and are expected to have a greatly 

reduced void volume fraction, as they are autoclave cured.  It is also possible to examine a 

wider range of material parameters – 7 fibre/matrix combinations are analysed, including 

the two fibres used in the hoop wound cylinders.  The main advantage of using these small 

test coupons is the ability to undertake in situ loading, which removes some of the 

problems associated with testing large cylinders.  In situ loading allows a step-wise analysis 

of the damage initiation and progression in tensile loaded composites. The notched profile 

enables the damage location to be identified within the small field of view of the SRCT 

technique, making it easier to identify and image the location where final failure will occur.  

There are three different lay-ups used, as shown in Table 5-1; T800/M21 and IM7/8552 

have the 0° plies on the outside of the specimens.  The plies in the IM7/8552 specimen 

were half the thickness of the T800/M21 plies, hence the IM7/8552 plies were blocked 

together, to give a constant thickness of composite.  The total 0°ply thickness was 

approximately 0.5mm for each of the specimens tested, although in the T800/M21 and 

IM7/8552 specimens, the 0° plies are separated. 
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Fibre Matrix Composite 

Type UTS (MPa) Mod (GPa) Type Mod (GPa) Lay-up 

T700G 4900 230 M21 1.26 [90/0]s 

T800S 5880 294 M21 1.26 [0/90]s 

IM7 5670 276 8552 4.7 [0/90]2s 

IM8 6100 303 
Toughened 

~ 4.5 [90/0]s 

Untoughened 

MR60H 5680 290 
Toughened 

Untoughened 

Table 5-1 Summary of in-situ coupon material properties 

The testing methodology follows the procedure laid out by Wright et al [150].  The plates 

were cut into notched coupons using abrasive water jet cutting.  This process uses a high 

pressure, high velocity water jet and abrasive slurry to cut the target material through the 

process of erosion [266].  The highly directional loading of the abrasive particles may cause 

fibre delamination and fibre pull-out [267].  This was seen, in particular in MR60H/UT, 

which experienced large-scale delaminations at the specimen ends during specimen 

cutting.  The delaminations in the samples remained under the bonded aluminium tabs, 

and did not reach the notched area of the coupon.  Analysis of scans taken at 10% of the 

final failure load confirms that the cutting process did not induce damage within the 

notched region.  A schematic of the coupon dimensions is shown in Figure 5-1 (a). 

The manufacturing methodology is as follows.  Aluminium tabs (Figure 5-1 (b)), bonded 

onto the coupon, enable loading and reduces the stress concentrations at the coupon ends.  

The tabs and coupons ends are sandpapered to key the surface and improve bonding.  The 

tabs are cleaned using acetone to remove grease, and the manufacturing rig is painted with 

Freekote to aid specimen removal.  The bottom tabs are placed in the mould, and epoxy 

applied to both sides of the carbon, then the carbon is sandwiched between the tabs.  The 

alignment of the tabs is checked to ensure they are square.  The top is placed on the mould 

and the specimens left to cure; full-cure takes 16 hours, but the specimens can be removed 
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from the mould after 3-4 hours.  Care is taken to not bend the coupons as they are 

removed as this induces damage. 

 

Figure 5-1 Schematic of (a) notched coupons, and (b) tab dimensions [34] 

 

 

Figure 5-2 Annotated schematic of the in situ tensile testing rig [69] 

10 specimens from each plate were tensile tested to determine the nominal ultimate 

tensile strength (UTS) using the rig shown in Figure 5-2.  The rig is a screw-driven load 
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frame, developed by Wright, which allows specimens to be smoothly loaded up to 

approximately 1.2kN [150].  Load is applied through a screw-driven mechanism at the top 

of the rig; this causes a linear translation of the upper clevis, which transfers a tensile load 

to the coupon because it is restrained by the lower clevis.  A calibrated load-cell under the 

lower clevis measures the applied load.  Bellville washers make up a compliant section at 

the top of the rig, which compensate for the visco-elastic properties of the acrylic tube.  

Without the washers, stress relaxation of the tube causes a time-dependent reduction in 

load.  The nominal failure load in Newtons was calculated for the specimens, as shown in 

Table 5-2.   

 

T800/ 

M21 

IM7/ 

8552 

IM8/ 

T 

IM8/ 

UT 

MR60H/ 

T 

MR60H/ 

UT 

 

818 990 818 738 1353 1331 

 
883 974 847 721 1224 1201 

 
901 1016 886 671 1203 1260 

 
938 1045 787 693 1356 1271 

 

947 968 755 745 1297 1183 

 
972 1050 791 690 1231 1205 

 
981 1070 764 688 1238 1209 

 
939 1000 794 746 1280 1264 

 
950 956 840 774 1309 1323 

 
974 1061 837 692 1344 1287 

Ave load (N) 930 1013 805 716 1282 1254 

SD 50.3 41.4 43.6 33.7 57.2 52.1 

Table 5-2 Table of failure loads, nominal failure load and standard deviation (SD) 

One of each specimen type was incrementally loaded in situ and scanned at the TOMCAT 

beamline at the SLS.  The scan parameters are shown in Table 5-3. Reconstruction was 

undertaken using in-house software at the SLS, and break analysis was performed using 

VG-Studio™ and FIJI.  Breaks were identified through visual inspection of the data sets, 

inspecting three orthogonal planes to ensure accuracy, and extracted from the bulk 
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composite.  An example partial slice is shown in Figure 5-3 (a), where micromechanical 

features, including cracks, delaminations and fibre breaks, are clearly seen.  Figure 5-3 (b) 

and (c) shows a fibre break in two orthogonal views, highlighting the phase contrast effect, 

which causes a bright fringe around the breaks, making them easier to identify.  The 

T700/M21 specimen was scanned at the European Synchrotron Radiation Facilities (ESRF) 

with a voxel resolution of 1.4μm and a propagation distance of 37mm. 

Resolution 

(μm) 

Beam energy 

(keV) 

Exposure 

(ms) 

Propagation distance 

(mm) 

0.6 17 120-200 30 

Table 5-3 Scan parameters - the exposure time was determined empirically for each coupon 

 

Figure 5-3 (a) Slice of MR60H/UT at 98% of nominal failure load.  (b) and (c) show a fibre break in two 

orthogonal views, where the bright fringes around the break are due to phase contrast.  

As only nominal failure loads were known, and because of the stochastic nature of fibre 

strength, some specimens failed at lower load steps resulting in fewer scans for analysis.  

This was particularly true for T800/M1 and MR60H/T where the highest load steps 

achieved were 87% and 88% respectively.  Repeats of these two specimens were taken 

during a second SLS trip and are included in the results.  Results from T700/M21 coupons, 

analysed by Scott [23, 152, 154, 155], are included to provide an additional data set for 
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comparison.  These results are particularly relevant as the T700 fibres are used in both 

hoop and filament wound cylinders (although with different matrices).  The volumes 

analysed ranged between approximately 0.15 and 0.3mm3, which represents 8,000 – 

14,000 fibres in the 0° plies.  Example slices from each specimen are shown in Figure 5-4 to 

Figure 5-7.  

 

Figure 5-4 (a) T700/M21 which shows obvious separation between tows, uneven fibre packing and large 

toughening particles, and (b) T800/M21 with 0° plies on the outside which have been damaged by water-jet 

cutting, toughening particles sit between plies 

 

Figure 5-5 IM7/8552 with 0° plies on the outside, large splits run down the side of the notch, however the 

toughening particles are not obvious 
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Figure 5-6 (a) IM8/T and (b) IM8/UT – the obvious different between the two specimens are the presence of 

resin rich regions in IM8/T due to toughening particles.  The coupons are tapered due to waterjet cutting 

 

Figure 5-7 (a) MR60H/T and (b) MR60H/UT where there is little damage from waterjet cutting.  The presence 

of toughening particles in MR60H/T causes a resin rich region 

 

5.2 Initial Analysis 

5.2.1 Determination of Fibre Volume Fraction  

Figure 5-4 shows two specimens with (a) a large resin rich region, and (b) distinct 

separation between tows.  The average fibre volume fractions of T700/M21 and T800/M21 

will be low due to the inclusion of large resin rich regions.  However, the majority of fibres 

do not border resin rich regions, and hence will actually be in an area of higher volume 

fraction.  Thus the different length scales, as defined in Figure 5-8, must be considered 
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when calculating volume fraction.  The length scales are designated: average ply, fibre rich 

ply, localised/tow and individual fibre.  The fibre volume fraction values are used in Chapter 

7 to analyse the effects of fibre volume fraction on break accumulation. 

The methodology used to calculate the fibre volume fraction is as follows; the SRCT raw 

volume is imported into the program with the fibres end on.  Analysis areas were taken 

approximately every 200 slices, which gave 20 area fraction measurements for each 

specimen.  The area approximation is an acceptable measurement as the fibres run 

throughout the whole volume, with little fibre kinking.  First the area is smoothed, which 

replaces each pixel with the average of its 3x3 neighbourhood; the image is then sharpened 

by using a weighting factor to replace each pixel with a weighted average of the 3x3 

neighbourhood; finally the contrast is enhanced.  The find maxima tool is used, which 

locates pixels with the highest greyscale level, within a defined noise tolerance, which is set 

manually for each area.  Any maxima locations with a mean greyscale level less than 120 

(determined empirically by comparing the algorithm results to hand-count results), within 

an area of 4 pixels were deleted to reduce false positives.  The resultant fibre volume 

fractions for both the average ply and the fibre rich ply are shown in Table 5-4. 

 

Figure 5-8 Definition of the different length scales found within a ply  
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T700/ 

M21 

T800/ 

M21 

IM7/ 

8552 

IM8/ 

T 

IM8/ 

UT 

MR60H/ 

T 

MR60H/ 

UT 

Fibre rich (%) 65 65 73 71 68 69 71 

Average ply (%) 45 33 51 53 66 55 67 

Difference (%) 20 32 22 18 2 14 4 

Table 5-4 Calculated fibre rich and average ply fibre volume fractions 

From the table, it can be seen that the large resin regions in T700/M21 and T800/M21 

cause very low average ply volume fractions.  The presence of toughening particles causes 

a reduction in fibre volume fraction across all the toughened samples, even IM7/8552, 

where toughening particles are not obvious.  In contrast, the untoughened samples show 

little variation between the average and fibre rich fibre volume fractions. 

 

5.2.2 Determination of Fibre Stress 

The use of failure load does not account for variations in specimen cross-section and fibre 

volume fractions, both of which control the true fibre stress in the 0° fibres.  This means 

that the nominal or average fibre stress needs to be calculated for each specimen.  The 

presence of delaminations above approximately 70% of nominal failure load means the 0° 

and 90° plies become decoupled, hence it is assumed that the 90° plies carry no load.  

Microscopy of polished cross-sections was used to determine an accurate fibre diameter.  

The microscopy calibrates the SRCT images, which give good fibre counts, but poor 

measurements of the fibre cross-section.  The 0° ply area was estimated from SRCT images, 

based on a defined average ply, as shown in Figure 5-9, which incorporates resin rich 

regions between plies and tows.  Fibres were counted using an algorithm run in FijiTM 

described in Section 5.2.1, and the resultant fibre volume fraction calculated as: 

 
 umber of fibres   Fibre Area

                   
      Eq 32 

The fibre volume fraction was used to calculate the fibre stress, using the rule of mixtures, 

and assuming iso-strain: 
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             Eq 33 

and:     
  
  
  

  
          

       
   

  
 Eq 34 

Where the subscripts c relate to the composite, f to the fibre and m to the matrix, and σ is 

the stress, F the applied load, A area, V volume fraction, ε the strain and E modulus.   

 

Figure 5-9 Definition of the average ply area used to define the nominal fibre stress 

The composite failure stresses were calculated, as listed in Table 5-5, which also includes 

the fibre strength. A graph of the composite failure stress vs. the fibre strength is shown in 

Figure 5-10.  It can be seen that whilst the IM8 fibre is the strongest, this is not reflected in 

the resultant composite strength.  Whilst there is scatter in the data, it can be seen that 

MR60H specimens had a higher composite strength than the other specimens, even when 

accounting for fibre strength and volume fraction variation.  The graph is repeated in the 

results chapter (Section 7.1.1), where the possible reasons for the under-performance of 

IM8/T, IM8/UT and T800/M21 are discussed. 
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Figure 5-10 Composite failure stress with 10% error bars vs. fibre strength 

 

 
T700/ 

M21 

T800/ 

M21 

IM7/ 

8552 

IM8/ 

T 

IM8/ 

UT 

MR60H/ 

T 

MR60H/ 

UT 

UTSf (GPa) 4.9 5.8 5.67 6.1 5.68 

UTSc (GPa) 2.68 3.62 3.05 2.28 2.59 3.57 3.67 

Table 5-5 Specimen failure stress and fibre strength 

 

5.2.3 Matrix Cracks 

When fibre breaks occur, the break itself is often accompanied by microscopic matrix 

cracks, which extend outwards parallel to the fibre break, and are stopped by the 

neighbouring fibre(s).  Cracks do not extend uniformly outwards from the break, but 

instead often propagate in a non-uniform manner.  Examples of the cracks are shown in 

Figure 5-11, which highlights the non-uniformity of crack propagation.  The presence of 

these very small matrix cracks will induce additional stress concentrations on the surviving 
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neighbours, which must be considered when modelling composite failure.  These matrix 

cracks are seen across all the samples, including T800/M21, which, from the following 

chapter, is suggested to have a particularly weak interface. 

 

Figure 5-11 Examples of the microscopic matrix cracks, which extend from broken fibres 

 

5.3 Summary 

Synchrotron radiation computed tomography has been used to analyse aerospace-grade 

coupons, tensile load in situ.  This will allow analysis of the damage initiation and 

progression in a step-wise fashion.  The clarity and resolution of the scans allow 

identification and segmentation of the individual fibres.  The identification of fibre breaks is 

made easier by the use of phase contrast in the scans, which results in a bright fringe 

around the breaks.  The scans show a large variety in the microstructure of the composites 

– T700/M21 and T800/M21 in particular had large resin rich regions.  The presence of 

toughening particles can be seen in the form of resin rich regions between plies in all the 

samples apart from IM7/8552, which suggests the particles are better dispersed 

throughout the ply in this material. 

Whilst the bulk of the analysis is undertaken in Chapter 7, the initial results have 

concentrated on the determination of the fibre volume fraction and the resultant fibre 
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stresses.  A definition of the different length scales relating to the fibre volume fraction has 

been given, which is used in the analysis.  A comparison has been drawn between the fibre 

strength and the resultant composite strength, and has shown that a stronger fibre does 

not guarantee a stronger composite.   

The use of the in situ rig allows the analysis of damage progression; however it does also 

induce other problems.  Because only nominal failure loads are known, it is not possible to 

know when each specific composite will fail.  This results in uneven final load steps across 

the specimens (87-98% of final load), which makes it difficult to comment in detail on the 

final break densities on a truly comparable basis.  It also results in some specimens having 

fewer scans if the composite broke earlier than anticipated.  It is also impossible to capture 

the point of actual failure.  Whilst fractography of the failure surfaces is possible, the 

destructive nature of the failure process makes it difficult to ascertain what damage caused 

failure, and what damage was a result of failure. 
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6 Determination of Interfacial Strength and 

the Fibre Weibull Parameters 

 

Whilst some component properties (such as strength or modulus) are readily supplied by 

the manufacture, other parameters are less readily available.  In order to extend the 

number of parameter effects analysed, the fibre Weibull moduli and composite interfacial 

strengths need to be determined.  Within the chapter a qualitative analysis of interfacial 

strength is undertaken using SEM images to rank the interfaces, and to determine any 

differences between nominally similar matrices.  Additionally, the chapter discusses the 

motivation behind calculating the Weibull moduli, and the methodology used to determine 

the Weibull parameters for a subset of the fibre/matrix combinations used in the in situ 

coupons.  The work presented here is an initial analysis, and it is recommended that further 

work be undertaken to expand the work that has been completed so far.   
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6.1 Scanning Electron Microscopy to Qualitatively Analyse Specimen 

Interfacial Strengths  

The synchrotron images have enabled analysis of the bulk composite at a resolution high 

enough to identify individual fibres.  Whilst the images yield a very large amount of data, 

there are still limitations to the technique.  There are no scans obtained post failure, which 

means it is not possible to comment on the failure surface.  By using fractography of the 

failure surface, it is possible to analyse the failure of individual fibres.  The resolution of the 

SRCT is also not high enough to analyse the fibre/matrix bonding and the proportion of 

matrix, which remains bonded to the fibre after failure.  Finally, there is no depth of field in 

each individual SRCT slice, so it is difficult to analyse the failure surfaces.  To account for 

this scanning electron microscopy (SEM) has been used to achieve fractographic images of 

the failure surfaces. 

SEM is a form of microscopy which uses electrons instead of light to form an image; by 

using SEM it is possible to achieve resolutions of between 1 and 10nm [268], although the 

current work uses a resolution considerably coarser than this.  The SEM column consists of 

an electron gun, electromagnetic lenses which collimate the electron beam, and an 

electron detection system, all of which operate in a vacuum [269], as shown in Figure 6-1.  

The electron beam emerges from the final lens into the specimen chamber, where it travels 

across the specimen surface.  The electron beam interacts with the near-surface region of 

the specimen to a depth of approximately 1μm and scatters electrons onto the relevant 

detector to create an image.  The image itself is formed in a cathode ray tube, which is 

synchronised with the scanning electron probe. 

Two types of electrons are normally imaged – secondary and back-scattered electrons.  

Secondary electrons (SE) are low energy electrons emitted from very near the surface 

sample, and can provide an image of the sample topography.  Back-scattered electrons 

have higher energies and are produced when electrons from the original beam are 

(bounced) back out of the sample by elastic collisions with the sample atoms.  The number 

of back-scatter electrons (or the beam intensity) is related to its mean atomic number.  

Larger, heavier atoms will produce more back-scattered electrons, resulting in lighter grey 

tones in the resultant image.  Backscattered electrons can thus produce an image that gives 

both spatial and chemical information, although chemical characterisation is not used in 

the present study.  In order to view non-conductive materials, such as CFRPs, it is important 
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to gold sputter the images to avoid electron charging which causes abnormal contrast and 

distorted images. 

 

Figure 6-1 Schematic of the scanning electron microscope components 

SEM was used to analyse the fracture surfaces of the in situ coupons, looking both head-on 

and side-on to the fibres.  Qualitative analysis of the fibre pull-out length, amount of matrix 

remaining bonded to the fibres, and the fracture profile was analsyed, and correlated with 

results from the SRCT analysis.  In situ samples were broken at most a couple of days prior 

to the imaging session, to reduce the likelihood of the specimens being damaged or 

contaminated.  Four of each specimen type were failed, and the failure surfaces imaged.  

The images presented here are thus representative of each failure surface analysed. 

Examples of the fracture surface are presented here, and comparisons drawn between the 

different specimens.  Conclusions relating to the interfacial strength, as derived from the 

SEM work will then be correlated with the SRCT results in Chapter 7.  A complete set of 

SEM images is included in Appendix A for further review. 
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6.1.1 Proportion of Matrix which Remained Bonded to the Fibres 

One way of qualitatively determining the interfacial strength is to analyse the amount of 

matrix that remains bonded to the fibre after failure.  Composites with a stronger interface 

will have greater amounts of matrix remaining bonded to the fibres.  Examples of a strong 

and weak interface are shown in Figure 6-2, which compares T700/M21 and T800/M21 

composites.  The SEM images show a large difference between interfacial strength, which is 

particularly important as the fibres are in the same matrix, and supplied by the same 

manufacturer.  This shows again that nominally similar composites behave very differently, 

and their behaviour is not always easy to predict.  Using this qualitative analysis, T700/M21 

and IM7/8552 are identified as having strong interfaces, whilst T800/M21 has a particularly 

weak interface.  For composites with strong interfaces, the interfacial strength is greater 

than the matrix strength, resulting in failure occurring in the matrix.  

 

Figure 6-2 (a) T700/M21 which has a strong interface, resulting in large amounts of resin still bonded to the 

fibres after failure; and (b) T800/M21 with a weak interface and clean fibres 

 

6.1.2 Comparison of Fracture Profiles 

SEM images of the fracture profile allow comparison of fibre pull out lengths and 

determination of whether the fracture profile is brush-like or more localised.  In composites 

with strong interfaces, the stress transfer is more efficient leading to co-planar clusters, 

and potentially a catastrophic crack that propagates perpendicular to the fibres.  

Alternatively, weak interfaces may result in more dispersed, brush-like failure.  The pull-out 

length also gives an indication of interfacial strength – longer pull-out lengths predict a 
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weaker interface as fibre/matrix debonding is easier.  Figure 6-3 shows a comparison 

between (a) a weak interface and the resultant brush-like failure profile and (b) a strong 

interface and a blockier, more localised failure profile.  T700/M21 (strong interface) 

exhibits very few pull-out single fibres; fibres instead pull-out in small bundles of 8-10 

fibres.  Bundle-debonding may occur if the interface of individual fibres is too strong for 

individual debonding.  IM7/8552 is unusual as it has a very diffuse failure profile 

(suggesting a weak interface) but also exhibits a large amount of matrix remaining bonded 

to the fibres after failure (suggesting a strong interface).   

 

Figure 6-3 (a) IM7/8552 which shows a diffuse, brush-like fracture profile, in comparison to (b) T700/M21 

which has a strong interface and therefore has a blockier, more localised failure profile 

 

Figure 6-4 IM8/UT has a particularly strong interface, resulting in a very co-planar failure profile; (b) shows a 

different specimen with some diffuse fibres (circled) but the majority of the failure profile is still co-planar 

An extreme example of localised failure is shown in Figure 6-4, which shows IM8/UT which 

is inferred to have a very strong interface.  Two different fracture profiles are shown in (a) 

and (b) in which the former shows a complete blocked profile, whilst the latter shows a 
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minority of diffuse discrete broken fibres.  Examination of the fibres shows that they are 

still firmly bonded to the matrix, confirming the assumption of a strong interface.  This 

interfacial strength is not as obvious in IM8/UT’s toughened counterpart (IM8/T), which 

exhibits a more diffuse failure profile, with some fibre-bundle pull-out. 

 

6.1.3 Comparison of Fracture Surfaces 

The fracture surface of T800/M21 (Figure 6-5) emphasises the weakness of the interface 

(a) shows a low magnification image of the fracture surface, which shows clear separation 

between the fibre bundles.  Little matrix is visible in the higher magnification image (b), 

which shows clean fibres.  In contrast Figure 6-6 shows the fracture surface for (a) a strong 

and (b) a very strong interface, IM8/T and IM8/UT respectively.  IM8/T shows isolated 

clumps of fibre and matrix, with isolated diffuse bundles.  In contrast IM8/UT shows a 

stepped fracture surface, with little distinction between fibre and matrix. 

 

Figure 6-5 Example of a weak interface (T800/M21) which shows clean fibres, and separation between fibres 
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Figure 6-6 Comparison between the fracture surfaces of (a) IM8/T and (b) IM8/UT; (a) shows bundles of fibres 

whilst (b) shows a stepped fracture surface with no fibre pull-out or separation 

 

6.1.4 SEM Summary  

Fractography has been used to qualitatively assess the interfacial strengths of the 

composite, and has found that IM8/UT has a particularly strong interface, whilst T800/M21 

has a particularly weak one.  Composites from the same supplier, with the same matrix 

(T700/M21 and T800/M21) showed large variations in interfacial strength, highlighting the 

need to account for interfacial strength when predicting composite failure.  Across the 

specimens, there were large variations in the failure profile and surfaces, which are not 

easy to predict.  Based on qualitative analysis of the fracture surfaces and profiles, the 

interfacial strengths are characterised as follows: 

 Very strong: IM8/UT 

 Strong: T700/M21, IM7/8552, IM8/T, MR60H/T, MR60H/UT 

 Weak: T800/M21 

Of particular interest is the difference in interfacial strength between T700/M21 and 

T800/M21, shown in Figure 6-2, which contain the same matrix and fibres from the same 

supplier.  It would be expected that these nominally similar composites would have similar 

interfacial strengths, however the surface treatment of the T700 fibres has resulted in a 

more strongly bonded interface.  This variation in interfacial strength is also seen between 

IM8/T and IM8/UT where the former had a strong interface whilst the latter had a very 
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strong interface.  The reason for this variation is not known as the only known difference 

between the two specimens is the presence or absence of toughening particles.  The 

qualitative interfacial strengths will be used to evaluate the SRCT results analysed in 

Chapter 7. 

 

6.2 Single Fibre Tests to Determine the Fibre Weibull Modulus  

The fibre Weibull modulus  defines the variation in fibre strength for a particular fibre [70].  

A higher Weibull modulus corresponds to a smaller variation in fibre strength, and 

therefore a more uniform fibre strength [69].  Within the literature there is little 

standardisation between the Weibull values reported by different authors, and often the 

gauge lengths and testing conditions used are unclear.  Additionally different papers give 

very different results for the same fibres, as shown in Table 6-1.  When plotting the Weibull 

modulus vs. the gauge length for the three fibre types there is still a large discrepancy in 

the data, Figure 6-7.  The testing methodology will affect the results, which may account 

for the large discrepancies found in the literature.  To account for these reliability issues 

the Weibull modulus has been calculated for three different fibres – T700, T800 and IM7.  

These fibres are chosen as they commonly occur in the literature, and there are more 

experimental and analytical results available for comparison.  The T700 and T800 fibres are 

used in the cylinders analysed in Chapters 4 and 5, and as their fibre/matrix properties are 

known in more detail, it enables a more in-depth analysis of the results.  As part of the 

further work, it is suggested that the Weibull modulus is calculated for the two remaining 

fibres MR60H and IM8. 
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Fibre Gauge length (mm) m σ0 Author 

T700 
50 6 / Bunsell [189] 

50 4 5800 Deng [105] 

T800 

20 4.63 4637 Pimenta 

50 3.8 3570 Okabe [36] 

IM7 

4 8.81 8270 
Quian [270] 

25 4.56 5650 

15 4.6 4517 Schaefer [271] 

25 17.18 10702 

Kumar [272] 38 9.89 11264 

50 9.52 12004 

Table 6-1 Comparison of Weibull values from the literature 

 

Figure 6-7 Weibull modulus as a function of gauge length- comparison of experimental values 
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6.2.1 Methodology 

Single fibre tensile tests were undertaken to determine the Weibull moduli for three fibres; 

this work was undertaken in collaboration with Yentl Swolfs, at KU Leuven.  Three different 

processing conditions were analysed to determine the effect of manufacturing on the 

fibres.  Due to time constraints it was not possible to test all fibres under all conditions, 

Table 6-2 summarises the tests undertaken.  Fibres were supplied as tows and autoclaved 

plates; the plates were matrix digested to determine any effects of the plate manufacturing 

parameters on the fibre strength and Weibull modulus.  A T700 tow also went through the 

matrix digestion process (although there was no matrix to remove). 

 As-supplied tow Digested tow Digested plate 

T700 (M21) X X X 

T800 (M21)   X 

IM7 (8552)   X 

Table 6-2 Testing parameters for Weibull modulus samples at a gauge length of 5mm 

 

Figure 6-8 Matrix digestion process: (a) hot plate, (b) digested plate in sulfuric acid, (c) sulfuric acid turns 

brown as matrix digests, (d) application of hydrogen peroxide oxidises the matrix 

The matrix digestion process is taken from ASTM D3171-99 – “standard test methods for 

constituent content of composite materials” annex A2.  The CFRP plates were cut into 
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specimens approximately 2cm wide and 15cm long.  These were placed in large glass 

beakers, and covered with either 75ml or 150 ml of sulphuric acid, dependent on sample 

thickness, Figure 6-8 (b).  The samples were heated to approximately 120°C until they 

began to emit fumes.  As the matrix digested the sulphuric acid turned brown Figure 6-8 

(c); when the acid had remained a constant colour for five minutes, 50% hydrogen peroxide 

was added in the ratio of 2:1 to the sulphuric acid.  This oxidised the matrix, and the 

solution turned clear Figure 6-8 (d).  The solution was cooled and filtered.  The fibres were 

placed in an oven at 100°C for approximately one hour, or until dry.   

The specimens were tensile tested to failure using a home-built tensile tester with a 5N 

load cell, electronically scaled down to 1.25N to improve accuracy; testing was based on 

ASTM C1557-03.  Single fibres were extracted from the fibre tows or digested samples, 

ensuring the fibres did not break as they were removed as this removes the weakest part of 

the fibre prior to testing.  It was also important not to twist or touch the fibre as this 

induces additional damage.  Single fibres were mounted in a cardboard frame using 

cyanoacrylate glue, as show in Figure 6-9, with a gauge length of 50mm.  The two legs of 

the mounting card were cut through to ensure that the fibre carried the total applied load. 

 

Figure 6-9 Weibull sample in the testing machine – the mounting card is cut through 

The 50mm specimens were tensile tested at a rate of 2mm/min, and at least 20 specimens 

were tested for each data set.  The fibre tensile strength was calculated as T = F/A, where 
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the fibre area was determined using microscopy.  The fibre elongation was determined 

from the cross-head displacement (accounting for system compliance).  Weibull plots were 

made for each test case and linear regression used to determine the Weibull shape and 

scale parameters. The cumulative distribution function for the fibres was written as: 

     ( )       {  [
 

  
]
 

} Eq 35 

where F is the fraction of units/samples which fail at or below the applied stress σ.  By 

taking double logarithms of both sides, for a constant tested volume (i.e. a constant fibre 

gauge length), the equation can be written as in Eq 36, where k is a constant [65].   
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and      
  
   

 Eq 37 

The cumulative failure probability Fi at a particular stress σ in these Weibull plots can be 

approximated by Eq 37, where ni is the number of broken fibres and n is the total number 

of fibres [69].  Fi is an acceptable but conservative estimate of the fracture probability F 

[69].  The Weibull modulus can be determined by plotting ln(ln(1/1-F)) against ln(σ) to give 

a straight line, where m was the gradient and σ was the intercept.    

 

6.2.2 Results 

The results for the three T700 single fibre tests (digested plate, digested tow and as-

supplied tow) are shown in Figure 6-10  and Table 6-3 to provide a comparison between 

the manufacturing stages.  The three manufacturing processes yielded very similar Weibull 

plots at higher fibre strengths. Some deviations can be observed at the lower strengths; in 

this region the as-supplied tow is stronger, meaning it has fewer weak fibres. The weak 

fibres in the other specimens may be due to matrix digestion, but an alternative 

explanation may be damage during fibre extraction. The untreated yarn is sized and well 

aligned, making it less sensitive to damage when a single fibre is extracted. The other two 
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fibre treatments have the sizing (which is epoxy-based) removed during matrix digestion 

and the fibres are randomly orientated, which may increase the probability of introducing 

damage. The Weibull moduli from the digested composite and tow are similar; meaning 

the composite processing apparently did not significantly affect the fibre strength. 

 As-supplied tow Digested tow Digested plate 

Average fibre strength (MPa) 3517 3126 3530 

Weibull modulus, m 5.68 4.37 4.52 

Scale parameter, σ0, (MPa) 3795 3856 3856 

Table 6-3 Comparison of T700 Weibull parameters, as a function of fibre treatment 

 

Figure 6-10 Weibull plots for T700 fibres from a digested plate, digested tow and as-supplied tow 

It was decided to use Weibull moduli values from the digested T700 plate, as this would 

incorporate the stochastic factors associated with fibre tow processing and flat plate 

manufacture.  Thus the T800 and IM7 fibres are from a digested plate, to ensure all three 

Weibull moduli are from fibres that have undergone the same treatment.  The Weibull 

modulus m and scale parameter σ0 from the fibres are shown in Table 6-4.  T800 had the 

highest Weibull moduli, whilst IM7 had the lowest, however there was no correlation 

between the Weibull modulus and either the fibre modulus or strength.  The calculated 
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fibre strength for each of the test parameters is also shown in Table 6-4.    The calculated 

fibre strength is compared to the fibre strength given in the manufacturer’s data sheets.  

The difference between the T700 fibre strengths (single fibre test and manufacturer data) 

is 28%, which suggests the fibres experienced more damage when being tested.  Part of the 

reason for this discrepancy in values is that fibre manufacturers test fibre bundles, rather 

than single fibres.  This results in a degree of load sharing between fibres, meaning that 

they fail at higher loads and thus appear stronger.  These calculated Weibull values are 

used in Chapter 7. 

Sample: T700 plate T800 plate IM7 plate 

Weibull modulus (m) 4.52 6.46 3.99 

Scale parameter (σ0) 3856 6011 4894 

Average fibre strength (MPa) 3530 5612 4447 

Supplier fibre strength (MPa) 4900 5880 5670 

Table 6-4 Calculated Weibull parameters for the three fibre types and average fibre strength 

 

6.2.3 Summary and Limitations 

The Weibull modulus has been calculated for three fibres, T700, T800 and IM7.  The effect 

of fibre processing was analysed for the T700 fibre from which it was determined that the 

composite manufacturing process and matrix digestion process had little effect on the 

calculated Weibull parameters.  The values are compared to those supplied by the 

manufacturers, and discrepancies of up to 28% were found.  The calculated Weibull values 

are used in Chapter 7 to determine the effects of Weibull modulus on overall composite 

failure. 

There are some sources of error associated with the single fibre technique which need to 

be considered when analysing the results.  For the single fibre method to be valid the fibre 

diameter has to be constant, however the fibre manufacturing method will induce 

variations in fibre diameter.  Across the fibres a variation in diameter of up to 10% was 

found, although these represent extreme values.  The majority of fibre diameters lay within 

approximately 3% of the average, which should not result in a large variation in the 
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resultant Weibull modulus.  An additional source of variation is the fibre and composite 

manufacturing processes; each process has the potential to damage the fibre, introducing 

additional damage in the fibre beyond that introduced by the original fibre manufacturing 

process.  The extraction of individual fibres from the fibre bundle is a difficult task, which 

will affect the final Weibull modulus.  The weakest fibres can break during fibre selection, 

leaving only the stronger fibres, which unintentionally affects the strength distribution.  As 

longer fibres are harder to extract without breaking , the effect is more apparent for longer 

gauge lengths. 

. 
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7 Experimental Results  

 

A key aim of the PhD is to determine whether model composites and simplified hoop 

wound cylinders are representative of their more complex fully-wound counterparts, and 

whether they can be used to generate data and understanding that can be used in cylinder 

design.  To this end it is important to compare results between hoop wound and fully-

wound cylinders, and the in situ tested coupons.  The chapter presents the main body of 

results from both the hoop wound cylinders and the in situ experimental chapters.  The 

main focus of the chapter is the effect of constituent parameters and microstructural 

features on damage initiation, accumulation and final failure.  The chapter also provides 

recommendations as to where further research is needed.   
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7.1 Introduction 

High-resolution synchrotron radiation computed tomography (SRCT) has been used to 

capture the progression of fibre failure in both in situ carbon-epoxy coupons tensile loaded 

to failure and incrementally pressurised hoop wound cylinders.  The stress in hoop wound 

fibres is analogous to tensile loading during cylinder pressurisation.  This enables 

comparisons to be made between the in situ coupons, the hoop wound cylinders and the 

hoop plies of the fully-wound cylinders (as analysed by Scott).  The analysis focuses on fibre 

breaks, as these are the strength-defining failure mechanisms for composites loaded in 

tension.  Particular attention is focused on the formation of clusters of broken fibres, as the 

development of a critical size of interacting fibre breaks is often assumed to be the 

strength-defining failure event [12, 67].  An overview of the results is given, with further 

graphs included in Appendices C and D.  The main focus of the chapter is analysing the 

effects of the different material parameters and microstructural features on the 

accumulation of damage in the composite.  It is important for both material development 

and component design to be able to predict accurately the effect of material parameters 

on the accumulation of fibre breaks.   

Composite tensile failure is controlled by the initiation and propagation of broken fibres, 

hence it is important to analyse in detail the parameters affecting their accumulation.  

Fibre breaks analysis was undertaken in VGStudio MaxTM; breaks were identified in at least 

two orthogonal directions, and then segmented from the bulk of the composite.   By their 

nature, composite materials have intrinsic variability, which must be considered when 

analysing the data.  In general, the analysed volumes of the hoop wound cylinder 

specimens ranged between 0.25 and 0.45mm3, which represents a tiny portion of the total 

volume of composite in a cylinder, but includes approximately 3500-7000 fibres.  Within 

the notched coupons the volumes analysed ranged between approximately 0.15 and 

0.3mm3, which represents 6,000 – 14,000 fibres in the 0° plies.  The volumes analysed were 

approximately comparable, although the in situ coupons contain more fibres due to the 

higher volume fraction and lack of voids.  Overall across all the samples, hundreds of 

broken fibres (from thousands of fibres in the bulk composite) have been analysed.  

Additionally, repeat scans of the in situ coupons have been carried out on T800/M21 and 

MR60H/T, and the repeat data lies upon the original curves (e.g Figure 7-2). This shows 

that despite the stochastic nature of fibres, it is possible to characterise the behaviour of 

the overall composite.  It also validates the use of only one or two in situ coupons on which 
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to base the current conclusions.  More scatter is seen in the hoop wound cylinder results, 

which is suggested to be attributable to the AE errors, and the variation induced by 

manufacturing. 

 

7.1.1 Summary of Specimen Parameters 

The results analyse three different types (in situ notched coupons, hoop wound cylinders 

and Scott’s full wound cylinders), which result in multiple different component parameters 

and micromechanical features.  In order to simply the analysis, Table 7-1 summarises the 

key parameters and micromechanical features in each of the specimens analysed.  From 

the table it can be seen that comparisons can be made between the in situ coupons 

themselves, and between specific in situ coupons and filament wound cylinders.  The table 

also shows one of the problems of using the in situ method during the SRCT sessions (which 

last a few days at most).  T800/M21 and MR60H/T both had final scans at load steps below 

90% UTS; as damage accumulation occurs as an avalanche of failure mechanisms just prior 

to final failure, this results in a large proportion of the data being missed.  This means that 

results such as, fibre break density, the size of interacting groups of broken fibres (cluster 

size) and even break accumulation rate, all of which are load dependent, are difficult to 

analyse.  It is still possible to analyse trends in the results, however part of the further work 

recommends repeat scans for these two samples to try to get data points closer to final 

failure. 
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Sample 

Type 

Fibre Matrix Composite 

Final Load 

Step (%) 
Voids Type UTS (MPa) 

Modulus 

(GPa) 

Weibull Mod 

(GPa) 
Type 

Modulus 

(GPa) 
Ef/Em UTS (MPa) 

Fibre rich 

VF (%) 

In Situ 

Notched 

Coupon 

T700 
1 

4900 230 4.52 M21 1.26 182.5 2680 65 94 

No 

T800 5880 294 6.46 M21 1.26 233.3 3620 65 87 

IM7 5670 276 3.99 8552 4.7 58.7 3050 73 93 

IM8 6100 303 / T 4.5 67.3 2280 71 98 

IM8 6100 303 / UT 4.5 67.3 2590 68 91 

MR60H 5680 290 / T 4.5 64.4 3670 69 88 

MR60H 5680 290 / UT 4.5 64.4 3570 71 98 

Hoop wound 

Cylinder 

T700 4900 230 4.52 Epon 826 3.5 65.7 1530 

~ 50% 
2 

100 
3 

Yes 

T800 5880 294 6.46 Epon 826 3.5 84 3190 

Full wound 

Cylinder 
1 T700 5670 230 4.52 Epon 826 3.5 65.7 2910 53 

1 data supplied by Scott [156]; 2 approximate values, based on hand-counts in small sub-volumes, 3 100% of nominal burst pressure. 

Table 7-1 Summary of specimen material properties 
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7.2 Results 

7.2.1 Composite Failure Strength 

The composite failure strength in the in situ coupons was calculated, as detailed in Section 

5.2.2, from which it was shown that there was no correlation between fibre strength and 

the resultant composite strength.  From this it was suggested that some fibres (IM8/T, 

IM8/UT and T800/M21) under-perform or conversely the other fibres over-perform 

(IM7/8552, MR60H/T and MR60H/UT).  Figure 7-1 repeats the fibre strength vs composite 

strength graph from Chapter 5, however this time the cylinder fibre and composite 

strengths are also included.  From the graph it can be seen that the T700 and T800 fibres 

behave very differently dependent on the lay-up and manufacturing methods used.  For 

example, the T800 fibre seems to behave much better in the hoop wound cylinder than the 

T700 fibre does.  The graph highlights the potential inaccuracy of predicting bulk composite 

properties and behaviour from simple fibre/matrix properties found in the literature via a 

naïve rule of mixtures calculation, and highlights the need to explore the effects of other 

component parameters and manufacturing methods on the final failure of the composite.  

 

Figure 7-1 Plot of fibre strength vs. resultant composite strength; the graph also includes the predicted rule of 

mixtures composite strengths as open symbols 
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7.2.1.1 Effect of Parameters and Microstructural Features 

No correlation is found between the fibre strength and resultant composite strength, 

however the fibre pairs in toughened and untoughened matrices (IM8 and MR60H) stay 

together.  This suggests that fibre effects (whether they are actual fibre parameters or 

interfacial parameters) override effects of the matrix.  Additionally there is no correlation 

between the ratio of fibre: matrix moduli.  The fibre Weibull modulus had little effect, as 

the T700 has a constant Weibull modulus, and very different composite failure strengths 

across the different specimen types, the same is true of the T800 fibre.  Additionally, there 

is no correlation between fibre Weibull modulus and composite strength.   

The variation in T700 composite strengths (ranging between 1.5 – 2.9GPa) may be 

attributed to the varying interfacial strengths or the different manufacturing methods.  This 

highlights the problem alluded to in Table 4-7, wherein the T700 fibre in the hoop wound 

cylinders only reached fibre stresses of 2.57 GPa, despite the fibre having a failure strength 

of 4.9 GPa.  Fibre volume fraction had little effect on the resultant composite strength, as 

the full wound cylinder, with T700 fibres, was stronger than its in situ and hoop wound 

counter parts.  The same is true for the IM8 and MR60H fibres, which had different average 

fibre volume fractions between their toughened and untoughened composites, and yet 

showed negligible difference in composite strength.  Manufacturing processes induce 

variations in composite strength, as there are clear differences between the in situ, hoop 

wound and full wound failure strengths, however there is no first order correlation.  Whilst 

the hoop wound T700 fibre is the weakest, the T800 hoop wound fibre is stronger than its 

in situ counterpart.  

 

7.2.2 Accumulation of Broken Fibres as a Function of Fibre Stress 

It has been shown previously that fibre breaks accumulate on a power law curve [152], 

however how this curve varies with constituent parameters and/or specimen geometry has 

not been analysed in depth.  The section presents the break accumulation curves for the 

hoop wound cylinders, which also includes Scott’s full wound cylinder results, and the in 

situ notched coupons.  Across all three graphs there are some similarities; breaks 

accumulate on a power law curve - this is consistent with Scott’s earlier observations that 

fibre break accumulation occurs according to a characteristic dependence on fibre stress.  
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Secondly, breaks accumulate at fibre stresses above approximately 80% of the UTS with an 

‘avalanche’ of breaks close to final failure.   

The fibre break density (breaks/mm3) as a function of fibre stress for the in situ coupons is 

shown in Figure 7-2.  Whilst the general shapes of the in situ curves are similar 

(accumulation of breaks on a power law), there are also differences between the curves.   

Again it is predicted that fibre type will cause variations in break accumulation, which is 

confirmed by the graph.  However there is no linear relationship between fibre strength 

and a specific curve position on the graph.  IM8, the strongest fibre, accumulated breaks at 

lower fibre stress values, which may be attributed to the stochastic nature of fibre 

strengths.  MR60H/T and MR60H/UT had very high break densities at their respective 

highest fibre stresses, this suggests that the fibre is more susceptible to breaking, or 

alternatively that the composite can tolerate more fibre breaks without catastrophic 

failure.  The high break susceptibility does not appear to have a detrimental effect on 

composite strength, as specimens made with MR60H fibres had the highest failure 

strength, despite containing average strength fibres.  There was no first order correlation 

between fibre break density and composite strength, e.g. a higher break density (as found 

in MR60H fibres) does not guarantee a stronger composite. 

In order to allow comparisons across the different T700 and T800 specimen types the break 

accumulation curves as a function of fibre stress are plotted for the two cylinder types and 

the in situ coupons in Figure 7-3.  Firstly it can be seen that there are three distinct bands 

of curves – (1) T700 hoop wound cylinders, (2) T700 full wound cylinders and T700/M21 in 

situ coupon, and (3) T800/M21 in situ coupon and T800 hoop wound cylinders.  It can be 

seen that the break densities in the hoop wound cylinders are lower than their in situ 

coupons, and in the case of the T700 fibre, much lower than the full wound cylinder.  T700 

fibres in the hoop wound cylinders experience very low fibre stresses before failure, which 

suggests that the fibre is not being used efficiently. 

 

7.2.2.1 Effect of Parameters and Microstructural Features 

From Figure 7-2 it can be seen that composites with the same fibre type but different 

matrix (toughened or untoughened) lie together.  This again suggests that the effect of 

similar fibres overrides the effects of similar matrices; this is confirmed by the fact that the 
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T700/M21 and T800/M21 composites are separated.  Additionally the presence of 

toughening particles does little to affect the break accumulation.  No correlation is found 

between graph position and either fibre strength or the fibre: matrix ratio.  The fibre 

Weibull modulus has little effect on either curve position for fibres with differing Weibull 

moduli, or final break density for different specimens with the same fibre (and therefore 

the same Weibull moduli).  Both hoop wound and filament-wound specimens contained 

voids, although there was no correlation between the presence of voids and final break 

density.  The same is true of the fibre volume fraction variation. 

The break accumulation curves of the T700 fibre in hoop wound and full wound cylinders 

do not over-lay (Figure 7-3).  As the cylinders have the same fibre and matrix type (which 

also suggests the same interface) it is suggested that manufacturing parameters and 

variations in specimen lay-up cause the large variations in break densities.  The highest 

break density was found in the full wound cylinder, which suggests that the full wound 

cylinder is better at diffusing damage and delaying final failure.  Whilst the T800 curves fall 

within the same band, the fibres in the hoop wound cylinders show a faster break 

accumulation.  As T800 fibres are used in both specimens, the fibre parameters including 

the Weibull modulus will be constant, this means that variations are caused by interfacial 

properties or manufacturing parameters. 
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Figure 7-2 Fibre break accumulation as a function of fibre stress in in situ coupons 

 

Figure 7-3 Comparison of the accumulation of fibre breaks as a function of stress across the in situ coupons, 

and the hoop wound and full wound cylinders 
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7.2.3 The Effect of Fibre Volume Fraction on Single Initiation 

Analysis of the local volume fraction around individual fibre breaks has been undertaken.  

Singlet initiation is predicted to be controlled by the Weibull modulus of the fibre, with 

breaks occurring due to the coincidence of local stress concentrations and flaws within the 

fibres.  A sampling area with a diameter of approximately 20 fibre diameters (100-140 μm), 

has been analysed around each break.  From this the localised volume fraction around 

single breaks can be quantified.  The localised volume fraction around single fibre breaks in 

all specimens is shown in Figure 7-5 to Figure 7-8, where the fibre rich average volume 

fraction is also shown as a dotted line.  The figures show that the localised volume fraction 

around breaks varies between the specimens.  The localised volume fractions across all 

specimens are below the average fibre volume fraction, meaning that breaks in fact occur 

in areas of lower volume fraction.   

The difference between localised and average volume fraction is particularly large in 

MR60H, where the majority of fibre break volume fraction values are below 45%.  This is 

due to the majority of breaks occurring at the edges of plies, as shown in Figure 7-4, which 

means that only half of the broken fibre is surrounded by neighbours.  Fibres in IM8/T, 

where there is also a resin band between plies, however did not break at ply edges, breaks 

were instead dispersed through the fibre rich ply.  Breaks may occur in these locations due 

to fibre damage during manufacture, or because of load distribution within the composite.  

This finding may fit with Scott’s finding that singlets preferentially initiate neighbouring 

voids [263]. 

 

Figure 7-4 Example of break locations in MR60H/T – the majority of breaks occur at ply edges 
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Figure 7-5 Histogram of the frequency distribution of the localised volume fraction around single breaks in 

T700/M21 and T800/M21, including the average fibre rich Vf (dotted line) 

 

Figure 7-6 Histogram of the frequency distribution of the localised volume fraction around single breaks in 

IM7/8552, including the average fibre rich Vf (dotted line) 
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Figure 7-7 Histogram of the frequency distribution of localised Vf around single breaks in IM8/T and IM8/UT 

including the average fibre rich Vf (dotted line) 

 

Figure 7-8 Histogram of the frequency distribution of localised Vf around single breaks in MR60H/T and 

MR60H/UT including the average fibre rich Vf (dotted line) 
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7.2.4 Estimation of Specimen Ineffective Lengths 

The ineffective length is the distance over-which a broken fibre is unable to fully support 

load, increasing the load on surviving neighbours.  Due to this load redistribution, any 

breaks that occur within the ineffective length of each other are interacting, and thus 

termed clusters.  To analyse break interaction, the ineffective lengths need to be 

determined for each of the specimens.  This is done by measuring the shortest distance 

between two fibre breaks occurring on the same fibre, as shown in Figure 7-9.  As the 

measurement is based on the occurrence of observed fibre breaks within a single fibre, it 

has not been possible to obtain estimates for all the specimens analysed.  Even for the 

specimens with ineffective length estimates, the number of estimates per specimen is very 

low (a maximum of ten), sometimes with a large amount of scatter (for example estimates 

ranging between 40μm and 190μm for MR60H/T) 

Due to the low number of fibre breaks, it is not possible to estimate ineffective lengths for 

the hoop wound cylinders, as breaks instead occurred in neighbouring fibres.  As a 

comparison point the ineffective length of fibres in the fully-wound cylinder specimens was 

26 μm.  Within the in situ coupons, it was not possible to get estimations for IM8/T.  In the 

other in situ coupons the ineffective lengths ranged from 20μm (T800/M21) to 90μm 

(IM8/UT).  The lengths given here are also upper-bounds only; however they are consistent 

with results previously reported by Scott [152].  The T700 fibre therefore had an ineffective 

length of 26μm in the fully-wound cylinders and 70μm in the in situ coupons.  This confirms 

that the ineffective length, which is indicative of the load transfer, is not dominated by 

fibre modulus or Weibull parameters.  Instead the ineffective length is assumed to be 

controlled by the interface. 

The technique used means that the values are only upper bounds for ineffective lengths; 

however the values do provide an indication of the approximate ineffective length.  As 

most clusters are co-planar and occur in isolation, the uncertainty around specimen 

ineffective length has little effect on the analysis of clusters.  This has been verified with a 

sensitivity study using the clustering code described in 7.2.5.1, in which the ineffective 

length was varied between 1μm and 100 μm (greater than the longest lc found) and the 

number or size of clusters identified did not vary across the specimens. 
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Figure 7-9 Example of ineffective length measurement 

 

7.2.5 Introduction to Fibre Break Interaction - Clustering  

As the formation of a critical cluster of broken fibres is believed to be the strength-defining 

failure event, it is important to characterise the effect of various parameters on their 

accumulation.  The occurrence of fibre break clusters, or interacting breaks, indicates the 

role of load sharing in the accumulation of damage.  In the present work a cluster is defined 

as two or more breaks in neighbouring fibres, separated axially by less than the fibre’s 

ineffective length [152, 154].  The literature indicates that cluster formation is dependent 

on the stress concentration, which in turn is dependent on material properties [41, 75].   

 

7.2.5.1 Identification of Interacting Breaks 

Fibre break clusters are a key area in the research, however they are difficult to find 

manually, as the distance between each break has to be measured.  A clustering code was 

developed by Scott to automate the process and reduce the error [152].  The code runs in 

MatlabTM and is based on an ExcelTM file with the x-y-z co-ordinates of each fibre break, 

which is imported.  The material’s ineffective length and volume fraction is used to 

determine the number of 1-plets, 2-plets and 3-plets etc.  The code is included in Appendix 

B, and a brief overview is included here. 

 The fibre volume fraction is inputted. 
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 The same fibre distance (sameFB) is calculated, this is the fibres ineffective length, 

divided by the pixel scaling factor.  Any fibre breaks that occur within the length, 

sameFB are in a cluster. 

 The interfibre distance, (IF_dist) is calculated; this determines clustering 

perpendicular to the fibre axis. 

 A pairwise distance calculation is made between pairs of fibre breaks; this 

calculates the Euclidean distance between fibre breaks. 

 The nearest neighbouring break in a cluster is then calculated using the smallest 

distances between breaks in a specific cluster. 

 The defined distance is then used to group single breaks into clusters, with the 

interfibre distance as the maximum separation. 

 The code then gives the number of 1-plets, 2-plets, 3-plets etc. 

The code is used across the different analysis sections, to determine the number and size of 

clusters.  The number of clusters within the cylinders was so low that it was possible to 

validate the results from the code using hand-counts of clusters.  The error was below 5%, 

which confirms the code is reliable and accurate.  A comparison between the cluster code 

result and a hand-count in an in situ specimen also showed less than 5% error. 

 

7.2.6 The Topology and Size of Groups of Interacting Breaks 

Two different cluster patterns have been identified and are shown in Figure 7-10, where (a) 

shows co-planar clusters and (b) shows diffuse clusters.  Co-planar breaks are defined as 

collections of breaks with an axial separation of less than a fibre radius, whilst diffuse 

clusters are those with a non-zero axial offset (greater than a fibre radius).  Of the few 

clusters observed in the hoop wound specimens, both T700 and T800 fibres were co-planar, 

i.e. they had negligible axial separation.  This is in contrast to the T700 fibres in filament 

wound cylinders, which had diffuse clusters.  The in situ coupons predominantly contained 

co-planar clusters, apart from MR60H/T which had a majority of diffuse clusters (87%).  The 

specimens which had diffuse clusters also had a minority of co-planar clusters. 
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Figure 7-10 Examples of (a) co-planar with little or no axial separation and (b) diffuse clusters 

The largest cluster in a hoop wound specimen was a 4-plet in a T800 specimen, whilst the 

largest in a T700 specimen was a 3-plet.  In the fully-wound cylinders the cluster sizes 

ranged from 2-plets to a 4-plet in the inner hoop of 95H.  The largest cluster in the outer 

hoops was a 2-plet, which was only found in 90H, 100H1 and 100Q, the others only 

contained singlets.  In the in situ coupons the cluster size ranged from a 3-plet to a 7-plet, 

compared to the 14-plet found in T700/M21 [7].  It is difficult to comment on cluster sizes, 

as they are a function of applied load, and the final imaged load step ranged between 88-

100% across the samples.  What can be seen is that the in situ T700 had a very large cluster 

(a 14-plet) which was found at 94% of final failure load.  A weak correlation was found 

between cluster size and composite strength, where stronger composites had larger 

clusters.  This suggests that the ability to withstand a larger cluster may be indicative of 

higher composite strength. 

 

7.2.6.1 Effects 

T700 fibres had diffuse clusters in full wound cylinders and co-planar cluster in hoop wound 

cylinders and in situ coupons; here the fibre strength, modulus or Weibull modulus cannot 
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be responsible for the variation in cluster topology.  Additionally, MR60H fibre had diffuse 

clusters in a toughened matrix (MR60H/T) and co-planar clusters in an untoughened matrix 

(MR60H/UT).  Here, the only difference is the presence of toughening particles, which 

suggests they cause the variation.  However the IM8 fibre had co-planar clusters in both 

the toughened and untoughened matrix, which suggests that the effects of toughening 

particles do not always dominate.  It may be that the toughening particles cause a variation 

in interfacial strength, which is great enough in the MR60H specimens to cause a variation 

in cluster topology.  The presence of co-planar clusters in the auto-claved in situ coupons 

and the hoop wound cylinders, and diffuse clusters in the fully-wound cylinders and the 

autoclave cured MR60H/T specimens show that cluster patterns are not simply dependent 

on the manufacturing methods or the specimen geometry.  There are no effects from 

either voids or volume fraction.  With respect to voids, both cylinder types had comparable 

void volume fractions, however the full wound cylinders had diffuse clusters, whilst hoop 

wound cylinders had co-planar clusters.  With respect to the fibre volume fraction, the 

MR60H/T had an average fibre volume fraction, and yet was the only in situ specimen to 

have diffuse clusters.  The variations in cluster topology show that damage accumulation is 

sensitive to small variations in specific parameters.  

With respect to largest cluster size, it is suggested that fibre parameters have little effect 

on the resultant largest cluster. This is based on the T700 fibre, which had cluster sizes 

varying between a 3-plet and a 14-plet dependent on the specimen type.  Additionally the 

matrix moduli and the Ef
/Em ratios had little effect on cluster size, as both IM8/T & IM8/UT 

and MR60H/T & MR60H/UT showed variations in cluster size both within their pairs and 

between each other.  The in situ samples have comparable fibre volume fractions, and yet 

large variations in cluster sizes, suggesting that the fibre volume fraction has little influence 

on cluster size.  The T700 full wound and hoop wound cylinders have the same fibre and 

matrix, (and resulting same interface and Ef/Em ratio), suggesting that the specimen 

geometry and lay-up causes their variation in cluster size.  

 

7.2.7 The Accumulation Rate of Interacting Breaks 

The sections analyses how singlets and clusters of interacting breaks form as a function of 

fibre stress.  This can only be analysed in the in situ coupons, as there is continuity across 

the data sets because one specimen is analysed for all load steps.  The group of in situ 
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cluster accumulation as a function of fibre stress graphs are included in Appendix C, 

however an example is shown in Figure 7-11.  For T800/M21 and MR60H/T specimens, 

which include repeats of data, only the data from one specimen is plotted to allow for 

continuity across the load steps.  The accumulation of single breaks as a function of fibre 

stress occurs on a power law curve across all the specimens, which suggests that singlet 

accumulation is dominated by the fibre Weibull modulus.  In general, the cluster 

accumulation curves followed their singlet counterparts – an avalanche of breaks just prior 

to final failure.  The only specimens that do not follow this general trend are T800/M21 and 

IM8/T – where the accumulation of clusters is much less pronounced.  This suggests that in 

these specimens, the load transfer parameters are not as dominant as in the other 

specimens. 

 

Figure 7-11 Singlet and cluster accumulation as a function of fibre stress for T700/M21 and T800/M21  

Across the in situ data sets when large clusters formed there was no reduction in the 

number of smaller clusters, which suggests that clusters do not grow gradually but instead 

form completely within one load step.  Clusters which formed in the manner (in one load 

step, remaining a stable size for further increases in load) are defined as ‘pop-in’ clusters.  

An analysis tracked all the clusters at different fibre stresses across all the in situ 

specimens, at all load steps.  Out of approximately 250 clusters analysed, four clusters were 
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found to grow (e.g. a 2-plet grew into a 4-plet); this cluster growth occurred in IM7/8552 

and MR60H/UT which both had a majority of ‘pop-in’ clusters.  The other 98% of clusters 

formed at one fibre stress, and stayed a constant size as the fibre stress increased. 

 

7.2.7.1 Effects 

Firstly, the fibre type does not dictate the shape of the graph, e.g. stronger fibres do not 

show a slower rate of accumulation.  Secondly, there is no correlation between matrix type 

and accumulation rate – a stiffer matrix does not result in a steeper accumulation of 

breaks.  The T700 and T800 fibres are both in the M21 matrix, and yet show very different 

cluster accumulation curves.  The fibre Weibull modulus also does not guarantee a certain 

graph shape – the cluster accumulation curves of IM8/T and IM8/UT are very different, 

despite containing the same fibre.  It is suggested that the interfacial properties are causing 

variations; T800/M21 has a weaker interface and accordingly has fewer clusters, which 

accumulate more linearly.  This is also suggested to be the cause of variations between the 

IM8/T and IM8/UT specimens as IM8/T has a stronger interface and a steeper cluster 

accumulation rate.  There are no matrix voids or variations in manufacturing methodology 

within the in situ samples, and there is little variation in fibre volume fraction. 

 

7.2.8 Proportion of Interacting Breaks with a Sample 

The cluster percentage is an indication of the proportion of breaks in the sample that are 

interacting.  This is calculated as: 

     
                            

                      
      Eq 38 

In calculating the cluster percentage, each break is counted i.e. one 2-plet contributes two 

breaks to the overall break count.  This allows the contribution of i-plets to the total 

number of breaks to be accounted for; otherwise a large proportion of breaks are not 

considered.  An example of the cluster percentage results, presented as proportional bar 

charts is shown in Figure 7-12, a complete set of graphs is included in Appendix D. 
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The cluster percentage was as high as 70% in the T700 material; however three out of the 

five specimens (at the intermediate fibre stresses) had no clusters at all.  In T800 specimens 

the cluster percentage ranged from 7% to 67%, across the seven specimens.  Scott’s fully-

wound data had cluster percentages below 20% across the load steps, with no correlation 

between fibre stress and cluster percentage.  The outer hoops on average had a lower Vf, 

and experience a lower stress, both of which result in a lower stress concentration and 

hence clusters being less likely to form.  The in situ cluster percentage varied between 0-

50% across the material systems.  T700/M21 and IM7/8552 were most susceptible to 

clustering with percentages of up to 50% observed; IM8/T and IM8/UT were least 

susceptible with a cluster percentage of 0- 20%.  T800/M21 also had a low susceptibility to 

clustering, with percentages ranging between 5 and 26%.  Toughened specimens with 

MR60H fibres, had cluster percentage values of 20-30%, whilst the untoughened specimen 

had cluster percentages of up 50%. 

 

7.2.8.1 Effects 

There was no correlation between fibre stress and cluster percentage.  As the fibre stress 

increased there was no corresponding increase in cluster percentage, instead singlets and 

clusters accumulated at different rates independent of the fibre stress.  There was no first 

order correlation between fibre break density and the percentage of breaks in clusters, i.e. 

a specimen with more breaks did not necessarily have more clusters.  Again, across the 

samples the fibre strength and/or modulus had little correlation with the resultant cluster 

percentage.  The T700 fibre had cluster percentages across the three different samples 

types (full wound, hoop wound and in situ) ranging between 20% to 70%, the same is true 

for the T800 fibre in hoop wound and in situ samples.  Additionally, the fibre Weibull 

modulus had little effect on the proportion of interacting breaks either within the same 

fibre type in different specimens, or between fibres with different Weibull moduli.  The 

ratio of Ef to Em also had little correlation with the resultant cluster percentage.  The 

MR60H/T specimen had a lower cluster percentage than its untoughened counterpart (15% 

versus 40%) what is also seen with the IM8/T and IM8/UT samples (15% vs 26%).  

Additionally, T800/M21 was shown to have a weak interface, and has a low cluster 

percentage, whilst the IM8/UT sample has a stronger interface than IM8/T and a higher 

cluster percentage.   
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Fibre Stress (GPa) T700/M21 Fibre Stress (GPa) T800/M21  

Figure 7-12 Example of the cluster percentage graphs for T700/M21 and T800/M21 in situ specimens, where 

R denotes repeat.  The large variation in the proportion of interacting breaks between the two specimens is 

clearly evident. 

 

7.3 In Situ Hold at Load 

A preliminary study was undertaken to analyse whether additional breaks develop in 

specimens held at a constant load of approximately 90% of final failure.  This determined 

the effects of matrix relaxation around fibre breaks as a function of time.  Bunsell et al have 

predicted that within specimens held at load, there would be an increase in the SCF in 

fibres neighbouring a break, leading to delayed fibre-breaks and damage evolution in the 

composite [189].  T800/M21 was loaded to 90% of its nominal failure load, and scanned at 

a resolution of 0.69μm at the SLS.  The specimen was held at (near constant) load for two 

hours, and re-scanned.  The number of breaks increased from 39 to 84 (or a break density 

increase of 104 to 225 breaks/mm3).  The largest cluster found in either scan was a 2-plet, 

however the number of 2-plets increased from 1 in the initial scan to 4 in the re-scan.  The 

cluster percentage stayed constant at 10%, however there was an overall increase in the 

number of breaks in the specimen.  By tracking clusters it was determined that clusters did 
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not grow between the two load steps, i.e. 1-plets did not develop into 2-plets.  This 

reinforces the clustering results from the quasi-static experiment, which suggests that 

clusters “pop-in”, rather than growing slowly as a function of applied load.   

 

7.4 Summary of Results and the Effects of Constituent Parameters 

A large number of results are presented through the preceding sections, which are difficult 

to discuss. Table 7-2 and Table 7-3 summarise the specimen results and effects of 

parameters respectively.  From Table 7-2, some general trends can be seen.  MR60H/T and 

UT performed very well (highest composite UTS); with MR60H/T further outperforming its 

untoughened counterpart.  Additionally the full wound T700/M21 performed better than 

the T700 hoop wound cylinders and T700/M21 in situ samples. The results similarities 

between these two specimens are: large clusters, lower cluster percentages than their 

comparable specimens and a diffuse cluster topology.  The ability to sustain large clusters 

without failure suggests an ability to diffuse load around fibre break locations.  This is 

attributed to debonding (which is the suggested cause of diffuse clusters) wherein the 

stress concentration is lower than with co-planar clusters.  This ties in with Cook-Gordon’s 

work, where debonding blunts cracks and so delays final failure.  The results show that 

hoop wound T700 fibres show very little break accumulation (i.e. low break density) and a 

low proportion of interacting breaks before final failure.  Hoop wound T800 also showed 

low fibre break density, however it showed a higher cluster percentage, which suggests it 

was relatively better at diffusing damage through the composite and delaying the onset of 

a critical cluster. 

Table 7-3 summarises the effects of the various material parameters and microstructural 

features.  Overall, it is difficult to draw correlations between the different parameters and 

their effects on damage accumulation.  This is attributed to the specimens used, wherein 

multiple different parameters are varied between different specimens.  E.g. in comparing 

T700/M21 and T800/M21 specimens, whilst the matrix is the same, the fibre 

modulus/strength, fibre Weibull modulus, fibre surface treatment and the resultant 

interfacial strength all change.  This means that effects can be seen, however correlations 

are less common.  Definite correlations between fibre volume fraction and singlet location 

has been shown.   
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Correlations are also shown between the interface and clustering parameters, wherein 

stronger interfaces lead to higher cluster percentages and steeper cluster accumulation (a 

final avalanche of clusters close to final failure).  This is attributed to superior load transfer 

around initial broken fibre fibres, resulting in the likelihood of further fibre breaks.  

Toughening particles had an effect on clustering percentages, wherein untoughened 

composites had higher cluster percentages than their toughened counterparts.  It is 

suggested that toughening particles reduce the stress transfer efficiency.  The 

manufacturing methodology (filament wound vs. unidirectional autoclaved samples) has 

been shown to affect multiple parameters.  This is attributed to the damage induced during 

manufacture and also to the different sample lay-ups, which will partition load differently 

across the different specimen types.  However, again there was no direct correlation, whilst 

the T700 hoop wound specimen was the weakest of the T700 specimens, the T800 hoop 

wound specimen was stronger than the T800 in situ specimen. 
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Fibre 

Type 

Matrix 

Type 

Final Load 

Step 

Composite 

UTS 

Final Break 

Density 

Average Cluster 

Percentage 

Cluster 

Topology 

Largest 

Cluster 

In Situ Notched 

Coupon 

T700 1 M21 94 2680 Average High Co-planar Very high 

T800 M21 87 3620 High Low Co-planar Low 

IM7 8552 93 3050 Average High Co-planar Average 

IM8 T 98 2280 Average Average Co-planar Low 

IM8 UT 91 2590 Average Average Co-planar Low 

MR60H T 88 3670 Very High Average Diffuse High 

MR60H UT 98 3570 High High Co-planar Average 

Hoop wound 

Cylinder 

T700 Epon 826 

100 3 

1530 Low Average Co-planar Low 

T800 Epon 826 3190 Low  High Co-planar Low 

Full wound 

Cylinder 1 T700 Epon 826 2910 Very High Low Diffuse High 

Table 7-2 Summary of specimen results – results are colour-coded to highlight trends.  
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Composite strength E  E      E C         

Break accumulation and break 

density 

E  E              E  

Break accumulation rate E                E  

Cluster topology           Inferred       

Cluster size E C               E  

Cluster accumulation         E C       E  

Cluster percentage       E  E C       E  

Singlet location               E C   

Table 7-3 Summary of the effects of material parameters and microstructural features on damage accumulation; each parameter is split into whether it has an effect att (designated E) or 

if there is a direct correlation (designated C). 
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8 The Use of SRCT Data to Validate a 

Micromechanical Tensile Failure Model 

 

One of the aims of this PhD is to provide experimental data relating to the initiation and 

progression of damage, which can be used to inform and validate the current generation of 

failure models.  The experimental evidence to corroborate the assumptions underpinning 

the models is limited, meaning they remain unvalidated.  There is thus scope to combine 

physical modelling, with experimental campaigns to enhance the current designs of 

components [158, 273].  To achieve this, a modelling collaboration is discussed within the 

chapter with the aim of comparing analytical and experimental results from the in situ-

loading experiments.  The model, developed by Swolfs and Verpoest, uses a combination of 

finite element analysis and a fibre strength bundle model, and is one of the first models to 

incorporate random fibre packing.  It aims to predict fibre break and clustering 

accumulation as a function of load, as well as the critical cluster size.  The work has been 

undertaken collaboratively with Swolfs, and includes his recommendations for model 

improvement. 
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8.1 Introduction  

A key aim of the PhD is to provide experimental data which can be used to validate 

micromechanical tensile failure models.  To this end, a collaboration was set-up between 

the author and a modeller at KU Leuven, Yentl Swolfs.  Swolfs et al developed a fibre 

bundle model which combines a fibre bundle model, with a finite element analysis to 

determine the stress distribution around broken fibres.  The model incorporates many of 

the developments discussed throughout this chapter (including fibre strength variation, 

matrix micro-cracks, a superposition principle and random fibre packing), and provides an 

insight into the current state of the art of micromechanical tensile failure models.  The 

author has collaborated with Swolfs to compare the experimental results from one of the 

author’s in situ coupons to Swolfs’ modelling predictions.  The chapter describes the results 

comparison and provides a brief summary of Swolfs’ model.  For a more in-depth 

discussion of the model the reader is referred back to Section 3.5. 

 

8.1.1 Model Summary 

Swolfs’ model combines finite element analysis to determine the stress redistribution 

around fibre breaks, and a fibre bundle strength model.  There are two steps, first the 

stress redistribution from a single broken fibre is calculated using finite element analysis.  

The resultant stress fields are then incorporated into a chain of bundles strength model for 

unidirectional composites.  After assigning a local strength to each fibre element, according 

to a Weibull distribution, the global strain is increased by 0.04%, this increment is gradually 

reduced until near final failure it becomes 0.0025%.  After each strain increment, the stress 

in each fibre element is calculated, based on the applied strain and the stress concentration 

factor, and compared to its strength.  The element is considered broken if its stress exceeds 

its strength. The cluster size is then updated for all fibre breaks and finite element data 

used to incorporate the stress concentration factors (SCFs) in the nearby fibre elements.   

As the SCFs from a broken element may cause additional elements to break, the model 

updates the element stresses and checks whether any new elements have broken.  The 

process is repeated until no new fibre breaks are found at the current strain level, the 

strain is then incremented and the process repeated. The model stopped if an unstable 
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propagation of fibre breaks was detected, defined as an exponentially increasing number of 

fibre breaks within the same strain increment. 

 

8.2 Results 

In order to critically evaluate the model, a blind prediction of composite failure strain and 

the damage parameters (fibre break and cluster accumulation) was undertaken by Swolfs.  

This means that the results presented here are the original results, and are not based on 

curve fitting.  

 

8.2.1 Stress Strain Diagram 

Experimentally, as only nominal failure loads were known, and because of the stochastic 

nature of composite strengths, it is difficult to achieve scans just before final failure. The 

highest strain achieved was 1.94%, close to the ultimate failure strain of the sample of 

2.06%. The stress-strain diagrams of model and experiment are compared in Figure 8-1. 

The response is linear up to the point of failure, with a modelled ultimate failure strain of 

2.43 +0.03%, which is an over-prediction of the experimentally measured failure strain of 

2.06%.  The over-prediction is attributed to the cluster development, which is explored in 

detail in the following sections. 
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Figure 8-1: Stress-strain diagram from the model and the experimental data 

 

8.2.2 Fibre Break Density 

As reported in Chapter 7, a small fraction of fibres within the composite break before final 

failure; in a specimen with approximately 6000 fibres there are fewer than 500 broken 

fibres, meaning less than 10% of the fibres are broken.  A comparison between the 

experimental and analytical results for fibre break accumulation, as a function of fibre 

strain, is shown in Figure 8-2.  The graph also includes the Weibull prediction of fibre break 

density, which does not incorporate stress transfer, but simply predicts break accumulation 

as a function of increasing applied fibre stress.  Experimentally, fibre breaks accumulated at 

fibre strains above approximately 1.7% on a power law curve; in contrast the model over-

predicted the break density with breaks occurring at lower strains.   
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Figure 8-2 Accumulation of fibre break density as a function of fibre strain – comparison between 

experimental, modelled and Weibull prediction. 

After the initial over-prediction the experimental break density starts to catch up with the 

experimental data, as the experimental data has a steeper break accumulation curve. This 

may indicate that the stress concentrations are underestimated in the model, which 

downplays the importance of stress transfer.  At strains below 1.5% the diagram (and 

accordingly the damage accumulation) is dominated by random fibre failures according to 

the Weibull distribution.  This means that the only reasonable cause of discrepancy in this 

portion of the break accumulation curves is due to errors in the calculation of the Weibull 

distribution, as shown in the graph, where the Weibull prediction is too high at the lower 

strain values.  

 

8.2.3 Clustering Parameters 

The largest cluster found experimentally was a 14-plet at a fibre strain of 1.94%.  The 

largest predicted cluster was a 5-plet, which only occurred once in one of the three models 

at the same strain of 1.94%.  Figure 8-3 provides a comparison of the experimental and 

analytical results for the fibre break density as a function of fibre stress.  From the graph it 
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can be seen that the number of 1-plets is overestimated by the model; the number of 2-

plets is slightly underestimated, however the presence of 3-plets and over is drastically 

underestimated.  This may explain why the overall break density displays less of an error as 

the over-prediction of singlets and under-prediction of clusters averages out.  The model 

predicts a higher failure strain of 2.43% (vs. an experimental value of 2.06%), it is therefore 

suggested that the accumulation of clusters is delayed until higher strains.  The largest 

cluster at a strain 0.12% below the modelled failure strain is a 24-plet, which is an over-

prediction, however it is closer to  the 14-plet found experimentally. 

 

Figure 8-3 i-plet accumulation as a function of fibre strain - comparison between experiment and model 

In the experiments, up to 50% of the total breaks occurred in clusters; however, there was 

no correlation between the fibre strain and the cluster percentage i.e. a higher fibre strain 

did not always result in a higher cluster %.  In the model, the percentage of breaks in 

clusters gradually increased with strain, but never reached more than 10%.  Approximately 

70% of the clusters found experimentally were co-planar, while the model predicted only 5-

10% of the clusters to be co-planar – the rest were diffuse.  The presence of diffuse clusters 

(without debonding) suggests that the stress redistribution is not accurately represented 

and instead the effect of the fibre Weibull modulus is dominant.  The experimental results 

indicate that as larger clusters formed there was no reduction in the number of smaller 

clusters, implying that clustering was a near-instantaneous dynamic process and that 
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clusters do not grow once formed.  This was in contrast with the modelling results, which 

predicted that clusters would grow gradually with increasing strain.   

 

8.3 Discussion  

The model under-predicted the cluster percentage and largest clusters during damage 

accumulation.  These discrepancies are both strong indicators that the model 

underestimates the stress concentrations, which may be due to several factors.  Firstly, the 

linear superposition is known to underestimate the stress concentrations around multiple 

broken fibres.  The stress redistribution model only considers the stress redistribution 

around single fibre breaks.  To account for cluster formation, a superposition principle is 

needed to predict stresses around multiple breaks.  Even through an enhanced linear 

superposition is used, the SCFs for single fibre breaks are still summed to predict the SCF 

around multiple broken fibres.  This superposition is suggested to still under-predict the 

extent to which broken fibres will interact with each other.  Analysis has found that for a 5-

plet, with matrix cracks between fibres, the actual SCF is 68% higher than the value 

calculated by linear superposition.  Even with three broken fibres and no matrix cracks, the 

SCF is 15% higher than the superposition values.  Additionally the model is not able to 

incorporate dynamic effects, which results in a further reduction of the overall stress 

concentration.  The model predicted that clusters would grow, rather than forming 

dynamically within one load step.  The model should be capable of capturing the pop-in 

nature of clusters; unfortunately, there has been little research (analytically or 

experimentally) in this area. 

Swolfs’ model over-predicted the composite strain to failure, with an over prediction of 

approximately 15%, which lies outside the scatter determined by the author (± 4.5%).  The 

reason for this discrepancy is shown in Table 2-1.  The model was less successful at 

predicting damage accumulation, and in particular the occurrence of clustering.  Whilst the 

model is able to generate random fibre arrays the variation in fibre volume fraction across 

the composite is lower in the model than in the experimental coupons, which varied 

approximately between 35% and 70%.  Models run with different average fibre volume 

fractions demonstrated little variation in the resultant fibre break and clustering results, 

which suggests that the experimental results can be attributed to secondary effects (such 
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as fibre damage during manufacture and dynamic effects) which are not currently included 

in the model. 

With regards to the difference in predicted and experimental cluster shapes (diffuse vs. co-

planar) this is attributed by Swolfs to the inaccurate estimation of fibre Weibull modulus.  If 

the estimation of Weibull modulus is too low, it would result in a greater number of diffuse 

clusters.  It is also suggested that the lack of an accurate dynamic (higher) stress 

concentration factor will reduce the number of predicted co-planar clusters.  The 

discrepancy between the experimental and predicted results are summarised in Table 8-1, 

which shows that the key likely reasons for discrepancies are under-prediction of the stress 

concentration factors (both dynamic and static) and an overly-wide Weibull distribution. 

Discrepancy Reason for discrepancy 

Over-prediction of composite failure strain 

(2.43% vs 2.06%). 

Under prediction of stress concentration 

factor – resulting in too small and too few 

clusters. 

Over-prediction of singlets Overly-wide Weibull distribution. 

Under prediction of clustering 
No dynamic SCFs in the model. 

Matrix cracks will induce very high SCFs in 

the fibre break plane; however this is not 

translated into the strength model. 

Prediction of mainly diffuse clusters 

Largest cluster of 4 (vs. 14 experimentally) 

Under-prediction of cluster percentage. 

Clusters predicted to grow 
No dynamic stress concentration in the 

model. 

Table 8-1 Summary of discrepancies between the experimental and modelled results, and possible reasons for 

these discrepancies 
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9 Conclusions and Further Work 

 

Synchrotron radiation computed tomography has been used to analyse the effect of 

fibre/matrix properties and manufacturing parameters on the accumulation of fibre breaks 

and clusters of interacting breaks.  The use of SRCT has provided a three-dimensional 

representation of the materials’ internal structures at a sub-micron resolution, enabling 

identification of individual broken fibres and micromechanical features.  Two different 

specimen types have been analysed, and compared to previous work undertaken by Scott.  

This has enabled analysis and comparison of aerospace-grade in situ-loaded coupons, 

filament wound hoop wound pressure vessels, and filament wound fully-wound pressure 

vessels (analysed by Scott).  In the case of the aerospace-grade coupons it has also allowed 

in situ loading, which allows analysis of damage initiation and progression within the same 

coupon.  The technique is extremely data rich, resulting in large amounts of information 

regarding the microstructure and damage progression.  The chapter presents concluding 

remarks and discusses the implications with respect to further experimental and modelling 

work. 
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9.1 Conclusions 

 There is no linear correlation between fibre strength and the resulting composite 

strength – a stronger fibre does not guarantee a stronger composite.  This 

conclusion highlights the need to understand in greater detail the interaction 

between constituents and composite failure mechanisms when designing a 

structure or developing a material.  Relying solely on manufactures’ parameters 

does not allow for accurate composite strength and failure predictions. 

 Fibre breaks are shown to accumulate on a power law curve, with an “avalanche” 

of breaks preceding final failure.  Different rates of fibre break accumulation were 

found, which are suggested to be attributable to the Weibull modulus.  The 

presence of toughening particles did little to affect the break accumulation curves.  

There was no linear relationship between fibre/matrix properties and curve 

shape/location.  Little correlation has been found between fibre/matrix moduli and 

any of the results, which suggests the results are dominated by Weibull and 

interfacial parameters.  The fibre break density was very low in the hoop wound 

cylinders and highest in the fully-wound cylinder, when comparing the T700 fibre 

specimens.  Despite containing the same fibres, fully-wound cylinders accumulated 

eight times as many breaks as the hoop wound cylinders at equivalent stress levels.  

Here, the fibre parameters, including the Weibull modulus, appear to be less 

influential than the more dominant effect of variations in stress transfer between 

fibres.   

 Different cluster patterns (co-planar and diffuse) were found, and were not solely 

dependent on manufacturing methods.  The largest clusters were found in the 

aerospace-grade pre-preg laminates, and T700/M21 in particular which had a 14-

plet, which was the largest observed cluster.  The T700 fibres in the hoop wound 

and fully-wound cylinders had no clusters larger than 3-plets and 4-plets 

respectively.  The T700 hoop wound cylinders had very high cluster percentages 

(up to 70%), in situ coupons (including T700 fibres) had up to 50% of breaks in 

clusters and fully-wound cylinders had up to 20% of breaks in clusters.  The Weibull 

modulus affected singlet initiation, but is not believed to be the dominant factor in 

determining clustering, which were instead controlled by the stress transfer around 

broken fibres.   
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 Clusters formed near-instantaneously within one load step, and did not grow with 

increasing applied load, as has previously been suggested.  A hold-at-load effect 

was investigated for in situ-loaded T800/M21 samples.  After two hours being held 

at approximately 90% of final failure load the fibre break density doubled and the 

number of clusters increased from 1 to 4.  The clusters did not grow from initial i-

plets, but formed dynamically.   

 Singlets accumulated preferentially in areas of low fibre volume fraction, which has 

not previously been discussed in the literature.  Due to the low variation in fibre 

volume fraction it has not been possible to analyse the effect of fibre volume 

fractions (which will affect the stress transfer parameters) on fibre break 

accumulation.  However analytical work has shown a correlation between fibre 

volume fraction and increased stress transfer around a fibre break.  Additionally, 

singlet initiation was found to be influenced by the presence of voids. 

 Based on the experimental results, the important parameters needed for accurate 

modelling of tensile failure are the fibre Weibull modulus, fibre break stress 

transfer parameters, and the effects of fibre volume fraction.  As models are only 

as accurate as the underlying assumptions they are based upon, there is still a great 

need for further experimental work to inform them, paricularly with respect to 

stress transfer and the role of the fibre/matrix interface.  So far no one model is 

able to incorporate all the necessary parameters, including dynamic stress 

concentration factors, voids and resin rich regions, matrix micro-cracks around 

fibre breaks, and random fibre packing. 

 The modelling chapter has highlighted the problems various modelling families 

have in incorporating basic input parameters. For example many models are not 

able to incorporate the effects of fibre volume fraction variation or the 

complexities of stress transfer.  Additionally they do not consider the potential for 

dynamic effects, which will ultimately result in an over-prediction of composite 

failure strength.  Across the modelling approaches, many are not able to predict 

clustering parameters, and non predict the ‘pop-in’ nature of clusters.  Until the 

experimental work to inform the modelling of stress transfer is undertaken, there 

will be fundamental errors in the modelling of tensile failure, resulting in 

discrepancies between the experimental and modelled results. 
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 Comparisons between experimental and analytical results have shown that whilst 

the models can predict the overall fibre break accumulation with reasonable 

accuracy, the prediction of clustering is much less accurate.  This is attributed to 

the lack of accuracy surrounding the stress transfer parameters. 

The results strongly suggest that the two most important parameters for predicting fibre 

failure in autoclave-cured pre-preg-based laminate composites were the fibre Weibull 

modulus and the stress transfer, which in turn is controlled by multiple parameters.  Whilst 

the Weibull modulus is well understood and fairly easy to measure or estimate, there is a 

great deal of work still needed to be able to measure or calculate the interfacial properties 

and the resultant stress transfer properties for a specific composite. The author believes 

there is currently no reliable way to determine the relevant stress transfer parameters, and 

in particular to predict them for different composites.  This implies a need to develop in situ 

measurements for stress transfer in the bulk of composites at realistic volume fractions.  In 

the absence of such measurements it is clear that there are fundamental errors in the 

tensile failure models, which are particularly evident in the prediction of clustering 

parameters.   

 

9.2 Further Work 

9.2.1 Modelling 

 Swolf’s model is known to have a size effect, whereby an increase in the modelled 

volume results in a decrease in the normalised composite strength (even when 

accounting for the size effect encountered in composites).  Further work is needed 

to analyse the results of the size effect on the fibre break and clustering 

parameters. 

 Working with the model may also allow analysis of the effect of different 

parameters which cannot be analysed experimentally.  For example, the model 

may be able to analyse the effects of more extreme fibre volume fraction variation.  

It may also be used to predict fibre break and cluster paramters just prior to final 

failure. 
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 Currently, only one in situ-loaded specimen has been modelled (T700/M21); it 

would be desirable to model at least the T800/M21 and IM7/8552 specimens, for 

which the Weibull moduli are known.  This would allow further validation of the 

model and analysis of whether it systematically under predicts cluster parameters, 

or if the variation between experimental and analytical results cannot be predicted.  

This will be done as part of the following bullet-point. 

 A benchmarking exercise has been developed collaboratively between the author, 

Swolfs and Soraia Pimenta, another modeller.  The aim is to use the experimental 

results of T700/M21, T800/M21 and IM7/8552 to validate and analyse different 

types of micromechanical tensile failure models.  The exercise will follow the same 

format of Chapter 8, comparing the experimental and analytical results and 

analysing the flexabilities and capabilities of the models. 

 

9.2.2 Experimental: 

From the experimental and analytical results it can be seen that there are several key areas 

for further work.  The further work listed here will augment the current set of results, 

without introducing too many more variables to be analysed.   

 The initial hold at load experiment showed that even within a short time frame 

(two hours) there was an increase in fibre breaks with time at load.  It would be 

beneficial to explore different specimens, loads and durations to provide more 

information on the stress transfer parameters.  It is recommended that the tests 

listed below are run.  The initial analysis used an unrealistically high load (90%) to 

emphasise the hold at load effects within a short space of time.  In order to be 

more representative of the cylinder service pressure, lower loads are 

recommended, with longer hold at load times.  Whilst the scan times are fairly 

quick (approximately 10 minutes) the hold at load times between scans can be 8 or 

16 hours, which may be difficult to incorporate during standard synchrotron 

sessions.  The initial, 0 hour, scans will also provide repeat data points for the 

specimens. 

o Specimens: T700/M21, T800/M21 
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o Load steps: 50, 60, 70, 80, 90% 

o Time increments of: 1, 2, 4, 8, 16, 32 hours. 

 One of the problems associated with the in situ scans is that it is difficult to achieve 

accurately the desired loading steps.  This results in some specimens failing early, 

meaning they have fewer data sets, whilst some specimens have a low final scan 

increment, which means the scan is not taken just before final failure.  This is 

particularly true for the T800/M21 and IM8/UT specimens which had final loading 

steps at 87% and 91% respectively.  Repeats would allow for scans closer to final 

failure to be achieved, and would also allow analysis of the scatter in the data. 

 An initial analysis has been undertaken to determine the Weibull modulus of three 

fibre types (T700, T800 and IM7).  It is recommended that single fibre tests are 

conducted on the IM8 and MR60H fibres to compute their Weibull modulus, and 

allow full analysis of the effect of Weibull modulus on fibre break accumulation. 

 The hoop wound cylinder CT imaging data sets were too blurry to allow accurate 

and reliable fibre counts to be obtained, so a fibre volume fraction analysis has not 

been possible.  To account for this, it may be necessary to rescan the matchstick 

samples. 

Outside of these suggestions there is great scope to analyse additional fibre/matrix 

combinations in both hoop- and fully-wound cylinders.  This would allow additional 

comparisons to be made between the in situ coupons and the two cylinder types.  This 

however, requires the manufacture of large batches of cylinders, which is both costly and 

time-consuming. 
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10  Appendices  

A. Additional SEM Images 

T700/M21 head on T800/M21 head on 
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T700/M21 head on  T800/M21 head on 
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T700/M21 side on  T800/M21 side on  
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T700/M21 side on  T800/M21 side on  
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IM7/8552 head on  IM7/8552 head on  
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IM7/8552 side on  IM7/8552 side on  
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IM8/T head on  IM8/UT head on  
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IM8/T head on  IM8/UT head on  
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IM8/T side on  IM8/UT side on  

  

  

  

  

  



200 

 

IM8/T side on  IM8/UT side on  
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MR60H/T head on – diffuse profile MR60H/UT head on  
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MR60H/T head on – flat surfaces MR60H/UT head on- flat surfaces 
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MR60H/T side on  MR60H/UT side on  
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MR60H/T side on  MR60H/UT side on  
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B. Cluster Code 
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C. Cluster Accumulation Graphs 

 

Figure 10-1 Singlet and cluster accumulation as a function of fibre stress for T700/M21 and T800/M21  

 

Figure 10-2 Singlet and cluster accumulation as a function of fibre stress for IM7/8552 
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Figure 10-3 Singlet and cluster accumulation as a function fibre stress for IM8/T and IM8/UT 

 

Figure 10-4 Singlet and cluster accumulation as a function of fibre stress for MR60H/T and MR60H/UT  
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D. Graphs Showing the Proportion of Interacting Fibre Breaks 

  

Figure 10-5 Cluster percentages in T700 and T800 hoop wound cylinders 

  

Figure 10-6 Cluster percentages in the inner (I/H) and outer hoops (O/H) of fully-wound (F/W) cylinders 
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Fibre Stress (GPa) T700/M21 Fibre Stress (GPa) T800/M21  

Figure 10-7 Cluster percentage as a function of fibre stress for T700/M21 and T800/M21 (R = repeat) 

 

Figure 10-8 Cluster percentage as a function of fibre stress for IM7/8552 
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Fibre Stress (GPa) IM8/T Fibre Stress (GPa) IM8/UT 

Figure 10-9 Cluster percentage as a function of fibre stress for IM8/T (left graph) and IM8/UT (right) 
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