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Abstract

The use of composites in automotive applications is fast becoming prevalent due to
increasing requirements for low-emission vehicles and the extension of the electric
vehicle range. A main obstacle in the wide application of composites is a plethora of
manufacturing-induced defects. Currently, more work is still required to accurately

predict the exact material response for different defects.

One of the most significant manufacturing defects is the inclusion of porosity, it is
almost impossible to completely mitigate and if not controlled or accounted for
properly, can have a catastrophic impact on structural composites. Previous work has
attempted to address this issue; however, for the most part, it has only focused on the
void content as the main contributing factor in degrading the material properties.
Recent studies have since found that the shape and size of the porosity also have an

important role in determining the response.

This thesis focuses on developing a design tool to predict the effect of porosity in
unidirectional carbon fibre reinforced polymer composites. The main output from this
project is a modelling framework which can account for accurate porosity parameters,
including void content, shape, and size. The modelling framework achieves this by
splitting the procedure into two distinct stages; first, studying how voids knock down
the strength of neat matrix and second, the ‘knocked-down’ matrix strength is used in

a Representative Unit Cell to predict ply properties.

The modelling process was conceptualised and used to study the correlation between
the void parameters and the matrix strength. Observations were established on how
voids act as stress raisers on the surrounding material and comparisons were
investigated using a representative analytical model. An experimental campaign was
undertaken whereby laminates were manufactured through prepreg/autoclave
procedures as well as through resin infusion, using various methods to vary the
porosity. The laminates were mechanically tested, and the porosity parameters were
characterised. The porosity characterisation data was subsequently used to build

representative models which were correlated to the empirical testing.
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Term

Description

Materials and Manufacturing

Autoclave
Composite
Degassing

Fibre tow

Fibre reinforqed
composite

Fibre volume fraction

Glass transition
temperature

Laminate

Layup

Matrix

Major axis

Minor axis

Out-of-Autoclave

Ply

Machines used to apply heat and pressure, can used to cure
composites.

A material that is formed of two distinct constituents, clearly
identifiable.

The process used to remove gas from resin before combining it
with the preform.

Discrete bundles of fibres that can be intertwined to form a
fabric.

A composite where the main load bearing comes from thin
strands of a high-performance material.

The percentage of a composite that is made up of fibre
reinforcement.

The transition temperature that results in a polymer's ‘glassy’
state becoming ‘rubbery’, due to the carbon chains that form
the polymer beginning to move.

A flat plate made from fibre reinforced composite, typically
used for testing purposes.

Multiple plies which are placed on top of one another to form a
laminate.

The material that holds the reinforcement form in a
composite.

The axis along the longest length of a void, that is assumed to
take the shape of an ellipsoid.

The two axes along the shortest lengths of a void that is
assumed to take the shape of an ellipsoid. Often these two axes
are assumed to be of the same length.

A composite manufacturing process that does not make use of
an autoclave.

A single layer of a fibre reinforced composite.
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Preform

Pre-preg

Racetracking

Reinforcement

Resin infusion (VARTM)

Uniaxial layup

Unidirectional

Void Content

Woven

The name given to the reinforcement before being combined
with the matrix.

A type of fibre reinforced composite where the matrix is
already combined with the reinforcement from the supplier.

Found in Out-of-Autoclave manufacturing processes where the
introduction of matrix spreads quickly around the outside of
the mould.

The main load-bearing constituent in a composite

Type of Out-of-Autoclave manufacturing process where the
matrix is drawn through the preform. Also known as Vacuum

Assisted Resin Transfer Moulding.

A layup where all plies have the reinforcement co-aligned in
the same direction.

Type of fibre architecture where all fibres in a single ply are
orientated in the same direction.

The volume fraction of empty regions within a material.

Type of fibre architecture where fibre tows are intertwined into
a fabric.

Inspection

Micro-computed
tomography

Optical microscopy

Phase contrast edge
enhancement

3-dimensional X-ray imaging technique used to build
representative computational/graphical models.

Use of microscopy to inspect materials at the micron scale.

The phenomenon in p-CT scans where the border between two
materials, which differ in densities, is observed.

Testing

Combined Loading
Compression

Crosshead displacement
Failure

Platen

Preload

A test fixture designed to induce both end loading and shear
loading into compression specimens.

The method used to induce load into specimens through a
combination of gripping and extension/compression

When specimens lose all load-bearing ability.
Flat metallic plates which are used as an interface between
specimen surfaces and the test machine. Used in compression

testing.

A small amount of load that is induced into a specimen prior to
starting the test.

Modelling

Integration points

Knocked-down property

Specific locations used to map how a structure performs under
load.

A material property that has lower performance due to a defect
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Linear elastic

Mesh
Mesh elements

Modelling framework

Molecular Dynamics

Mesh generation

Mesh seed
Micromechanical model

Modelling approach

Model series
Nodes

Periodic Boundary
Conditions

Pristine matrix

Representative Unit Cell

Void module

Extended Finite Element
Method

Type of modelling process where only linear material
properties are included.

The global arrangement of divisions used to create elements.
Sub-divisions of a structure used to define where calculations
take place.

A high-level overview of how a modelling procedure works,
various procedures can follow it.

Computational simulation approach to model the behaviour of
materials at the atomic/molecular scale.

Creation of the mesh which is first defined based on the mesh
seed.

The points at which the initial mesh is defined and grows from.
The material model with a working scale at the micrometre.

This is the exact procedure that is being followed in the
modelling framework.

These are several simulations that can be analysed together.
These are the vertices of the mesh elements.

A type of boundary condition that allows for periodicity to be
included in the model. Often used in micromechanical models.

Term given to the matrix region of the void module where it is
assumed that there are no defects (such as voids).

A micromechanical model that is representative of the whole
structure.

A model of a composite that only includes voids in the matrix.
A numerical modelling procedure used to predict crack

propagation in materials, without requiring remeshing newly
formed surfaces.
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Acronyms

AFP
ATL
CLC
CSA
DMA
FEA
FEM
GRP
ICE
IDE
AC
MD
Oo0A
PBC
RUC
RI
US
XFEM
p-CT

Automated Fibre Placement
Automated Tape Laying
Combined Load Compression
Cross-Sectional Area

Dynamic Mechanical Analysis
Finite Element Analysis

Finite Element Method

Glass Reinforced Polymer
Internal Combustion Engine
Integrated Development Platform
In-Autoclave

Molecular Dynamics
Out-of-Autoclave

Periodic Boundary Conditions
Representative Unit Cell

Resin Infusion

Ultrasonic

Extended Finite Element Method
Micro-Computed Tomography
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Nomenclature
Symbol Description SI Units
Constituent Calculations
Ve Void content %
Pe Density, composite Kg-m3
Pm Density, matrix Kg- m™3
Py Density, reinforcement Kg- m™3
Wi Weight percentage, matrix %
Weight percentage,
W: reinforcement %
M; Initial constituent mass Kg
Mg Final constituent mass Kg
Vin Volume, matrix m3
V. Volume, fibre m3
T Glass Transition
9 Temperature K
Resin Flow
Ca* Modified capillary number N-m™
U Resin viscosity Pa-s
v Global resin velocity m-s~1
y Resin surface tension N-m™t
] Resin-fibre contact angle °
Macroscopic preform
K@) permgabﬁity m?*
Vineso Void content of meso voids %
Vinicro Void content of microvoids %
Void Modelling
a Major void radii um
b Minor void radii (axis 1) um
c Minor void radii (axis 2) um
Vv, Void volume um?3
V; Stage 1 model, total volume um?3
Calculations
Eax Ultimate strength N
Prax Maximum load Pa
A Cross-sectional area m?
E Young’s modulus Pa
AS,, Change in stress Pa
Smax,ie Max stress Pa
Smin,le Min stress Pa
A€, Change in strain —
€max,le Max strain —
Eminle Min strain —
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Symbol Description SI Units
Stress Concentrations
Om Maximum stress Pa
0y Applied stress Pa
a Halve defect length m
o Defect tip radius m
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1. Introduction

1.1. Background
Composites, particularly Carbon Fibre Reinforced Plastics (CFRP), are synonymous

with motorsports and high-performance vehicles. For instance, the pioneering work
of the McLaren F1 team involved building and successfully competing with the first-
ever full composite monocoque race car in the Formula 1 race series. This led to a great
surge in the development of composites in motorsport.t Likewise, the first fully
composite monocoque of a production car was achieved by Lamborghini when they

introduced the Aventador sports car, as shown in Figure 1-1.2

Figure 1-1 Lamborghini's Aventador composite monocoque2

The possibility to achieve composites with a high strength-to-mass ratio is what makes
them extremely attractive to high-performance environments, alongside their
increased efficiency for the same input. For instance, BMW used composites
extensively in the i3 range of electric city cars as this was a way of improving mileage
from a single charge. This is becoming increasingly important as there is an extremely
high focus on the emissions of greenhouse gases and their link to global warming and
climate change. The increase in global temperature can be seen in Figure 1-2 where

a rate of approximately 0.08 °C per decade has been reported.3
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Global Land and Ocean
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Figure 1-2 Global increase in temperature, compared to 1990. National Centers for Environmental
Information. 3

To tackle this phenomenon, organisations around the world are setting policies to
reduce greenhouse gas emissions. For instance, in 2008 the UK set the Climate Change
Act4 with the goal of being ‘Net Zero’, i.e., the net carbon account being at least 100 %
lower than that of the 1990 baseline by 2050. The EU has also followed a similar trend,
where in 2019 the European Green Deal5 was presented which was set to reduce
emissions by 55 % of the 1990 baseline by the year 2030 and 100 % by 2050.6 On a
global scale, the Paris Agreement” is an international legal treaty to reduce greenhouse
gas emissions to limit global warming to 1.5 °C when compared to pre-industrial

temperatures.

Meeting these targets is extremely important and many organisations have introduced
policies to tackle climate change. For instance, in 2020, the UK government published
a white paper report8 identifying how they were addressing the issue and the plans
being put in place. The report documented a ten-point plan intending to kickstart a
‘Green Industrial Revolution’. The plan includes increased use of offshore wind farms,
implementation of carbon capture usage and storage, as well as transitioning to zero-

emission vehicles.

Nevertheless, for zero-emission vehicles, the biggest relevant change is a transition
from Internal Combustion Engines (ICE) to electric drivetrains, due to their low
operational emissions.9 However, regardless of the drivetrain format, the heavier the
vehicle is, the more energy is required for the same journey. This means that by
lowering the vehicle’s overall mass better mileage can be achieved. In a Plenary lecture
at the Composites 2021 conference!© a presentation discussing the use of composites

in automotive applications explained that metallic structures are very well optimised,
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meaning that there is very little scope to reduce mass any further without the transition
to composite materials. Nonetheless, the plenary lecture went on to further explain
that the design knowledge regarding composites is still in its infancy and so, whilst the
designs of metallic and composite structures are currently of similar mass, there is a

great potential for improvement.

The reason that composite design processes are still in the early development stage,
even after several decades of research, is due to the high number of defects that can
arise during manufacture and understanding how these affect the performance during
the structure’s lifecycle. For many years high safety factors have been applied in
structural design, which has resulted in over-engineered designs. To both fully
optimise a composite structure and minimise energy usage, a full understanding of the
exact composite structure’s behaviour is required. This means being able to predict

how certain defects arise and their effect on the design integrity.

1.2. Thesis Aims and Objectives
There is a fine balance between not accounting for manufacturing defects and over-

engineering a composite design, and in either case, the outcome is less than desirable.
The governing factor is accurately understanding the relevant mechanical properties
of the defects. Although empirically testing a design for a given manufacturing process
provides exact data, this is far from ideal; tooling and moulds must be manufactured,
materials must be purchased (which may not be decided upon yet) and most
importantly, testing would be required throughout design iterations. This provides

reason to develop prediction tools on how defects affect mechanical properties.

The most prevalent defect in composite manufacture is porosity. This is an extremely
difficult defect to prevent, predict the formation of and understand the resulting
impact. Current modelling techniques are still simplistic, they either assume that voids
are infinitely long in a planar model, or the properties of 3D elements are degraded to
simulate a void. In either case, there is a poor geometrical representation of voids,
which is problematic as recent studies have begun to identify that it is not just the

volume fraction of voids that is important, but also the shape.11.12

The overall aim of this work is:
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“To develop and validate a multiscale modelling framework that can be used to
predict the strength degradation of carbon fibre reinforced polymer materials due

to the inclusion of voids during manufacture.”
To achieve this aim, the following objectives were set:

e To conceptualise a multiscale modelling framework that accounts for both the
void content as well as geometrical parameters used to characterise porosity.
This modelling framework will be the main Finite Element Method (FEM)
approach used in this thesis.

e To investigate, using the multiscale modelling framework, how geometrical
parameters affect the strength of a composite. This is to assess if firstly, the
modelling approach can determine a change in strength due to various porosity
parameters and secondly, to what extent a change in the relevant parameter
affects the reduction in strength.

e To experimentally test the mechanical performance of composite laminates
containing porosity that have been generated to varying degrees, using samples
manufactured through both autoclave and Out-of-Autoclave (OoA) processing
techniques. This information is to be used to determine what properties are
affected by porosity and test data can be used to validate the modelling
approach against.

e To characterise the porosity generated in the laminates that are tested. Firstly,
this allows for an understanding of how a change in the porosity affects the
mechanical properties and secondly, the data can be used to build
representative models using the developed modelling framework.

e To validate the modelling framework through a correlation campaign where
representative models are built, and the predicted FEM results are compared
to the experimental results. This will determine how successful the modelling

approach is at addressing the main aim.

1.3. Novelty Statement

The research presented in this thesis focuses on developing a novel modelling
framework accounting for accurate void representation. The novel aspects of this

research are summarised as follows:
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e Development of a dual stage modelling framework that can predict the
reduction in transverse strength of a composite for a given set of porosity
parameters. The effect of voids on neat matrix is first studied and the
homogenised/degraded matrix is then used in a representative unit cell, all
whilst focusing on the effect on transverse strength. There are very few
approaches which have split the modelling process in this way and those that
have, were focused on the change in stiffness and did not consider the reduction
in strength.

e Varying autoclave cure pressures to change the void content between laminates
has been implemented on numerous occasions. However, the resulting size and
shape of the voids has only been the focus of a few studies. The porosity
produced through autoclave processing was measured using optical
microscopy, allowing for the shape and size of microvoids (voids with lengths
of approximately 10um) to be studied.

e A case study was conducted investigating the influence of porosity in resin-
infused laminates on transverse mechanical properties. To the author's best
knowledge, this is the first time that a highly detailed analysis of the variation
of void content across a resin-infused laminate has been undertaken in
combination with empirical testing. The experimental data was also used as

inputs and validation criteria for the developed model.

1.4. Thesis Structure
The current chapter gives a broad introduction to the thesis focus, including the

thesis's overall aim and corresponding objectives. Chapter 2 reviews the current
literature in the area of this thesis. Porosity is defined, including characterisation
processes, which is followed by studies into the impact it has on mechanical properties.
The chapter finishes by reviewing the current modelling approaches and states the gap
in knowledge that this thesis aims to address. Chapter 3 gives an overview of the
common techniques that have been used in this thesis. This includes composite
manufacturing and testing, void characterisation and modelling techniques. Chapter
4 defines the modelling framework that has been conceptualised and how it can be
implemented. Chapter 5 details the experimental campaign including laminate

manufacture, mechanical testing and microstructure characterisation. Chapter 6
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utilises the data gathered from Chapter 5 to build representative models of the
laminates that were tested and correlate to the experimental results. Chapter 7
provides an overall discussion of the results and Chapter 8 draws conclusions together
for this thesis highlighting the outcomes, limitations, and potential future work. Any

additional information and supplementary material are included in the appendices.

1.5. Published Outputs

Work Published:

Fisher, B. L., Eaton, M. J. & Pullin, R. A novel multi-scale modelling approach to
predict the reduction of transverse strength due to porosity in composite
materials. Composite Structures (2023). Doi: 10.1016/j.compstruct.2023.116861

Fisher, B. L., Eaton, M. J. & Pullin, R. A multi-scale modelling approach to predict the
effect of porosity on transverse strength. in 8th ECCOMAS Thematic Conference
on the  Mechanical  Response  of  Composites 12 (2021).

doi:10.23967/composites.2021.093.
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2. Literature Review

2.1. Chapter Overview
This chapter highlights the relevant research applicable to this thesis. An initial

definition of what composites are in terms of this work and the types of associated
defects is first given. Attention is then focused on porosity, where it is defined, and
characterisation techniques are addressed. Subsequently, studies into the effect
porosity has on mechanical performance and current modelling approaches are
detailed. The chapter concludes by drawing together the current state of the art, gaps

and shortcomings in the research and presents key points for the thesis to address.

2.2, Manufacturing Variability Overview

2.2.1. Composite definition
To understand the different types of defects and how they arise, it is first important to

address what a composite is and what they are made from. A composite is a material
that contains two or more different constituents. In the context of this work, this refers
to fibre reinforced polymers where the fibres are used as the main load bearing!3-27
constituent which are held together using a polymer-based matrix. There are a variety
of different types of constituents which are selected based on their properties and user

case. The most common types are summarised in Table 2-1.
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Table 2-1 Types of fibres used in fibrous composites.2$
. Constituent Density Modulus2/ Poisson Strength2
Constituent
type / Kgm-3 GPa Ratio / GPa
Glass 2600 76 0.22 3-4
Kevlar 1470 150 0.35 2-3
Carbon (high
Fibre strength) 1750 2507300 020 36
Carbon (high
1940 400-800 0.20 2-4
modulus)
Flax 1500 80 0.30 2
Epoxy 1250 3.5 0.38 0.04
Polyester 1380 3.0 0.37 0.04
Matrix Polyether
ether ketone 1300 4.0 0.37 0.07
(PEEK)

aFor fibre constituents the property is taken in the axial direction.

There are several different forms that the reinforcement can take, known as fibre

architecture, illustrated in Figure 2-1. The most common is unidirectional, which is

where all the fibres are orientated in the same direction and arranged into a flat layer

called a ‘ply.” Multiple plies are laminated together to form a ‘stack-up/laminate’ where

the fibre orientation is rotated to suit the structural loading. A woven fibre architecture

is where each ply is made up of ‘tows’ which are bundles of between 1000-15,000

fibres. Each tow is then woven into a fabric following a weave type, as shown in Figure

2-2. The third general fibre architecture is short-strand composites, where the fibres

are chopped into short lengths and are dispersed randomly throughout the matrix.

90/0/0/0/0/90
or [90/0,],

Figure 2-1 Different fibre architectures. (A) Unidirectional, (B) woven and (C) random chopped

strand.28
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4-harness satin

5-harness satin

8-harness satin Twill

Figure 2-2 Examples of the different types of woven fabrics.29

2.2.2. Types of manufacturing induced defects
In composites, many different types of defects can be induced during the

manufacturing stage. These defects can be extremely problematic if the tolerances are
not correctly set or not controlled stringently during manufacture. The types of defects
broadly fall into categories that are based on either the constituent material or the
macro (part) scale. Examples of the most common types of defects can be seen in

Figure 2-3.
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Figure 2-3 Schematic of the types of defects showing that they are typically either matrix, fibre or

macroscale based.

It is clear from Figure 2-3 that there is a plethora of different defects that can occur

during manufacture and gives reason why significant safety factors have been used as

a way of addressing the uncertainty. However, to maximise the design efficiency an

understanding of how each of the defects affects the integrity of a structure is needed.

Macro and fibre-based defects are certainly important and can be extremely

detrimental, however, they can be evaluated generally through inspection techniques

and measurements. On the contrary, matrix defects are a lot more difficult to account

for since, firstly, it is difficult to control them consistently (i.e., two laminates following

an identical manufacturing process may have different void content or dry patches).

Secondly, matrix defects such as voids and incomplete cure are difficult to measure,

which results in significant investment into process characterisation and control.

2.2.3. Porosity Overview/Definition
When it comes to matrix-based defects, one of the most well-known and significant

imperfections are voids. These are regions of the composite that do not contain either

the matrix or reinforcement and instead are unfilled gap(s).3° Several types of voids

can be found in composites with the most common being ‘discrete voids’. These are

large voids in the order of millimetres and can individually affect the mechanical

10
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properties of a composite. Porosity on the other hand is a collection of much smaller
voids on the scale of micrometres and whilst the individual voids are unlikely to affect
the mechanical properties, often they generate throughout the material in which case,

collectively, they can be cause for concern.3!

Voids have been a subject of research for several decades, because of their significance
in reducing mechanical properties.3! A literature search through ‘Google Scholar’
between the years 1950-1979 using keywords such as ‘composite’, ‘void’, ‘porosity’ and
‘defect’ (date searched 14th April 2022) shows that research into how voids affect
fibrous composites started in the late 1960s and early 1970s. Examples of this research
include a study by Bascom and Romans32 in 1968 where they investigated how
microvoids in glass reinforced resin form during filament winding processes. They
found that the nonuniformity of fibre distribution inhibited full wet through as the
fibres were drawn through the resin bath. In 1974, Cilley et al33 presented work at
Composite Materials: Testing and Design conference where they showed different
approaches to determine the void content of laminate. They showed that resin-
removal techniques are more precise, however do not offer spatial distribution

analysis that optical methods can.

When the search is changed to include research between 1980 and 2000 it is clear that
in the mid 1990’s the field became a lot more active. For instance, in 1996 Patel and
Lee34:35 published a two-part study investigating void formation and reduction. The
first part focused on tow permeability through wicking tests and capillary pressure-
saturation measurement where this information is subsequently used in the second
part to develop a model of the formation of voids. The model can be used to investigate
how different process parameters affect the generation of voids. Thomas et al.3¢ carried
out an extensive investigation into understanding how parameters of autoclave curing
affect the final part including the void content. These parameters include pressure,
temperature, ramp and dwell times as well as prepreg age. The results showed that
whilst the pressure influenced the void content the most, the other parameters also

influenced the resulting porosity levels.

Whilst historically porosity has been investigated, it is still an active research field. In
recent years there has been a consistent number of papers published related to
porosity, notably an extensive review paper by Mehdikhani et al.3° which covers all

aspects of porosity from formation and characterisation to the impact on mechanical

11
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properties. Tretiak et al.3” recently published work describing a model which can
account for accurate 3D void geometry to be used when investigating the impact of
porosity on short beam shear strength. Another recent publication by Machado et al.38
uses machine learning to improve the efficiency of optical microscopy techniques.
Typically to use optical microscopy for void content analysis, thresholds have to be set
manually for image processing, however, the model can automatically segment porous

regions from the image and calculate the void content.

The significant ongoing research into porosity shows the implication that is poses if
not properly accounted for. This is due to the complexity of the microstructure of
composites causing the formation of voids to be a complex phenomenon as well as the
large impact that voids have on the structural performance. This means that a full
understanding and ability to predict not only the impact porosity has, but also the
formation during manufacture since the final porosity features (e.g. void content,

geometry etc.) can influence how the mechanical properties are affected.

2.3. Porosity Features
Porosity is extremely important from the magnitude of related research both

historically (i.e., since the 1970’s) and from the number of papers that are published
currently. It is also very well accepted that porosity is a major defect in
composites30:31:39 and so it is important to evaluate the porosity found in structural
parts to determine if they pose a risk of premature failure or not. Whilst the definition
of porosity can simply be described as regions that are unfilled by either fibres or
polymers3°, accurately describing porosity within a laminate/component is much more
difficult. Several factors contribute to the overall makeup of porosity including the void

content, shape, size, distribution and location304°, These factors are defined as follows:

Void Content: This is the overall volume fraction of porosity that a given
laminate/component has within it and is typically given as a percentage of the overall
structure/region in question3°. Void content is a very common factor when describing
the porosity within a laminate and is often the only measured porosity-based tolerance

when determining acceptable void characteristics4°.

Shape: Since there are no specific controlling measures that influence the exact shape

of voids (i.e. ensuring voids take a precise shape), in practise voids take an

12
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arbitrary/irregular shapes°. However, it is a common simplification to assume that,
whilst they are not perfect, they are roughly ellipsoidal and so the shape is defined by
the three axes of an ellipsoid. Whilst different researchers may use different notations,
the principle remains the same whereby the void can be measured by its length (lv),
width(wv) and height(hv)4°. The shape of the void is an important parametric since
voids act as stress concentrations and therefore the radius of the void correlates to the
level of local stress around the void when subjected to a load. It is possible to change
the shape of a void whilst retaining the same void content and subsequently affecting

the knockdown factor that the void contributes.4°

Size: Size is directly related to the shape of a void since it is the three axes that define
the shape which are measured to determine the size of a void. Whilst it is possible to
fully define a void based on these three measurements, it is often useful to express the
size of a void in terms of its ‘roundness’ and ‘elongation’ factor as a ratio. This allows
an evaluation of the severity of the stress concentration, i.e., a high ratio would mean

that there is a sharp geometrical feature that may be cause for concern.

Location and Distribution: To fully characterize porosity within a structure the
location of voids and how they are dispersed must also be reported. Porosity location
refers to the region of a structure that is being defined. This is important as porosity
may vary across a structure, such as at a geometrical feature (e.g., internal radius or
thickness change), and therefore it is important to specifically define the region the
characterisation is taking place for3°. As well as reporting global location, intra-
laminate location (i.e., within the thickness of a composite) is also another void
positioning parameter that can be reported. Voids will either be found between plies
where there are high local matrix volume fractions or intra-ply3° where fibres are
displaced to make room for the void.4° Linked to the location, the distribution is
another parameter used to describe porosity. Whilst location refers to the region at
which certain porosity is found, distribution can be described as how the voids are
spread out at a given location. This includes the distance between voids, how porosity
varies through the laminate thickness and whether the distribution is uniform or

not.12,30,39,40

13
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2.4. Characterisation Techniques
There are several porosity characterisation and measurement techniques commonly

used which range from simplistic density tests and calculations through to highly
specialised u-CT scanning. Each approach has its advantages and disadvantages some
of which include what characteristics the technique can pick up, cost of setup and
running as well as skill and training required. To understand which approach is most
appropriate to use, it is important to understand not only the benefits but also the
drawbacks. For instance, only being able to measure the void volume fraction may not
be enough information for further evaluation. This section details each of the most
common techniques used to evaluate porosity including a description of how the

technique works, what it can determine as well as the benefits and drawbacks.

2.4.1. Density calculations
This is an approach which follows the ASTM Standard D27344* whereby the void

content of a composite is calculated based on determining the density of both the
defective composite as well as the density and mass fractions of its constituents. Once
these values are either known or calculated, Equation (2-1) can be used to predict the
void content, where v, is the void content, W and p are the weight percentage and
density of the constituents and the subscripts m, r and ¢ represent the matrix,

reinforcement, and composite respectively.

W, W,
v, = 100 — p, (—’” + —r) (2-1)

m pT'

Whilst it is straightforward to calculate the void content using Equation (2-1),
determining each of the parameters is more involved. First, to calculate the required
densities of all three materials the standard recommends using the test methods
outlined in ASTM standard D79242. This test method uses the water displacement
technique to determine the specific gravity of the material and subsequently the
density. It is not the only technique that can be used to determine the density. If the
mass and volume for the matrix and/or composite can be measured accurately, then
the density can be calculated directly. The final measurement that is required is to
determine the resin content of the composite, in terms of its mass, using the ASTM
standard D2584. This test method uses the ignition method to combust the matrix;

taking mass measurements before and after combustion allows for the resin content
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to be calculated. The main benefit of this technique is that once the constituent
properties have been determined only the density and resin content of the composite
are required making the evaluation fast.3© However, porosity characterisation is
limited to only evaluating the void content and no other features can be determined.
It must also be noted that the accuracy of this approach is also limited where error is

up to +0.5 %3°.

2.4.2. Constituent Contents
This approach follows the ASTM standard D317143, which calculates the constituent

content based on the removal of the matrix via several optional approaches. The test
method requires the matrix to be removed such that the mass of the fibres can be
measured. This allows for the mass percentage of both the fibres and matrix to be
calculated using equations (2-2) and (2-3) respectively, where M is the mass and the
subscripts f and i represent the final mass after matrix removal and initial mass before

matrix removal.

w, (Mf) 100 (2-2)
=|—) X -
=1, 2-2
M, —M
Wm=(le)>< 100 (2-3)
i

Using the density of both the reinforcement and matrix the respective volume
percentages can also be calculated using equations (2-4) and (2-5) where V is the
volume percentage and p is the density.

M
f Pc
V.= (—) X — x 100 (2-4)
" Mi Pr

M, —M
1% =Mx&x100 (2-5)

" Mi Pm
Once the volume of the respective constituent is known, the void content can be

calculated using equation (2-6).

Ve =100 = (; = Vi) (2-6)
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As mentioned, this method requires the mass of both the composite specimen and the
reinforcement to be known. This means the matrix must be removed to isolate the
reinforcement for measurement. The ASTM standard for this approach recommends
using one of three ways, either through matrix digestion, ignition or carbonisation.

These approaches are described as follows:

Matrix digestion: Several different processes can be used for matrix digestion which
depend on what acid is used to break down the matrix. The acids that can be used
include nitric acid, sulfuric acid, hydrogen peroxide, ethylene glycol, potassium
hydroxide, sodium hydroxide and hydrochloric acid. Whilst numerous processes are
possible to use, the general approach is similar across all of them. First, the sample is
prepared, weighed and density measured. It is then placed in a flask with the
corresponding acid and heat is applied in a controlled manner. Once the acid has
broken down the matrix, often identified by the reinforcement floating, the acid is
drained through a filter under a vacuum. The fibres are washed and filtered three times
using distilled water. Optionally acetone can be used as the final wash as the next step
is drying the fibres and the acetone reduces the drying time. To dry the reinforcement
the sample is placed in an oven and heated until fully dry (approximately an hour) at

which point the fibres can now be weighed.

Ignition: Specimens are suitably prepared by machining and grinding such that their
density can be measured. The specimens are then placed into a cleaned crucible and
placed into a preheated oven up to 500°C. The heat is then increased to 565+30°C
(depending on the composite) and left for 6 hours such that the matrix is burnt off

leaving the reinforcement behind.

Carbonisation: This approach is similar to the ignition method whereby an oven is
used to burn off the matrix, however, in this approach not only is the composite
specimen placed into the oven, but also a neat resin specimen (same as what is used in
the composite). The oven is purged with nitrogen and heated to 560+40°C, however,
for a minimum of 1 hour. After which the specimens are cooled and weighed. The neat
resin specimen is used as a control to measure the percentage of how much matrix was

removed and this percentage is used when calculating the volume fractions.

Similar to the density calculations, the constituent contents approach is a destructive

technique which will only calculate the void content and does not provide any
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information regarding geometry or location/dispersion etc. Another significant
drawback to this approach is the magnitude of error that can occur. For instance, high-
accuracy analytical balances are required (+1mg), however, it is still possible to
calculate a negative void content, particularly at low porosity levels. Also, there is the
possibility that not all of the matrix is removed, therefore the mass of the residual

matrix is attributed to the mass of the reinforcement leading to further error.

2.4.3. Ultrasonic testing
The change in attenuation (and less commonly measured, velocity) of an ultrasonic

(US) wave can be used to measure the magnitude of porosity of a composite.3t This is
achieved through US waves being transmitted and received through the use of
transducers containing piezoelectric crystals. The piezoelectric crystals convert
electrical energy into US waves to transmit or receive sound waves and convert them
back to electrical energy. The change in electrical energy can then be calibrated to the
change in velocity or attenuation.44 There are two types of setup, either using a single
transducer which transmits and receives an echo (pulse-echo) or using two
transducers positioned on either side of the test sample (through-transmission) which
transmit and receive respectively.3© The benefit of through-transmission
measurements is the excellence at detecting porosity, as well as other defects such as
delamination. However, it cannot determine the location/depth of the defect, whereas
the pulse-echo technique can account for this based on the time delay of the echo.
Pulse-echo measurements are not as accurate at measuring the magnitude of the
defect therefore, if possible, the use of both techniques is recommended.44 A couplant,
typically water, between the transducers and sample must be required to ensure that
US waves are efficiently transmitted. For smaller test samples a submerged/water bath
system can be used with a reflector plate at the bottom for pulse-echo techniques. For
larger samples, typically full-size components, a squirter system is used often through
full 3D computer control for non-flat surfaces. In this case, the US waves pass through
a jet of water between the sensor and panel. Schematics of these two processes can be

seen in Figure 2-445
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Figure 2-4 Through-transmission and pulse-echo setups for US measurement using (A) squirter or

(B) submerged systems.45

Stone and Clarke4¢ present a good investigation into how both velocity and attenuation
are affected by porosity. The results for the velocity testing, using a pulse-echo setup,
showed that for a void content of 5 %, the velocity of the US wave was reduced by
approximately 6 %. However, the measurements were done in a water bath and they
found that a change in water temperature, even as little as 1°, will result in inaccurate
measurements. For this reason, they recommend that attenuation measurements are
used instead for any practical use case. For the attenuation measurements, three
different frequencies were used, 2.5, 5 and 7 MHz in a through-transmission setup.
The results, as seen in Figure 2-5 show that a bi-linear trend is present, such that the
rate of increase in attenuation increases after a void content of approximately 1.5 %.
This was explained by evaluating the microstructure of each laminate. The porosity in
the laminates with a void content of 1.5 % or less were typically spherical voids between
5 to 20um. Whereas above the 1.5 % void content mark, there was a change in the

shape of the voids where they were instead much larger and elongated.
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Figure 2-5 Bi-linear trend of attenuation coefficient as void content increases with the knee

occurring at approximately 1.5 %.46

2.4.4.Microscopy

The techniques described so far can only measure the void content, however, as shown
in Section 2.2 there are other parameters (mostly geometrical) that need to be
accounted for to fully characterise the porosity. Optical microscopy is a very common
approach utilised for void characterisation as it not only provides accurate void
content measurements but also the size, shape and location can directly be
analysed.4748 To analyse the microstructure the samples must first be sectioned
perpendicular to the fibre direction, mounted in resin (optional) and polished to a high
finish. 49,50 The samples are then placed on the bed of an optical microscope with the
capacity to take digital images. Voids are identified as dark regions allowing
measurement and analysis of the shape/size/location etc. Various image processing
techniques can be used to isolate the voids by thresholding the dark regions and the
void content is calculated based on the ratio between the area of collective voids to
image size. The process of identifying and thresholding voids to calculate the void
content can be seen in Figure 2-6 where a void content of 2.7 % was measured by

Saenz-Castillo et al. 5t Due to the non-periodic generation of porosity, care must be
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given to ensure that a representative is captured. A statistical study by Bodaghi et al.52
showed that analysing between 20-25 images provides a void content with an

acceptable degree of accuracy.

Void content= 2.7% i

Figure 2-6 Process to calculate void content where (A) shows the contrast between voids and

surrounding material, and (B) shows the voids identified by software.5!

2.4.5. X-Ray p-Computed Tomography

X-ray p-Computed Tomography (u-CT) is a process which can accurately and non-
destructively image the microstructure of a composite with high spatial resolution.s3-
55 This is achieved through scanning samples using X-ray imaging from multiple
angles about a central axis. The composite constituents have different X-ray
attenuation properties, therefore, when scanned from multiple angles, the difference
in attenuation can be used to reconstruct the microstructure. This allows voids to be
identified as they will have a different level of attenuation than the surrounding
material. This can be seen in Figure 2-75¢ where voids have been successfully

identified and coloured red.

20



2. Literature Review 2024

)

1 mm

Figure 2-7 u-CT scan reconstruction of a CFRP containing voids which have been identified and

coloured for inspection.5°

The major benefit of u-CT scanning is that an accurate full 3D representation of the
porosity can be characterised. Meaningful data including the number of voids,
dimensions, area, and volume of each void can be obtained.39:56 As the number of voids
that can be measured is very large, for instance, Elkolali et al.5¢ counted between 2000
to 6500 voids across 6 samples (with sample volumes of 60mm3), an in-depth
statistical study must be undertaken. Mehdikhani et al.57 investigated the size, shape

and orientation distribution of discrete voids with the results seen in Figure 2-8.
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Figure 2-8 Statistical study of void dimensions; (A) 3D representation of voids within the
composite, (B) mean of the transverse axis, (C) longitudinal axis, (D) void cross-sectional
roundness, (E) elongation between the longitudinal and transverse axes and (F) orientation of

voids.5”

Whilst p-CT can accurately identify and characterise the porosity there are a few
drawbacks. The use is highly specialised and, in most cases, will need to be outsourced.
This may be sufficient for validation and research purposes, however, for general
usage, this then becomes impractical due to financial and time constraints. Also,
depending on the constituent materials and scan setup there may be difficulty in
identifying certain features due to similar x-ray attenuation between the differing
materials.55 For instance, the scanning completed by Elkolali et al.5¢ could not
differentiate between the matrix and fibres meaning that the fibre volume fraction
could not be calculated. The scan resolution is also another factor which will dictate
what can be identified; to capture larger areas containing discrete voids a lower
resolution is required due to the scanning length of time, which means that microvoids

cannot be detected. Instead, a high-resolution scan is required, however, the trade-off

is a reduction in sample size.55
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2.4.6. Concluding remarks on void characterisation
There are several techniques which can be used to characterise the porosity. The

techniques are either destructive (such as density calculation) or non-destructive
(such as ultrasonic) and the parameters that can be measured range from just the void
content to full 3D reconstruction with detailed geometrical analysis. Whilst u-CT
scanning will provide the most detailed characterisation, this may not be required
when simply the void content is sufficient. For instance, the aerospace industry is
required to follow the standard ASTM D3171-15 to measure just the void content
through acid digestion.54 However, to fully understand and predict how porosity
affects the mechanical properties all parameters must be considered, not just the void
content.39:56-60 To decide as to what technique is to be used, the following factors must
first be considered: the parameter required for characterisation, accuracy, number of

samples, recurrence of test, cost, time, and access to equipment.

2.5. Porosity Generation
The method by which porosity is generated in a composite structure is dependent on

the overall composite manufacturing technique, however, it can be summarised into
two categories: Liquid Composite Moulding (LCM) or prepreg techniques.!3:30:40 The

void generation for these two categories of composite manufacture are discussed here.

2.5.1. Liquid composite moulding
Composite manufacture through LCM techniques starts with the placement of the

reinforcement into a mould and subsequently adding the matrix. Techniques include
Resin Transfer Moulding (RTM) and Vacuum Assist Resin Transfer Moulding
(VARTM) also known as Resin Infusion (RI).!3 There are numerous ways that voids
can be generated in LCM, resulting in increased difficulty in limiting the void fraction.
This is likely why these processes are generally assumed to produce lower quality parts
than through prepreg processes. Possible void formation mechanisms include gases
released during the curing process, air dissolved within the resin prior to infusion and
through part shrinkage during cure.14.15.61 However, the most widely cited mechanism
for porosity generation is due to mechanical entrapment during infusion.3-16.61 This
occurs when air is still present in the mould after a vacuum has been drawn, which is

then absorbed by the resin during infusion. It is also well documented that the speed
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at which the resin is drawn through the reinforcement dictates the void
formation.13.23:62,63 As the vacuum pulls the resin through the reinforcement, capillary
action draws the resin within the tows. If the resin flow is too high, then the capillary
action is not strong enough to fully wet out the tows. However, if the resin flow is too
slow, whilst full wet through of the tows is achieved, voids form between adjacent tows.
This trade-off is illustrated in Figure 2-9. The result of the competition between resin
flow and capillary action can be determined based on the modified capillary number,
Ca*, as shown in equation (2-7)%4, where u, v, y and Cos8 are the resin velocity, global
resin velocity, resin surface tension and resin-fibre contact angle.
v

- yC‘l’l 0s6 (2-7)
When the modified capillary number is small, the result is that the capillary action is

Ca*

dominant and voids between fibres, named ‘meso-voids’ form, whereas, for larger
modified capillary numbers the global resin flow is dominant and ‘micro-voids’ within

the fibre tows form.3° These types of voids are illustrated in Figure 2-9.
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Figure 2-9 Schematic of the difference between fast and slow resin injection speed resulting in
micro and meso size voids.3°

It has been reported that the percentage of micro and meso voids follows a near
logarithmic function on flow velocity.®5 The result of extensive testing by LaBat et al.¢¢

was able to derive the following relationships shown in Equations (2-8) and (2-9):

Vineso = —32.28 — 11.8log(v) (2-8)

Vinicro = 6.35 + 2.35log(v) (2-9)
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Where V., and V,,;.r, are the percentage void content for meso and microvoids
respectively. Ruiz et al.%5 reordered equation (2-7) substituted into equations (2-8) and

(2-9) to give the following relationships (Equations (2-10) and (2-11)):

Ca*yCos6

Vineso = —32.28 — 11.810g(T) (2-10)
Ca*yCos6
Vinicro = 6.35 + 2.3510g(T) (2-11)

Patel and Lee34 characterised the modified capillary action parameters for a polyester
resin, finding that u = 0.05462 Pa-s, y = 0.0345 Nm~!and 6 = 34°. Substituting
these values into equations (2-10) and (2-11) shows how the percentage of micro and

meso voids varies as a function of global resin velocity®s and is illustrated in Figure

2-10.
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Figure 2-10 Logarithmic function of how the percentage of micro and meso voids change as the
modified capillary number is varied.5

It should also be noted that one of the major porosity defects that can arise in LCM,
which when present will result in part scrappage, are macro voids otherwise known as
dry patches. This is where the global resin flow front reaches the outlets before full
wet-through has been achieved, leaving regions that have not yet been
impregnated.30.67 Several factors can cause dry patches such as incorrect positing of
inlets and outlets®7-69, variation in the permeability across the structure (such as on
the edge causing ‘race tracking’)¢® and the addition of substrates such as ribs, inserts

and core material causing a change in flow form.® It is clear that this type of defect
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occurs due to improper design of resin introduction and changes must be made before

committing to a manufacturing process, otherwise high part scrappage will occur.

2.5.2. Prepreg methods
Whereas in LCM techniques porosity generation is mainly studied during the

introduction of the matrix, for prepreg techniques research efforts have been
predominately focused on how layup and curing affect porosity.3°© Within prepreg
manufacturing methods, porosity formation can be broken down into curing using ‘in-

autoclave’ (AC) methods, or ‘Out-of-Autoclave’ (OoA) methods.

In-autoclave methods: For high-performance structural composites AC
manufacturing is often used as the additional consolidation pressures, as well as the
applied temperature, results in a high quality of standard that can be achieved. The
additional pressure produces high fibre volume fractions as well as reducing the void
content by compressing and removing air bubbles that would have otherwise been a
void in the final part.7° Voids form in prepreg AC manufacturing by several methods,
the most common is through mechanical entrapment as air is trapped between plies
during layup.157172 This is why AC processes are effective at producing low porosity
laminates as the high pressures drive out the trapped air. Liu et al.7 showed that there
is a strong correlation between the autoclave cure pressure and resultant void content
within the laminate, as illustrated in Figure 2-11. However, whilst it is generally
accepted that a high cure pressure will result in a laminate containing low porosity,
how the autoclave cure parameters are specified will also have an effect. These include
when the temperature and pressures are initialised and at what ramps they are
increased and decreased. For instance, void removal through applied pressure is
dependent on resin viscosity which is dependent on the applied temperature.7-72 The
other consideration that affects the void content is moisture/humidity. Water vapour
in the surrounding air can become dissolved within the resin, when the resin is
subjected to heat this results in the dissolved water boiling off leaving voids.73-76 Netzel
et al.73 conducted an extensive study into the effect of humidity on uncured prepreg
properties (prepreg tack, compaction behaviour and interply friction) as well as the
overall void content. Their results showed that humidity significantly affected the
consolidation of complex geometries, such as internal radii, and the increase in

tackiness of the prepreg plies resulted in a higher risk of entrapped air.
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Figure 2-11 Correlation between autoclave cure pressure and resultant void content.”

Out-of-Autoclave methods: In recent years there has been a strong drive towards
OoA manufacturing methods for increased production rates and reduced capital
investment.”? Whilst OoA techniques are synonymous with LCM, there are also
approaches using prepreg materials such as Vacuum Bag Only (VBO) and hot press
curing.3° VBO processes rely only on the atmospheric pressure for consolidation and
applied temperature for resin flow and cure. As the high pressures provided by an
autoclave are not present, which are required for the removal of voids, a change to the
material pre-pregnation state is required. As supplied, the resin only surrounds the
tows rather than fully saturating the fibres meaning that there is an escape path for the
air to be removed as the vacuum is applied. As the temperature is increased the resin
becomes less viscous and is drawn into the tows to, ideally, fully saturate the
fibres.17:18.70 This process is illustrated in Figure 2-12.70 Whilst a great deal of research
has gone into developing this approach, in practice it is not possible to completely
remove all voids. This method is susceptible to the same ‘gas-induced’ void generation
as AC methods such as mechanical entrapment and moisture absorption, but also
through a ‘flow-induced’ mechanism. Flow-induced voids occur when the resin has
not completely wetted out the dry tows before curing and can be a result of several
factors such as a high initial cured state, dense fibre packing7° or exceeding the out-
time limit before curing.18 It is clear that to ensure low porosity parts are manufactured

through VBO, extensive process evaluation is required.
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Figure 2-12 Schematic of the VBO process using unsaturated tows for air removal.”°

Hot press curing is an OoA prepreg technique that works by placing the prepreg
material within two matching solid moulds which are pressed together and heated
according to the cure cycle. As with other processes, the increase in temperature allows
the resin to become less viscous to promote coalescence and cross-linking reactions.
The applied pressure advances the mixing of resin between plies and evacuation of
voids as well as reduces laminate thickness and increases fibre volume fraction.9 The
main mechanisms for void generation through hot press curing is via entrapped air
and moisture74 and most research efforts have been focused on how the processing
parameters affect the void content. For instance, Agius et al.77 investigated how void
development was affected by the rate at which temperature was applied and found
higher gelation temperatures resulted in higher void contents. Anderson and Atlan9
increased the moisture content of the resin from ‘as-supplied’, to pre-conditioning the
prepreg at 25% and 100% relative humidity increased the void content. Their results
showed that at a low cure pressure of 1.7 bar, the relative humidity has a high influence
(with results ranging from 2.79 % to 4.94 % void content) however when the cure

pressure was increased to 5.8 bar the void content stabilised at 1.6 %.

The final prepreg manufacturing technique is Automated Tape Laying (ATL) and
Automated Fibre Placement (AFP) which can be cured either through AC or OoA.
These two approaches employ the use of a robot to automatically place down lines of
prepreg over a mould and the difference between these two approaches is the width of

the tape. The benefit of AFP is that where a single tape of widths up to 300 mm is used
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for ATL, AFP processes place multiple smaller tapes instead typically up to 32 tapes
that are between 3-6mm wide.”® By having multiple narrower tapes means that AFP
can make use of more complex geometrical moulds including double curvature and
making tight 90° radii turns.”9 The main defect associated with automated layup is any
inaccuracy in the placement of the tapes/tows where there is the possibility for there
to be gaps and overlaps of the plies.3° Air entrapment is a common issue with
automated layup which is typically addressed through the first ramp-up of the cure
cycle,20 however, the work of Lukaszewicz et al. showed that consolidation through
heat during the layup reduces the surface roughness of the plies which directly reduces

the entrapped air.”8

2.5.3. Concluding remarks on void generation
The mechanism for void generation is dependent on the manufacturing process; for

LCM there is a strong link between how the resin is injected into the preform whereas
for prepreg materials void generation is closely linked with the layup and curing
processes. In any case, it is clear manufacturing a ‘void-free’ part is not possible and
the current drive towards OoA processes (LCM or prepreg) for lower costs and higher
production rates brings with it added difficulty. It should also be noted that the
majority of the published literature was focused on the void content and does not
include how void morphology is affected through the different manufacturing

techniques.

2.6. Epoxy Resin Curing Process
The current literature survey has shown that porosity is closely linked to the matrix of

a composite, rather than the reinforcement. When investigating the effect of porosity,
other parameters such as the matrix should be kept constant. It is important to
understand the curing process, including the cure mechanics and factors that affect
the resultant cure, to ensure that the matrix properties (such as the Young’s modulus)
are constant throughout various experimental studies. This subsection investigates

these areas.
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2.6.1. Curing mechanics

Epoxy resins are a type of thermoset resin which require an irreversible chemical
reaction in order to cure. The chemical reaction is initiated via a curing agent, of which
there are several types that result in different cure behaviour, such as the cure time or
temperature. When the curing agent is added to the epoxy resin, the result is that a
highly cross-linked network of polymer chains are formed.80:81 There are three main
processes that the curing reaction can be categorised into: room temperature curing,
elevated temperature curing or photo-curing. Epoxy resins can be cured using infrared
or ultraviolet light, and high exposure results in reduced cure time.8¢ Depending on
the epoxy resin system being used will dictate which procedure is followed, which can
then lead to different properties. For instance, a room temperature cure results in
higher flexibility and impact resistance, whereas an elevated temperature cure
produces an epoxy resin with greater tensile strength and a higher glass transition

temperature.8°

2.6.2. Cross-link density

Depending on the processing conditions the number of cross-links that are established
can vary. This leads to the term ‘cross-link density’, which is defined as the number of
cross-links per unit volume.82 Factors that affect the cross-link density include varying
the cure time and temperature83 or varying the epoxy-to-hardener ratio.84 Previously,
experimental test programs studied the effect of process conditions on cross-link
density; however, due to the significant time and cost investment there has been a
transition towards computation simulations using Molecular Dynamics (MD).8: MD
is a computational tool to simulate the atomic and molecular behaviour of
materials.81.85 MD simulations were set up and performed by Shokuhfar and Arab8é to
investigate how the material properties of epoxy resin are affected by the cross-link
density. Their results showed that by increasing the cross-link density, the elastic
modulus can increase by 1.04 GPa, the results of which can be seen in Figure 2-13. It

should be noted that their results have not been validated experimentally.
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Figure 2-13 Influence of cross-link density on the elastic modulus.5°

2.6.3. Pressure influence on cross-link density and mechanical
properties

As evidenced above, it is clear that processing conditions can affect the cross-link

density of epoxy resin, which in turn impacts the material properties. A processing

condition associated with epoxy resin curing is the applied pressure (commonly used

with autoclave-manufactured composites). One hypothesis could be that the applied

pressure may consolidate the polymer during cure, resulting in a higher cross-link

density with greater material properties.

A study was performed by Nakamae et al.87 where the influence of pressure on the
mechanical properties was studied. Their results showed a change in material
properties; however, they found that as pressure was increased, the Young’s modulus,
tensile strength and elongation at break all reduced. Their results are detailed in Table
2-2, The reasoning that the authors gave for the reduction in material properties was
that the high cure pressures resulted in insufficient curing. It should also be noted that
the pressures used in this study are not representative of typical composite curing
pressures, where a maximum of 0.6 MPa is usually applied.88:89 Although it would be

possible to interpolate to 0.6 MPa, a negligible change would be expected. As explained
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by Loos and Springer90, and Li et al.®9, the applied temperature is responsible for the

curing process, whereas the role of the applied pressure is to squeeze out excess resin.

Table 2-2 Influence of cure pressure on material properties.5”

Cure Pressure/ Young’s modulus Tensile Strength / Elongation at
MPa / GPa MPa break / %
0.1 2.23 098.4 13.8
500 1.98 40.8 1.97
1000 1.39 18.5 1.45

In another study, Liang et al.9! investigated the effect of cure pressure on the curing
reaction through differential scanning calorimetry, a process which measures the
thermal energy absorption of a sample during heating over a temperature range.92 The
study involved analysing epoxy resin cured at 0.1 MPa, 1 MPa and 2 MPa, where the
cure kinetics were used in a forming simulation to determine at what laminate
thickness the degree of cure is affected by cure pressure. Their results showed that it
is only when the laminate is at least 18 mm thick that there is any variation in the time

taken to achieve full cure due to variation in cure pressure.

Zapico et al.93 investigated the application of high cure pressure on the toughness of
epoxy resin, as well as other mechanical properties. The samples produced were cured
between 0.0 — 1500 MPa, showing no substantial change up to 200 MPa; as described
before, this is beyond the typical pressures applied during conventional autoclave
processing. Gushurst et al.94 also investigated the influence of high pressures on the
curing behaviour of composite structures, concluding that most composite
manufacturing processes involve low pressures (less than 1 MPa) and this has a
negligible effect on the composite. However, the authors acknowledge that with recent
developments in high pressure resin transfer moulding, pressures can reach up to 12
MPa which will have an influence on the curing reaction. Their results show that by
increasing the cure pressure from 0.8 MPa to 8 MPa, the degree of cure increases from
97.4 % to 98.5 %. Their results also showed a similar trend for the glass-transition
temperature, which correlates with the degree of cure. Cruz et al.% investigated the
change in mechanical performance of epoxy resin as the cure pressure was increased
from 0.0 MPa to 13.8 MPa. Their results showed no difference in Modulus as the

pressure increased.
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2.7. Effect on Mechanical Performance
The current literature review so far has shown that porosity is a major manufacturing

defect in composites, and this has led to a huge research effort to understand the effect
on mechanical properties. As porosity is a matrix-based defect, it has been commonly
observed that matrix-dominate properties, such as transverse tensile strength,
longitudinal compressive strength, and Interlaminar Shear Strength (ILSS), are
predominately affected. This section aims to review the literature surrounding how
porosity affects specific properties addressing both unidirectional and woven fibre

architectures.

2.7.1. Tensile modulus
It is accepted that porosity has little effect on the longitudinal modulus of

unidirectional composites9® which has been demonstrated experimentally!s97 and
recently through finite element and analytical modelling by Chu et al.%8. The reason
that porosity has little to no effect on the longitudinal modulus is the fibres play a
dominant role in the amount of strain due to their high stiffness. Therefore, the
reduction in matrix, due to voids, has a minimal effect. On the other hand, in the
transverse direction fibre stiffness plays a minor role in the strain response to load,
therefore, some researchers claim that voids do affect the transverse modulus. A
reduction in transverse modulus has been experimentally shown by numerous
researchers!597:99 as well as through finite element and analytical modelling.22:96.98
Conversely, not all researchers agree that porosity affects the transverse
modulus.2t71100.101 For instance, Liu et al.7* found for a void content range between 0.5
-3.0 % there was only a minor difference in modulus and Stamopoulos et al.1°0 finding
no difference between laminates with a similar void content range. This disagreement
shows the difficulty in understanding how changes to the microstructure affect the

global material properties and why porosity is still subjected to research efforts.

The influence of porosity on the stiffness of woven composites has been investigated
mostly through modelling, however, there is a small number of publications that have
investigated this topic experimentally. Zhu et al.>02 studied the tensile response to
porosity in two differing layups containing woven fabrics. Whilst the porosity ranged
from 0.4 % to 8.0 and 9.0 % in the two laminates it was found that only one laminate

was sensitive to the increase in porosity. It was determined that it was not due to the
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specific layup that caused the sensitivity to porosity but rather the void morphology
and that the laminate that was affected by the increase in void content had much larger
voids. Similarly, Naganuma et al.2°3 found that void morphology played a role in how
much the laminate stiffness was affected by porosity. Their results agreed with Zhu et
al.1o2 such that the modulus was more affected when the voids were larger and
irregular shaped, rather than smaller voids. Due to the geometrical complexity of
woven structures analytical models are considered difficult to generateo4, therefore,
most recent models use FEA and often use third-party software such as ‘WiseTex1°5 or
‘TexGen’o¢ to generate the geometry, where examples can be seen in Figure 2-14.
With this approach, often voids are modelled as elements, such as the work done by
Van Den Broucke et al.1o7 where WiseTex was used to create the geometry and the
voids were modelled as tetrahedral elements. Whilst the void morphology was
simplified, their results showed a decrease in modulus as the void volume fraction
increased. An 8-harness satin weave was modelled by Choudhry et al.1°4 however,
instead of explicitly modelling the void geometry the matrix properties were reduced
by the percentage of the void fraction to give a set of ‘effective’ matrix properties and

their results were within 1% of experimental data.

A B

Figure 2-14 Woven geometry created using TexGen, (A) 2D weave, (B) 3D weave and (C) non-
crimp fabric.108

2.7.2. Tensile strength
For unidirectional composites, the tensile strength in the fibre direction is known to

not be affected by porosity due to the load being taken up by the fibres, which are
particularly strong in tensile loading. As the matrix does not play a load-bearing role,
any porosity present has no effect. In contrast, however, in the transverse direction,
where the matrix does have a load-bearing role, porosity has often been shown to affect
the transverse strength. An early experimental study by Olivier et al.'5 showed that

transverse strength is very sensitive to porosity, where the strength can be reduced by
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up to 30 % for a 10 % increase in void content. A more recent study by Tserpes et al.109
utilises u-CT scan data to characterise how differences in porosity such as pore volume,
shape, and overall void content affect the transverse strength. The u-CT scan data was
used to build representative FE models of each of the laminates. Their results found
that as the void content increased from 1.56 % to 3.43 % the transverse strength
reduced by approximately 15 % as illustrated in Figure 2-15. In a similar study,
Stamopoulos et al.2o0 used u-CT to measure the porosity of four composite laminates
with void contents ranging from 0.82 % to 3.43 % and found that the transverse
strength reduced by a maximum of 14.7 %. They found that there is a non-linear trend
between the overall void content and strength of the laminate which they determined
was indicative of the morphology of the voids. By studying the pore volumes of each
laminate, it was found that for the laminates with lower overall porosity, there is a
higher count of smaller-sized voids that are spherical/elliptical. This is in contrast to
the higher void content laminates, where the voids are much more elongated. A

histogram showing the variation in pore volume is illustrated in Figure 2-16
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Figure 2-15 Influence of void content on the transverse strength for laminates with three different
porosity values, including model correlation. o9
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Figure 2-16 pore volume histogram, revealed through u-scanning, for (a) reference, (b) minimum
porosity, (c) medium porosity and (D) extensive porosity.1o°

Voids also affect the tensile strength of woven composites, as demonstrated by Zhu et
al.102 where they found a 2 — 2.5 % reduction in tensile strength for an increase in void
content from 0.4 % to 8.0 — 9.0 % respectively (based on two different laminates).
Likewise, Zhang et al.11° found a 2.36 % reduction in tensile strength for an increase in
void content from 0.33 % to 1.50 %. As was the case for unidirectional composites, the
void morphology has also been shown to be important for woven fibre architectures.
Naganuma et al.1°3 showed that specific ‘finite’ voids had little effect on the tensile
strength, however, larger irregular voids that spanned across fibre tows did affect the
tensile strength. Whilst voids have a clear effect on the tensile strength of woven
composites their impact is not as great as that seen in transverse unidirectional
composites. This is most likely due to the natural architecture of woven fabrics; fibres
travel in both the warp and weft directions (analogous to longitudinal and transverse
directions). As found from the published information on unidirectional composites,
the effect that porosity has on the tensile strength is highly linked to the fibre direction.
Therefore, as the fibres travel in both directions in woven fabrics the effect of voids,
whilst present, is minimised. In a recent study, Pineda et al.1* conducted a numerical
multiscale failure analysis of a woven fabric containing voids. The model is separated
into two levels; first, there are two models which analyse the individual tows and voids

separately. This information is then used in the top-level which is a Representative
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Unit Cell (RUC) comprising of a ‘block’ based system to identify warp, weft and binder
tows as shown in Figure 2-17. The model predicted that when the void content is
increased (from 0.4 % to 4.0 %) the yield point and ultimate strength of the RUC

reduced by 10 and 11 %, respectively.

Figure 2-17 Geometry used to create the RUC where the warp (red, x3), weft (green, x2) and binder
(blue, x1 through thickness) tows are shown.!

2.7.3. Compressive modulus
The effect that voids have on the compressive modulus is not an area that has been

widely published and of the related articles available there is not a consensus. For
instance, Hernandez et al.12 reported that the compressive modulus, for a quasi-
isotropic laminate, was unaffected as porosity increased. However, a study by Cinquin
et al.24 used additives placed between specific plies in a quasi-isotropic laminate to
artificially create porosity. They successfully demonstrated a linear reduction in
modulus such that for every percent increase in void content the stiffness reduced by
0.56 GPa. Kosmann et al.25 were also able to demonstrate that by increasing porosity
the modulus reduces, however, their explanation was not due to a reduction in area
due to voids, but due to early micro-cracks forming and local fibre kinking at void

locations as illustrated in Figure 2-18.
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Figure 2-18 Schematic of the formation of micro cracks and local fibre kinking in the vicinity of
voids.25

2.7.4. Compressive strength
The compressive strength, in the longitudinal direction, of a composite is affected by

porosity only once the void volume fraction is above a certain amount.'3 For instance,
in the compression testing that Kosmann et al.25 conducted they found that the
compressive strength was unaffected in their testing, which included samples up to 4.5
%. Springer et al.113 found that samples containing a void content past 5.0 % were
subsequently affected. In-situ SEM analysis during longitudinal compression testing
by Hapke et al.26 found that specimens, with a notch for controlling damage location,
failed through kink-bands and that depending on the location of large discrete voids
determined if there was a subsequent effect. For instance, if the kink band occurred at
the tip of a void, this acts as a stress concentration magnifying the effect, however, if
the kink band path is located at the centre of a void, the void stops further propagation
occurring. This happens due to the fibres bending into the void and the other side then
supports the failure, as shown in Figure 2-19. This helps explain why the longitudinal
compressive strength is only affected at very high void contents as it is only when large
voids are present. The role of the matrix in longitudinal compression is to support
fibres and voids would only be a cause for concern if they were sufficiently large

enough to not support the fibres causing local bending and kinking.
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Figure 2-19 Kink band propagation hindered by a void.2¢

The transverse compressive strength is sensitive to voids due to the matrix taking a
load-bearing role.114.115 For this reason, the majority of research efforts have gone into
developing models to predict their effect, rather than conducting experimental
studies.30:114 One such numerical study was performed by Li et al.¢ who developed a
2D microscale model which demonstrated a reduction of 12.1 % in the transverse
compressive strength for a 2.0 % void content, compared to a void-free unit cell. Using
a similar model, Vajari et al.24 found that there is a rapid decrease in transverse
compressive strength when the void content is increased from o — 5 %. The

compressive load response in that study can be seen in Figure 2-20.
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Figure 2-20 Transverse compressive load response to porosity. (A) shows the stress-strain graph
and (B) shows a colour map of the load response.''4
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2.7.5. Flexural properties
The flexural modulus is calculated using a 3-point bend, following a standard such as

ASTM D79017, test using specimens with a high span-to-depth ratio (typically 16:1)
and not to be confused with the short beam test to calculate interlaminar properties.
Published literature has shown that the flexural modulus is negatively affected, to
various degrees, by an increase in void content.7%100,18119 For instance, Hagstrand et
al.28 found that for a 1 % increase in void content, the flexural modulus reduces by 1.4
%, however, Liu et al.7* found in their testing the flexural modulus is a lot more
sensitive (approximately 6.7 % reduction in flexural modulus per 1.0 % increase in void
content). The difference in magnitude is explained by Olivier et al.’s who suggest that
the void morphology has a significant influence on results and that if for the same void
content there are fewer voids but larger, then this will have a bigger impact on reducing

the flexural modulus.

The flexural strength is also calculated from the same test method and the published
literature agrees that the strength is sensitive to increasing porosity. For instance, Liu
et al.7t found a linear trend where when the void content increased by 2.5 % the flexural
strength decreased by approximately 22.5 %. Similarly, Stamopoulos et al.1o¢ found a
17.38 % reduction in flexural strength for an increase in void content from 1.56 % to
3.43 %. Chambers et al.20 also found that the flexural strength reduced by 22 % for
every 1 % increase in void content. Interestingly, Hagstrand et al.1:8 found that the
flexural strength in their testing only reduced by 1.5 % for every 1 % increase in void
content. They considered that this was lower than other reported literature, however,
suggested that as the load was predominately taken by the fibres then the increase in
void content would only have a small effect on the overall reduction in strength.
Hayashi et al.119 conducted an interesting study testing cross-ply layups and chopped
fibre tapes. In both cases the flexural strength was notably affected by the increase in
porosity, however, the chopped fibre tapes were found to be more sensitive. This was
explained by the cross-ply layup, again, having more fibres in the loading direction

which are typically less affected by voids.

2.7.6. Short beam strength
The short beam strength, otherwise known as Interlaminar Shear Strength (ILSS), is

a measure of the inter-ply bond/adhesion strength (assuming failure occurs through
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interlaminar shear) and is tested following a test standard such as ASTM D2344.12!
The adhesion between plies is a matrix dominate property and therefore is likely to be
susceptible to voids. For this reason, there have been many studies investigating how
porosity affects the short beam strength in unidirectional composites.30:72.101,122-125 For
instance, Olivier et al. studied the ILSS for laminates with porosity ranging up to 6.8
% and found a reduction in the ILSS of up to 35 %. Liu et al.” studied how porosity
affects many mechanical properties and found that the ILSS was the most affected,
where it had reduced by over 25 % for a 2.5 % increase in void content. Stamopoulos
et al.100 also found that the ILSS was the most affected property due to an increase in

void content when compared to tensile and 3-point bend tests.

Similar to unidirectional composites, the ILSS of woven laminates are very sensitive
to voids and have been subjected to many studies. For instance, Di Landro et al.126
found that the ILSS reduced by approximately 25 % for an increase in 6.6 % void
content. Similarly, Bureau and Denault’?”? found a linear relationship between
increasing void content and a reduction in ILSS. They found that for an 8.5 % increase
in void content, the ILSS reduced by 20 MPa, equating to a 48 % reduction. Costa et
al.128 correlated void content between 0.0 — 6.0 % with ultrasonic attenuation and
subsequently showed that as the ultrasonic attenuation increased the ILSS reduced.
The influence of void morphology on ILSS has also been studied, where Zhu et al.102
found that for a void content range of 0.0 — 8.0 % when voids have a larger aspect ratio
the ILSS of the laminates are more sensitive. Goodwin et al.29 compared a plain weave
to a 5-harness satin weave and found that the laminate manufactured using a 5-
harness weave pattern was more susceptible to increasing void content. However, the
reason was explained by the void morphology; as illustrated in Figure 2-21 whilst the
plain weave laminate had symmetrical and elliptical shaped voids the 5-harness weave

had more asymmetric voids with sharper stress concentrations.
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Figure 2-21 Difference in void morphology between the (A) plain weave and (B) 5-harness weave

laminates.29

2.7.7. Fatigue life
The fatigue life of a composite structure is extremely important for real-world

applications and understanding how a change in porosity (whether its void content or
void morphology) affects the fatigue life is crucial.3© In published literature at first it
appears that there are conflicting arguments as to whether porosity affects the fatigue
life of a composite. For instance, Lambert et al.°¢ conducted an extensive study
investigating various porosity parameters and claimed that the overall void content
did not affect the fatigue life. Similarly, Protz et al.13° found that there was almost no
implications on the fatigue life when the void content is increased. However, a study
from Maragoni et al.13t showed that when microvoids were present in a composite, they
had no impact on the damage initiation or evolution. They subsequently studied how
both the void content and average void diameter affect fatigue life. Their results
showed that the life to first crack initialisation can be substantially reduced as both the
void content and void size are increased as well as a reduction in life to 5 % stiffness
drop. Another study by Chambers et al.120 found that when the void content is below 2
% then the fatigue life is not affected, however, over 2 % there is a negative effect on
the fatigue performance. This explains why the studies by Lambert et al.?© and Protz
et al.130 found no correlation between void content and fatigue life because, as
illustrated in Figure 2-22 from the figures in the respective publications, the voids in

their studies are microvoids rather than larger discrete voids.
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. "N

Figure 2-22 Microscopy of samples from both Lambert et al.5° (A) and Protz et al.3° (B) studies
showing that the porosity is made up of microvoids.

Other fatigue-related studies have included the works of Gehrig et al.132 who showed
that the fatigue life of both tension-tension and compression-compression are affected
by voids and Schmidt et al.133 showed that voids result in early initiation of
delamination which results in catastrophic failure. Sisodia et al.1’5 compared two
laminates which had 0.8 % and 3.0 % void content respectively and found that there
was a significantly larger crack density in the higher void content laminate which
subsequently resulted in earlier failure. Depending on the porosity that is generated

within the composite, the fatigue life can be significantly affected.

2.7.8. Concluding remarks on the implication of porosity on

mechanical properties
Porosity is a major defect that can significantly affect the mechanical properties of a

laminate.30:116,128,134 If the effect on mechanical properties due to porosity in a structure
is not understood, then serious implications can occur. The general trend is that there
is a negative impact across all mechanical properties when the overall void content is
increased. However, exceptions to this are for when the load is predominately taken
up by the fibres, particularly in tension. Another key observation is that the most
common porosity characteristic to evaluate the effect on structural performance is void
content, however, it is becoming increasingly observed that this is only one parameter
and other parameters, such as the shape and size or spatial distribution, must also be
accounted for. There is a negative impact that voids have on the mechanical
performance of a composite. Seeing that it is nearly impossible to produce a void-free
composite, there must be an understanding of how the generated porosity affects

relevant material properties for a given design.
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2.8. Modelling Porosity

Porosity is a major defect that can arise during the manufacturing process. Two factors
must be considered to ensure that the generated porosity does not cause unexpected
behaviour. First, the generation of porosity must be characterised for a given
manufacturing process and second understanding how that specific porosity affects
the behaviour of a structure. Porosity has been studied experimentally for many years
and whilst general trends and rules of thumb can be used (such as adequate degassing
of resin, high cure pressures and void content thresholds), it is still difficult to
accurately predict the effect of porosity without testing. Whilst physical testing gives
empirical data that can be used to evaluate various parameters, it is often time-
consuming and expensive. Physical testing is also often limited to flat coupon
specimens which may or may not be representative of the final structure. With the
recent advances in computational power and the ability to carry out extensive
simulations in relatively quick time frames, there has been a large push towards
developing computational simulations.?35 The simulations that have been developed
so far not only investigate the effect of porosity but also study the generation. This
section highlights the computational simulation processes that have been developed

which relate to porosity.

2.8.1. Void formation
Modelling the formation of voids is closely linked with how the resin flows during cure.

For this reason, many of the simulations are based on Darcy’s Law, Equation (2-12)63,

where v is the global resin velocity, K(@) is the macroscopic permeability of the

preform, u is the resin viscosity and Z—Z is the pressure gradient at the flow front.

K(®)dpP
vV=——— (2-12)
U dn

For liquid composite moulding, as described in Section 2.4.1, the type of void
generated is determined by the velocity of the flow front. This is due to the difference
in the permeability within the tows and the channels between them. In a study which
set the foundation for void process modelling using Darcy’s Law, Kang et al.63
proposed two analytical models dependent on the flow characteristic to determine the
void content. These models were a function of tow and channel geometry, resin

viscosity, capillary pressure and global pressure gradient. These analytical models
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were developed by Park et al.13 to also account for complex fibre architecture, such as
woven fabrics by incorporating them into FEM code. Void compression as the resin
pressure changes was also accounted for using the ideal gas law with the void fraction
being updated as the resin pressure changed. For efficiency reasons, the model was
first used to calculate the void content fractions within the tows and channels for a
simple rectilinear mould for constant injection and air vent pressures. This
information was then used to predict the total void content (summation of both types
of voids) of an automotive front panel manufactured through RTM. The resin flow and

consequent void content can be seen in Figure 2-23.
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Figure 2-23 Void content at percentage time to complete infusion (a) 0.003, (b) 0.032, (¢) 0.163,
(d) 0.476, (e) 0.849 and (f) 0.999.13

For prepreg materials, fewer publications predict the void generation and evolution.
This is likely due to voids being more prevalent in LCM than in prepreg materials.
However, in the available published works, there is agreement that the voids in the
final structure are present at the start as microcavities, most likely due to mechanical
entrapment of air or gasses resulting from moisture or volatile reactions. For this

reason, void generation models for prepreg materials work based on a single bubble
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surrounded by liquid.236:137 Ledru et al.»38 uses this assumption, as shown in Figure
2-24, to derive a nonlinear differential equation, which considers the pressure
difference between the autoclave and within the void, the temperature of the gas
within the void and the surrounding resin viscosity. The analysis is solved using

Matlabs RK4 implicit solver to find how the void radius changes during the cure.

=", resin

- void

Figure 2-24 The modelling approach uses the assumption of a void surrounded by matrix. (A)
Schematic of this assumption and (B) micrograph of a typical void being represented.'33

2.8.2. Impact on mechanical properties

2.8.2.1. Elastic modelling
Before discussing the methods of modelling how voids affect the stiffness of a

composite, it should be considered how the modulus of void-free composites are
modelled. This is typically achieved using analytical models, for instance, possibly the
most well-known and often used approach is the Rule of Mixtures (RoM), which is a
simplified approach which ‘stacks’ the constituents in the loading direction and
assumes that there is equal strain in both the fibres and matrix. This is a two-part
model which determines either the longitudinal (Voigt model) or transverse (Reuss
model) modulus, using equations (2-13) and (2-14). Where E;; and E,, are the elastic
moduli for the longitudinal and transverse direction of the composite, E;;r and E;,f,
are longitudinal and transverse elastic modulus of the fibre, E,, is the elastic modulus

of the matrix, V is the fibre volume fraction. The shear modulus can also be calculated
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using equation (2-15) where G,,, G, and G, are the shear modulus for the composite,

fibre and matrix respectively.139

Eyy = EyyfVy + EqViy = EyqfVp + Ep(1 - V) (2-13)

1 v 1=V

— =+ (2-14)
Eyo Eny  Em 4

1 v 1-V

—_— = 2-1
o Gy | G (2-15)

It was found that the equations for transverse and shear moduli were inaccurate, which
was determined to be due to the geometry of fibre packing. The model assumes that
there is uniform stress, however, due to the distribution of discrete fibres there are
stress gradients resulting in a deviation from the model’s assumption. This led to a
refined model based on splitting the RUC into subsections forming a square fibre-
matrix arrangement, as shown in Figure 2-25. The developed the transverse and

shear modulus equations as presented in equations (2-16) and (2-17).14°

L

y

Figure 2-25 Subsection arrangement which forms the basis of the developed model.4°

E
Eyp = =
E, (2-16)
1= Vf (1 B E22f>
G
Gij = = Ji,j=1,20r273
G (2-17)
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From reviewing the analytical works, an observation can be made that the models are
based on the geometry of the RUC. For an analytical model, this limits the geometry
to being simplistic, i.e. a single fibre surrounded by matrix. Moving to computational
models solved using FEA means that more complex geometry can be generated, as well
as accounting for voids. An example of this is the work published by Nikopourz22
whereby a 2D planar model was generated with a uniform array of fibres surrounded
by matrix. To simulate voids, circular sections of the matrix between the fibres at
uniform distances were removed, as shown in Figure 2-26 (A) and (B). For each
model, a finite amount of strain is applied to the unit cell in the transverse and shear
directions to measure the respective modulus. The transverse and shear stress
distribution for models with and without voids can be seen in Figure 2-26 (C) — (F).
The results of the simulations showed that whilst all models were degraded when voids
were introduced, the bulk modulus was most affected. The results were compared to

analytical models proposed by Hashin and Rosen!4! with very good correlation.
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Figure 2-26 Representation of a Planar model with (A) uniform fibre surrounded by matrix and
(B) void array surrounded by matrix. (C) and (D) show the stress distributions for a bulk modulus
analysis with and without voids. (E) and (F) show the respective stress distribution under
transverse load without and with voids, and (G) and (H) show the respective stress distribution
under shear load without and with voids.22
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To account for a non-uniform array of fibres and voids, Dong% also modelled a 2D
RUC and randomly distributed both the fibres and voids throughout it, as illustrated
in Figure 2-27 (A). A load of 1 MPa was introduced on one side of the RUC and the
resultant displacements were used to measure the modulus. The stress distribution is
illustrated in Figure 2-27 (B). The modelling approach was used to compare how
various fibre volume fractions at different void contents affected the modulus. Their
results showed that higher fibre volume fractions resulted in stiffer models and in all
cases every 1.0 % increase in void content the transverse modulus reduced by
approximately 1.5 %. The results also showed that a 2.0 % void content is the critical
value after which the transverse strength is then degraded. In this case, however, the
results showed that the lower the fibre volume fraction the more affected the strength

was for a given void content.
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Figure 2-27 RUC using randomly distributed fibres and voids, (A) shows the distribution and (B)
shows the stress distribution after induced loading.%6

A different approach is to use a ‘short length’ 3D model which essentially gives the
planer model a finite thickness in the fibre direction. This approach was utilized by
Carrera et al.27? who modelled voids by randomly selecting a specific percentage of
integration points which relate to the void content and degrading the stiffness to near
zero. This has the effect of reducing the stiffness of the domains that each of the
integration points refers to. The short-length RUC and simulated voids can be seen in
Figure 2-28. An initial model containing no voids is first used to generate a baseline
to reference against, and then a second model containing the required voids is used.
As the location of the voids was randomly selected, the second model was repeated 100

times with different void distributions for statistical evaluation. The results of the
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models showed whilst void content affected transverse modulus, a minimal effect on

stiffness was found when void distributions were varied.

z
Q
X 1% void fraction

Figure 2-28 Illustration of the randomly inserted voids into a 3D model.?7

A similar short-length model was implemented by Chu et al.98, however, with the
distinct difference that instead of selecting voids using a randomiser, the voids are
explicitly modelled through geometry, as illustrated in Figure 2-29, with the results
shown in Figure 2-30. This has the benefit that there is complete freedom in how the
geometry of the voids are modelled including the location and distributions. However,
such a defined model brings several disadvantages. Firstly, the model setup and ability
to adapt and adjust various parameters (such as void content and void dispersion) is
extremely limited and would require extensive user processing to make various
changes. Secondly, due to the size of the voids, the element count will be significantly
high, with the paper recognising that some of the models have over 3 million elements.
Whilst this is a high-fidelity modelling approach, the setup and computational time
are expensive and are not practical. This modelling approach was used to study the
effect of increasing both the void content and fibre volume fraction on the stiffness.
The results showed that whilst increasing the void content reduced the transverse
modulus, increasing the fibre volume fraction did not affect the results. This is
interesting as whilst the reduction of the modulus due to increasing void content is in

line with previous studies, the results of varying the fibre volume fraction are not.
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Figure 2-29 Geometry used to create the RUC containing voids.%
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Figure 2-30 Result of increasing the void content at three different fibre volume fraction.9$

The final modelling approach to predict the elastic properties of unidirectional
composites is segregating the model into two distinct stages. The first stage predicts
the effective/reduced stiffness of the matrix with voids in and the second stage uses
the calculated effective stiffness in a typical RUC, i.e. one without voids. One of the
most widely cited papers is the work of Huang and Talrega4® who used this approach
by modelling a single void surrounded by matrix using FEA. The model was used to
predict how the stiffness of the matrix degraded with different void geometry and

fraction. The effective matrix stiffness was subsequently used in an analytical RUC to
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show that as porosity increases the composite stiffness significantly reduces in the

transverse direction and less so in the longitudinal.

Selmi42 also followed a two-stage approach to understand how voids affect the
stiffness of a composite. In their work, rather than using FEA to calculate the effective
stiffness of the matrix containing voids, the Mori-Tanaka homogenization43 process
was used. This process calculates the average stress state of a material containing
inclusions (i.e., voids). This approach functions by placing the inclusion in a stress field
and considers the contributions of both the far-field stress state of the material and
the local stress fluctuations around the inclusion. The effective stiffness was
subsequently used in a RUC through modelling using FEA was able to be used to

predict the transverse and shear moduli.

Currently, only elastic modelling approaches for unidirectional fibre architecture have
been discussed. The modelling perspective on more complex composites, such as
woven or braided, is that the geometry is often split into intra-tow and inter-tow. This
means that there are typically two distinct models used, first for the intra-tow
geometry a simple continuous fibre unit cell, similar to that of the RUC of
unidirectional composites, is used to provide tow properties. Secondly, a geometrically
accurate unit cell for the given fibre architecture is then modelled. A schematic of this
approach is illustrated in Figure 2-31144 where, for three different fibre architectures,

the geometry is shown how it can be split into the two distinct models.
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Figure 2-31 Schematic of how complex fibre architecture is separated into distinct stages for
modelling purposes.'#4

This approach was implemented by Huang and Gong45 by using a simple uniform
fibre array for the microscale model and modelled a woven composite by simplifying
the warp, weft and binder tows to rectangular sections. Voids were modelled by
randomly selecting matrix elements within both models, as illustrated in Figure 2-32,

and degrading the stiffness to near zero.
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Figure 2-32 Example of the defined regions of the microscale model and RUC model proposed by
Huang and Gong.45

To account for more accurate geometry, there have been releases of specialist software
for complex fibre architecture to be modelled in more detail. For instance, Gong et
al.146 used TexGen!o¢ to accurately generate the woven geometry which was
subsequently discretised into a voxel mesh, as illustrated in Figure 2-33. Voids were
generated in the same approach whereby matrix elements were randomly selected.
Similar approaches have also been carried out by Van Den Brouckle et al.107, Liu et
al.144 and Wang47 for woven composites, and by Xu and Qian48 and Liu et al.144 for
braided composites where in all cases the results showed a reduction in mechanical

performance.

A

Figure 2-33 Accurate woven geometry created using TexGen (A) and discretised into a voxel mesh
for modelling (B).146
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2.8.2.2. Strength modelling
Aside from simulating the change in stiffness response as porosity is varied in a

composite structure, another key area is being able to predict the knockdown in
strength. One such approach is to study how the matrix is affected by the introduction
of voids, which can then subsequently be used in a model containing the appropriate
fibre architecture. For instance, McMillan49 investigated the effect of voids on a planar
model subjected to shear loading. To predict the knockdown in strength a nominal
stress value, representative of the strength of the matrix, was selected. The load was
induced into a void-free model until the nominal was met, the load at this point was
chosen as the application load. Voids were then introduced into the model and after
applying application load the maximum stress within the model was measured. The
percentage reduction in matrix strength was subsequently calculated using Equation
(2-18).

Omax — O,
Percentage strength knockdown = M x 100 (2-18)
nom

The limitation of McMillan’s approach is that it only considers a planar model and
does not go further than analysing the effect voids have on the matrix. In contrast,
Tserpes et al.109, use u-CT analysis to characterise the porosity which is used to build
3D representations. Their results found two types of voids present in the composite,
small microvoids and elongate voids longer than 1mm. The approach taken was to
simulate the two types of voids separately; first modelling how neat matrix is degraded
through microvoids and subsequently the same process was followed for the elongated
voids but instead using the properties calculated from the microvoid model instead of
neat matrix. Finally, a micromechanical analytical model was used to calculate the ply
strength based on using the matrix properties of the second model with the associated

fibre properties.

Similar to modelling the elasticity, there are several different approaches to
determining the strength of a unidirectional composite containing voids. A
geometrically simplistic approach was proposed by Chowdhury et al.15© who modelled
a single void in the centre of a planar model which contained two halves of a fibre on
the sides of the model, as illustrated in Figure 2-34. The model does account for
matrix plasticity and fibre-matrix debonding and due to the simplistic geometry has a

low element count, in the order of 5,000 elements. However, this approach is not
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realistic as it assumes the same void volume fraction as the fibre volume fraction.

Strength is measured based on the stress-strain curve generated from the model.

x2

! f ! 1

Fiber Void nterface, t,

Figure 2-34 Modelling a single void loaded in transverse tension.’s°

Another 2D analysis was conducted by Wang et al.15! using realistic fibre volume and
void content values. Their study investigated the differences in the way that voids were
geometrically modelled, as illustrated in Figure 2-35. Their results found that
degrading elements only had a minimal effect on the strength, however when
modelling the voids explicitly as a circular shape had a more significant effect. When
varying the shape of the voids, the location and void content were kept constant, and
their results found that the inclusion of arbitrarily shaped voids resulted in a lower

strength.
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Figure 2-35 Varying the approach to model void geometry. (A) Voids as elements, (B) explicitly -
circular, (C) explicitly - arbitrary and (D) explicitly elliptical.’5!

A similar study which investigated the effect of various void shapes was published by
Vajari et al.114 Through a microscopy study they found that there were two types of void
present in their composite, microvoids between the fibres and larger arbitrarily shaped
voids surrounding multiple fibres. These two types of voids were modelled explicitly
in FEA, as shown in Figure 2-36. Their results found that the maximum strength was
determined by the fibre-matrix decohesion at void locations. The damage propagated
along the interfaces as well as being influenced by the location of the microvoids. The

final failure occurred when multiple interface cracks linked up.
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Microvoids

Arbitrary shaped voids

Figure 2-36 Two types of void shape, micro and arbitrarily shaped, represented in the FEA
model. 14

A multiscale modelling approach to account for the transverse cracking due to voids
was proposed by Mehdikhani et al.5” Their model comprised of three separate steps,
as illustrated in Figure 2-37. First, two RUCs were generated with and with a void
present, Figure 2-38 (A) and (B). Step 2 involved calculating the stiffness matrix,
transverse tensile strength and Mode I fracture toughness for these two models. These
properties were then used in the third step where the Extended Finite Element Method
(XFEM),'52 a numerical modelling technique to predict crack propagation, was utilized
to predict the cracking in a transverse ply block containing both pristine and defected
regions, which is designed to be representative of a laminate containing both pristine
and defective regions. The model was used to investigate how two different void
contents, 1.6 % and 5.0 % made up of voids with diameter 3oum and 6oum affect
cracking onset and development. Their results found that the maximum effect of
porosity was for the 5.0 % with a diameter of 3oum where crack onset beings earlier,

however, crack development was consistent across all models.
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Figure 2-37 Three-stage modelling approach to account for the effect of voids in transverse
cracking.s’
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Figure 2-38 Difference in step 1 model, (A) pristine and (B) defective.5”

Another approach to modelling the strength of unidirectional composites is randomly
selecting matrix elements in an RUC and degrading their properties to near zero.
Plasticity can be incorporated into the model by degrading subsequent elements as
they meet a failure criterion. This approach was utilized by Jiang et al.53 who modelled
a three-fibre RUC with voids represented as randomly selected matrix elements, as

illustrated in Figure 2-39. They developed an ABAQUS user subroutine, UMAT, to
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determine if an element has failed and subsequently degraded it. They were
successfully able to demonstrate that as the void content increased the strength
reduced in the transverse direction, however, there was no change in the longitudinal

direction.

’i‘b )

5%

0.15% 1% 2% 3%

Figure 2-39 Representation of voids through randomly selecting elements from 0.15 % to 5 %. The
top row shows matrix and void elements and the bottom row shows the voids in isolation.'53

There are a limited number of studies published that have investigated how the
strength of a woven composite containing voids can be modelled. This is likely due to
the complexity of the combined intra- and inter-tow geometry, as well as the complex
failure mechanics that would need to be captured. From the studies that have been
published, there is a general two-stage approach that is taken, whereby the intra-tow
is modelled first, and then these properties are used in a mesoscale inter-tow model.
For both models, some form of failure criteria is required so that the strength of each
model can be determined. For instance, this approach was utilised by Gong et al.146
who assumed the intra-tow model to be simplified to a planar unidirectional model
containing voids. Fibre failure is assumed to be brittle and the matrix damage is
incorporated using a modified Drucker—Prager yield model presented by Lubliner et
al.154 This model is described by Equation (2-19), where f,, is the matrix failure; « is
the pressure-sensitivity (set to 0.13); J, is the second invariant of the deviatoric stress
tensor; I; is the first invariant of the stress tensor; £ is the function of the tensile (o,;)
and compressive yield stress(o,;), as defined by Equation (2-20). Equation (2-20) is
applied to each of the matrix elements to determine if they have failed. For the inter-
tow model, a 3D woven unit cell was generated using TexGen with voids modelled as
randomly selected elements. Damage in the matrix surrounding the tows was
modelled using the same modified Drucker-Prager:54 yield model (Equation (2-20), as

described previously). For the tows, however, they were again assumed to be
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unidirectional and Puck’s failure criterion was used. The models showed that both the
intra and inter-modulus were affected by voids. However, in contrast, the results
showed that whilst the tensile and shear strengths were sensitive to voids within the

fibre tows, the compressive strength was found to be sensitive when voids were

between the voids.
1
fm :m(ﬂgjz +af11 +ﬁ<0'1>) — Oy (2‘19)
O-XC
f=—0-a)-(1+a) (2-20)
Oxt

This approach has also been applied to braided material by Ge et al.155 where the tows
of the braided preform are first modelled as unidirectional unit cells with elements
randomly selected to simulate voids. Matrix damage is modelled using the maximum
principal stress criterion and fibre damage is modelled using Hashin’s criterion.56
Hashin’s criterion are a set of failure criteria that determine if failure occurs in either
the fibres or matrix under tension or compression, which are defined through

equations (2-21) to (2-24):

Tensile Fibre Mode: g; > 0

01\? T12\?
@)+ () - =
Compressive Fibre Mode: o; < 0
o, =X° (2-22)
Tensile Matrix Mode: o, > 0
07\ 2 T12\?
(Y_Zt) + (%) =1 (2-23)

Compressive Matrix Mode: g, < 0

05 \2 Yt Oy (T12\2
&) +|a) -1 |F (2-24)
A RUC of the braided geometry is modelled with inter-tow voids modelled again as

randomly selected elements. Matrix damage is modelled using the same criterion as

was used in the intra-tow model and the maximum stress criterion was used to model
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damage in the tows. The strength of the models was determined by plotting the stress-

strain response.

2.9. Conclusion
This subsection summarises the following: key findings of the literature review, the

present knowledge gap in evaluating the porosity in CFRP, and how this defines the

research that was undertaken in this PhD thesis.

2.9.1. Key Findings

One of the main reasons for using composite materials in engineering structures is the
potential to minimise the mass. Whilst composites have often been used for non-
structural components (such as covers and non-load bearing panels), there is currently
a strong drive for their use in structural applications. However, the inclusion of defects
during manufacture, in particular porosity, often results in overengineered designs.
To ensure composite structures are designed correctly, defects must be accounted for

appropriately.

Previously, there have been significant experimental studies into how porosity affects
the mechanical properties of composites.3© However, not only does this have a high
financial and time cost, there are also difficulties in the reproducibility of test panels.
For instance, manufacturing laminates with the same void content is difficult, as well
as controlling where the porosity generates or the shape and size etc. These difficulties
have led to developments throughout the last decade towards numerical modelling, as
it allows for the repeatability of virtual tests whilst having full control over the varying

of specific parameters.

Whilst there is a strong advantage to using computer simulations with computational
power greatly improving in recent years, there is still a trade-off between the
simulation time and accuracy in representative models. Naturally, porosity-based
models are generated at the microscale and often take the form of a 2D/planar model,
such as those developed by Nikopour et al.22 and Dong et al.9¢ However, this results in
voids being assumed to be infinitely long. Whilst u-CT scans have shown that there
can be significantly elongated voids (in the order of millimetres), this is not the only

type of voids that has been reporteds°. Often, microvoids and short-length inter-ply
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voids are present in a structure,3° meaning that the assumption of only infinitely long
voids present is not valid. To account for this type of void a 3D RUC is often generated
and the stiffness of randomly selected matrix elements (amount based on the void
volume fraction) is reduced, simulating voids. This inherently has several drawbacks,
firstly, the size of the void is dictated by the element size and naturally, for accuracy
reasons, elements are small respective to the model size. This may or may not be
representative of the size of the voids found in the laminate being modelled. Secondly,
the elements used in this type of model are typically either 3D brick or tetrahedral
shaped. This means that the shape of the void is simulated to have flat sides with
vertices and edges, which is not representative.3° These drawbacks mean that the only
parameter that can be representative is the void content and whilst this has been the
focus of many studies, more recently there have been reports that the shape and size
of voids are also very important on the impact on structural performance.12190 Thus, it
can be concluded that not only the void content should be considered but also how the

geometrical features of the porosity affect the mechanical response.

2.9.2. Knowledge Gap

Currently, the driving contributor that is monitored to assess the impact of porosity
on a structure’s mechanical response is the void content. This is seen in both academic
research, where studies are mainly driven by the void content, and in multiple
industrial contexts, where blanket limits are set such that the void content must always
be below a specified threshold. In recent years, studies have shown that this is not the
only porosity parameter that affects the mechanical response. Instead, it has become
apparent that the geometrical properties of voids influence the magnitude of
degradation that porosity has on a CFRP structure.4¢ It is now clear that the void
content is not sufficient to be able to accurately predict the reduction in material
properties and thus, geometrical properties (such as void shape and size) must also be

accounted for.

Currently, there is no practical solution to consider how the geometrical properties of
the porosity affect the global laminate properties. It is not reasonable to invest a
significant number of resources into developing a highly detailed model representing
one specific section of a laminate. This is because firstly, the time invested into

building the model would be unfeasible and secondly, the computation requirement
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would also result in an unreasonable analysis time. To study the effect of voids requires
models to be generated and adapted in reasonable time frames, such as hours or days
at the most. The knowledge gap to be addressed in this thesis is to develop a practical
modelling approach that can account for both void content and geometrical

parameters of voids.

2.9.3. Novel Modelling Approach
The knowledge gap has shown that the numerical modelling of voids in CFRP must be

developed to not only account for the void content, but to also be geometrically
representative. While undertaking the literature review and accessing the current
approaches, an inspiration for a new approach became apparent. This occurred when
reviewing the publication by Huang and Talreja4°, where they modelled an isolated
void in neat matrix to study how changing the major and minor axis lengths affected
the elastic properties of CFRP. This study presented opportunities to address the
geometrical influence of voids and by studying each void in isolation (i.e., not including
other voids or fibres) the computation requirement is significantly reduced. However,
the study had several shortcomings, first, only elastic properties were considered;
there was no investigation into the reduction of strength that the void resulted in.
Second, the shape of the void was limited to a cylinder, as illustrated in Figure 2-40,
resulting in a void with parallel sides and flat surfaces at each end. The 90° edges at
each end are likely why a strength analysis could not be achieved, since high stress

concentrations would be present here.

Figure 2-40 Shape of the void considered in the study by Huang and Talreja.#°

This study was used as inspiration to conceptualise a new multiscale modelling

approach such that a void(s) that is representative of the CFRP is modelled and a
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strength analysis is used to determine the knockdown in strength of the matrix. This
is the first stage of the approach. The second stage is to make use of a typical ‘RUC,
using the knocked-down matrix strength to predict knocked-down ply properties. A

detailed explanation of this approach is given in Subsection 4.2.

This approach provides several benefits that address the knowledge gap. Firstly, three-
dimensional geometry can be modelled in stage 1 with higher accuracy. Previously,
this has been limited to either the shape of elements or a cylindrical void for three-
dimensional studies. Secondly, in the transverse direction, both voids and fibres act as
stress raisers of the matrix. Therefore, by excluding the fibres in the first modelling
stage, an understanding of how the void geometry degrades the matrix can be
understood. Also, by splitting the analysis into two separate models, this results in the
possibility to scale the size of the models. E.g. if the fibres were included then this
would define the element size (if the fibres were smaller than the voids), by not
including the fibres, the element size is dictated by the size of the voids and therefore

less elements would be required.

2.9.4.Research Question
Having determined a knowledge gap concerning modelling porosity in CFRPs and

conceptualising a novel modelling approach, this presents a major research question

to be answered by this thesis:

“Can the conceptualised multiscale modelling framework accurately predict the
resulting knock-down in strength of a CFRP structure due to the inclusion of

porosity?”
To answer this question four topics must be investigated, which are the following:

1. Can the multiscale modelling approach determine a change in strength due to
varying porosity parameters, and consequently, how does the strength change
as the parameters are varied?

2. What composite strengths are affected? Multiple parameters must be taken
into consideration when evaluating the strength of a composite. For instance,
the tensile or compressive strength in both the longitudinal and transverse

directions. There is also flexural, short beam and torsional strength that defines
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the strength of a composite. Therefore, the strengths to be evaluated using the
modelling approach must be considered.

3. What geometrical form do the voids take, and how can this be represented in
the modelling approach? The literature review highlighted that the geometry
of the voids is an important factor in determining the knockdown in strength;
therefore, the shape of the voids must be evaluated and accurately represented
in the modelling approach.

4. How adaptable is the modelling approach to the porosity formed in different
composite manufacturing methods? There are many different composite
manufacturing approaches that result in differing porosity formation. It should
be investigated how well the modelling approach can be adapted to represent

voids from different manufacturing processes.

2.9.5. Research Plan
The following section details the plan that was set out to ultimately address the main

aim of the thesis and answer the research question set. The plan was defined by
addressing the topics mentioned above as well as the objectives defined in subsection

1.2.
1. Fully conceptualise and develop the modelling framework.

A high-level overview of the envisioned modelling framework has been presented
above; however, this was required to be expanded upon to determine specifically how
the modelling procedure works, including how boundary conditions and meshing were
defined, as well as how the model strength is determined. Any scripting required for

the modelling framework was also required to be developed.

Once developed, it was required that the model should be used to evaluate how
porosity parameters affect strength, such as the void content by varying the void
volume fraction, as well as the geometrical shape. The modelling framework should be
preliminary validated through analytical solutions on the models that have been

created.

68



2. Literature Review 2024

2. Determine strength material properties that the modelling framework will be used

to predict.

Not all strength properties are to be evaluated using this modelling framework, this is
for two reasons. Firstly, in subsection 2.6.2, the literature review showed that not all
strength properties are affected by porosity, most notably in the fibre direction.
Secondly, due to the microstructure complexity, a single model is unlikely to be able
to determine all material properties and must be developed to address specific

properties accurately.

The tensile and compressive strengths were chosen as the key focus of the model
development. The decision to address these strengths was two-fold: first, these are
major strength parameters that are used in the classical laminate theory in composite
design tools, such as ply calculators and FEM code. Second, whilst other strength
properties are used in composite design, such as torsional, interlaminar and flexural
strength, these are more complex failure mechanisms. Since the modelling framework
is a novel concept, it was more appropriate to ensure that it can be used to accurately
represent tensile and compressive loading first, before developing it for more
advanced cases. It should also be noted that loading, such as flexural, can be
investigated locally, such as either the tensile or compressive side of a beam/flexed
structure. Therefore, the study could be simplified in such a way that this modelling

framework could still be of use.

3. Conduct a series of theoretical studies investigating how geometrical parameters

affect the strength.

The biggest driver for developing the modelling approach was to be able to address
how geometrical properties that affect the strength. A series of studies were conducted
where the shape of the void was varied. This was to show that the modelling framework
can determine a change in strength as the geometry was varied and to investigate how
the shape change affects the resultant strength. To validate the modelling framework,

it was to be adapted in such a way that it can be compared to an analytical solution.

69



2. Literature Review 2024

4. Manufacture laminates with various degrees of porosity, using two different
processing techniques. Mechanically test the laminates and characterise the

porosity.

Whilst comparing an adapted and simplified version of the modelling framework to
analytical solutions can show if the approach shows potential, it is extremely beneficial
to validate against empirical data. For this reason, an experimental campaign was
conducted where laminates, with various degrees of porosity, were manufactured
using both an autoclave and OoA processing technique. This was to highlight any
differences, difficulties, or limitations that the modelling framework may be
susceptible to. The porosity was to be characterised in a manner that allows for

representative models to be built.

Whilst the primary reason to characterise the porosity of each of the laminates was for
the use in the build of models, the data provides another research opportunity: to
evaluate how the porosity changes under different manufacturing conditions. Due to
the complexity of composite manufacturing, curing and microstructure, it is often hard
to predict how the porosity will form. For instance, there has been a significant amount
of research in studying and modelling processing conditions specifically for void
formation. The data that was gathered for developing the models could also be used to

provide insights into the effect of process conditions.

5. Undergo a correlation campaign where representative models of the tested

laminates are built, and the FEM results are compared to the empirical data.

Using the porosity characterisation data of the manufactured laminates,
representative models of each of the laminates were created. The porosity
characterisation data should first be evaluated to determine how best the porosity can
be represented accurately. Multiple models of the same laminate should also be
generated where the porosity data is interpreted and processed in different ways to
show how this affects the correlation. Conclusions should be drawn on how well the
model correlates to the empirical data, as well as how sensitive the model is using

different porosity representations.
6. Results should be fully discussed, and conclusions drawn.

As with any research project, the results from each of the topics investigated

throughout the thesis were to be fully evaluated and compared to the main aim and
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objectives. The implication of the results should be evaluated to show the significance
of the findings in the context of modelling porosity in composites. Any unexpected
results should also be evaluated with a discussion on why such a result became
apparent. The limitations of each topic should be discussed, with particular attention
given to the limitations of the modelling approach. Future work should also be
considered that addresses either the limitations or builds upon the results that have

been concluded in this thesis.
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3. Common Experimental and Modelling
Techniques

This chapter describes the techniques used throughout this thesis for laminate
manufacture, specimen preparation and test procedures as well as the common

operations used when modelling.

3.1. Manufacturing

3.1.1. Autoclave processing
One of the major manufacturing techniques that has been used throughout this thesis

is curing prepreg layups in an autoclave. The manufacturing process starts by
removing the roll of material from the freezer and defrosting it. After which, plies
required for the laminate were manually cut out. The plies for each laminate were cut
oversized by 40 mm in both the longitudinal and transverse directions to allow for
sufficient excess material to be trimmed off. The plies were manually laid-up onto a
flat metal mould using PTFE tape for demoulding. To achieve the same surface finish
on both sides an additional thin aluminium sheet with the same PTFE tape was placed
on top of the laminate. Identical surface finishes were required so that tabbing
material could easily be bonded to the laminate surface. Previous testing had shown
difficulty in the tabbing material adhering to the coarse surface formed from the
breather cloth. By adding an additional plate on the top of the laminate, and below the
breather cloth, provides an identical and smooth surface on both sides of the laminate.
An unperforated release film was placed on top of the laminate before adding a
breather fabric for even vacuum bagging, both supplied by Easy Composites, UK.157 A

schematic of how each of the parts are laid up is illustrated in Figure 3-1.
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Figure 3-1 Schematic of how the laminate is laid up into a vacuum bag.

Each layup was vacuum sealed using a ring of bagging sealant tape around the
laminate and vacuum bagging film over the top, two through-bag connectors were
used to draw a vacuum. Pleats were used to take up any excess vacuum bagging film.
A vacuum/leak test was completed on every laminate to ensure that there were no
leaks before being placed into the autoclave. A limit of 1 mbar/min over a ten-minute
test was chosen, based on previous experience, and if this was exceeded the vacuum
seal was inspected/adjusted and retested. With a successful vacuum test, the layup was
placed in the autoclave with two thermocouples attached to the layup(s) to monitor
temperature. According to the material supplier recommendations, a dual dwell
temperature cycle was used up to a maximum of 125 °C. The cure pressure was
recommended to be set at 0.59 MPa; however, this was the parameter that was
adjusted to vary the void content within the laminates. For this reason, the cure
pressure was varied between a reduced vacuum bag only, set at 0.05 MPa, and the fully
applied pressure of 0.59 MPa. An example of the temperature and pressure cycle used

can be seen in Figure 3-2.
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Figure 3-2 Autoclave temperature and pressure cure cycle.

3.1.2. Resin infusion processing
The second composite manufacturing process used in this thesis was resin infusion.

The process starts similarly to that of the autoclave processing whereby the material,
in this case the dry preform, is cut to size. Each ply is cut oversized by 20 mm in both
directions and laid up on a flat glass mould that has been prepared using a mould
release agent. Infusion mesh is laid over the regions where the inlet pipes are
positioned, which is comprised of a vacuum hose connected to a spiral coil. The same
pipe arrangement is also used for the outlet which is positioned approximately 100
mm from the end of the laminate to act as a buffer zone to allow full wet-through of
the laminate. A peel ply is placed over the top of the layup and consumables, and a
vacuum seal is applied. The resin infusion setup can be seen in Figure 3-3 and
Figure 3-4. The same vacuum/leak test that was performed for the autoclave-
produced laminates was completed using the same conditions. If required,

adjustments to the vacuum seal were made.
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Figure 3-3 Schematic of the setup used for resin infusion.
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Figure 3-4 Resin infusion arrangement.

To prepare the resin prior to infusion, the resin and hardener were weighed out to an
accuracy of +0.01 g. The resin was next degassed and mixed with the hardener and
further degassed. However, to vary the void content, the amount of degassing and
stirring technique was varied (explained in further detail in Chapter 6). To infuse the
resin-hardener mixture into the preform, the first inlet tube was inserted into the pot
containing the mixture. With a vacuum being drawn, the first inlet was opened to draw
the mixture into the preform. Once the mixture had just passed the second inlet tube,
the first inlet was locked off and the resin pot was moved to the second inlet. The same
process was repeated until a full wet-through was achieved. Using a glass mould allows
the underside to be inspected to ensure that full wet-through has been achieved across
the whole length of the laminate. Once full wet-through was achieved, all inlet and

outlet tubes were locked off and the laminate was left for 24 hours to cure at room
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temperature. Afterwards, as recommended by the resin supplier, a 6-hour post-cure

was undertaken at 60 °C.

3.1.3. Specimen and laminate sizing
The dimensions for both the tensile and compressive specimens were given by the

respective standards. The specimen dimensions are dependent on the fibre orientation
(longitudinal or transverse to the load), which are illustrated and documented in
Figure 3-5 and Table 3-1 respectively. The length and width of the laminates were
set by the length and number of specimens required (including cutting wastage),

respectively, plus surplus material to account for the laminate edges.

A
Tabs x 4 4x45° Tab

length
\ % ‘ Gage length ‘ }4—>‘
ﬁ ” l
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T thickness

Overall length
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Tabs x 4 k—bk—ﬂ
‘ | l Specimen

N
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Test specimen =

Tab length

v
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Figure 3-5 Drawings for (A) tensile and (B) compression specimens.

Table 3-1 Reference dimensions of tensile and compressive specimens provided by the ASTM
Standard.

Overall Specimen Tab Gage Bevel
Length/ Thickness Length Length Angle

Test Fibre Width

direction orientation /mm

mm / mm / mm / mm /°

Tension 0° 15 250 1.0 56 138 45
90° 25 175 2.0 25 125 45

Compression 0 13 140 0 64 '3 90
90° 13 140 3.0 64 13 90
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3.1.4. Tab bonding

Once the laminates had fully cured (from either process), tabs could be bonded onto
the laminate. The reason that tabs were bonded onto the laminate before cutting
specimens to size, was to prevent excessive grinding that would have been required if
they were to have been bonded on afterwards. The size of the tabs were cut 10 mm
oversized in the specimen length direction so that once they were fully bonded, the
length could be cut to exact size. The width of the tabs were cut short of the width of
the laminate so that when the first specimen was cut out, the laminate edge could be
used as a datum for making the initial cut. The excess material to be cut is illustrated
in Figure 3-6. Prior to bonding the tabs onto the specimens, all regions to be bonded
were scuffed using 120-grit abrasive paper to improve the adhesion. The adhesive used
to bond the tabs was Permabond’s 2-Part Structural Adhesive ET538. A thin layer of
adhesive was applied to both surfaces and then spring clamps were used to hold tabs
in place, as shown in Figure 3-7. The tabs were left for a minimum of 24 hours before

being unclamped.

Datum edge .
- 10mm oversize
For initial cut Datum edge

For initial cut

/

Initial cut

10mm oversize

Figure 3-6 Layout lines and datum edge to prepare laminate for specimens to be cut out.

Scuffed
surface

Applied
adhesive

Figure 3-7 Adhesion process to bond tabs onto CFRP laminates.
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3.1.5. Specimen preparation
Once the tabs were fully bonded onto the laminates, specimens could be cut to the

correct size. All cuts were made using a bandsaw with an abrasive blade. First, one of
the 10 mm overside lengths was cut off and then a fence on the bandsaw was set to the
required length of the specimens. The length of the specimens was set to be 0.5 mm
oversized to allow excess material to be removed when grinding. The datum side was
then used to make the first cut along the length of each of the specimens. As there was
a space under the laminate due to the additional thickness of the tabs on either end,
additional support material was placed under the laminate to prevent any damage
occurring during machining. After making the initial cut using the datum edge, the
fence was set to the width required for the specimens, plus an additional 0.5 mm to
allow for material to be removed during grinding. The surface finish after machining
is very coarse, as can be seen in Figure 3-8(A), which needs to be ground to a
polished surface, as shown in Figure 3-8(B). To do this, the machined surfaces are
ground initially using 120-grit abrasive paper until all machining marks are removed.
Afterwards, the sides are polished using a 240-grit abrasive paper. To ensure the same
finish is applied to all specimens and to mitigate any variation, the same number of
strokes (40) was applied to each specimen. Once all specimens were polished and
ready to be tested, the cross-sectional area was measured. This was achieved by
measuring the width and thickness at three points within the gage section, using digital

callipers.

A

Coarse surface
from machining

after grinding

Figure 3-8 Edge finish of the specimen (A) after machining, and (B) after grinding.
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3.2. Test Procedures

3.2.1. Tensile testing
All tensile testing was carried out using an Instron 8801 servo-hydraulic testing

machine using a 100 kN load cell. Before inserting each specimen, the load reading on
the control and measurement software for the machine was checked to be zeroed.
Specimens were carefully inserted into the centre of the grips ensuring that there was
no misalignment in the loading direction. The grips were tightened to clamp each
specimen and due to the grip actuation mechanism, a small amount of compressive
pre-load (approximately 10 N) was induced. Before each test, this load was returned

to zero.

For tensile testing the ASTM standard D3039158 was followed; therefore, load was
induced into the specimens through a constant head displacement at a rate of 2
mm/min. The load was induced into the specimens until complete failure had
occurred. Afterwards, the specimens were removed from the machine and failure
mode was inspected and recorded. There are several different failure modes for tensile
specimens, examples of which are illustrated in Figure 3-9 with the corresponding
failure codes recorded in Table 3-2. If any tensile specimens did not fail in accordance
with the standard, such as failing at the grips, then a note was made to not include the

data from that specimen when data processing.
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Figure 3-9 Examples of different failure modes that can occur in tensile specimens with
corresponding failure codes.'58

Table 3-2 Failure codes for tensile specimens.’s8

First Character Second Character Third Character
Failure Type Code Failure Area Code LFallu.re Code
ocation
Angled A Inside grip/tab I Bottom B
Edge delamination D At grip/tab A Top T
Grip/tab G <1W from grip/tab w Left L
Lateral L Gage G Right R
Multi-mode M(xyz) Multiple areas M Middle M
Long Splitting S Various A% Various A%
Explosive X Unknown U Unknown U
Other (0]

3.2.2. Compressive testing
Compression tests were conducted following the ASTM Standard D664159 which

involved the use of a Combined Loading Compression (CLC) test fixture to determine
the compressive strength and modulus. A schematic of the test fixture is illustrated in
Figure 3-10. The test fixture works by clamping specimens between the left and right

halves of the fixture using 8 bolts to a torque of 3.5 Nm. The upper and lower halves
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of the fixture are free to slide along alignment rods, allowing the load to be induced

through both shear and end loading.

End load
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Figure 3-10 Schematic of the CLC test fixture.

All compression testing was carried out on a ZwickRoell Zo50 electromechanical static
testing machine coupled with a 50 kN load cell. The test fixture was placed into the
test machine between two machined flat platens with alignment markings to ensure
the placement was in the same location for each test. Before starting the test, the load
measurement was checked to be zeroed and then the crosshead was positioned slightly
above the test fixture. As per the standard, the load was induced through constant head
displacement at a rate of 1.3 mm/min until complete failure occurred. Afterwards, the
test fixture was removed from the test machine and the clamping bolts were loosened.
The specimen was carefully removed from the test fixture and failure mode and
locations were inspected. Examples of different types of acceptable and unacceptable
failure modes are illustrated in Figure 3-11, with the corresponding failure codes
summarised in Table 3-3. Trial testing has shown that any inaccuracy in the
placement of the specimen in the test fixture can result in end crushing invalidating

the test. Therefore, particular attention was given to both the specimen ends as well as
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the gage section. If any specimens failed unacceptably, the specimen ID was noted,

and the relevant data was not included in the post-processing.

MW%

1

&z o ik s I

TAT BGM HAT SGV DTT HIT CIT DIT
Acceptable Failure Modes and Areas Unacceptable Failure Modes and Areas

Figure 3-11 Examples of the different acceptable and unacceptable types of compressive failures9
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Table 3-3 Failure identification codes.59

First Character Second Character Third Character
Failure Mode Code Failure Area Code Failure Location Code
Angled A Inside grip/tab I Bottom B
Brooming B At grip/tab A Top T
End-Crushing C Gauge G Left L
Delamination D Multiple areas M Right R
Euler buckling E Tab adhesive T Middle M
Through-thickness H Various \% Various \%
Kink bands K Unknown U Unknown U
Lateral L
Multi-mode M (xyz)
Long Splitting S
Transverse shear T
Explosive X
Other (0]

3.2.3. Measurement apparatus and data processing
For both tensile and compressive testing, the load and displacement were recorded

using data acquisition features built into the load control software. The measurements
were recorded at a sampling rate of 5 Hz and processed using Excel. The maximum
load for each specimen was determined, and along with the Cross Sectional Area (CSA)
measurements, the ultimate strength of each specimen was determined using
Equation (3-1), where F, .y, Bnax and A are the ultimate strength, maximum load

recorded and CSA, respectively.

P,
Fnax = % (3-1)

The strain of each specimen was measured using a video strain gauge system supplied
by iMetrum to determine the Young’s modulus. The system, as illustrated in Figure
3-12, comprised of an iMetrum camera coupled with either a general-purpose lens for
tensile testing or a high magnification material testing lens for compression testing.
Load and displacement data was also acquired by the system so that stress could be
measured concurrently with the strain. The system works by tracking contrasting
markings, such as a speckle pattern for full surface measurement or two dots acting as

a ‘virtual’ strain gauge for an individual measurement. The latter was used for all types
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of testing in this thesis where a gauge length of 60 mm and 8 mm were used for the
tensile and compressive testing, respectively. An LED array light source was used to
improve the contrast between the dots and the specimen. All measurements were

recorded at a sampling rate of 5 Hz.

Compression

LED array test rig

light source

Material lens
Flat platen

Figure 3-12 Video strain gauge setup for compression testing.

For each specimen, a Stress-Strain graph was plotted so that the Young’s modulus
could be determined for only the linear elastic region of each test. As the data is
recorded just before the load is applied, and there is typically a small amount of slack
in the test fixture, the Stress-Strain graph is used to identify the start of the elastic
loading. Also, it is used to identify the maximum stress before any plasticity occurs.
The Young’s modulus was calculated using Equation (3-2), where E is the Youngs
modulus, ASje, Spmaxie a0d Siyin e are the change in linear elastic stress, minimum and
maximum linear elastic stress, respectively, A€, €4x 1 AN €041 are the change in

elastic strain, minimum and maximum elastic strain, respectively.

— ASie — (Smax,le - Smin,le)
Aele (emax,le_emin,le)

(3-2)
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3.3. Porosity Characterisation
Several different approaches can be used to characterise the porosity within a

laminate, as discussed in detail in Subsection 2.4. The characterisation technique
chosen for the work presented in this thesis was optical microscopy. One of the main
aims of this thesis is to account for the geometrical properties of voids which can be
achieved through optical microscopy. Whilst techniques such as p-CT can also be
utilized to generate exceptionally accurate characterisation data, the process is limited
in analysing small sample volumes and has very high setup times and associated
financial costs. Therefore, it was determined that optical microscopy offers a good
balance between accurate geometrical characterisation and efficient sample

processing.

3.3.1. Sample preparation
To characterise the porosity of each laminate, samples must first be cut to size and

polished. The samples were cut either directly from the surplus material that was not
used for testing, or when this was not possible, tested samples were used. To ensure
that the test did not influence the microscopy results, samples were taken from the

gripped regions and if any cracks were present, that sample was discarded.

Three samples were cut from each laminate orthogonal to the fibre direction. Each
sample was cut to a length of 25 mm as this allowed an adequate area for analysis along
the cut surface (two per sample). The surfaces to be evaluated required polishing to a
high surface finish. This was achieved through manual grinding using Mirka WPF wet
and dry sanding sheets. 120 grit is used to remove the coarse machining marks left
from cutting the specimens to size and then each sample is sequentially polished up to

4000 grit. Examples of the prepared samples are shown in Figure 3-13.
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Figure 3-13 Example of samples that were prepared for optical microscopy.

3.3.2. Optical Microscopy

To evaluate the porosity through microscopy, a Leica DM LM microscope was used
along with an iDS UI-1460LE-C-HQ digital camera to capture images. The camera was
operated using a PC running Buehler OmniMet Modular Imaging System (OMIS)
software which also had image postprocessing features to measure the size of the
voids. Depending on the characterisation measurement, two different lenses were
used on the microscope. To measure the void content, a 10X/0.25BD lens was used as
this gave a good balance between imaging a large area and capturing accurate detail of
voids. On the other hand, to measure the size of the voids, a 20x/0.40BD lens was used

as this allows for higher accuracy when measuring the dimensions of each void.

3.3.3. Image processing
The imaging software connected to the microscopy was used to directly measure the

dimensions of the voids. The dimensions measured were the major and minor axis
lengths which were determined based on the void tips, as shown in Figure 3-14 (A).
The orientation of the voids was noted with reference to the load direction. To ensure
the results were representative of the laminate, particularly since there is a random
nature to a composites microstructure, a large sample size was measured for each
laminate (the exact number is described in the relevant chapter), with measurements

spread across the lengths of all samples. To analyse the spread in results a relative
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frequency histogram was plotted for all datasets, with an example illustrated in

Figure 3-14 (B).
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Figure 3-14 Demonstration of void dimension. (A) shows an example image with the dimensions of
the voids taken and (B) shows a relative frequency histogram of void dimensions for a laminate.

The images that were used to calculate the void content were processed using a
custom-written Python script which was run through the Spyder Integrated
Development Environment (IDE). The script works by identifying voids as dark
regions and isolates them from the rest of the image. An example of the process in use
can be seen in Figure 3-15. The image processing starts by automatically loading the
image to be evaluated and converting it to 8-bit greyscale. Each pixel is assigned a
greyscale value within the range of o0 (black) to 255 (white). To improve the contrast
between the outline of a void and the surrounding material, a Gaussian filter is applied.
This works by systematically selecting each pixel and for a defined radius the average
greyscale value is calculated. As the voids appear as dark regions, a greyscale threshold
can be set to determine the porous regions; any pixel below the threshold value is
converted to o (turning it black) otherwise it is converted to 255. The ratio between

the number of pixels being 0 and 255 then gives the void content.
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Figure 3-15 Image processing stages to calculate the void content. (A) original image, (B)
converted to greyscale and filtered, and (C) threshold image used to calculate void content.

3.3.4. 3D Microscopy

The main drawback of using traditional optical microscopy is that only a 2D image can
be evaluated; therefore, the depth of the voids cannot be measured. A common
assumption is that voids are infinitely long; however, to determine the validity of this
assumption for the voids found throughout this thesis, a 3D optical profiler was used.
This process works by using a traditional microscope to image the surface; however,
the depth of field is adjusted, and the resultant area of focus can be used to determine
the change in surface height. The depth of field is adjusted such that the focus point
starts at the highest point on a surface and ends at the lowest. At each increment, the
region in focus is captured along with the relative height change compared to the initial
increment. Once the full range is captured, a height map can be determined based on
the incremental data. This process is fully controlled using dedicated software

connected via a PC.
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The system was supplied by SensorFar Metrology which comprised of a microscope
using a Nikon TU Plan Flur 20x/0.45 lens with a ring light for additional lighting. The
microscope is controlled using the dedicated software SensoScan which was used to
program each scan, i.e., setting the scan range limits and adjusting lighting. The data
from each scan was then post-processed and analysed using SensoMap. The scan was
first levelled and if there was a small amount of missing data then these regions were
interpolated. A combination of a depth profile plot (surface height along a line) and
colour maps were used to determine the 3D geometry of a void. A 3D reconstruction

of a region containing two voids can be seen in Figure 3-16.
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Figure 3-16 3D reconstruction of a region containing voids.

3.4. General Modelling Procedures
This section provides details on the more general modelling steps that are applied to

all models (i.e., the procedure to create meshes and apply boundary conditions). This
section does not provide specific details for certain analyses, or how the modelling
framework, developed in this thesis, is set up. Specific analysis details for each model

are discussed appropriately in the relevant chapter.
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3.4.1. Initialization
All simulations conducted throughout this thesis were performed through Finite

Element Analysis (FEA) using Abaqus/CAE 2019, with all solutions found using the
Implicit solver with Abaqus/Standard. An AMD Ryzen 7 3700X CPU (8 core, 16
thread) was used to run the simulation and depending on the model element count,

typically between 4-8 CPU cores were utilized per simulation.

Abaqus/CAE uses a dimensionless system; therefore, the working scale chosen was at
the microscale. This meant that all geometrical dimensions were entered as um,
material properties and stresses had units of TPa, and load was defined using
Newtons. Geometry was specified as 3D solid deformable and after being generated
was partitioned into cells. Each cell allowed for different material properties or
elements to be specified. The models created were linear elastic; thus, the material
properties that were defined were the Young’s modulus and Poisson Ratio. All
simulations used a single general static time step with NLGeom (non-linear geometry)

turned off.

3.4.2. Element selection
All simulations used 8-node 3D linear brick elements (C3D8), without reduced

integration. Throughout the development in Chapter 4, it was found that absence of
reduced integration increased accuracy without a noticeable impact on simulation run
time. The models elemental mesh was generated by first specifying a global seed,
which specifies the distance between element nodes along geometrical edges. For any
regions that required a higher element count, the relevant geometry cells were
partitioned to allow for local seed control along those edges, as illustrated in Figure

3-17. After defining element type and seeding, the mesh was generated.
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Local seed

Global seed

Figure 3-17 Difference between global and local seed for mesh generation.

To determine the most appropriate element size, a mesh convergency study was
completed periodically, typically at the start of a new model or when significant
updates to each model were implemented. The study was conducted by changing the
elemental seed size and the stress distribution and maximum stress that was observed
was recorded. The seed was initially set to generate a coarse mesh and sequentially
adjusted to reduce element size. For each increment, the element count and maximum
stress were recorded and plotted. The stress distribution and location of maximum
stress were observed to ensure that the results were consistent. As well as monitoring
the change in results, the element quality was also monitored, which included the
element aspect ratio and corner angle. A typical mesh convergency study can be seen
in Figure 3-18. The general trend is that using coarse mesh results in much lower
stress values, which are initially significantly affected by a minimal change in mesh
size. However, there is a turning point at which reducing the element size has a smaller
impact on maximum stress. After which, increasing the element count only has a
minimal impact on results, yet substantially increases simulation run time. A balance
was found between computational efficiency and accuracy where the element size was
targeted around/just after the knee point, as shown in the highlighted region in

Figure 3-18.
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Figure 3-18 Mesh convergency study showing the targeted element size range based on the change
in maximum stress and element count.

3.4.3. Boundary conditions
The load was induced into each model by constraining one surface and displacing the

opposing side. The constraint was applied using a symmetric boundary condition as
this allows orthogonal displacement and rotation; however, it restricts displacement
and rotation in the load direction. For instance, if the load is applied in the X direction,
then the symmetric boundary condition is defined according to Equation (3-3), where
U1, UR2 and UR3 are displacements in the X direction and rotation about the Y and Z
axis, respectively. This condition is important as it allows for Poisson effect to occur as
well as any differences in elastic modulus throughout the model. Load was induced
into the model by applying a displacement boundary condition to the surface opposing

the constrained surface.

Ul=UR2=UR3=0 (3-3)
Micromechanical models are generally designed to be Representative Unit Cells
(RUC), meaning that the geometry modelled is the smallest volume that is
representative of the whole structure. One factor to be considered is the

implementation of periodicity, i.e., a load applied to the unit cell on one side will also
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experience the same load on the other corresponding side, as shown in Figure 3-19
(A) and (B) where the RUC is represented by the blue square and ‘virtual’ RUCs are
positioned adjacent on all sides if periodicity is present. This was achieved with
Periodic Boundary Conditions (PBC), which work by linking nodes on adjacent
surfaces. As one node is displaced, the corresponding node is moved by the same
displacement vector, as illustrated in Figure 3-19 (C) and (D). It should be noted that
Figure 3-19 is for illustrative purposes of how PBC’s work and the applied load
(particularly using mid-nodes) is not representative of the modelling framework
developed in this thesis. To implement PBC a plugin was utilised, which can be found
at the Github repository6°. This plugin works by defining pairs of faces that contain
the nodes to be tied. It systematically pairs corresponding nodes and applies a tie
constraint. If more than one pair of faces is to have PBC applied, then any overlapping

nodes which share the same edge must be defined and excluded.

| i

Figure 3-19 Schematic of how periodic boundary conditions work. Parts A and B show how
periodicity works on an RUC and parts C and D show a schematic of how PBC’s work by linking
nodes on adjacent surfaces to simulate periodicity.
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3.4.4.Reaction force measurement
The modelling framework that has been developed through this PhD determines the

strength of the model. This is achieved by measuring the reaction force on the
constrained surface. To do this, first, a nodal set is defined containing all nodes on the
constrained face. In the pre-processor within Abaqus/CAE, a History-Output request
is set up which records the reaction force in the loading direction (e.g., RF1 for load in
the X direction), specifically for the constrained surface nodal set. After the model has
been solved, within the visualisation environment an X-Y data plot is generated using
the ‘SUM ALL’ function within the History-Output results request. This summates all
the reaction forces within the set to output the overall force that has been applied to

the model. This can then be used to calculate the model strength.
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4. Model Development

4.1. Chapter Overview
This chapter develops the proposed novel modelling framework that accounts for the

knockdown in the strength of unidirectional composite materials due to the inclusion
of voids. Whilst previous modelling attempts found in the literature have mainly
focused on the void volume fraction, the approach presented can account for accurate
three-dimensional void characteristics. The chapter first explains the modelling
framework, detailing the process involved. Next, preliminary models are presented
studying the effect of varying the void volume fraction as well as geometrical
properties. The chapter concludes by presenting a detailed investigation of each void
characterisation parameter, validated using an analytical solution based on stress

concentration theory.

4.2. Modelling Framework Concept/Overview

From reviewing the published literature on porosity in composites, specifically the
current modelling techniques found in subsection 2.8, it was determined that there is
a drive towards accurate and efficient FEA models. This means that both the void
content as well as geometrical properties must be accounted for. One solution would
be to generate a high-fidelity model, for example using p-CT data; however, the
computational requirement (and associated simulation run time) would be
exceptionally high. Therefore, since the model setup and analysis would also be time-
consuming, it would not be feasible for a design study to iterate through possible
porosity scenarios. This provides the challenge of simplifying the model to conserve

computational efficiency, while retaining a representative model.

The modelling framework conceptualised to address this challenge works on the
assumption that voids act as stress raisers only on the matrix; thus, degrading the
matrix properties. For this reason, the framework splits the modelling approach into

two distinct stages, whereby first the fibres are removed from the model and only the
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void(s) in neat matrix are modelled. This allows for ‘effective’ matrix material
properties to be predicted. The second stage is an RUC and uses the effective matrix
material properties. A schematic of this approach is illustrated in Figure 4-1. These

two stages are described in more detail as follows:

Stage 1. This stage is known as the ‘Void Module’ and only considers the impact that
the voids have on neat/pristine matrix. It is at this point that all the parameters that
define the porosity being studied are considered. For example, this could be
studying the effect of a single void, the spatial distribution of voids, a mixture of
different voids, or arbitrarily shaped voids. It is at the user’s discretion how best to
represent the porosity that has been characterised. The benefit of this framework is
that by being independent of the fibre geometry, means that a much larger model
(dimensionally) does not require more elements since the element size can scale up
with the size of the voids. If fibres had been included in the model, then the element
size would be fixed (since fibre size does not change), and therefore, more elements
would be required. An example of a void module containing three different voids is

shown in the stage 1 part of Figure 4-1.

Stage 2. This stage is known as the RUC and is used to study how the inclusion of the
fibres, and their distribution, act as stress raisers on the effective matrix calculated
from the previous stage. Similar to the void module, the framework is flexible to allow
different RUC’s and it is at the user’s discretion to decide how is best to represent the
ply geometry, i.e., a single fibre or a randomly distributed fibre array can be used. An
example RUC containing a central fibre and four-quarter fibres is shown in the Stage

two part of Figure 4-1.
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Stage 1 Voids acting as stress Stage 2

concentrations

Carbon fibres

Output to
|:> materil
database

Matrix is homogenised and Effective matrix
passed through to next level used in RUC

Figure 4-1 Schematic of modelling framework, where the void module is shown in Stage 1 and an
RUC using the effective matrix is shown in Stage 2.

4.3. Analysis approach

A script was written to allow for the automation of both the induction of load and
analysis of the model for both stages. An assumption was made that in the transverse
direction, there is a brittle failure, which is in line with published literature.84.161,162
Therefore, at the point when a single element fails, the analysis is stopped, and the
strength of the model can be calculated. However, as this type of failure was an
assumption, the script was designed such that, if required, it could be further
developed to account for damage. To predict when a single element fails, the Von Mises
yield criterion was used, as defined in equation (4-1), where where g,,, is the Von
Mises stress, and o;; (ij=11, 22, 33, 12, 23 and 13) are the stress tensor components.
Whilst other failure models are available such as the Drucker—Prager yield model, as
described in subsection 2.8.2.2, comparisons to equivalent analytical models have
shown excellent correlation, as described later in subsection 4.5, and it was considered

appropriate. The high-level workflow for the script was as follows:

e Incrementally increase the applied load in the model by increasing the
displacement for each iteration.
e At each increment extract the stress components on each element.

e Use a stress criterion to determine if the element has failed.
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e If no elements have failed increase the displacement and repeat until at least

one element has failed.

e Once an element has been identified to have failed the simulation analysis is

stopped.
To achieve this the following definitions were required:

e To apply the material properties.

e To apply displacement using a variable (so that the displacement can be
updated between each iteration).

e Run the analysis.

e Use a ‘for’ loop to iterate through each element extracting the stress
components which were used to determine the overall stress state of the
element, identifying if it had failed.

The Von Mises yield criterion:

Oym = 1/\/7\/(011 — 022)% + (052 — 033)2 + (033 — 011)? + 6(053 + 05y + 05)?  (4-1)

A flowchart of the script can be seen illustrated in Figure 4-2 and the full script can

be found in Appendix A, section 8.2.
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Apply the identify failed
Start Script elements definition

Apply property definition Wirite results to file

Apply initial displacement

How many
elements Stop Script
have failed

Initialise a results file

Increase the displacement
by the specified
increment size

Apply the run job
definition

Figure 4-2 Flow diagram explaining the working principle of the failure detection script.

4.4. Preliminary Models

With the modelling framework conceptualised and a script written to determine the
point at which failure occurs, a series of models were developed to investigate the
model’s response. At this point, only the reduction in strength was investigated. One
of the main design principles for the modelling framework was to account for both the
void content as well as geometrical features; therefore, both factors were investigated.
Since the main focus of this modelling process is the stage 1 model and the
homogenised matrix strength that it predicts, only this stage was modelled. Whilst the
full modelling process could be followed through, for consistency reasons the RUC

would be the same for each model and therefore becomes redundant.

The modelling framework assumes brittle failure, therefore, the strength of the model
is equivalent to the applied load/stress at the point that a single element fails (which
was set to a nominal value of 50 MPa). For the purpose of this study it is more
appropriate to report the strength as an applied stress. This is because it allows for

comparisons, in the later subsections, to an analytical model which relates the
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maximum stress at a stress concentration to the applied stress (i.e. the model

strength).

To investigate the effect of void content in isolation, a spherical void was modelled, the
matrix surrounding it was reduced to increase the void volume fraction. To investigate
how the shape of the void affects the strength, three models were set up: a spherical
void getting larger and an elliptical void increasing in length along either the major or
minor axis whilst the other axis was fixed. The schematics of these four studies are
shown in Figure 4-3. The models were run following the general principles outlined

in subsection 3.4 and the test matrix can be seen in Table 4-1.

Spherical — Void Content

Ellipsoidal — Minor

Ellipsoidal — Major D E

Figure 4-3 Schematics of void content and void geometry studies. (A) Void content with constant void size, (B)
Size with constant void content, (C) void shape in major axis and (D) void shape in minor axis.

AE B; £
C

100



4. Model Development 2024

Table 4-1 Test matrix for void parameter study using the modelling framework.

. . Void Void Module
Void . Void Content . . . .
Void Type Dimensions/ Dimensions /pum
Parameter / %
um
0.15 35.21 X 35.21 X 35.21
0.50 23.57 X 23.57 X 23.57
. 1.00 18.71 x 18.71 x 18.71
Shape Spherical 5X5
1.50 16.34 x16.34 x 16.34
2.00 14.85 x 14.85 x 14.85
2.50 13.78 x 13.78 x 13.78
1x1 3.27X 3.27X 3.27
2.5X2.5 8.17x8.17x8.17
. 5X5 16.34 x16.34 x 16.34
Spherical 1.50
7.5X7.5 24.51X 24.51X 24.51
32.68 x 32.68 x
10X 10
32.68
5X2.5 16.34 x 8.17x 8.17
5X5 16.34 x16.34 X 16.34
X 7. 16.34 X 24.51 X 24.51
Shape Ellipsoidal - SXT5 34x245 +5
. 1.50 16.34 x 32.68 x
Major 5X10
32.68
16.34 X 40.85 x
5x12.5
40.85
2.5X5 8.17x16.34 x16.34
X 16.34 x16.34 x 16.
Ellipsoidal — %5 34 34 34
. 1.50 7.5X5 24.51x16.34 x 16.34
Minor
10X 5 32.68 x16.34 x16.34
12.5X5 40.85x16.34 X 16.34

The effect of increasing the void content on the model strength can be seen in Figure
4-4, where there is a small and gradual reduction in strength. It was anticipated that
as the void content increased, the strength would decrease. Whilst this was observed,
the amount that the strength reduced by across the 0.15% to 2.5% range was

significantly less than anticipated. After further investigations, detailed in subsection
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4.5.1, the minimal effect was determined to be due to two factors. Firstly, the shape of
the void is constant, and therefore the stress raiser does not change (this was by design
for the study). Secondly, the amount of surrounding material was great enough that it
could be approximated to be near infinite; therefore, any change only had a minimal
effect. For an effect to be observed, the amount of material surrounding the void would
need to be substantially reduced. The proposed study, where low surrounding material
was present, was conducted in subsection 4.5.1. In short, the results showed that when
there is minimal surrounding material present, a difference could be observed in the
strength between models with different void volume fractions. However, after
increasing the surrounding material the effect on strength converges and no further
change occurs. It is in this region, where sufficient material is present around the void,

where any change does not influence the required force to cause failure.
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Figure 4-4 Effect of increasing the void content on the required applied stress _for a maximum
stress of 50 MPa at the stress raiser in the stage 1 model.

The results for the study where the shape of the void was changed, whilst keeping the
void content constant at 1.5 %, can be seen in Figure 4-5. Thus, when the diameter of
a spherical void was increased, no change in strength was observed. The explanation
for this is linked to the shape of the void. Since the void is perfectly circular, i.e., the
ratio between the ‘notch’ radius and the radius of the defect is constant in all models,

as the diameter of the void increases, the same applied stress is required for a
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failure/maximum stress to be observed. The stress concentration theory63 is

explained in detail in subsection 4.5.1.

In contrast, elongating the void along either the major or minor axis results in either a
substantial decrease or increase in strength, respectively. Elongating the void in the
major axis (in the same direction as the applied load) has the effect of reducing the
stress concentration and minimises the change to the load path, resulting in a lower
reduction in strength. Likewise, when the length of the void is increased along the
minor axis (transverse direction to the applied load), this has the opposite effect, such
that the stress concentration is increased and results in a greater reduction in strength.
In both cases, there is a non-linear effect which is due to the void tip radius exhibiting
a non-linear variation with void length. When the minor axis length is increased the
stress concentration always increases; however, the rate of change of the radius

reduces, which is why there is a plateauing effect, seen by the red curve of Figure 4-5.
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Figure 4-5 Effect of varying the void shape on the required applied stress for a maximum stress at
stress raiser of 50 MPa in the stage 1 model.
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4.5. Shape and Size Influence

The preliminary models showed that the geometry of the voids is a key parameter in
determining the reduction in strength, and due to the void content set-up of the
models, increasing void volume fraction resulted only in a minimal effect. Therefore,
it was clear that further analysis was required to understand the magnitude that each
parameter had on the resultant strength. To represent the stage 1 model, a finite
thickness plate was modelled using a through hole to simulate a void, this allowed the
model to be simplified and aiding the isolation/analysis of each variable. This also
allowed direct comparisons between the shape of the ‘void/notch’ and stress

concentrations, allowing comparisons to analytical models.

4.5.1. Constant Stress Raiser with Varying Void Content
The first parameter investigated was the void content. This was achieved through three

parametric studies, where the width of a plate increased, and for each study, a different
hole diameter was used, as illustrated in Figure 4-6 (two-hole diameters and plate
widths shown for illustration purposes). The three-hole diameters chosen were 10 um,
15 um and 20 um and the plate widths increased from 15 um, 20 um and 30 pm
respectively up to 100 um. The boundary conditions were applied such that the models
were constrained on one end and the opposing surface was loaded until an element
reached 50 MPa, at which point the reaction force was measured to determine the

applied stress.
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Figure 4-6 Example of increasing plate width for two of the three different hole diameters.

The results from these models can be seen in Figure 4-7 where the first notable
observation is that the models are much more sensitive to an increase in plate size at
lower widths, however, after a certain point any further increase has a minimal effect
on the results and the applied load rquired to achieve a peak stress of 50 MPa
converges. The reason for this trend is due to the stress contours surrounding the void.
As shown in Figure 4-8, there is a high stress concentration around the tip of the
hole, nevertheless, at a certain distance away from the hole (along the dotted line in
the figure) the stress reduces significantly. This resulted in the stress fields not
changing when increasing the plate width. This is also illustrated by plotting the stress
contour along a line between the top of the hole and the edge of the plate. This can be
seen in Figure 4-9 for the three different hole diameters, where there is initially a

significant drop in the stress state of the elements before levelling off.
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Figure 4-7 Influence of increasing plate width, simulation of a reduction in void content, on the

required applied stress for maximum stress of 50 MPa around stress raiser, at three different hole
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Figure 4-8 Stress contour plot of a plate containing a 20 um diameter hole with edges sufficiently

far away from the central hole. After a certain distance away from the stress raiser there is only a

minimal change in stress. The units of the legend are in TPa.
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Figure 4-9 Elemental Von Mises stress along the line between the tip of the hole and the edge

showing a significant drop in stress initially before levelling off to a consistent stress state.

Another observation of Figure 4-7 is that at smaller plate widths, approximately 60
um and less, the applied stress of the model is higher when the diameter of the holes
is smaller. However, past this point, the applied stress converges to approximately 17.5
MPa. This is in line with the results found in Section 4.4, where increasing the void
content had little to no effect on the results. This can be explained when considering
stress concentrations and calculating the maximum stress at a stress concentration.
As presented in Callister’s “Materials Science and Engineering: an Introduction,”163
the maximum stress at a stress concentration a,,, such as the void extremity, is given

by equation (4-2):

Om = 0, [1 + 2 (%)0.51 (4-2)163

Generally, o,, a and p; are referred to as the applied stress, halve crack length and
radius of the crack tip. However, in this work, it is more appropriate to use the
terminology defect length and notch radius, for a and p;, as this is more accurate to
what is being represented. Whilst the theory is closely related to studying microscopic
cracks, Callisteri¢s explicitly reports that the analytical model can be used for

macroscopic features, such as corner radii or voids, which is also the case in this work.
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Equation (4-2)163 can be rearranged into equation (4-3), to determine the applied

stress for a maximum stress at the stress concentration:

Om

% = [1 42 ( g )0'5] (4-3)

t

Therefore, for a circular hole in a plate, such as in this example, the halve defect length

and notch radius are the same (the radius of the hole). This means that for any size

a . . .
hole, the o term becomes 1. For instance, when evaluating for a maximum stress of 50
t

MPa, substituting the geometrical parameters for a 10 um or 15 um hole into equation

(4-3) results in the applied stress being the same:

o, = >0 = >0 = >0 = 5—0—167MPa
le(%)o-Sl [Hz(g)”] [+2%] " Bl (4-4)

Therefore, for a plate with a circular hole, equation (4-3) can be simplified to equation

(4-5).

Om

[3] (4‘5)

O, =

This shows that for the plate in this case study to have a peak stress of 50 MPa, the
applied stress would theoretically be 16.7 MPa if a circular hole was present. This
theoretical value is added to Figure 4-7. It can be seen that for all three diameters,
the strength converges near to the theoretical strength with a 4.8% over prediction.
This solution is only valid for plates that are assumed to be infinitely wide. The effect
of shorter plates is apparent for the widths below 60 pm in this case, where the

difference in hole diameter is apparent.

Instead of plotting the results in terms of plate width, it is also possible to use the defect
volume fraction (synonymous with void content) as shown in Figure 4-10(A). In this
case, the defect volume fraction is determined based on the volume of the hole
removed and the volume of the plate across the hole diameter, as illustrated in Figure
4-10(B). It can be seen that for higher defect volume fractions (i.e., shorter plate
widths), there is a difference in the applied stress for a peak stress of 50 MPa. However,
as the plate width increases and the defect volume fraction reduces, the applied stress

between the three series of models converges to approximately 17.5 MPa.
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Figure 4-10 Defect percentage on applied stress for a maximum stress of 50 MPa at the stress
raiser. (A) The results of the three parametric studies presented (B) shows the location where the

defect percentage is calculated.

4.5.2. Influence of stress raiser
To understand how the maximum stress around a stress raiser changes due to a change

in the geometrical features, itis important to understand how the geometry of voids
affects the local matrix stress around the void. As shown in subsection 4.5.1 the
geometrical parameter is made up of both the size of the void and the radius of the
stress concentration at the tip of the void. To investigate these parameters a series of
studies were performed, in the same manner as before by modelling a plate so that the
model can be correlated to equation (4-3), and with various notches being adapted.
The series of models included varying the size/length of the notch, the radius at the
extremity of the notch and studying the tip radius of the notch in isolation. For all
studies, the effect on the maximum stress, due to the stress concentration, was the

dependent variable of interest.

4.5.2.1. Notch size
This study involved modelling a notch in the middle of a plate (using symmetry

boundary conditions along the centre plane) whereby the length of the notch was
increased and the effect on the stress at the notch tip was monitored. This was done
by monitoring the force required to reach a predefined stress at the stress

concentration. As the length of the notch was increased, the reduction in width was set
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such that the volume of material removed was always constant. This was to ensure that
the defect volume fraction was consistent in all models and did not influence the
results. The baseline area (since plate thickness is constant across all models) is
determined based on a spherical hole with a radius of 10 um, giving an area of 314.16
um?2. The notch length was increased in increments of 5 um up to 25 um. The geometry
of all four models is illustrated in Figure 4-11 and summarised, including the applied
stress for a maximum stress of 50 MPa, in Table 4-2. To ensure an appropriate mesh
was used, a mesh convergency study was conducted, where the results are presented
in Figure 4-12 and the chosen mesh is shown in Figure 4-13. In all models, it was
ensured that there was a node at the notch tip, to ensure that this point was monitored
accurately. Mesh statistics of the chosen mesh are summarised in Table 4-3. These
models were also compared to the analytical solution using equation (4-2), where the

notch tip radius was measured when defining the geometry in ABAQUS/CAE.
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Figure 4-11 Schematic of the different geometries used in the notch length study, arrows show load

direction. N.B. not drawn to scale.
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Table 4-2 Notch dimensions used in the study including the associated applied stress when the

maximum stress at the stress concentration is observed.

Notch Notch Aspect Notch tip FEA model Analytical model
width/ length/pum  ratio radius / applied stress / applied / MPa
pm pm MPa
20.0 10 1.0:1 10 18.1 16.7
13.3 15 2.2:1 3.24 11.1 9.4
10.0 20 4.0:1 1.64 8.0 6.3
8.0 25 6.3:1 1.01 6.3 4.7
Table 4-3 Mesh statistics for the chosen mesh.
Ave. aspect Max. aspect Avg. min. Worst. min. Avg. max. Worst. max.
8- asp - asp corner angle corner angle corner angle corner angle
ratio ratio /o /° ° /°
1.09 3.24 88.89 20.93 01.11 165.11
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Figure 4-12 Mesh convergency study of defect length models.
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Figure 4-13 Target mesh used to capture stress concentration.

The results for both the FEA and analytical models can be seen in Figure 4-14, and a
stress contour plot is also shown in Figure 4-15, where an exceptionally good
correlation between both models can be seen. The FEA model follows the same non-
linear trend as the analytical model with a correlation of between 0.9 and 3.1%. The
results show that as the notch length is increased the applied stress required for a
maximum stress of 50 MPa substantially reduces. The nonlinearity is likely due to a

reduction in the rate of change of the notch tip radius with increasing notch length.

20.0

—%— Analytical Model
—»— Numerical Model

Applied Stress (MPa)

25 T ' T T T g
10 15 20 25

Defect Length (um)

Figure 4-14 Results of how increasing the notch length at a constant defect volume fraction affects

the required applied stress for a maximum stress of 50 MPa at the stress raiser.
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Figure 4-15 Stress contour plots for models with notch lengths (A)10 um (B)15 um (C)20 um and
(D)25 um.

4.5.2.2. Slot with Variable Tip
The previous series of models in subsection 4.5.2.1 investigated how increasing the

notch length with a constant defect volume fraction affected the results; however, two
parameters were changed in each model: the notch length and notch tip radius.
Therefore, the focus of the next study investigated how the notch tip radius affected

the results at a constant notch length.

This was achieved by modelling a notch at a constant length and then reducing the
radius of the notch tip. Previously, the notches were assumed to be elliptical and were
defined by the major and minor axis, resulting in a variable radius along the major axis
length. Therefore, to change the notch tip radius, several adjustments to define the
geometry of a notch were made. First, a short slot of length 5 um and 10 um width were
drawn and the coordinate of where the notch tip radius was located, as illustrated in
Figure 4-16(A). The coordinate of the location for the notch tip was used for all
studies. For each of the notch tip radii, a circle, with the radius of the required notch

to be studied, was drawn such that the top of the circumference of the circle was
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coincident with the notch tip coordinate, as illustrated in Figure 4-16(B). A series of
lines and arcs were then drawn to connect the end of the slot and notch tip radii

ensuring a smooth transition, as shown in Figure 4-16(C). The final notch profile is

then shown in Figure 4-16(D).

Figure 4-16 Procedure to create the notch. (A) Initial slot and notch tip location, (B) circle used as
a template for notch radius, (C) lines used to connect initial slot and tip radius, (D) final notch
profile. (Not drawn to scale/proportion).

Three notch tip radii were chosen for this study; 1.25 um, 2.5 ym and 5 um and the
geometry is illustrated in Figure 4-17. This resulted in notches of similar size and

aspect ratio, with the notch tip radius varied between the models.
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Figure 4-17 Drawings of the three geometries used in the modelling where the stress raiser is

changed by reducing the radius at the tip from (A) 5 um, (B) 2.5 um and (C) 1.25 um. N.B. not

drawn to scale.

First, a mesh convergency study was conducted, to ensure correct behaviour was

captured at the defect radius. The model with the smallest radius was chosen as a

‘worst case’ scenario. The results of the mesh convergency study are presented in

Figure 4-18. The chosen mesh is shown in Figure 4-19 with the mesh statistics

summarised in

Table 4-4. The same boundary conditions for constraints were used as those in the

previous simulations and the magnitude of displacement was set such that the

predefined stress in the model reaches 50 MPa. As expected, the maximum stress is

found at the tip of the defect where there is the stress raiser. As shown in Figure 4-20

when the stress raiser is formed from a smaller radius, the strength is lower than when
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a larger radius is used. The results show an approximately linear trend between
applied stress and notch tip radius.
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Figure 4-18 Mesh convergency study of defect radius models.

Table 4-4 Mesh statistics for the chosen mesh.

Avg. Aspect  Max. Aspect Avg. Min. Worst. Min. Avg. Max. Worst. Max.

Ratio Ratio Corner Corner Corner Corner
Angle /° Angle / ° Angle / ° Angle /°
3.47 6.28 77.68 41.89 104.04 143.10
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Figure 4-19 Mesh around smallest defect radius, legend units are in TPa.

To validate the model results, the analytical model from subsection 4.5.1 could also be
used for comparison. In this case, the only variable that was changed in Equation (4-3)
was the notch tip radius, since the notch length and maximum stress remained the
same. Again, there is a good correlation of 3.2% between the analytical and numerical
models, as illustrated in Figure 4-20. Previously, the numerical model followed the
trend very closely to the analytical model, although, in this case, there is a slight
divergence. This can be explained due to the change in geometry of the numerical
mode; the geometry is not a perfect ellipse which is what is assumed in the analytical

model.
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Figure 4-20 Comparison between the analytical and numerical model of the required applied

stress required for a maximum stress of 50 MPa at the stress raiser, as the notch radius increases.

4.5.2.3. Notch study
There are two drawbacks with the previous approach. Firstly, whilst it does not affect

the results, to generate the geometry an arbitrary/freeform approach must be taken,
rather than modelling the notch as an ellipse. This also means comparisons to the
analytical model are not completely like-for-like. Secondly, there is a limitation with
the range of data points available limited by the slot width, it is not possible to create
stress raisers that are larger than the width of the slot, meaning the slot width is a
governing factor. For instance, in the above scenario, the slot width was 10 um,

therefore, it is not possible to have a stress raiser that has radii any larger than 5 pm.

For this reason, a different approach was adopted based on the concept that only the
stress raiser needs to be modelled. To do this only the notch radius was modelled. As
before, the location of the tip of the stress raiser is kept constant; therefore, to produce
the stress raiser a circle is drawn offset from the model edge, such that the top of the
circle coincides with the location of where the stress raiser has been set. A schematic
of the process can be seen in Figure 4-21 where the location of the stress raiser is kept
constant, and the radius of the notch is increased. The applied stress was increased

and measured until the stress at the notch radius reached 50 MPa.
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1.25 um
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Figure 4-21 Schematic of how the stress raiser is drawn to keep the location of the tip at the same

point in all models. N.B. not drawn to scale.

When generating the geometry, the location of the stress raiser was located 1.25 um
from the centre edge and symmetry boundary conditions were used at the centre line
such that only one half was modelled. The radii used in this study ranged from 1.25 um
up to 10 pum. The results can be seen in Figure 4-22 which shows an increasing trend,
meaning that as the radius increases so does the required applied stress. The results
agree with the findings from subsection 4.5.2.2 where the notch tip radii increases, the
required applied stress also increases. The previous results showed a linear response,

whereas the trend found in Figure 4-22 has a small amount of non-linearity to it.

This is likely a function of the pi term; the since a is kept constant and p; increases, the
t

function of the overall term reduces.
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Figure 4-22 Influence of stress raiser radius when only the top 1.25 um is present on the required

applied stress for a maximum stress of 50 MPa at the notch tip.

4.5.2.4. 3D Notch study
The previous series of studies modelled a void as a notch in a finite thickness plate

with no variation in the thickness direction. To improve the representation of a void,
the plate used in previous models was replaced with a cube, and the notch was
modelled into one of the sides, as illustrated in Figure 4-23. Like the study in
subsection 4.5.2.3, the location of the notch tip radius was kept constant, and the
radius of the notch was incrementally increased. Again, the force required to reach a
predefined stress at the notch tip radius was monitored as the geometry was changed.
The notch tip radius used in this study increased from 0.5 um up to 10 um and the
location of the notch tip extremity was set at 0.5 um from the surface edge. The cube
had the dimensions 40 um x 40 um; however, symmetry boundary conditions were

used at the centre to improve computation run time.
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3D notch —
cut into model

Figure 4-23 Location and geometry of the 3D notch that cut into the side of the model.

The results, shown in Figure 4-24, show a similar trend to the study in subsection
4.5.2.3, such that as the notch radius is increased, the strength also increases. A small

amount of non-linearity is also present, as in the previous study. Again, this is

attributed to a small change in the pi term.
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Figure 4-24 Influence of 3D notch radius at three different edge distances, on the required applied

stress for a maximum stress of 50 MPa at the notch tip.
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4.6. Modelling Approach Considerations

Having analysed several models looking into how the modelling approach accounts for
changing void parameters (both full voids and individual void parameters), several

considerations were identified. These include:

e A brittle failure criterion was implemented at this stage. Whilst this is
conservative, it is often used in literature.84.161.162 If at a later stage a different
failure criterion is required or to account for damage progression, then the

script could be updated accordingly.

e Another consideration is the loading mode. Currently, the development has
been investigated purely in tension. The models are linear-elastic and so the
same trend will be seen in either loading direction, except that the magnitude
of strength will be different (i.e., the compressive strength will be higher than
tensile, but follow the same trend). Therefore, the development that has been

applied to the tensile models is also applicable to the compressive models.

e Currently, the modelling approach has been developed primarily by looking at
the first stage, the void module. The overall modelling approach also considers
the next stage where the fibres are introduced in the RUC, which outputs
material properties to be used in a structural FE model. It would be possible to
model a typical RUC; however, at this stage, it would not provide any additional
information. This is because the same RUC would be used for all of the models
and therefore would simply scale the results uniformly. At this point, the RUC

does not need to be considered.

4.7. Chapter Summary

Porosity within composite materials is a major manufacturing defect such that after
several decades of research there are still active developments being made into
manufacturing processing and implications in performance. The main reason why
there is continued research, particularly in understanding the impact of porosity, is
due to the complexity of how voids are generated. This means that it is difficult and
costly to test empirically, and simulations are a compromise between accuracy and

computational efficiency. This chapter set out to address the first part of the overall
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aim, which was to develop a modelling framework that can take account of accurate
porosity characterisation data, such as the shape and size of voids, to be able to predict

the reduction in strength.

This was successfully accomplished by developing a novel modelling approach which
works on the principle of segregating the simulation into two distinct models. Firstly,
the approach investigates how voids affect the strength of the matrix, without initially
including the fibres. Not including the fibres means that the models result in lower
element counts which allow for more complex/accurate geometry to be represented.
Since voids affect the matrix dominant properties, this gives confidence that by
studying the effect on the matrix is an appropriate approach. The stage 1 model is
homogenised such that the ‘knocked down’ strength of the matrix is determined; this

is then used in an RUC where the fibre architecture is accounted for.

The modelling process was used in a preliminary study to investigate several
parameters including varying the void content and aspect ratio of the voids. The results
showed that the model was more sensitive to changing the shape of the void than
adjusting the defect volume fraction. This resulted in further analysis investigating
these parameters independently. The parametric studies showed the length and radius
of the void influence the reduction in strength significantly more than increasing the
void content. The studies were validated through a stress concentration analytical
model where a good correlation was observed. This provides confidence such that the

model can correctly capture the stress around the voids being modelled.

Overall, in this chapter, a modelling technique has been developed that can consider
three-dimensional porosity parameters. The model has been used to show that as a
void is changed in size, the strength of the model degrades and the trend that is
observed can be explained based on the parameters that control the resultant strength.
Whilst an analytical solution was used to validate individual parameter models, the

next step was to validate the whole modelling process against experimental data.
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5. Experimental Testing

5.1. Chapter Overview
The results presented in Chapter 4 have shown that there is a great opportunity to use

the developed modelling approach to address the previous inaccuracies in void
modelling representation found in the current literature. Chapter 5 details the
experimental campaign designed to provide data for evaluating the accuracy and
useability of the developed modelling approach. The experimental campaign involved
the manufacture and mechanical testing of composite coupon specimens, as well as
the characterisation of the microstructure. Two major manufacturing processes were
used: autoclave cured prepreg and resin infusion. This allowed for the evaluation of
how well the modelling approach represented both autoclave and Out-of-Autoclave

(OoA) manufacturing processes.

5.2. Introduction
Confidence in a modelling process can only be achieved through validation and

without showing good correlation results are not reliable. To validate a modelling
process the validation must be representative of how the model would be used in a
practical scenario. The use case for the modelling process that was presented in
Chapter 4 is in composite design where the strength of the composite material is
degraded by an unknown amount due to the presence of porosity. During the
manufacture of a composite part, the porosity level is likely to be different to what was
present in the samples that were used to derive the material properties. The porosity
can differ across a part, if for instance, at a tight internal radius where the
consolidation is not optimum. To mitigate this uncertainty high safety factors are used.
Instead, the modelling process can be used to derive material strength properties that

are more representative, reducing the need to overengineer a composite structure.

There are two major branches of composite manufacture, through autoclave
processing, which produces high-quality components but with high cycle times. Or

OoA approaches where cycle times can be greatly reduced but with an impact on part
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quality (for instance higher porosity). In the experimental campaign, both approaches
were used (resin infusion was used in the case of the OoA process) to evaluate the
modelling approach with. Additionally, further research went into investigating the
effect of porosity on the material properties of longitudinal laminates that were
manufactured through autoclave processing. Due to the high variability of the
microstructure from Oo0A processing, additional research went into characterising

how the porosity varied across the resin-infused laminates.

5.3. Material Preparation
The model developed in this thesis has been designed specifically for tensile and

compressive load cases, meaning that for the experimental campaign the
corresponding ASTM standards D3039!58 and D6641159, for tensile and compressive
testing respectively, were followed. As the application of this model is to determine the
transverse strengths at certain porosity parameters, transverse uniaxial testing was
chosen. This subsection details how the laminates and specimens were manufactured

and inspected through both autoclave and resin infusion processing.

5.3.1. Autoclave Manufacture

5.3.1.1. Tensile and Compressive Samples
For the autoclave manufacturing procedure, the material used was Skyflex K51 prepreg

(USN200B)®9. All autoclave produced laminates were manufactured following the
procedures described in subsection 3.1.1. The porosity was controlled by varying the
overall cure pressure (vacuum and autoclave applied pressure), which were 0.05 MPa,
0.19MPa, 0.39MPa and 0.59MPa. All laminates were manufactured to a size of 310mm
x 31omm as this provided sufficient surplus material around the effects of the
laminate, with the specimens being cut from the centre, to ensure no pressure-related

edge effects were involved, as described in subsection 3.1.1.

The layups chosen for tensile testing were [0]5 and [90]s for the longitudinal and
transverse specimens, respectively. As outlined in subsection 3.1.2, five specimens
were prepared for the longitudinal tests, whilst nine specimens were prepared for the
transverse tests. Examples of the tensile specimens are shown in Figure 5-1(A, B &
C). The specimens were tested on an Instron 8801 servo-hydraulic testing machine

following the procedure described in Section 3.2.1.
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The layups chosen for the compressive testing were [0]io and [90].o for the
longitudinal and transverse specimens, respectively. Five specimens were prepared for
the longitudinal tests, whilst 18 specimens were prepared for the transverse tests.
Examples of the compressive specimens are shown in Figure 5-1(D&E). The
specimens were tested on a ZwickRoell Zo50 testing machine following the procedure

as described in Section 3.2 Test Procedures.

A

Figure 5-1 Examples of (A) longitudinal and (B & C) transverse tensile specimens, and (D) longitudinal and (E)
compressive specimens that were tested.

5.3.1.2. DMA Samples
As the autoclave cure pressure was varied to change the porosity of the laminates,

although the literature review suggests that this would not affect the matrix properties
this assumption was validated experimentally. This was achieved through Dynamic
Mechanical Analysis (DMA) of specimens cut directly from each of the laminates cured
at different cure pressures. The results of the DMA tests allow an analysis of the matrix

material to determine any variability between the samples.

A Perkin Elmer D800 Dynamic Mechanical Analyser was used for the DMA tests set
up in single cantilever mode. Samples were cut from the 90° tension panels and tested
along the fibre direction. Nominal sample thickness was 1.5mm and sample widths
were between 3 and 4 mm. The DMA was operated under displacement control using

a displacement of 50um with an unsupported span of 15 mm. The samples were loaded
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at a frequency of 1Hz and the temperature was ramped from 50°C to 180°C at a rate of

3°C/min. The Tg was determined by identifying the peak in the tan delta curve.

5.3.2. Resin Infusion Manufacture

5.3.2.1. Laminate manufacture
For the resin-infused laminates, a layup of [90]s was specified for the tensile

specimens, where laminates of dimensions 265 x 2gomm (fibre direction aligned with
the 29gomm side) were manufactured. This allowed for 10 specimens to be produced
per laminate. The resin infused specimens for compressive testing had a layup of [90]:6
cut from laminates manufactured with dimensions 180 x 250mm (fibre direction
aligned with the 250mm side), resulting in 15 specimens per laminate. The final tensile
and compressive specimens prior to testing are shown in Figure 5-2. A description of

the general resin infusion manufacturing process can be found in Section 3.1.2.

Figure 5-2 Representative (A) tensile and (B) compressive specimens.

Batches of laminates, with the same layup, were manufactured with different
techniques to vary the porosity. These techniques included varying the time the resin
was degassed before infusion, vigorously stirring the resin to encourage mechanical
entrapment of air bubbles, and finally using a partial vacuum during infusion. The
laminates were manufactured using either the techniques independently or in

combination.

First, a baseline/optimum laminate (i.e., lowest porosity) was manufactured for both
the tensile and compressive tests. This was achieved by first degassing the resin for 40

minutes to eliminate the majority of any dissolved gasses in the resin. The hardener
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was then gently mixed in to minimise any mechanical entrapment of air and the
mixture was then further degassed for 10 minutes. The next set of laminates were
manufactured following the same process, however, the timings were reduced. In this
case, the resin was degassed for 10 minutes before gently introducing the hardener
and then the mixture was further degassed for 3 minutes. The third set of laminates
were not degassed, yet when the hardener was introduced, the mixture was vigorously
stirred for 2 minutes to encourage mechanical entrapment of air. Lastly, to
manufacture the final set of laminates, the resin was again vigorously stirred and an
additional pressure regulator was used during the infusion process. This was set so

that only a 0.075 MPa vacuum was drawn.

An additional two compressive laminates were manufactured as during testing it was
found that whilst the tensile laminates had a clear trend (details given in subsection
6.5) the compressive results required further testing with more data points. During
manufacture, it was observed that when the resin was degassed before the hardener
was added, the majority of dissolved gas was removed in the first few minutes.
Therefore, to ensure a range of laminates were manufactured with differing porosity,
not just laminates that were either degassed or not, two additional laminates were
manufactured for compression testing. These laminates varied from the others by
further reducing the length of time the resin/resin + hardener were degassed. For the
first additional laminate, the resin was degassed for 1 minute and the resin and
hardener mixture was degassed for an additional minute. In the second laminate, the
resin was not degassed independently, but the mixture was degassed for 1 minute.
Table 5-1 presents a summary of each of the laminates with the corresponding
porosity generation technique used. The laminate identification is denoted T.L.# and
C.L.# for the tensile and compressive laminates, respectively, and the ‘#’ represents

the laminate number. These are the laminate I.D.s used throughout this chapter.
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Table 5-1 Techniques used to vary porosity across each of the laminates.

. Degassing Mixing Vacuum Pressure /
Laminate I.D. .
Duration Approach MPa

40 minutes resin +
TL.1&C.L.1 ) ) Gentle 0.101
10 minutes mixture

10 minutes resin + 3

T.L.2&C.L. 2 ) ) Gentle 0.101
minutes mixture

TL.3&C.L. 3 N/A Vigorous 0.101

T.L.4&C.L. 4 N/A Vigorous 0.075
1 minute resin + 1

CL.5 Gentle 0.101

minute mixture

CL.6 1 minute mixture Gentle 0.101

5.3.2.2. C-scan inspection of resin infused laminates
It was noticed that for two of the laminates (T.L.4 and C.L.4), full wet-through was not

achieved towards the end of the infusion. It was determined that this was caused by
the lower vacuum pressure resulting in a longer infusion time. This resulted in the
resin becoming less viscous and harder to infuse before a full wet-through was
achieved. To ensure uniformity across all specimens cut from the same laminate,
regions where full wet-through was not achieved were discarded. Whilst dry patches
on the lower surfaces of the laminates could easily be identified through visual
inspection, any defective regions embedded inside the laminate were unknown. This
also included the dry patches on the bottom as it was unknown at what point the resin
stopped infusing inside the laminate. Therefore, by c-scanning each laminate, the

identification and extent of any dry patches could be determined.

Each laminate was c-scanned using a single probe in pulse-echo mode with a system
supplied by MIDAS NDT Systems Ltd. Each laminate was scanned using a 10 MHz
probe overlapping by 25 % between each pass with the setup shown in Figure 5-3.
ZEUS V3 software was used to post-process the recorded data so that the range of
attenuation within the laminate was visible by adjusting thresholds. All laminates were

scanned, however, the only defective regions that were identified were the dry patches
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at the bottom of the laminate, as shown in Figure 5-4. This data was used to identify

the non-defective regions of the laminates where specimens could be cut from.

Submersion
tank

Reflector

Figure 5-3 C-scanning setup (A) shows the whole submersion tank and (B) shows the
laminate and apparatus setup arrangement.

i 1
Pl g

%

£3 ‘:
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Figure 5-4 C-Scan of (A) T.L.4 and (B) C.L.4 and C.L.3, showing dry patches that had
been identified.

5.3.2.3. Specimen preparation
Once satisfied that all laminates were of suitable quality, tabs were bonded onto each

laminate before cutting specimens out. A description of the tabbing process can be
found in subsection 3.1.3. The tabbing material used was 1.6mm thick G10 Epoxy Glass
Fibre supplied by Fortex Engineering Ltd (1.6FR4-1218NA).164 The geometry of the
tabs is summarised in Table 5-2. A notable observation is that due to the difficulty in
obtaining the correct failure of the tensile specimens within Chapter 5, the tabs were
chamfered past the recommended 45° to an acute angle of approximately 30°. The
longer chamfer length is designed to induce load into the gauge section gradually and

result in the correct failure location.
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Specimens were cut out of each laminate from the suitable regions that had been
identified. The general procedure for cutting specimens from laminates, polishing,
inspecting, and measuring them is described in subsection 3.1.4. The overall specimen

dimensions are detailed in Table 5-2.

Table 5-2 Specimen and tab geometry.

Specimen Overall Gage section
. . Tab length Tab angle
type Dimensions length
Tensile 245 X 25 mm 35 mm 175 mm 30°
Compression 140 X 13 mm 13 mm 63.5 mm 90°

Due to the nature of resin infusion, drawing the resin through the preform under
vacuum could have resulted in the effect of ‘degassing’ the resin. Also, there is a natural
pressure gradient across the laminate where the inlet side is at near atmospheric
pressure, whereas the outlet is at full vacuum. This means the consolidation across the
laminate is not uniform, which could again lead to different void contents across each
laminate. To ensure consistency across the laminate, specimen I.D.s were recorded in
reference to the position along the length of the laminate. This allowed any trend in
material property across the laminate to be identified when they were mechanically
tested.

5.3.2.4. Neat epoxy resin samples
As explained in subsection 6.3.5, the constituent material properties are not always

published, particularly for the matrix. This was true for the matrix system used in the
autoclave processed laminates. As a matrix strength value was required, the modelling
framework was used to derive the strength properties using the experimental data, as
detailed in subsection 6.4.1. In a resin infusion process the matrix and fibre
reinforcement are initially separate, which allowed for an opportunity to validate the
procedure of predicting the matrix strength properties, through mechanically testing

the resin.

Two plaques were cast using the same epoxy resin system that was used in the resin
infusion process. The moulds to cast the plaques consisted of machined aluminium

tooling plate fabricated to form a ‘sandwich’ type mould; where a 4mm central U-plate
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was bolted between two 8mm outer plates, as illustrated in Figure 5-5. The plaques

had nominal dimensions of 210 x 227 x 4mm.
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Figure 5-5 Engineering drawing of the mold used to cast the resin plaques.'®5

Since tensile and compressive strength properties were derived using the modelling
procedure, it chosen to machine two types of specimens from the resin plaques so that
both tension and compression tests could be undertaken. Following the test standard
BS EN ISO 52796 for tensile testing of polymer materials, 15 dumbbell shaped small
specimens, of type 1BA, as illustrated in Figure 5-6 were machined from each plaque.
For the compression testing, ASTM standard D695!59 was followed and 11 cuboid
specimens of dimension 12.7 x 12.7 x 4mm were machined from the remaining resin

plaques.
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Specimen type 1BA 1BB
I3 Qverall length =75 =30
I Length of narrow parallel-sided portion 30,005 12005
r Radius 230 212
I Distance between broad parallel-sided portions 582 2312
1] Width at ends 10,0+ 0,5 4+02
2] Width at narrow portion 5005 20x0.2
I Thickness =2 22
Lg | Gauge length 250+05 10,01£0,2
L Initial distance between grips 7% 12"}
NOTE The specimen types 1BA and 1BB are proportionally scaled to type 1B with a reduction factor of 1:2 and 1.5, respectively,
with the exception of thickness.

Figure 5-6 Tensile specimen shape machined from the resin plaques, as per BS EN ISO 527 test standard.

5.4. Tensile and Compressive Test Procedure
The test setup and procedure (including apparatus, setup, load rates etc.) were

followed in accordance with subsection 3.2. The testing was to determine the ultimate
strength and Young’s modulus of each of the laminates (and additionally the neat resin
samples), therefore, the load and displacement were recorded from the test machines
and the load (to calculate stress) and strain were measured by a video gauge system.
Additionally, the test data (strength and stiffness) for the resin infused laminates were

tracked along the length of the laminate (infusion direction).

5.5. Microstructure Characterization
The microstructure of each laminate was inspected for several reasons. Firstly, the void

content was assessed to determine how the material properties were affected as this
was varied. Secondly, the geometrical parameters were studied to observe if there is
any change in void geometry due to different processing conditions and if this may

contribute to any material property variation. The measured porosity parameters were
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also used to build the stage 1 models in the following chapter. Lastly, the reinforcement

was characterised to build the stage 2 models in the following chapter.

5.5.1. Void content analysis
The void content for the autoclave manufactured laminates was analysed using three

separate samples, cut to 25mm in length, with an initial 18 images taken (6 from each
sample) to capture a representative area. The initial results showed that there is a large
amount of error (explained below) and therefore, for the 90° laminates to increase
accuracy since these were the laminates of high interest for the modelling, the image
count was increased to 60. Sample preparation and microscopy are outlined in
subsections 3.3.1 and 3.3.2. The images were processed using a Python script,
described in subsection 3.3.3, to isolate the voids and calculate the void content. A
typical pre- and post-image can be seen in Figure 5-7 where the post-image shows
that any light scratch marks have been removed in the image processing, although

both the small and large voids can be detected.

Figure 5-7 Typical images used to calculate the void content of a sample where (A) is the original

and (B) is the processed image.

The void content results can be seen in Table 5-3 where the error is defined by one
standard deviation. As expected, as the cure pressure reduces the void content would
increase. However, in some cases such as the 0.39MPa laminate the void content
reduces as the cure pressure is reduced from 0.59MPa. For this reason, it is important
to present results in terms of the void content rather than cure pressure. It can also be
seen that there is a large range of results for nearly all laminates. However, this is due

to the size of the images taken to sample the void content. To ensure voids were
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accurately imaged a magnified field of view was required, however, doing so meant
that only a small region of the laminate was inspected per image. As the density of void
clustering will vary across the laminate, or if a larger void is present in the image, this
results in a higher measurement error. To account for this error and ensure accurate
results, a high number of images is required to map the laminate. Bodaghi et al.52
suggests between 20-25 measurements to ensure accurate readings, therefore, the 60
images that were taken of the transverse laminates were deemed sufficient. Whilst the
variability is high, the results show that there is more variability in laminates at a
higher void content. Generally, for laminates with a void content below 1 %, their error
is approximately +0.5 %, however, when the void content is above 1 %, the variability

can range from anywhere between +1-2 %.

Table 5-3 Void content results for autoclave manufactured laminates.

Void content for corresponding cure pressure / %

Load Case | - vipa  0.30MPa  0.19 MPa 0.05 MPa
0° Tension 0.98+0.66 0.71+0.52 - 1.124+0.55
90° Tension 0.63+0.49 1.28+1.99 0.88+0.93 2.01+1.53
0° -
Compression 1.07+0.51 0.63+0.46 1.23+1.43
90° 1.14£1.00
) 0.87+0.61 0.66+0.38 1.58+1.08
Compression

A higher fidelity void content inspection was undertaken for the resin infused
laminates, such that the void content was measured not only for the whole laminate
but also along the length (resin flow direction). The void content was measured at
three locations (denoted A, B and C) for the tensile laminates and at four points (A, B,
C and D) for compression laminates. The mean void content for each region of the
laminates can be found in Table 5-4. The error is calculated based on a single
standard deviation. The data is plotted as a line graph in Figure 5-8, with the error

bars omitted for clarity.
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Table 5-4 Summary of measured void contents, including error (std. dev.) along both
tensile and compressive laminate including the overall void content.

. Void Void Void Void Void
Laminate Range
LD content — A content — content — content — /% content —
o /% B/ % Cc/% D/% ° | Overall / %
T.L.1 1.17 £ 0.47 0.85 + 0.49 0.97 £ 0.62 - 0.32 0.99 + 0.54
T.L.2 3.31 + 3.25 2.56 + 2.72 1.20 + 2.63 - 2.11 2.36 £ 2.63
T.L.3 1.82 + 1.25 2.55 + 2.05 1.87 £ 1.69 - 0.73 2.08 + 1.70
T.L.4 1.07 £ 1.13 1.22 £ 0.82 1.71 £ 1.29 - 0.64 1.33 £ 1.13
CL.1 0.60 £ 0.49 0.57 £ 0.25 0.62 £ 0.25 0.62 + 0.22 0.05 0.60 £ 0.32
CL.2 0.95 + 0.34 0.88+0.33 0.80+0.29 0.89+0.34 0.07 0.90 + 0.32
CL.3 0.98 £ 0.37 1.16 £ 0.56 1.28 £ 0.58 1.05 + 0.49 0.3 1.12 £ 0.52
CL.4 1.86 £ 2.35 1.53 £ 1.77 2.16 £ 1.48 2.22 + 1.83 0.69 1.94 + 1.88
CL.5 1.46 = 0.81 1.41 £ 0.98 1.28 £ 0.72 1.28 £ 0.72 0.18 1.45 £ 0.90
CL.6 1.49 + 0.81 1.75 + 0.96 2.45 +1.84 0.89 £ 0.89 1.56 1.65 £ 1.31
A 35 B30
——T.L.1 —>—C.L.1
—>—T.L. 2 —>*—C.L.2
3.0 TL.3 25
——T.L. 4
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Figure 5-8 Line graph of void content along (A) tensile and (B) compressive laminates.

Table 5-4 shows there is a distinct difference in overall void content between each of

the laminates. For the tensile laminates, there is a range between 0.99 % to 2.36 %,

and for the compressive laminates, there is a range between 0.60 % to 1.94 %. In both

series, there is a steady increase in void content between each of the laminates. The

void content for the tensile laminates increased by an average of 0.45 % and for the

compressive laminates, by 0.27 %. This can also be seen in Figure 5-8 where there is

a general increasing trend when comparing each of the line graphs, which is

particularly noticeable in the compressive laminates. Interestingly, the increase in void

content between each of the laminates does not always follow the manufacturing
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order, i.e., it would have been expected that T.L.4 would have the highest void content.
This is due to manufacturing variability, where factors such as infusion time or even
room temperature and humidity, cannot be controlled and can result in a change in
void content. Similarly, to the autoclave void content results, this shows the

importance of reporting the void content when presenting results.

Figure 5-8 clearly shows how the void content varies along the length of a laminate.
For the tensile laminates, T.L. 1 shows only a small amount of variation, a maximum
range of 0.32 %, which is within the variation of 0.54 %. T.L. 3 and T.L. 4 have a larger
range of 0.73 % and 0.64 %, respectively, which is again within the error. However,
the overall error also increased to 1.70 % and 1.13 %, respectively. T.L. 4 similarly
showed a slight increase in void content towards the end of the laminate. The most
notable trend is that of T.L.2, where there is a steady decrease in void content along

the laminate, with the largest variation across the whole laminate of 2.11 %+2.63 %.

The variation in void content across the compressive laminates is illustrated in Figure
5-8(B). There is very little variation across most of the laminates, particularly C.L.1-3
& 5, which all have a range of less than 0.2 %. C.L. 4 showed more variation, with a
point in the middle of the laminate where the void content drops by approximately 0.5
%, however, this is a small amount compared to the average error of the whole
laminate, of just under 1.88 %. The largest range was in C.L. 6 where the void content
dropped from a maximum of 2.45 % to 0.89 % in a single step, giving a range of 1.56
%. This is the only laminate where the range in void content across the whole laminate

is greater than the error, which was found to be 1.31 %.

In a few regions, the measured mean void content was smaller than the standard
deviation, specifically in laminates T.L.2 and C.L.4. These are the laminates with the
greatest void content for each series (tension and compression respectively),
suggesting that there is a greater variation in porosity as the void content increases. As
explained in subsection 2.2.3, there are two major types of voids (which differ by size)
found in laminate C.L.4, and therefore depending on which type is captured in each
image results in a larger standard deviation. This is a limitation of microscopy, where
only a small region (approximately, 0.5x0.4 mm per image) can be evaluated at a time.
Since the larger voids are only generated occasionally, they are not present in every
image sampled. Therefore, when they are captured, it results in a large variation. As

also explained in subsection 6.3.1.2, this was accounted for when modelled.
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Another approach to determine the consistency of the void content between the
laminates is to do a series of T-Tests comparing each region for a specific laminate.
The specific T-Test was a two-tailed, non-paired equal variance with independent
datasets. To determine if there is a statistical difference between the datasets, the P-
Value threshold used was 0.05, such that any compared regions above this threshold

are assumed not to be different.

The results of the T-Test can be seen in Table 5-5, where conditional formatting was
applied such that values highlighted in green have a P-Value above 0.05 and those
highlighted in salmon have a P-Value below 0.05. For the tensile results, there is an
even split between regions which are statistically similar or different. When compared
to Figure 5-8(A), the T-Test confirms for T.L. 2 that position C shows a difference in
void content compared to the other two positions. This is also true for T.L. 4, where
there is a statistical difference in void content between position C and positions A and
B. In these laminates, there is a general increase or decrease in void content (T.L. 4

and 2, respectively), whereas this is not seen with the other two laminates.

In comparison, the T-Test results for the compressive laminates show much more
consistency between each region. Four out of the six laminates showed no statistical
difference between each of the regions within the laminate. A notable observation is
for C.L. 6, which showed a statistical difference between 5 out of the 6 regions. This
correlates well with Figure 5-8(B), where it was identified that there is little variation
across most of the laminates, except for C.L. 6. This was also the only laminate to have

a maximum range in void content larger than the measured overall error.
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Table 5-5 T-Test results for the tensile and compressive laminates. Cells highlighted in
green represent no difference, and cells highlighted in salmon represent that there is a

difference.
Tensile T-Test Compressive T-Test
Region A B Region A B C
T.L. 1 B 0.00 - B 0.772 - -
4 C.L.1 7
C 0.118 0.317 C 0.792 0.386 -
D 0.758 0.325 0.950
Region A B Region A B C
T.L. 2 B 0.262 - B 0. - -
CL.2 394
C 0.000 0.004 C 0.385 0.963 -
D 0.414 0.976 0.989
Region A B Region A B C
T.L. B 0.16 - B 0.08 - -
3 7 CL.3 45
C 0.922 0.186 C 0.007 0.379 -
D 0.465 0.334 0.061
Region A B Region A B C
T.L. 4 B 0.438 - B 0.482 - -
43 CL.4 4
C 0.0163 0.0438 C 0.500 0.090 -
D 0.444 0.090 0.862
Region A B C
B 0.82 - -
CL.5 3
C 0.286 0.472 -
D 0.968 0.860 0.337
Region A B C
B 0.192 - -
C.L.6 ?
C 0.004 0.039 -
D 0.002 0.000 0.000

Overall, there is good consistency in void content across most of the laminates. It was

found the laminates with the lower overall void content were more consistent, and for

the laminates with a higher overall void content, there was a larger range and lower P-

Value. It was also found that the error increased as the void content was raised. This

study was also able to identify several laminates where the change in porosity might

affect the experimental results. Specifically, these laminates are T.L. 1, where the
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porosity reduces nearer the outlet end of the laminate, and C.L. 6, where there is a

large distribution of the results.

5.5.2. Void geometric analysis
One of the main objectives identified from the literature review, and the importance

verified in Chapter 4, is accounting for the geometrical properties of the porosity. Only
characterising the void content is insufficient to ensure an accurate representation is
achieved when building a representative model. This subsection details how the
relevant geometrical properties of the autoclave and resin infused laminates were

characterised.

5.5.2.1. Void shape - autoclave processing
Typically, voids are of arbitrary shape as the void forms around the fibres. However, it

is not practical to model voids in their exact shape due to two reasons. Firstly, it
requires significant time investment to generate a 3D model of the various shapes,
meaning that the only realistic approach is to use a u-CT scanner. Nevertheless, it is
unrealistic in a design scenario to own and/or run one due to cost, space and
scan/postprocessing-time limitations. Secondly, even if an accurate representation of
geometry can be modelled, due to the arbitrary shapes and small features result in
element counts in the order of millions. For one-off research studies, these costly
investments can be justified. However, for practical use cases, it is appropriate to make
reasonable simplifications such as assuming voids are ellipsoidal. This assumption
was by Mehdikhani et al.5” where accurate pu-CT scans are simplified down into a void’s

major and minor axis and subsequently used in a 2D modelling process.

One approach to measuring the shape of voids is through microscopy, where a visual
evaluation can be done to assess the general shape and dispersion of the voids. Typical
images can be seen in Figure 5-9 for the transverse specimens from the autoclave
cured specimens where a selection of voids can be seen circled in red. Parts (A) and
(B) are from tensile specimens cured at 0.59 MPa and 0.05 MPa, respectively, whilst
parts (C) and (D) are from compressive specimens cured at 0.59 MPa and 0.05 MPa,
respectively. The microscopy shows that the voids do not have perfect periodicity, but

for the most part, they are evenly distributed. For instance, they do not always cluster
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in ply boundaries or at a specific ply. From a modelling perspective, this means that a
single void can be modelled and one can assume a uniform distribution of voids.
Whilst the microscopy also confirms that the voids take an arbitrary form, they can be
likened to an elliptical shape with various aspect ratios. This is a very common

assumption to make when modelling porosity.39:40.57.96

Figure 5-9 Typical microstructure showing the shape of voids (circled in red) for: (A) 90° Tension
0.59 MPa, (B) 90° Tension 0.05 MPa, (C) 90° Compression 0.59MPa and (D) 90° Compression 0.05
MPa.

A drawback to using general microscopy is that only a 2D image can be acquired, this
means that the depth of voids cannot be evaluated. As previously stated, a common
assumption, particularly in a 2D analysis evaluation, is that voids are infinitely long.
However, from a visual inspection, often the bottom of the voids could be seen,
particularly when adjusting the depth of field when focusing. For this reason, an
optical metrology study using a 3D optical profiler was conducted. The 3D imaging
microscope and associated software were produced by Sensorfar. The technique used

is described in subsection 3.3.2. Several samples from the autoclave manufactured
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laminates were investigated across multiple regions, however, due to the small
diameters of the voids, there was difficulty in getting light inside. This led to
limitations in the software recognising void surfaces. A ring light improved the
lighting, yet there was still difficulty in gaining a full representation of the voids. For
this reason, only a select number of larger voids were analysed, two examples can be
seen in Figure 5-10 and Figure 5-11. For both figures, part (A) is the initial
topography map after being levelled and part (B) shows the voids isolated by lowering
the upper limit such that any material above the void is excluded. The depth of voids
can be read against the corresponding legend, where the bottom of the void is where
the depth is measured. Parts (C) and (D) show the results of analysing a specific void

including the maximum and mean depth.
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Figure 5-10 Region 1 - Topographical map showing the depth of voids. (A) Initial image after
initial processing, (B) thresholds applied to isolate voids, (C) selection of a single void for analysis

and (D) results of analysis.
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Figure 5-11 Region 2 - Topographical map showing the depth of voids. (A) Initial image after

initial processing, (B) thresholds applied to isolate voids, (C) selection of a single void for analysis

and (D) results of the analysis.

Due to measurement limitations, only a limited number of voids were analysed (less

than 5). Therefore, it is not possible to get representative quantitative results, such as

the average depth of a void, the depth-to-width ratio etc. Nevertheless, what can be

found is that the assumption of infinity long voids is invalid, instead the depth is much

shallower. This also validates that the bottom of the voids were able to be identified

when adjusting the depth of field of 2D microscopy.

5.5.2.2. Void shape — resin infusion processing

The general shape and type of the voids (micro or discrete, as defined in Section 2.1)

were also measured for the resin infused laminates. The void shapes were evaluated

using the post-processed images used for the void content analysis as these images

isolate the voids from the surrounding material.
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Figure 5-12 illustrates representative post-processed images for the tensile and

compressive laminates used to analyse the shape of the voids. The images selected for

this figure are from the laminates with the lowest and highest measured overall void

content. By visually analysing the post-processed images it was noted that there are

three shapes that the voids will take, which are either spherical, elliptical or arbitrary.

These shapes are illustrated in Figure 5-13 where a region of the T.L. 2 laminate

containing all three types has been magnified. For measurement purposes, the voids

were assumed to take an elliptical shape. It was found that the void shapes were the

same across all laminates, regardless of the manufacturing technique. This can be seen

in Figure 5-13 by comparing the low and high void content laminates (A-B and C-
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Figure 5-12 Typical post-processed microscopy images to show the general shape and
dispersion of voids from laminates: (A) T.L. 1, (B) T.L. 2, (C) C.L. 1 and (D) C.L. 4.
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Figure 5-13 Magnified region showing three types of void shape: Spherical, elliptical, and
arbitrary.

The type of voids seen in all laminates were microvoids (small voids of similar size to
the fibres). It was visually observed when inspecting the C.L. 4 laminate, that as well
as the numerous microvoids present, there were additional significantly larger discrete
voids, as illustrated in Figure 5-14. These larger voids take either circular or elliptical
shapes and therefore the same size measurement approach (length of minor and major
axis) could be taken. Whilst the arbitrarily shaped voids cannot be explicitly defined
by the major and minor lengths, for modelling purposes they are simplified to these
dimensions. Therefore, when measuring them the ‘average’ length in each direction is

estimated.
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Large Void

Figure 5-14 A mixture of large (discrete) and small (micro) voids distributed in either (A)
and (B) intra-ply or (C) and (D) inter-ply locations.

As done for the autoclave processed laminates, the voids from the resin infused
laminates were inspected using a 3D optical profile to measure the depth of several
voids. This was to again determine the validity of whether voids are infinitely long or

not.

The depth of 15 voids were measured where the major axis length ranged between
1oum to 3oum. Examples of the measured voids can be seen in Figure 5-15 including
both smaller and larger voids. The depth was measured from the sectioned surface and
is assumed to be cut at the mid-point of the void, therefore the total void depth is
calculated by twice the measured depth. The results are presented in Table 5-6 where
smaller voids (approximately 15um in major axis length) have a mean total void depth
of 3.oum. For the void with a major axis length of 3oum, the total void depth was

calculated to be 12um.
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There is, however, more error in the measurements for the smaller voids due to

difficulty in reflecting light into and out of the voids required for the optical profiler to

image. This means that the actual depth may be slightly deeper than what was

measured. This is in contrast to the largest void that was measured, where the bottom

was visible, and a high-accuracy measurement could be obtained. However, the main

objective of this study was to determine if the voids are extremely elongated and

should be assumed to be infinitely long. Whilst exact measurements were difficult to

obtain, the results showed that the voids are not extremely elongated and should not

be assumed to be infinitely long.
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Figure 5-15 Example of the depth of voids measured using the Sensorfar 3D optical
profiler. Measurements of small and large voids are seen in (A) and (C) respectively, which
show an amplified 3D render. An inspection line is positioned intersecting each void and

the surface height along each line is measured and plotted in (B) and (D).
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Table 5-6 Void depth results of the 15 measured voids, where depth is calculated as twice
the measured distance from the sectioned surface to the bottom of the void.

Void #

Major Axis Length  Total Void Depth

/ pm / pm
1 20 4.4
2 10 3.8
3 15 4.2
4 20 3.8
5 15 3.6
6 20 2.8
7 15 34
8 20 3.8
9 10 2.2
11 10 1.8
12 15 3.0
13 10 1.8
14 10 1.0
15 30 12

5.5.2.3. Void size - autoclave processing

Having established that the shape of the voids can be assumed to be elliptical the next

step was to evaluate the range of sizes. This involved measuring the major and minor

axis, with reference to the load direction. Measurement of void sizes is described in

subsection 3.3.2. To ensure accurate representation, 30 voids were measured across 3

samples for each laminate. The mean dimensions of both the major and minor axes

are presented in Table 5-7, including the major-to-minor length aspect ratio. Relative

frequency plots of the void dimensions for each of the tensile laminates can be seen in

Figure 5-16 and compressive laminates in Figure 5-17.

Table 5-7 Mean major and minor lengths of voids of all laminates, including the aspect ratio.

Mean Standard Mean Standard
Load Case Cure Length Deviation Length Deviation Aspect
Pressure (major (Major axis) / (minor (Minor axis) / Ratio
axis) / um um axis) / pum um

0.59 7.86 3.53 7.01 5.98 1.12:1

Tension 0.39 7.45 2.82 6.95 5.20 1.07:1
0.19 21.54 15.23 18.84 14.77 1.14:1

0.05 57.58 47.25 28.48 20.04 2.02:1

0.59 11.97 6.65 8.83 7.47 1.35:1

Compression 0.39 10.14 5.10 6.11 2.80 1.66:1

0.19 13.33 6.93 8.68 6.38 1.54

0.05 25.72 20.16 18.86 11.86 1.36:1
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Figure 5-16 Relative frequency plot of the major and minor dimensions of the voids in the following

tensile laminates: (A) 0.59 MPa, (B) 0.39 MPa, (C) 0.19 MPa and (D) 0.05 MPa.

For the tensile laminates that were cured at either 0.59 MPa or 0.39 MPa, the majority
of the voids had dimensions in the range of 4-8um in both the major and minor axis,
with the mean value also falling in this range. However, as the cure pressure reduced,
there was more variability in the results. Whilst the maximum measured voids of the
0.59 MPa and 0.39 MPa laminates were below 40um, this increased up to 8oum and
165um for the 0.19 MPa and 0.05 MPa laminates, respectively. The lengths for the two
higher cure pressure laminates were mostly even between the major and minor
directions (slightly larger lengths in the minor direction), however, for the lower cure
pressures there was a higher percentage of longer voids in the major direction, this is
particularly true for the 0.05 MPa cure pressure. This is likely due to the lower

compaction resulting in longer voids.
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Figure 5-17 Relative frequency plot of the major and minor dimensions of the voids in the following
compressive laminates: (A) 0.59 MPa, (B) 0.39 MPa, (C) 0.19 MPa and (D) 0.05 MPa.

The compression results also show that the majority of the voids have small
dimensions with less than 1oum in both the major and minor directions in all
laminates other than the one cured at 0.05 MPa. For the three higher cure pressure
laminates the range in dimensions is up to 4oum, however, for the 0.05 MPa laminate,
the major lengths can be seen up to 8oum. Again, this is likely because of the lower

compaction due to lower cure pressure which results in elongated voids.

Whilst most voids fall approximately in the 5-10um there is an increasing number of
larger voids as the cure pressure reduces. This explains why there is a decay in strength
reduction as porosity increases. As found in Chapter 4, there is a balance between the
void size and void content such that increasing the size of the void reduces the stress

intensity. This reinforces why both parameters must be considered.
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5.5.2.4. Void size — resin infusion processing
The major and minor axes lengths of 60 voids per resin infused laminate were

measured. From the shape analysis, it was found that for laminate C.L. 4, both micro
and discrete voids were present in the laminate. As these two void types were present,
both shapes were measured independently, labelled C.L.4 micro and C.L.4 macro. The
mean length in both axes, error (calculated as a single standard deviation), and aspect
ratio between the major to minor mean lengths, are recorded in Table 5-8. For all
laminates the voids are of similar size (other than the discrete voids) where the mean
major lengths are approximately 6.50 pm and the mean minor lengths are

approximately 5.0 um.

Table 5-8 Size measurement results for the major and minor axis.

Mean Standard Mean Standard
Laminate Major Deviation (Major Minor Deviation Aspect
L.D. Length / . J Length / (Minor axis) / Ratio
axis) / pm
um Hm Hm
T.L.1 7.21 2.05 4.63 1.73 1.56:1
T.L. 2 6.01 1.71 4.05 1.38 1.48:1
T.L.3 6.74 2.29 5.31 1.96 1.27:1
T.L. 4 6.04 2.16 4.70 1.83 1.28:1
CL.1 6.49 1.79 4.33 1.45 1.50:1
CL.2 7.09 2.32 4.66 1.80 1.52:1
CL.3 6.90 2.59 5.19 1.62 1.33:1
(&ilgrg) 6.46 2.10 5.76 1.64 1.12:1
(dicsri;.eie) 142.39 92.77 75.88 58.15 1.88:1
CL.5 5.95 1.51 5.46 1.27 1.09:1
C.L.6 6.32 2,22 5.49 1.91 1.15:1

Whilst the standard deviation recorded for each length suggested that the mean length
is representative, it was also beneficial to present the range of results as a relative
frequency histogram plot. This allows a greater understanding of the spread of
recorded void lengths and the ability to identify any outliers. The histogram plots for
the tensile and compressive laminates are presented in Figure 5-18 and Figure 5-19,
respectively. In almost all cases, for both the tensile and compressive laminates as well
as in the major and minor axes, there is a single point at which the void lengths are
most common. This can be seen by a single peak in the maximum relative frequency
bins. The peak in the minor axis appears to be slightly tighter compared to the major
axis, which is broader. This correlates with the error results in Table 5-8 where the
minor axis length has a mean standard deviation of 1.66 pm for all laminates, whereas

the major axis standard deviation for all laminates is 2.07 um. Also, in almost all plots,
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the peak of the major axis occurs after the peak of the minor axis, again correlating

with Table 5-8 where the mean lengths for the major axis were always slightly longer.

Across both Figure 5-18 and Figure 5-19, most peaks correlated with the mean axis
length in Table 5-8. For instance, the peak for the major axis of all tensile laminates
occurred in the 6-7.5 um bin and the mean major axis lengths ranged from 6.01 to 7.21
um. There are a few cases where the mean length is outside of the peak frequency bin,
for example, laminate C.L.5 has a major axis mean length of 5.95 um, yet the peak
frequency bin is for lengths between 6-7.5 um. As expected, all such cases can be
explained by a small bias in the distribution resulting in the mean being slightly higher
or lower accordingly. Whilst this is true, the relative frequency histogram plots use
tight bins (up to a range of 2um) and therefore the results overall correlate well with
Table 5-8. This suggests that using the mean axis length to represent the porosity in

the laminate is appropriate.
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Figure 5-18 Relative frequency histogram plot for laminates: (A) T.L. 1, (B) T.L. 2, (C)
T.L.3and (D) T.L. 4.

153



5. Experimental Testing 2024
A 60 —— B 50
[ Major Axis [ Major Axis
- I Minor Axis [ Minor Axis
] 40
X X
> 40+ >
2 2
S S 30 -
= =
30 o
[T w
= Jin)
© 20 1 ©
© ©
4 4
10 A
10 -
0- 0
o b “ ‘ s ‘ S , 5 N SIS
& WF W W @7 4" N & S o . AR A A AN
Void Length (um) N Void Length (um)
C 50 - D 50
[ Major Axis [ Major Axis
I Minor Axis [ Minor Axis
40 40
X X
> >
2 2
S 30 S 30 -
= b=}
o o
o o
[T [T
220+ 220+
° ©
Q (0]
o o
10 10 -
0 0
v > © 2 N NN o N °
Q Y W 6. e \Q,'\ & \b('\ & . _ K
Void Length (um) Void Length (um) N
E 60 , F 40
[ Major Axis [ Major Axis
5 [ Minor Axis [ Minor Axis
3 21
.40 - =
[&] [&]
= =
() (]
3 = |
8 30+ 3 20
w [T
[0 ()]
= 2
© 20 1 ©
@ & 10
10
0- 0
N ? \?’:b o 7 btblb é\{p '\‘-"CB ,’\Q{p ‘3’0 I\nfp R ,'\6('3 o 3
& AN ERCAIRY

Void Length (um)

Void Length (um)

Figure 5-19 Relative frequency histogram plot for laminates: (A) C.L. 1, (B) C.L. 2, (C)
C.L.3,(D)C.L. 4% (E) C.L. 5, (F) C.L. 6. *N.B. only the micro-voids dimensions were used
for laminate C.L. 4.

The size results from Table 5-8, Figure 5-18 and Figure 5-19 suggest that a single

void can be modelled as representative for all laminates. The only exception to this is

for laminate C.L. 4, where two types of voids were identified. In this scenario, both
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voids are modelled independently and have two separate Stage 1 models to understand
their impact. The model with the lowest strength will be used as a ‘worst case’ and the

corresponding results will be passed through to the Stage 2 model.

5.5.3. Fibre alignment analysis
The information to generate the stage two model (RUC) requires the matrix volume

fraction to be known and the distance/angle between the fibres. The same material
and processing conditions for the autoclave manufactured laminates were used by
Almudaihesh et al.1®7? who found that the resin content was calculated to be 40.64 %.
The distance and angle between the fibres were measured using a microscope with a
50x lens as this allows high accuracy when measuring between the centres of the fibres.
To measure the distance between the fibres, both horizontal and vertical lines were
overlaid across the centre of the fibres as reference lines and the distance between
these lines was measured. To measure the angle between the fibres, the centre of one
fibre was selected and a horizontal baseline was drawn, then a centre-to-centre line
was drawn between the fibres and the angle between the two lines was measured.

Representative measurements can be seen in Figure 5-20.

Figure 5-20 Representative distances and angles between fibres.
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To check if different RUCs were required for the different cure pressures, the three
measurements were repeated 15 times on each of the compression laminates. The
compression laminates were chosen as they are thicker and therefore if any variation
is present, it would have been more pronounced. The results, in Table 5-9, for all
three measurements show little variation as cure pressure is reduced, meaning that a
single RUC can be used for all models. In most cases, the distance between the fibres
in both components is ~5um, which reinforces the measurement angle of ~45°. In all

results, the error is calculated as a single standard deviation.

Table 5-9 Mean distances and angles between the fibres at four different cure pressures.

Cure pressure / Holz-lli‘zeﬁ?lt al M.ean Vertical Mean ﬁ&ngle
MPa Distance / um Distance / pm /
0.59 4.96+1.87 4.62+1.03 45.33+15.31
0.39 5.17+1.25 6.87+0.82 40.69£16.19
0.19 5.08+1.31 5.49+0.94 46.72+13.50
0.05 4.97+1.44 5.42+1.27 44.98419.19

For the resin infused laminates, the radius of 30 fibres was measured which resulted
in a mean measurement of 4.00 um with a single standard deviation of 0.41 pm.

Therefore, for modelling purposes, the fibre diameter was taken as 8.00 um.

The next parameter considered is the fibre spacing, this was measured in two ways,
firstly, the horizontal and vertical components between fibres were measured and used
to calculate the angle, and secondly, the fibre angle between two neighbouring fibres
(different fibre pairs to the one used for component measurements) was measured
directly. The two approaches were used to cross-compare and ensure accurate
measurements were taken. The fibre structure of five laminates was measured with 30
measurements for each component to ensure a representative measurement was
recorded. The results are recorded in Table 5-10 where for both measurement
approaches there is a spread of results between approximately 60-70°. A large spread
was expected as fibre distribution is non-periodic, however, in both approaches, a
mean angle was determined at approximately 66°. There is no indication from these
results that there is a difference in the fibre distribution; therefore, the same Stage 2

geometry can be used for all models.
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Table 5-10 Fibre structure measurements.

Laminate Horizontal Vertical Calculated Measured
L.D. Spacing / pm Spacing / pm angle / ° angle / °
T.L.1 2.15 6.33 71.3 59.4
T.L. 4 2.30 5.89 68.7 68.4
CL.1 2.95 5.28 60.8 63.5
CL.4 2.59 5.77 65.8 67.3
CL.6 2.28 5.19 66.3 69.3
Mean 2.45 5.69 66.6 65.7

The final parameter measured was the fibre volume fraction. The measurement was
taken using 20 high-magnification images processed using Fiji ImageJ,168 a scientific
image postprocessing software, as described in Section 6.3.1.7. The mean result gave a
fibre volume fraction of 54.82 % with a single standard deviation of 4.0%. This is in
line with current literature, where Kazmi et al:69. found typical fibre volume fractions
for resin infusion laminates of approximately 52 %. Whilst the error is reasonably
large, this was to be expected due to the non-periodic structure which included resin-
rich zones and ply boundaries resulting in a higher matrix content and fibre-dense
regions that have higher fibre volume fractions. As 20 images were used and each of
these regions was captured, it was determined that the mean fibre volume fraction was

representative.

5.5.4. 1-CT analysis

Accurate microstructure characterisation has been shown by this research to be
extremely important. As the porosity characterisation was undertaken by 2D
microscopy it was considered beneficial to pu-CT scan several samples from the
autoclave cured laminates to validate the characterisation results. There were several

aims of the study which included:

e Void content for each laminate.
e Void size distribution for one or more laminates.
e Accurate 3D geometry of the porosity from one laminate.

e Fibre volume fraction for one or more laminates.
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For the most part, the u-CT research was to validate the findings of the 2D microscopy
and analyse any differences that may be identified. As the value for the fibre volume
fraction of the autoclave cured laminates was taken from literature this was also to be
validated. One of the largest benefits of characterising porosity through u-CT scanning
is that high-fidelity 3D models of the microstructure can be acquired, specifically of
the porosity. For this reason, one of the aims was to use the pu-CT scans to create a
high-fidelity model and compare the results to the model using data from 2D

microscopy.

5.5.4.1. Scanning Setup
For each laminate, a sample with dimensions 2x4mm was cut out with the fibres

orientated such that they were along the length of the sample. The ends of each sample
were bonded to form a stack which was then enclosed in a CFRP tube. The purpose of

the tube was to provide stability during scanning.

A Zeiss 160 kVp Versa 510 scanner was used at a spatial resolution of 70onm as this is
approximately 10 times smaller than the most common voids and fibre diameters. The
usable volume from each scan was positioned at the centre of each sample and covered
a diameter of 666um and a length between 950 and 98oum depending on the sample.
The p-CT scans were completed by the pu-VIS X-ray Imaging Centre at the University
of Southampton, funded through the NXCT Free Beamtime Access Scheme, whom

also recommended the appropriate scan settings and sample sizing.

5.5.4.2. Porosity evaluation
One of the main outputs from the u-CT scans was to calculate a void content for each

laminate, however, there was difficulty in identifying the voids. Only large and very
elongated voids were captured, whereas the high number of smaller voids, seen from
the microscopy, were not present. Before the parameters described above were agreed
upon, previous scans were completed using different scanners, resolutions, and fibre
alignment. In all these scans only the largest voids (greater than 50um in width) could
be detected. For this reason, the Zeiss 160 kVp Versa 510 scanner was chosen as it
offers the highest resolution that the University of Southampton could provide. As

there had been difficulty in capturing the smaller voids in previous trial scans, only the
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four tensile specimens were scanned and if required the compression specimens could

be scanned after.

Even at the highest resolution, the smaller voids were not captured, however, it was
then considered that it was not a resolution issue as the fibres, which have a similar
size, can easily be identified. Instead, it appears there is little difference between the
attenuation of the matrix and void regions. The reason this became apparent was when
studying the larger voids of the 0.05 MPa laminate, which can be seen in both the top-
down view, Figure 5-21, and from a 3D render, Figure 5-22. It was expected that
the attenuation across the void would be a continuous black/dark region, however, the
greyscale colour (representing the attenuation) inside the void was the same as the
surrounding matrix and only the edges of the void could be identified due to phase
contrast edge enhancement. This can be shown by plotting the greyscale (which is 16-
bit and therefore has 65,536 values'7°) along a line intercepting a matrix-rich zone and
void as illustrated in Figure 5-23(A&B). The graph showed very little difference in
attenuation between the two zones, which was further confirmed by comparing the
mean greyscale values of each region (matrix and void), this resulted in a 1.7 %

difference between the two regions.

Phase contrast edge
enhancement

Figure 5-21 A typical slice from a sample of the 0.05 MPa laminate showing the large voids able to
be identified through the phase difference of the void and surrounding material.
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Figure 5-22 3D cross-section render of the 0.05 MPa specimen of a specimen containing large

voids.
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Figure 5-23 Level of attenuation (greyscale value) across a line spanning both matrix and void

regions, shows the interface between the two regions.
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5.5.4.3. Post-scan sample microscopy
To confirm that the regions that were scanned did contain voids, the samples were sent

back to be sectioned at the scanned location and then polished and analysed. Due to
the small size, it was not possible to cut the samples in half, therefore, each sample was
bonded onto a Glass Reinforced Polymer (GRP) tab which was then carefully ground
down to the centre point using a Chester 1-inch belt sander. A small amount of excess
material was left to allow for polishing. Each sample was mounted in epoxy resin to
aid handling and polished on a Struers Knuth-Rotor-3 polishing machine. It was
important to ensure that the final polished surface was at the mid-point of the sample,
therefore not all scratches were completely removed to prevent the removal of too

much material.

Since the field of view of the images was small (approximately 20o0um x 300um),
rather than taking a selection of images at different locations, the whole cross-section
was imaged and then stitched together using the photo editing software Affinity
Photo,'7* to form a single image to be evaluated. The microscopy of each sample can be
seen in Figure 5-24 to Figure 5-27 with the previously measured void content in
each figure caption for reference. The microscopy images show that for each sample
there are many voids present, with the exception of the 0.59 MPa where there are only
a few voids dispersed. However, in all cases, it was expected that the smaller voids
would have been detectable particularly as they are of comparable size to the fibres
and therefore the resolution was sufficient. A back-to-back comparison of the 0.39
MPa sample can be seen in Figure 5-28 where the voids are clearly visible in the
microscopy images but were not captured in the pu-CT scan. The main conclusion to be
drawn is that in the microscopy images, all voids are present, whereas only the very

large and elongated voids were detected from the p-CT scans.
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Figure 5-24 Microscopy of the 0.59 MPa sample (void content of 0.63 %).
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Figure 5-25 Microscopy of the 0.39 MPa sample (void content of 1.28 %).
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Figure 5-26 Microscopy of the 0.19 MPa sample (void content of 0.88 %)
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Figure 5-27 Microscopy of the 0.05 MPa sample (void content of 2.01 %)
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Figure 5-28 Back-to-back comparisons of (A) microscopy and (B) u-CT scan of the same sample

showing small voids are not captured are not captured when u-CT scanned.

5.5.4.4. Fibre volume fraction assessment
The final objective of scanning the samples was to calculate the fibre volume fraction

using Fiji ImageJ and compare this to the value used from the literature. Thresholding
was applied to segregate the fibres from the matrix allowing a ratio between them to
be calculated. However, when CFRP samples are scanned through p-CT there is no
definitive boundary between where the fibre edge is and the surrounding matrix. Also,
an added difficulty is that for both the fibre and matrix regions there are significant
levels of noise. These reasons mean that it is difficult to define with certainty where to
apply thresholds, as can be seen in Figure 5-29(A), where a line is drawn intersecting
several fibres and the corresponding greyscale values are plotted in Figure 5-29(B).
The noise of the fibre and matrix regions are overlaid in red and blue, respectively, and
the sloped lines between these two regions represent the transition from fibre to
matrix. To address the difficulties two measurements can be taken at a high and low
threshold and therefore, it is possible to say with higher certainty that the fibre volume

fraction is between these values.
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Figure 5-29 Range of greyscale values for the matrix and fibre where (A) shows a line intersecting
multiple fibres and (B) gives the corresponding greyscale values along the line. The red overlay
shows the range of greyscale values for the fibre and the blue overlay shows the greyscale range for

the matrix.

The steps taken to calculate the fibre volume fraction can be seen in Figure 5-30
where a magnified region of a scanned sample is shown in (A) for clarity and used
throughout. (B) shows the threshold applied to separate the fibres from the matrix.
The sliders in the popup window allow a certain greyscale range to be selected and this
is where the upper or lower threshold is set for the calculation. Applying this threshold
sets the fibres to white and the matrix to black (C), however often there is overlap and
connected regions, therefore, the ‘Watershed’ function is used (D) to separate the
connected regions. The fibres are then counted using the ‘Analysis Particles’ function.
To ensure only the fibres are being counted a range is specified such that only regions
with an area between 30um2 to 50um2 are counted, based on a fibre diameter being
7+1um. Each fibre that is counted is recorded but also an overlay is applied to the
original image (E), allowing the counted fibres to be checked and compared against
the original image (F). As each fibre is counted the area is recorded which can then be
summated to give the total area occupied by the fibres. Since the overall area of the

scanned sample is known, the fibre volume fraction can be calculated.
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Figure 5-30 Steps taken to identify fibres to calculate the fibre volume fraction. (A) is a magnified
image of the fibres being analysed and (B) and (C) show the threshold applied. A ‘watershed’
function is applied (D) to segregate combined fibres and (E) shows the fibres that are counted by a
numerical overlay (resin-rich zone is magnified for clarity) which can be compared to the original

image (F).
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It was assumed that the fibre fraction is the same across all samples and therefore the
0.59 MPa sample was selected. The image stack from this scan produced 963 images,
of which 10 evenly distributed images were selected for analysis. The mean results of
the image processing can be seen in Table 5-11 where the greyscale value used for the
upper and lower threshold was recorded along with the number of fibres, the
calculated fibre and the matrix volume fraction. The error was calculated based on one
standard deviation. The fibre volume fraction gives a possible range between 59.2 to
61.2 % which, when considering a void content of 0.63 %, gives a matrix volume
fraction between 38.2 t0 40.2 %. This correlated well with the measured values of 39.8

to 41.6 % by Almudaihesh et al.167 for the same material.

Table 5-11 Results from processing the u-CT scans to calculate the fibre volume fraction.

Greyscale Greyscale = Number of vgilb;:r‘:e (15/;):;- ?ipv(:)rllgll::f

Threshold value fibres fraction / % Fraction / %
Upper 30647+861 4990174 59.2+2.0 40.24+2.0
Lower 28590+1143 48524272 61.2+3.3 38.2+3.3

5.6. Experimental Testing Results

5.6.1. Mechanical testing of autoclave processed laminates
5.6.1.1.Tensile and Compressive Testing

Figure 5-31 and Figure 5-32 present representative Load-Displacement and Stress-
Strain graphs for the tensile and compressive specimens respectively. The failed
specimens are shown in Figure 5-33, where the transverse specimens failed through
a lateral and through-thickness failure type in the gage section for the tensile and
compressive specimens respectively (LGM & HGYV failure identification codes). Both
the longitudinal tensile and compressive specimens failed through long splitting at the
gage section (SGV failure identification code). The results of the increase in porosity
against strength for the autoclave manufactured specimens can be seen in Figure
5-34. Overall, the results show that increasing porosity negatively affects the strength
in the transverse direction, yet the longitudinal direction remains unaffected. The
reason for investigating the impact of porosity in the longitudinal direction was that,
whilst for tension it is known that porosity is not an issue, the research presented in
subsection 2.7 showed that there is uncertainty in the level of sensitivity compressive

strength has to porosity. The uncertainty is driven by the hypothesis that in
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longitudinal compression the matrix supports the fibres from buckling, therefore by
increasing the porosity it was possible that micro-buckling could be initiated at a lower
load. On top of this however, contrary to this hypothesis, additional uncertainty came
from the results of Hapke et al26, where it was reported that an increase in strength
was observed due to larger voids in longitudinal compression testing. The reasoning
was based on the larger voids halting kink band propagation as the kink band buckles
into the void. The different uncertainties gave further reasoning into investigating how
porosity affects the laminates in different directions. However, as shown in Figure
5-33(D&E) and explained previously, the failure type was due to long splitting and
there was no evidence of kink bands. The results in Figure 5-34 show that there is
not a definitive difference between the strengths of the longitudinal compression
laminates. The transverse results show that as the void content increases the strength
reduces nonlinearly for the compressive laminates, where a linear trend was observed

for the tensile laminates.
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Figure 5-31 Representative tensile loading graphs. 0° Load-Displacement (A) and Stress-Strain (B), and 90°
Load-Displacement (C) and (Stress-Strain D).
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Figure 5-32 Representative compressive loading graphs. 0° Load-Displacement (A) and Stress-Strain (B),
and 90° Load-Displacement (C) and (Stress-Strain D).
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Figure 5-33 Failed (A) transverse and (B) longitudinal tensile specimens, and (C) transverse and
(D) longitudinal compressive specimens. E shows a zoomed-in region of the failed compressive
specimens.
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Figure 5-34 Strength as a function of the void content for laminates: (A) 0° Compression, (B) 90°

Compression, (C) o° Tension, (D) 90° Tension.

The modulus change due to variation in void content is presented in Figure 5-35. The

results show that the modulus remains unaffected as the void content is increased. The

literature presented in subsection 2.7, found that whilst some researchers reported

that composite stiffness is degraded as porosity increases97:99:172, others reported no

effect.2.71100 This disagreement was the main reason for the experimentation, as it

proves that for this material under the current conditions, the modulus is unaffected

in all load cases. For this reason, the impact on the modulus is not incorporated into

the modelling process.
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Figure 5-35 Modulus as a function of the void content for laminates: (A) 0° Compression, (B) 90°

Compression, (C) o° Tension, (D) 90° Tension.

5.6.1.2. DMA Testing
The results of the DMA tests are presented in Figure 5-1, which shows the glass

transition temperature for two sets of autoclave processed laminates, cured at different
cure pressures. The difference in the glass transition temperature between the
laminates cured at 0.05 MPa and 0.59 MPa is 0.9°C and 0.2°C for the first and second
sets respectively. The maximum difference in measured glass transition temperature
for samples cured at the same cure pressure (to show measurement error) were 1.2°C

and 1.5°C for the specimens cured at 0.05MPa and 0.19MPa respectively.
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Figure 5-36 Glass transition temperature results from the DMA testing of two sets of autoclave processed
specimens cured at different cure pressures.

5.6.2. Mechanical testing of resin infused laminate

5.6.2.1. Tensile and compressive testing
For both the tensile and compressive laminates that were manufactured through resin

infusion, the specimens were tested in sequential order along the laminate length,
starting at the outlet end and working towards the inlet. This was to identify if there
was any significant variation/trend in strength along the length, and how this
correlates with the variation in void content at the start, middle and end of the
laminate. After each specimen was tested the failure mode and location were checked
to determine if the correct failure was achieved. Examples of post-failure specimens
are shown in Figure 5-37. All tensile specimens failed correctly with a lateral failure
type within the gauge section (LGV). Only one compressive specimen failed incorrectly
through end crushing, whereas the rest had a through-thickness failure mode within
the gauge section (HGM). Representative Load-Displacement and Stress-Strain
graphs are illustrated in Figure 5-38. It is clear from the graphs that both in tension

and compression, the load response is linear-elastic and fails in a brittle-like fashion.
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Figure 5-38 Representative load response for the tensile and compressive tests. (A)
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The specific strength for each tensile and compressive laminate can be seen in Figure
5-39 and Figure 5-40, respectively. Overlaid on each plot is the overall mean as well
as the upper and lower error defined as a single standard deviation. The results from
the C-scan inspection identified the length of the dry patches for laminates T.L. 4 and

C.L. 4, which is why these specimens are missing.

For all four tensile laminates, there does not appear to be a significant change in
strength along the length of the laminate, other than the expected scatter in results.
There may be a very slight increase in strength towards the inlet side of T.L. 3,
however, only two of the six specimens on the inlet side are greater than the overall
laminate mean and the void content results in Figure 5-8(A) do not suggest a
variation in void content. Therefore, this trend was considered insignificant. Similarly,
five out of the six compression laminates do not show a significant variation along the
length of the laminate, other than the experimental scatter. For laminate C.L.3
however, it was observed that for the inlet and outlet, there is an increase and decrease
in strength respectively. This is reviewed in more detail in the discussion chapter, but
to use the data in the modelling stages, the first 3 specimens on the inlet end were

removed from the study.
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Figure 5-39 Specimen strength (tension) along the length of the laminate for (A) T.L. 1,
(B)T.L.2,(C) T.L. 3and (D) T.L. 4. The mean strength is overlaid in each plot, as well as
the upper and lower error, defined as a single standard deviation. Consistent strength axis
to show variation between laminates.
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Figure 5-40 Specimen strength (compression) along the length of the laminate for (A)
CL.1,(B)C.L.2,(C)C.L.3,(D)C.L. 4., (E) C.L. 5 and (F) C.L. 6. The mean strength is
overlaid in each plot, as well as the upper and lower error, defined as a single standard
deviation. Consistent strength axis to show variation between laminates.
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The strength and modulus results for both the tensile and compressive laminates are
summarised in Table 5-12 and illustrated in Figure 5-41. The error is defined as a
single standard deviation and the void content error bars are not included on the
modulus results for figure clarity, as they are the same as on the strength plots. As
expected, as the void content increases, both the tensile and compressive strength are
reduced. When comparing the maximum and minimum recorded strengths, the
tensile specimens appear to be significantly more sensitive to an increase in void
content. The results showed that the tensile strength reduced by 2.3 MPa for every 1.0
% increase in void content, equating to 18 % of the maximum strength. In comparison,
for a 1.0 % increase in void content, the compressive strength was reduced by 4.7 MPa,

equating to a 2 % reduction in compressive strength.

The reduction in strength for the tensile laminates shows a linear trend, however, in
comparison, there was a step down in the compressive strength at the 1.0 % mark. It
is not considered that this irregular trend is a result of variations in void content, or
void geometry (major to minor ratio only ranges between 1.09:1 to 1.52:1 across all
laminates), but instead determined to be due to the larger experimental scatter in
results in the compressive specimens when compared to the tensile specimens. This
results in a linear trend observed but with a larger coefficient of determination (r2

value).

The results do not show a notable increase or decrease in modulus as the void content
increased for both tension and compression testing. Whilst there is a large percentage
difference between the maximum and minimum values for each series, 18 % and 12%
for tension and compression, respectively, this can be the result of a large amount of
scatter in the results. Yet, when the overall trend is considered, the increase in void

content does not have a significant effect.
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Table 5-12 Summary of tensile and compressive strength and modulus results, including
the associated void content of each laminate for reference.

Laminate I.D. Laminate Void Strength / MPa Modulus / GPa
Content / %
T.L.1 0.99 £ 0.54 12.4 £ 2.15 3.86 £ 0.76
T.L. 2 2.36 + 2.63 9.3 +2.36 4.72 + 2.85
T.L.3 2.08 +£1.70 9.8 +3.84 4.22 + 0.98
T.L. 4 1.33 + 1.13 10.8 £+ 2.48 4.70 +1.23
CL.1 0.60 + 0.32 116.8 £ 3.0 7.21 + 0.75
CL.2 0.90 + 0.32 116.1 + 4.7 7.14 £ 0.88
CL.3 1.12 £ 0.52 111.7 + 6.0 7.62 £ 0.47
CL.4 1.94 + 1.88 110.5 + 3.4 7.01 £ 0.74
CL.5 1.45 + 0.90 111.4 + 6.2 7.98 + 0.68
CL.6 1.65 + 1.31 108 + 8.2 7.27 + 0.71
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Figure 5-41 Results of how the void content affects the following mechanical properties:
(A) tensile strength, (B) tensile modulus, (C) compressive strength and (D) compressive
modulus.

5.6.2.2. Neat epoxy resin testing
The results of the tensile testing of neat epoxy resin are summarised in Table 5-13,

where the error is defined as the standard deviation. Correlation to the model strength
prediction and Young’s modulus used (chosen from literature), as detailed in
subsection 6.4.1, is also recorded. Stress-strain graphs of both plaques are shown in
Figure 5-42, where an elastic region is present up to approximately 60MPa before
becoming plastic up to a maximum of approximately 70 MPa. All samples failed in the

gage section, as shown in Figure 5-43.
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Table 5-13 Tensile strength and Young's modulus results from the mechanical testing of neat epoxy resin.

Strength Young's Modulus
Average Model Correlation | Average Model Correlation
(MPa) (MPa) (%) (GPa) (GPa) (%)

Plaque1 66.88 2.61

Plaque2 | 67.97 57-10 15-3 273 3.00 12.2

] +  Plaque 1
75 Plaque 2

o

Y ! Y T ; T ! T ¥ T J
0 2 4 6 8 10 12 14
Strain (%)

Figure 5-42 Stress-strain graphs of the tensile tests, showing samples from both graphs.

Compressive tests were also performed where an average strength of 98.8MPa was
calculated. When compared to the compressive testing for the resin infused laminates,
the 90° test specimens had a compressive strength up to 22% higher than that of the
neat resin samples. Since the composite specimens contain fibres, which act as stress
concentrations, it would be expected that the neat resin to have a higher strength. This
indicates that the specimens failed prematurely and is not the true compressive
strength of the resin. Additionally, post failure examinations indicated the
compressive samples failed through in shear, observed by the diagonal line as
illustrated in Figure 5-43, indicating that the specimens were not in pure

compression. Further evaluations are made in the discussion chapter.
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Figure 5-43 Failed tensile sample.

5.7. Chapter Summary

This chapter detailed the experimental campaign undertaken to provide material
property and microstructure characterisation data on composites containing various
levels of porosity. The chapter was split into three main sections: the manufacture of
the laminates, characterisation of the microstructure and the mechanical testing of the

composite specimens from each of the laminates.

Composite manufacturing can be split into two major processes: either in or OoA. Void
generation will differ depending on which type of manufacturing process the
composite is manufactured through. Autoclave processed laminates will be more
consolidated and therefore have lower void contents and more consistent porosity
distribution, whereas the opposite is true for OoA laminates. Therefore, laminates
were manufactured using both techniques to determine how well the modelling

framework could correlate to both approaches.

Two sets of four laminates were manufactured using a unidirectional prepreg cured in
an autoclave. Each of the laminates were assigned a cure pressure, to vary the level of
porosity, ranging from 0.05MPa to 0.6MPa. One set of laminates was assigned for
tensile testing, whilst the other set was assigned for compression testing. Similarly,
two sets of laminates were manufactured through resin infusion for tensile and

compressive testing. The porosity was adjusted by reducing the degassing time and
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how vigorously the hardener was mixed into the resin. In total, four tensile and six

compressive laminates were manufactured.

The microstructure was characterised to determine the void content, shape, size, and
fibre distribution. For the autoclave processed laminates, it was assumed that porosity
formed evenly across the whole laminate (the outside 25mm of each laminate was
discarded to account for edge effects), therefore the microstructure was measured
‘globally’ to determine data for the whole laminate. In contrast, it was hypothesised
that as the resin infused into the laminate, there may be a difference in porosity
formation along the length of the laminate (infusion direction). For this reason, a more
detailed characterisation process was undertaken. The tensile laminates were
characterised at three regions (near the inlet, outlet and middle of laminate) and the
compressive laminates were characterised at four regions (near the inlet, outlet and
two inner regions). The characterisation process involved sectioning the composite
orthogonal to the fibres and polishing the surface. This allowed for optical microscopy
to be used to determine each of the parameters. Several u-CT scans were undertaken
to determine the same porosity parameters to validate the characterisation process.
Whilst the scan resolution was sufficient to identify features with a diameter of 1o0um,
the minimal difference in attenuation of the matrix and void regions resulted in the
voids not being able to be detected. The edge of large void regions could only be
identified due to phase interference between the matrix and void. The p-CT scans were
used to determine the fibre volume fractions and the results correlated well with the

literature for the same material.

Tensile and compressive mechanical tests were undertaken to determine how the
strength of the laminates changed as the porosity varied. Both longitudinal and
transverse testing was undertaken for the autoclave manufactured laminates. This was
to determine that only considering the transverse direction in the modelling
framework was correct. The results showed that only transversely loaded composites
were affected by voids. For this reason, only the transverse strength of the resin infused
laminates was tested. Whilst the main focus was on investigating how the strength
varied, the elastic modulus was also measured as there have been conflicting reports
in the literature on whether an increase in porosity increases the elasticity of the

composite or not. The elastic modulus was measured for both the autoclave and resin
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infused laminates. The results showed that increasing the level of porosity does not

affect the elastic modulus, and all results are within the margin of error.
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6. Model Representation

6.1. Chapter Overview
This chapter details how the results from the experimental campaign were used to

build representative transverse strength models of both the autoclave and resin
infused laminates. The chapter is split into describing specifically how the models were
set up, including geometry, boundary conditions and meshing, and then presents the

modelling results.

6.2. Introduction
The use of composites in structural applications requires precise modelling to ensure

components behave as expected. This calls for representative material properties,
however, the material properties presented in datasheets are the ideal/nominal, which
may not be representative of the actual structure manufactured. One reason why
material properties may deviate is due to the inclusion of porosity (resulting from
environmental humidity, insufficient consolidation or poor manufacturing processes).
For this reason, it is important to be able to predict what the actual material properties

are, before having certainty in a composite design.

The results from Chapter 5 showed that the increase in porosity has a negative effect
on the transverse strength. The results of Chapter 4 found that the void content and
geometrical properties (stress concentrations) both contribute to the failure strength.
This chapter aims to realise representative models for all autoclave and resin infused
laminates, by considering the porosity parameters of each laminate, building the

associated models and correlating the results to the experimental data.

6.3. Model Setup

Having completed all experimental work, including microstructure analysis, for both
the autoclave processed and resin infused laminates, all required data was available to

build representative models of the testing. The common modelling steps (such as the
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time step and history output setup) are detailed in Section 3.4. The first step was to

build the Stage 1 models.

6.3.1. Stage 1 Geometry

6.3.1.1. Autoclave models
From the microscopy analysis results in subsection 5.5.2.1, it was determined that

voids were evenly distributed, therefore, a single void could be modelled. To build the
geometry for the stage 1 models, the calculated void content was used in combination
with the measured lengths. As it was not possible to measure the depth of the voids, it
was assumed that the depth of the voids was the same as half of the minor axis length,
i.e., has a circular cross-section. Therefore, knowing the dimensions of a
representative void and the void volume fraction, the volume fraction of the matrix
that the void is embedded in can be calculated.

The volume of a void is calculated using equation ((6-1)) where Vj, is the void volume,
a, b and c are the major and minor radii of the void, where it was assumed that the two
minor axes are the same, therefore b = c¢. By calculating the volume of the void, the

total volume could be calculated using equation ((6-2)) where v, is the void content.

4 4
Vv=§nxa><b><c=§7r><a><b2 (6-1)
14 -
v, =~ (6-2)
vC

Having determined the total volume of the void, allowed for the outer dimensions of
the void module to be calculated, which was done using the same aspect ratio as the
void. As a single void was being modelled, symmetry boundary conditions could be
used in two planes, reducing the model size by 75 %. The void parameters for each
laminate and the corresponding void module dimensions are presented in Table 6-1,

the void module dimensions are presented without symmetry (i.e., the full model).
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Table 6-1 Void parameters used to create the void module for the stage 1 model.

Load Case / Void l\{?ggtﬁx/ls Minor Axis Full Void Module
MPa Content / % um Length / um Dimensions / pm
Tension — 0.59 0.63 7.86 7.01 34.30 X 30.59 X 30.59
Tension — 0.39 1.28 7.45 6.95 25.67 X 23.95 X 23.95
Tension — 0.19 0.88 21.54 18.84 84.09 x73.55 X 73.55
Tension — 0.05 2.01 57.58 28.48 170.69 X 84.43 X 84.43
Compore;sslon B 0.87 11.97 8.83 46.91X 34.6 X 34.6
Compgc;sslon B 0.66 10.14 6.11 43.57 X 26.25 X 26.25
Compgisslon B 1.14 13.33 8.68 47.74 X 31.09 X 31.09
Compg%s;lon B 1.58 25.72 18.86 82.61x 60.58 X 60.58

6.3.1.2. Resin infused models
The same conclusions regarding evenly distributed voids were drawn for the resin

infused laminates. In nearly all cases the results showed a normal distribution
indicating that a single void could be modelled as representative. The visual inspection
also showed that the distribution of voids was, whilst not perfectly periodic, evenly
spread out, i.e., they did not only occur within or between the plies. The only exception
where a single void was not considered representative was for laminate C.L. 4, where
there were two types of voids identified; microvoids which were common in all other
laminates, and large discrete voids. Two separate models were created, each
representing one type of void, and the results from the model which failed first were
used. This is using the assumption that the laminate fails due to brittle failure. To
differentiate between the two sizes of void modules, since different element sizes are
required, the model containing the large discrete void representing laminate C.L.4 is
named the macro void module, and all other void module models are named micro

void modules.

To generate the void module for the stage 1 geometry, the same process used in
subsection 6.3.1.1 was followed. The representative minor and major lengths of the
void being modelled were first to first calculate the volume of the void which, along
with the void content, determined the amount of matrix required for the model.
Secondly, the aspect ratio between the two lengths was used for the overall aspect ratio
of the model (i.e., the model length to width). As a single void was modelled, and

therefore symmetry is present, a quarter model containing symmetry boundary
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conditions was used. A summary of the void module geometry is documented in Table
6-2.

Table 6-2 Summary of geometrical parameters used for each void module.

Laminate Void Major Axis Minor Axis Full Void Module

L.D. Content /%  length /pum  length / pm Dimensions / pm
T.L.1 0.99% 7.21 4.63 27.06um x 17.38um x 17.38um
T.L. 2 2.36% 6.01 4.05 16.89um x 11.38um x 11.38um
T.L. 3 2.08% 6.74 5.31 19.75um X 15.56um X 15.56pum
T.L. 4 1.33% 6.04 4.7 20.55Um X 15.99um X 15.99um
CL.1 0.60% 6.49 4.33 28.79um x 19.18um x 19.18um
CL.2 0.90% 7.09 4.66 27.46um x 18.07um x 18.07um
CL.3 1.12% 6.90 5.19 24.85um x 18.71um x 18.71um

CL.4-

. 1.94% 6.46 5.76 19.38um x 17.28um x 17.28

micro

C..L. 4 — 1.04% 142.30 75,88 427.11um x 227.61um X

Discrete 227.61um
CL.5 1.45% 5.95 5.46 19.7um x 18.06um x 18.06um
CL.6 1.65% 6.32 5.49 20.00um X 17.40pm X 17.40um

6.3.2. Stage 2 Geometry

6.3.2.1. Autoclave models
To create the geometry for the RUC to be used in the stage 2 models that were

representing the autoclave results, the fibre characterisation results from subsection
5.5.3 were used. The results showed that there was little difference in the structure as
the cure pressure was changed, therefore the same RUC was used in all simulations.
The parameters required to generate the RUC are the fibre volume fraction, fibre
diameter and spacing/angle between the fibres. Based on the image processing and
literature results!¢7 the use of a 40 % matrix volume fraction in the model was adopted
and the fibre diameter was provided from the supplier's datasheet as 7um.73 The fibre
angle measurements concluded that an angle of 45° between the fibres was
representative. To incorporate the correct angle between the fibres, the RUC formation
chosen involved two quatre fibres modelled in opposing corners of a square. As the
angle between the fibres is 45° then all sides are the same length. To determine the
lengths of the sides, the fibre volume fraction is used in association with the fibre
diameter. As there is no variation in the thickness direction, to calculate the geometry

the 2D area is used. Firstly, the area of two-quarter fibres is calculated, and then based
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on the fibre volume fraction the CSA of the RUC is calculated. As the RUC was a square
the length of the sides was simply calculated using the square root of the area. This
resulted in the length of the sides being 5.66um. As there was no variation in the
thickness direction, the RUC was extruded to 5.66um such that it was a cube. A
drawing of the RUC can be seen in Figure 6-1.

3.50um

5.66um

3.50pm

5.66um

Figure 6-1 Dimensions of the RUC. N.B. Not drawn to scale.

6.3.2.2. Resin infused models
To generate the geometry for the RUC for the resin infused models the characterisation

results from subsection 5.5.3 were used. One of the main considerations when
characterising the fibre distribution was the difference between the laminates.
However, the results did not indicate a notable difference, therefore, the same RUC
was used for all simulations. A summation of the fibre distribution results used to
generate the RUC is documented in Table 6-3 and a drawing of the RUC is illustrated
in Figure 6-2.

190



6. Model Representation 2024

Table 6-3 Geometrical parameters used to generate the RUC for the Stage 2 model.

Fibre Diameter / ) Fibre Volume
Fibre Angle / ° .
um fraction / %
8.00 65 55

Y

4.00um

4.62um

Figure 6-2 Drawing of the RUC showing used for the Stage 2 model.

6.3.3. Boundary conditions
The same boundary conditions were applied to the autoclave and resin infused models,

detailed as follows. Both stage 1 and 2 models were constrained using symmetry
boundary conditions as this restricts displacement in the loading direction yet allows
for Poisson’s effect to take place. Load was applied through a displacement boundary
condition applied to the opposing surface. Due to a single void being modelled,
symmetry boundary conditions were applied in two perpendicular planes. A detailed
description of these boundary conditions can be found in Section 3.4.4. Periodic
boundary conditions were applied to the stage 2 model to preserve periodicity, as
described in subsection 3.4.3. Surfaces where the boundary conditions were applied

are illustrated in Figure 6-3.
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Surface used for symmetry
ZSymm: U3=UR1=UR2=0

Surface used for symmetry

Constrained Surface | LYSymm: U2=UR1=UR3=0 Displaced Surface
XSymm: U1=UR2=UR3

PBC applied to
these surfaces

Constrained Surface

Displaced Surface

Figure 6-3 Surfaces where boundary conditions are applied.

6.3.4. Meshing

The elements used for all autoclave representative models were 8-node 3D linear brick
elements (C3D8), without using reduced integration, as described in subsection 3.4.2.
Mesh convergency studies were conducted to identify the appropriate element size.
The model used for the mesh convergency study was the 9oDT 0.39 MPa laminate as
this model had the smallest void aspect ratio (where the smaller aspect ratio requires
a higher refinement of elements to capture accurately). The results of the mesh
convergency study of the void module and RUC are illustrated in Figure 6-4 (A&B)
respectively. The mesh size that was deemed appropriate is illustrated with the red
cross, where this element size was used across all models. The full statistics of the
chosen mesh from the mesh convergency study are summarised in Table 6-4,
including element quality statistics. Examples of the elements are presented in Figure

6-5 and Figure 6-6 for the void module and RUC respectively.
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A 145.0 T — B 485
—*— Elements —— Elements
142.5 - X- Nodes 48.0 4 - x- Nodes
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140.0
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137.5
2 € 470
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s = 46.04
130.0
127.5 4 45.5 -
125.0 ; T T ; T 45.0 T T T T T
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Number of Entities Number of Entities

Figure 6-4 Mesh convergency studies of the (A) void module and (B) RUC, where the target mesh size is
identified with the red cross.

Table 6-4 Statistics of the models used for the mesh convergency study.

Avg. Max. Avg. Min. Worst. Min. Avg. Max. Worst. Max.
Model Aspect Aspect Corner Corner Corner Corner
Ratio Ratio Angle /° Angle /° Angle /° Angle /°
Void Module 1.08 2.47 84.65 59.83 95.25 114.18
RUC 1.27 2.40 83.21 53.00 96.67 133.02

S, Mises

(Avg: 75%)
+1.358e-04
+1.261e-04
+1.165e-04
+1.068e-04
+9.716e-05
+8.751e-05
+7.786e-05
+6.822e-05
+5.857e-05
+4.892e-05
+3.927e-05
+2.962e-05
+1.997e-05

Figure 6-5 Illustration of the chosen mesh, including stress contours, for the void module. (Units in TPa).
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S, Mises
(Avg: 75%)
+2.669e-05
+2.482e-05
+2.295e-05
+2.109e-05
+1.922e-05
+1.735e-05
- +1.548e-05 SN,
+1.361e-05
+1.174e-05
+9.873e-06
+8.005e-06
- +6.136e-06

oS,

oSiasie!

+4.267e-06
ok

Figure 6-6 Illustration of the chosen mesh, including stress contours, for the RUC. (Units in TPa).

The same 3D 8-node linear brick elements without reduced integration (C3D8) were
used throughout the models representing the resin infused laminates, for both stages.
A mesh convergence study was conducted to determine the appropriate element size
for each of the model series. The results of the mesh convergency studies are shown in
Figure 6-7, and Figure 6-8 to Figure 6-10 show examples of the generated mesh
on the micro void module, macro void module and RUC models respectively. Nominal
element sizes were 0.3 um for all stage 1 models, except for the macro void module,
where a nominal element size of 3 um was used due to a much larger void size. The
element count across all stage 1 models was approximately 100,000 elements. The
stage 2 module used a nominal element size of 0.25 pm resulting in the generation of
30,914 elements and 34,188 nodes. The mesh generation procedure is detailed in
Section 3.4.3. The full statistics of the chosen mesh from the mesh convergency study

are summarised in Table 6-5, including element quality statistics.

194



6. Model Representation 2024

A 488 - B 446
—— Elements —x— Elements
=K - X~ -
184 d Nodes 445 Nodes
x  Target x Target
480 444 4
© ©
% CEL X X
< 476 4 < 443 /
7] ] i
(%] [72]
o o -
& 472 & 442 A
x X -
© ©
= 468 = 441
464 440
460 T T T T T 439 T T T T T T
0 12500 25000 37500 50000 62500 75000 25000 50000 75000 100000 125000 150000 175000 200000
Number of Entities Number of Entities
C 152
—x— Elements
- %- -Nodes
150 - x Target
E‘ s8¢
o
E 148 - %f’—'-ﬁ“
[2]
(72}
o
n
v 146
©
=
144
142 .

T T T T T
0 100000 200000 300000 400000 500000 600000
Number of Entities

Figure 6-7 Mesh convergency studies for the (A) micro void module, (B) macro void module and (C) RUC. The
target mesh size for the respective models is highlighted in red.

Table 6-5 Statistics of the models used for the mesh convergency study.

Avg. Max. Avg. Min. Worst. Min. Avg. Max. Worst. Max.
Model Aspect Aspect Corner Corner Corner Corner
Ratio Ratio Angle / ° Angle /° Angle /° Angle /°
Micro V.M. 1.10 2.57 84.35 58.24 95.56 58.24
Macro V.M. 1.06 3.51 85.49 46.38 94.58 120.55
RUC 1.29 3.16 82.39 44.53 98.06 131.05
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S, Mises
(Avg: 75%)
+4.769e-04
+4.430e-04
+4.090e-04
+3.751e-04
+3.412e-04
+3.072e-04
+2.733e-04
+2.393e-04
+2.054e-04
+1.714e-04
- +1.375e-04
+1.036e-04
+6.962e-05

Figure 6-8 Chosen mesh generation for the micro void module model, showing stress contours. (Units in TPa).

S, Mises
(Avg: 75%)

+3.811e-04
+3.499e-04
+3.187e-04
+2.875e-04
+2.562e-04

+6.898e-05

Figure 6-9 Chosen mesh generation for the macro void module model, showing stress contours. (Units in TPa).

S, Mises
(Avg: 75%)
+9.036e-05

Figure 6-10 Chosen mesh generation for the RUC model, showing stress contours. (Units in
TPa).
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6.3.5. Constituent material properties
Due to confidentiality surrounding prepreg materials, most of the constituent material

properties for the autoclave processed material were not published, only macro-
scale/ply properties were available. The only properties supplied were the strength
and stiffness of the fibres and no matrix properties are made public. However,
estimates for the missing information can be ascertained through published literature.
The Poisson’s ratio of carbon fibre filaments was recorded as 0.2,74175 between 0.34
and 0.38 for the matrix161174175 and the stiffness of the matrix has been recorded
between 2.75 and 3.35 GPa.161.174-176 The values used in the simulation are recorded in
Table 6-6.

Table 6-6 Material properties used in the simulation were found from either datasheets or

literature.
. Young’s Poisson’s Tensile Compressive
Constituent Modulus / GPa Ratio Strlslnpg:h / Strength / MPa
Fibre 235 0.20 4.12X103 N/A
Matrix 3.0 0.35 232.44 3272

aModel strength prediction.

The tensile and compressive strength of the matrix were not published, and whilst
typical values could have been estimated based on literature, as have other material
properties, it was possible to estimate them using the model and the experimental
results. This was achieved by following the modelling procedure in reverse order where
the experimental results were used to derive the homogenised matrix strength, using
the RUC in stage 2, and then pristine matrix properties were derived using the relevant
porosity parameters in stage 1. The associated matrix strengths that are presented in
Table 6-6 are the results from subsection 6.4.1 where this procedure is documented.
It should be noted that this was not a form of ‘tuning/correlating’ the model as only a
single data point was used independently from the rest of the results. For instance, if
this process was done for all data points and then an average was taken, then this
would be ‘tuning/correlating’ as data from all results were used. However, in this case,

no information was used from all other results other than the one being used.

Resin infusion requires the selection and combination of both the fibres and resin
(rather than being supplied as a single pre-manufactured material such was the case

for prepreg). Therefore, the constituent properties were less limited. The fibres used
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in the study were HiMax FCIM312 supplied by Hexcel,77 however, the datasheet for
this fabric!78 did not specify which exact fibre is used. Instead, based on the various
fibres that Hexcel supplies, an estimation for Young’s modulus and tensile strength
could be achieved79. These datasheets did not provide the Poisson’s Ratio for the
fibres, however, the literature used for the fibres properties of the prepreg material
was used instead. The only relevant property that was listed on the material property
datasheet for the epoxy resin!8¢ was the tensile strength. The modulus and Poisson’s
ratio were selected based on the literature reviewed for the autoclave material
properties. Since the compressive strength of the matrix was not listed in the material
property datasheet, the same ‘inverse’ modelling approach to determine the strengths
was undertaken. To evaluate the accuracy of this approach, the same procedure was
also followed for the tensile strength. A result of 57.1 MPa was predicted which was
comparable to the range presented by the datasheet (65.5-73.5 MPa). A summary of

the material properties used is documented in Table 6-7.

Table 6-7 Summary of the constituent material properties used in the models.

. Young’s Poisson’s Tensile Strength Compressive
Constituent .
Modulus / GPa Ratio / MPa Strength / MPa
Fibre 300 0.20 5.0X103 N/A
Matrix 3.0101,174-176 0.35161,174,175 65.5-73.5, 57.12 429.8b

aModel strength prediction.
b Compressive strength comes from subsection 6.4.1.

6.3.5.1. Matrix strength determination
As detailed in subsection 6.3.5, the matrix tensile and compressive strength had to be

determined. A single data point from both the compressive and tension results was
taken and whilst any could have been used, the data from the laminates with the lowest

void content was chosen.

To determine the tensile strength of the pristine prepreg matrix (for the autoclave
representative models), the RUC was loaded until the calculated strength of the model
matched the experimental strength of 60.4 MPa. At that point, the matrix element with
the highest stress was 79.13 MPa. The same process was done in compression where
the RUC was loaded to 177.9 MPa, matching the experimental results, which resulted
in a maximum stress of 232.4 MPa. The location of the maximum stressed elements

can be seen in Figure 6-11.
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Figure 6-11 Von Mises stress distribution and maximum stress within the matrix elements of the
RUC. (A) represents the tensile model with a deformation scale factor of 28 times and (B) represents

the compression model at a scale factor of 9 times. The units are in TPa.

The matrix elements with the maximum stress represent the homogenised stage 1
strength, therefore the respective stage 1 models were loaded until the calculated
strength matched the maximum stress from the stage 2 model. At this point, the
maximum stressed element within the stage 1 model was recorded as this represents
the pristine matrix strength. The model predicts a tensile strength of 143.2 MPa and a
compressive strength of 357.9 MPa. These results were cross-referenced with typical
values found in literature where Hobbiebrunken et al7¢ measured tensile strength of
135+21 MPa for thin strands of epoxy resin (to minimize the inclusion of defects found

in macro tests) and predicted a compressive strength of up to approximately 327 MPa.

The same procedure was followed to determine the matrix strengths of the resin
infused laminates. Whilst the supplier datasheet did report tensile strengths, the
opportunity was taken to compare how well the model can predict the strength. For
both the tensile and compressive strength, the laminate with the lowest void content

laminate was chosen to base the strength prediction on (T.L. 1 and C.L. 1).

The RUC in stage 2 was loaded in tension until the global stress state (combination of
the reaction force and CSA) matched the experimental strength, at which point the
maximum matrix stress was 35.5 MPa. The void module was then loaded in tension
until the global stress state matched the 35.5 MPa of the RUC. At that point, the
maximum stressed matrix element was 57.1 MPa, which is taken as the tensile strength
of the resin. The supplier datasheet reports a matrix tensile strength of between 65.5-

73.5 MPa, resulting in the model predicting the strength of approximately 8MPa lower
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than what is reported. It was considered that these results are comparable. The same
process was followed in compression where the RUC predicted a homogenised matrix
stress of 290.4 MPa and subsequently, the void module predicted a pure resin

compressive strength of 429.8 MPa.

6.4. Model correlation to experimental results

6.4.1. Autoclave representative models
Having determined the strength properties of the matrix it was possible to use these

values to predict the transverse strength for each laminate. The homogenised
knocked-down matrix strength from the stage 1 model and transverse strength from

the stage 2 model are presented in Table 6-8.

Table 6-8 Results from the Stage 1 and 2 models of the autoclave representative models.

*Represents the models used to calculate pristine matrix properties.

Stage 1 Strength /  Stage 2 Strength /

Model Representation

MPa MPa

0.59 MPa* 790.1 60.5

. 0.39 MPa 78.9 60.3
Tension 0.19 MPa 76.9 58.7
0.05 MPa 78.9 60.3

0.59 MPa 214.3 163.8

. 0.39 MPa* 232.4 177.9
Compression 0.19 MPa 222.3 169.9
0.05 MPa 209.2 159.8

To compare how the model correlates to the experimental testing, both sets of results
were plotted on a graph as shown in Figure 6-12. The data points for the lowest void
content correlate perfectly, as these were the points used to predict the matrix
strength. When comparing the remaining results two features were evaluated. Firstly,
the overall trend and secondly how well each specific model compares to the

corresponding experimental data point.

For the tensile series, it was found that there was a small decrease in strength observed
between the three lowest void content models and the last model increases in strength.
This increase in strength is explained by the histogram, shown in Figure 6-13 where
there are a small number (~15%) of large, elongated voids compared to the majority of
significantly smaller voids. This has the effect of skewing the mean measurement to be

larger. For instance, the larger voids have a major axis length of between 135-165um,
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compared to the major axis length of the smaller voids, which make up ~80% of the
laminate, of up to 45um. This gives a mean measurement of 58um resulting in the
representative void having a major axis length that is larger than ~80% of all the voids.
Representative voids of the two types are shown in Figure 6-14 As shown in
subsection 4.4, a void with a larger aspect ratio in the loading direction results in a
smaller stress concentration. This has the effect of requiring a higher applied
stress/load for the same maximum stress found at the stress concentration/void.
Therefore, since the large and elongated voids had the effect of reducing the stress
concentration this resulted in the predicted strength increasing. Also, all tensile
models overpredict the strength to just outside of the experimental error, again, this
is likely due to taking the mean of all values for the same reason. For the compression
results, three of the four models correlate very well with the experimental results,
however, there is one model which overpredicts the strength. Since the modelling
approach is sensitive to the geometry of the void, the discrepancy is likely to be due to
non-representative void dimensions being used. These results show that taking the

mean value is likely to not be the most representative and other statistical approaches

should be investigated.
A 70 B 190
—»— Experimental Strength i—x— Experimental Strength
—»— Model Prediction |—*— Model Prediction
65 | 180 '
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Figure 6-12 Modelling results for (A) tension, and (B) compression, correlated against the

experimental results, presented as a function of the void content.
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Figure 6-13 Relative frequency histogram plot of the void size distribution of the 0.05 MPa tensile

laminate showing that a significant number of voids are extremely elongated.
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Figure 6-14 Representative large and small voids observed that form in the 0.05MPa laminate.
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6.4.1.1. Porosity characterisation with various statistical approaches
It was clear that for both the tensile and compressive series of models, taking the

overall mean void dimensions is not always the most appropriate. This led to the

investigation of different statistical approaches, including:

e Mean — All: This is the approach used in the previous section, where the mean
of all measurements was taken.

e Mean — Std. Dev: This is taking the mean of measurements that fall within
one standard deviation of the overall mean. This has the effect of removing any
outlying values as shown in Figure 6-13.

e Median: This is using the middle value of all measurements.

e Mean — Lower Third: This is ordering all measurements in ascending order
and taking the mean of the smallest third. This is working on the assumption
that failure is initiated from the smallest voids which would have the highest
stress concentration. It is also seen from the histograms that in most cases the

majority of voids are within this region.

The void dimensions for each statistical approach are summarised in Table 6-9. The

full stage 1 void module geometry for each model is detailed in Appendix C.

Table 6-9 Representative void dimensions for each statistical approach.

Mean — All Mean — Std. Median Mean — Lower

Laminate
Designation / um Dev / pm / um Third / um
90DT - 0.59 MPa 7.86X7.01 6.76x5.79 6.98x5.55 4.78x3.71
90DT - 0.39 MPa 7.45x6.95 6.45X5.6 6.82x5.33 5.08x4.24
90DT - 0.19 MPa  21.54x18.84 16.99x11.21 19.08x12.29 8.08x7.04
90DT - 0.05 MPa 57.58x28.48 36.74x19.23 41.39x23.08 16.4x10.81
90DC - 0.59 MPa 11.97x8.83 9.11x6.7 9.59x6.51 6.84x4.68
90DC - 0.39 MPa 10.14x6.11 7.96X5.29 8.64x5.56 5.86x3.64
90DC - 0.19 MPa 13.33x8.68 9.79x6.62 10.94x6.5 6.87x5.25
90DC-0.05 MPa 25.72x18.86 13.94x13.79 19.66x16.23 8.43x6.71
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Figure 6-15 Model correlation to experimental results using different statistical approaches, for
(A) tension and (B) compression.

The correlation between the FEA models and the experimental results can be seen in
Figure 6-15. Whilst most all models show an over-prediction, the modelling
approaches that build the stage 1, which use all values such as Mean-All and Median,
significantly over-predict. This can be explained by the inclusion of the larger and
elongated voids which results in the associated representative void having an aspect
ratio larger than the majority of voids (as explained previously in subsection 6.4.3).
The larger aspect ratio results in a reduced stress concentration requiring a larger force
to reach failure. On the other hand, the approach that specifically only uses the lower
third of measured values was found to correlate best across almost all results. When
only considering the smaller voids results in the best correlation, giving further
confidence that it is the smaller voids with higher stress concentrations (due to the
smaller aspect ratio compared to the elongated larger voids) that dominate the failure
behaviour. The only exception to using this approach was for the 0.05 MPa tensile
laminate. When analysing the associated relative frequency histogram plot, Figure
6-13, it can be seen that for both the minor and major axis lengths, within the lower
third of measurements, there is a broad spread, rather than a normal distribution. As
such, the histogram shows that the majority of voids had a major axis length of
between 15-30um and a minor axis length of 0-45um. It was for this reason that it was

chosen to update the model using a spherical void of diameter 2o0um. The correlation
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using the Lower Third approach and updated modelling geometry for the 0.05 MPa

tensile model can be seen in Figure 6-16.
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Figure 6-16 Final model correlation to experimentally recorded values, for (A) tension and (B)
compression.

Avery good correlation was found when comparing the FEA model to the experimental
results. Overall, both series of models predicted a degradative trend with increasing
void content and the compressive models captured the non-linearity found in the
experimental results. As shown in Table 6-10, all models had a good correlation to
the experimental results where the tensile predictions were all within 10 % and the
compressive predictions were within 4 %. Almost all models predicted strengths
within the experimental variability with only the model representing the 0.19 MPa

laminate falling just outside of the error bars.
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Table 6-10 Correlation between the mean experimental strength and the strength predicted by the

model.
. Mean Model Strength .
Void Content . L. Correlation
Load Case Experimental Prediction
]/ % / %
Strength / MPa / MPa
Tension — 0.59 MPa 0.63 60.47+6.66 60.5 0.1
Tension — 0.39 MPa 1.28 52.76+5.43 57.5 5.6
Tension — 0.19 MPa 0.88 55.33+5.01 57.7 9.4
Tension — 0.05 MPa 2.01 50.95+5.37 52.8 3.6
Compression — 0.59 0.87 g
177.9+9. 178.0 0.1
MPa 77 4 7
Compression — 0.39 0.66 6
163.3+3. 172.2 .
MPa 3.3%£3.7 7 39
Compression — 0.19 1.14 g 3
155.8+4. 180. 1
MPa 55.0+4.7 5 3
Compression — 0.05 1.58
154.5+6.9 155.7 0.8
MPa

Whilst there is a general decrease in strength as void content increases, there is one
model where the strength slightly increases. This can be due to other parameters, such
as major and minor axis length, being changed between the models, yet only the
strength of the material is plotted against void content. This means that each of the
models will correlate differently to the experimental data, and for this study, the model
representing the 0.19 MPa laminate (0.88 % void content) had a better correlation

than the model representing the 0.39 MPa laminate (1.28 % void content)

Overall, by considering both the void content as well as void geometry, the modelling
framework can accurately predict the strength of the laminates with varying degrees
of porosity. These results show that when accurate porosity characterisation data is
available, the modelling framework can accurately predict the knockdown in

transverse strength.

6.4.2.Resin infused representative models
The resin infused representative models were next evaluated, where Table 6-11

documents both the void module and RUC strengths for each laminate, as well as the

experiential strength for the respective laminate. As documented in subsection 5.5.5,
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only specimens 1-13 were considered for laminate C.L. 3 as it was found that the
remaining specimens have a different void content. Therefore, the model is only
representative of specimens 1-13. The correlation between the model prediction and

the experimental results is illustrated in Figure 6-17.

Table 6-11 Strength predictions of Stages 1 and 2 including the experimental results.

Laminate LD. Stage 1 Stage 2 Strength / Experimental
Strength / MPa MPa Strength / MPa
T.L.12 35.49 12.40 12.40
T.L. 2 35.06 11.90 9.26
T.L.3 32.13 11.22 9.77
T.L. 4 31.95 11.17 10.80
C.L.1b 200.4 116.8 116.8
CL.2 286.4 114.1 116.1
CL.3 273.4 109.3 109.9 B
C.L. 4 — Micro 254.7 102.1 110.5
C.L. 4 — Discrete 289.3 115.7 110.5
CL.5 255.3 102.1 111.4
CL.6 256.8 103.0 108.8

aRepresents model used to calculate pristine matrix properties.
bMean of specimens 1-13 from laminate C.L. 3.
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Figure 6-17 Correlation between the model and experimental results for (A) tension and
(B) compression.
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For both the tensile and compressive models there is a good correlation at lower void
contents. The model correlates extremely well for void contents up to 1.2 % in both
cases, however, past this point, the correlation deviates. This is likely due to the
variation in void content and strength across the laminate; this is evaluated further in

the discussion chapter.

6.5. Chapter Summary

This chapter aimed to describe how the results of the experimental campaign were
used to build representative models using the developed modelling framework. The
microstructure parameters used to build the models were the void content and void

size as well as the fibre distribution.

For each laminate, a representative model was built to compare against the
experimental test results. For the modelling, it was assumed that the voids were evenly
distributed, and therefore, just a single representative void was modelled. The
geometry of the stage 1 model was determined based on the overall void content and
aspect ratio of the void, which was assumed to be elliptical. The geometry of the stage
2 model was determined based on the fibre distribution measurements and to enforce
periodicity, periodic boundary conditions were implemented. Mesh convergency

studies were undertaken for each set of models.

To use the model the matrix strength must be known, however, due to the
confidentiality requests from the manufactures, this information was classified. To
resolve this, the modelling framework was used in reverse, in combination with the
experimental data from one of the laminates (lowest void content), for each set of tests
(load case and manufacturing process). This allowed for the modelling process to be

used to determine the matrix strength.

Initially, for the voids within the autoclave manufactured laminates, it was determined
from the histograms that the void dimensions followed a normal distribution and
therefore the mean lengths were taken, however, this resulted in poor correlation to
the experimental strength. For this reason, multiple statistical approaches were
evaulated, and it was determined that by only considering the smallest voids (i.e. the

‘lower third’ of voids measured) the results correlated the best.
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When determining the representative void size for the resin infused laminates, it was
established that the most appropriate representation for a single void was to use the
mean dimensions. This was due to the central peak in each of the histograms
suggesting that a normal distribution was present. The modelling approach was able
to accurately predict the reduction in strength for void contents up to 1.2 % for both
the tensile and compressive laminates. For laminates with higher void contents, the
model does not correlate as well; this was concluded to be due to higher variation and
more complexity and as such, only modelling a single void is not representative of the

whole laminate.
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~7. Discussion
7.1. Chapter Overview

The purpose of this chapter is to review and interpret the relevant results that have
been presented in this PhD thesis, highlight the implications and benefits of the

research, and acknowledge the limitations of the research.

7.2. Research Aim and Summary of Key Finding

This subsection gives a high-level summary of the key findings, which are then

examined in more detail in the following subsection.

Manufacturing defects in composites are common and while significant research has
been undertaken to reduce them, they cannot be avoided completely. Therefore,
various defects must be considered when designing composite structures, particularly
for load-bearing purposes. One such defect is porosity, which has been shown to
degrade various mechanical properties. The overarching aim of the research within
this thesis was to evaluate if the proposed modelling framework, conceptualised from
investigating the current state-of-the-art porosity modelling approaches, could
accurately determine the reduction in transverse strength in composites containing

porosity.

The first objective that was investigated using the modelling framework was to validate
if it can predict a change in strength and investigate how void geometry affects strength
reduction. The results showed that the geometry of a void affects the strength and that
there is a correlation between the stress concentration factor and strength knockdown.
Recent research has begun to identify that the geometry of voids is also important in
determining the strength knockdown factor, as found here. For instance, Little et al.12
and Stamopoulos et al.:o© demonstrated that the strength of different composites
containing the same void content can vary due to differences in the geometrical

properties of the porosity. To ensure that the model was calculating the stress
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accurately, the model was adapted to be representative of a plate and the results were

compared successfully with an analytical solution.

The next objective involved exploring which composite properties were affected by
porosity through mechanical testing. In this work, the tensile and compressive
strength and modulus were calculated in the longitudinal and transverse directions for
two different manufacturing processes. The results showed that only the transverse
strength in tension and compression was significantly affected by porosity, and no
effect could be observed on the longitudinal strength and all elastic moduli. Additional
DMA tests were performed to establish if there was any variation in the mechanical
properties of the cured matrix due to varying the applied pressure. The results showed

no variation was present.

The porosity within all laminates was characterised to determine which material
properties were affected, but also to use the characterisation data as inputs into the
modelling framework. The void content, geometry of the voids and fibre distribution
were measured. From the optical microscopy it was observed that the void geometry
was approximately ellipsoidal in shape, as previously illustrated in Figure 5.9, within
Chapter 5. Therefore, by using this approximisation the major and minor axis were
measured, with reference to the loading direction. A detailed characterisation study
for the porosity within the resin infused laminates was undertaken to determine if
there was a significant variation along the length of the laminate. Whilst the majority
of the laminates showed no significant variation, one of the laminates exhibited a
difference in void content at the in-inlet end of the laminate. This region was excluded

as inputs into the models and only the regions with uniform porosity were compared.

The final objective was to conduct a correlation campaign where the developed
modelling framework was used to predict what the laminate transverse strength is for
the given porosity parameters and compare it to the experimental results. It was found
that the models correlated very well for the autoclave processed laminates, and for the
resin infused laminates that contained a void content of below ~1.2%. Through
undertaking the correlation campaign, it was found that it was important to use the
correct statistical representation of the porosity within the laminates. For instance,
whilst using the mean void dimensions was appropriate for the resin infused

laminates, it was more appropriate to use the void dimensions from the ‘lower third’

211



7. Discussion 2024

of voids measured. When other statistical approaches were used, lower correlation was

achieved.

7.3. Results Discussion

7.3.1. Novel Model Conceptualisation
Following the literature review, the initial objective was to conceptualise a novel

approach for predicting the effect on the mechanical properties of composites
containing porosity. The literature review showed that there are typically two
approaches to modelling the effect of porosity: either a 2D model where voids are
modelled as gaps in the matrix, such as the models presented by Vajari:$* and
Chowdhury et al.’82) or a 3D mode where matrix elements are selected, as done by
Zhang et al.183, where the modulus is degraded to represent a void. Both approaches
can be used to vary the void content by adjusting the volume fraction of gaps/defective
elements. However, both approaches have a significant flaw, they are not able to
accurately represent the geometry of the voids. In the 2D models, the voids are
modelled as infinitely long. For the 3D models, the voids must take the shape of the
elements and so possess flat sides and sharp edges/vertices. In both cases, it is not

possible to accurately capture the local stress field around the voids.

In recent research,'2100 it has been suggested that the shape of voids is also a factor in
how porosity affects the degradation of the material properties. Therefore, by not
accurately representing the geometry, and solely focusing on the void content, the
models may not be fully representative. To address this, a novel approach was
conceptualised, based on the assumption that voids act as stress concentrations on the
matrix, causing a detrimental impact on the composite strength. The approach first
evaluates how voids act as stress raisers in neat matrix, i.e. without considering the
fibres, results in a ‘knocked down’ matrix strength that can then be used in a

conventional RUC to give ply properties.

There are several advantages to this modelling framework. First, unlike the previous
models already established, there is no modelling-specific limit on how well the
geometry can be represented. Any shape/size/distribution of voids can be included in
the modelling approach. Instead, the limitation is on the characterisation processes to

determine the geometry representing the voids (such as the 2D optical microscopy that
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cannot measure depth, or u-CT that has difficulties in identifying small voids). Another
advantage of this approach is the computational efficiency. Not including fibres in the
first stage of the model and only focusing on modelling the void in the matrix greatly
reduces the element count in the model. This is because, to ensure the accuracy of the
model, a sufficient number of elements/nodes should be located around any
geometrical feature, such as a void or fibre. Therefore, by not including the fibres these

additional elements are not required.

This multistage modelling framework is the focus of this PhD thesis and set the main
aim which was to determine if it can be used successfully to predict the effect on the

mechanical properties of voids in composites.

7.3.2. Model Development
The first study using the modelling framework was an investigation into how varying

the porosity parameters previously mentioned affected the strength. First, a study was
conducted where a single spherical void was modelled, and the amount of surrounding
matrix was varied. It was expected that as the volume of the matrix was reduced, in
turn increasing the void content, the strength would decrease. Instead, the amount
that the strength was reduced by was negligible. It was later determined, after
investigating the relation of stress concentrations to this work, that the minimal
change in strength was due to the large amount of material surrounding the
void/stress concentration and any subsequent variation to the void volume fraction
had no effect on the results. The next study involved changing the aspect ratio of the
void, and again the results could be explained using stress concentrations. As the void
aspect ratio increased either in the transverse direction or in the longitudinal
direction, the required applied stress to achieve a given maximum stress at the stress
concentration would either decrease or increase, respectively. These results show that
since voids act as stress concentrations, the geometry of the void is important to

determine at what load failure will occur.

To ensure that the model calculates the stress in the model correctly, a series of models
were set up and compared to a representative analytical model. A limitation of the
analytical model is that it can only be used for 2D/plate-like structures. Therefore,
rather than modelling voids in their full three dimensions, they were simplified to

‘defects/notches’ in plates. Whilst this was a simplification, the same modelling
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procedures were used (meshing, boundary conditions, force calculation etc.) and so it

could be considered the same modelling approach.

The results from the numerical and analytical models showed a very good correlation,
with all numerical predictions within 5% of the analytical solution. The analytical
solution suggests that two main parameters affecting the maximum stress at a stress
concentration are the radius of curvature of the stress concentration, and the defect
size. Studies were set up to investigate both parameters, and the results showed that
whilst they both affect the maximum stress for a given applied load, their contribution
differs. It was found that as the defect/notch size increases, the required stress for a
given maximum stress at the stress concentration reduces non-linearly, as previously
illustrated in Figure 4-14 within Chapter 4. This could be explained such that as the
size of the defect increases, the rate of change of the radius at the stress concentration
reduces (i.e. the change in stress concentration reduces) and; therefore, the change in
applied load for a given maximum stress reduces. On the other hand, it was then found
that the effect of the stress concentration radius has a linear effect. As the stress
concentration radius either reduces or increases the load required for the maximum
stress to be reached increases or decreases, respectively, as previously illustrated in
Figure 4-20 within Chapter 4,. These results suggest that whilst both parameters
(size and radius) are important and contribute to stress located at a stress
concentration, voids that are sharper and have higher stress concentrations are likely
to be more detrimental than larger voids in their impact on strength. It should also be
noted that the analytical model suggests that if the void is spherical, then regardless of

how big or small it is, it will always have the same stress concentration factor.

The studies that had been undertaken to investigate the void parameter contributions
were solely focused on the stage one model, i.e., how a void degrades the pristine
matrix properties. However, the overall modelling framework also includes the next
stage, where the homogenised matrix properties are used in an RUC to provide the ply
properties based on the porosity being modelled. The second stage of the modelling
approach was not included since its effect would only be to scale the strength
accordingly as the same RUC would be used; therefore, this does not provide useful

and novel research.

Nevertheless, the results have shown that it is not solely the void content that is

important, but also the geometry of the voids plays a significant role in the impact of
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strength. This had been identified in the literature review with previous focus on the
void content; however, recent publications have demonstrated that the geometrical
properties must also be considered. This research has shown that these parameters
must be accounted for accurately to have a representative model, as the results can

otherwise vary significantly.

7.3.3. Experimental Testing
The objective of the experimental campaign was to validate and confirm which

mechanical properties were affected by porosity, investigate how the porosity forms
geometrically, and characterise the microstructure (porosity and reinforcement) to be
able to use as inputs into the modelling framework in the subsequent chapter. Two
manufacturing processes were used to produce laminates with various degrees of
porosity. This was to determine how well the modelling framework correlates with

laminates manufactured either with or without the use of an autoclave.

There are a variety of different load cases that define a composite strength, such as
flexural, torsion or interlaminar shear strength. Due to time constraints, it was not
practical to investigate in great detail the effect of porosity on all mechanical
properties; therefore, tension and compression tests were chosen. These were chosen
as they are the dominant mechanical properties used in the calculations for composite
layup design/classical laminate theory84. In addition to this, it was considered that
the modelling framework could already be used for structures in flexural loading since,
by the nature of the load, there will be regions of the structure in either tension or
compression. Thus, it would be possible to use the modelling framework locally on
different regions of the structure/position in layup. Consequently, it was determined
to be more appropriate to ensure that the modelling framework could be used in

tensile and compressive load cases before developing it for more complex loading.

The literature review showed that the transverse strength in both tension and
compression is affected by voids; however, there were conflicting reports on whether
the longitudinal compressive strength is affected2s3°. Likewise, there was also
disagreement as to whether voids affect the elastic modulus in all load cases. For this
reason, it was chosen to test both the strength and elastic modulus in both the
longitudinal and transverse directions to determine exactly what is affected. This was

done for the laminates processed using an autoclave. Since the results showed that
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only the transverse strength was affected, only transverse specimens were
manufactured through OoA processing and instead, the effort was focused on the

porosity inspection.

To evaluate how the mechanical properties were affected by the porosity, before
evaluating the mechanical testing results, the porosity was characterised for each
laminate. The porosity parameter characterisation was undertaken through
microscopy. Whilst this is a common approach, it can only be used to evaluate the
microstructure in 2D, meaning depth was not considered. This affects all parameters
as the overall void content and void geometry include void depth. The first approach
to address this drawback was using an optical profiler as this was able to show that the
voids were not infinitely deep as some studies suggest.57 A second approach was to use
u-CT scans as this is a common approach to characterise porosity at high fidelity. p-
CT scans were done for several of the autoclave processed laminates. Unfortunately, it
was not possible to identify the large number of small voids since there was not a
distinct difference in attenuation between the matrix and void/material free region.
This could only be identified since a few large voids were identifiable due to phase
contrast edge enhancement where the attenuation at the edge of the void fluxtuates
resulting in the outline of the voids being present. The u-CT scans were used to
measure the fibre volume fraction which correlated very well with the results found in

the literature.

Consequently, as shown in the literature7:172, it was expected that as the autoclave cure
pressure reduced the void content in the laminate would increase. Whilst this was
generally the case, in a few cases this trend was not observed. For instance, the
transverse tensile laminate cured at 0.19 MPa had a lower void content measurement
than the same laminate cured at 0.39 MPa. This was also observed for the transverse
compression laminates cured at 0.39 MPa and 0.59 MPa. The reason for these
inconsistencies can likely be attributed to the manufacturing process not being
completely controlled. For instance, the laminates were not manufactured/laid up in
an environmentally controlled room meaning the temperature and humidity could
vary. Particularly if the humidity in the room on a given day was higher, then this in
turn could likely result in higher moisture being trapped between the plies of the layup
and result in the laminate having a higher void content. This has been shown in

literature where Anderson and Altan'9 demonstrated that by increasing the humidity
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during prepreg processing, the void content increased. Another factor to consider is
that the laminates were laid up by hand; therefore, the pressure applied when rolling
a ‘squeegee’ after applying each ply could vary. If less pressure was applied when laying
up one laminate, this again could result in a higher void content. Ultimately the
strength of the laminate is studied against the void content, not the processing

pressure.

When measuring the void content, a high error was observed, as expected. Due to the
nature of microscopy, only a ‘snapshot’ of a given region is captured. Since the voids
do not generate perfectly periodically each region imaged will vary. In the case where
there are large voids present in the laminates (such as when little pressure was applied
or the resin was not degassed prior to infusing), depending on the number of large
voids captured in the image would significantly change the measurement of that
image. To minimise this error, a significant number of images were taken and

processed.

To vary the porosity for each laminate, the autoclave cure pressure was adjusted. This
successfully resulted in different void contents for each laminate; however, one
uncertainty was whether the change in cure pressure affects the mechanical properties
of the matrix. It was hypothesised that as the cure pressure reduced the cross-link
density of the polymers would consequently reduce. This in turn would result in a
change in the matrix's elastic modulus. Whilst this technique for varying void content
is a common approach seen in literature3°.71172) to ensure that the technique is valid
and is not introducing additional variables into the study, the hypothesis was
investigated. This was done in two stages, first, a detailed literature review was
conducted to determine the cure mechanics of epoxy resin and any studies
investigating the influence of cure pressure on elastic modulus. Secondly,
experimental tests were conducted to determine if any variation in the matrix between

samples cured at different pressures was present.

The literature search concluded that by increasing the cross-link density the elastic
modulus should increase8¢. However, when it was investigated what process
parameters affect the cross-link density, it was determined that only the cure time,
temperature and hardener-to-resin ratio affect the cross-link density.808: Instead, it
was found that the purpose of the pressure during the curing process is to improve the

consolidation of the layup so that the void content is reduced and to extract excess
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resin.®9.90 Thus, these findings suggest that reducing the cure pressure will not have an

effect on the elastic modulus of the matrix used in the autoclave processed laminates.

To further valid this conclusion, experimental tests were performed to study any
variance in elastic modulus as the epoxy resin cures. Initially, the resin used for the
infusion laminates was trialled; however, this resin system was designed for room
temperature cure and when cured at elevated pressures the temperature could not be
controlled (even when full cooling was applied), as the additional pressure resulted in
elevated temperatures. Since the literature review showed that cure temperature does
affect the matrix's mechanical properties, accurate and valid comparisons cannot be
made. Additionally, due to safety concerns associated with the uncontrolled
temperature of curing resin, further attempts were aborted. Instead, DMA tests were
employed using the remaining material from the autoclave cured laminates, that had
been cured at different pressures, to determine the glass transition temperature for
each laminate. As illustrated in Figure 7-1(A), the results showed that there was no
trend between the cure pressure and the glass transition temperature of the laminates.
In the research presented by Bandyopadhyay et al.8! their results showed a correlation
between the crosslink density and the glass transition temperature as well as the
crosslink density and Young’s modulus, as illustrated in Figure 7-1(B). Since the
results of the DMA tests have shown no trend between cure pressure and glass
transition temperature, it can be concluded that there is no significant variation in
crosslink density between the laminates cured at different cure temperatures, and
therefore the elastic modulus is consistent between the laminates. This correlates with
the literature review in subsection 2.6, where the influence of pressure on the matrix
cure was investigated. It was found that the range in pressure applied, does not
influence the matrix cure but rather is used to improve consolidation and reduction of

void content.
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Figure 77-1 (A) Glass transition temperature variation due to cure pressure, and (B) relation between
crosslink density and glass transition temperature and Young’s modulus.

A more detailed investigation was undertaken for the laminates that were
manufactured through resin infusion, to study how the void content varies along the
infusion length. This was investigated as it was considered that the draw of the vacuum
may degas the resin, resulting in a lower void content at the outlet end to the inlet end.
Also, due to the less controlled nature of resin infusion, it could be expected to have
more variation within the laminate. For 7 out of the 10 resin infused laminates, the
results showed only a minor fluctuation in void content along the length. The minor
fluctuation can be attributed to the high measurement variation as previously
discussed. The three laminates that had a notable change in void content were all
manufactured to have a higher void content percentage. It was found that for these
laminates with higher void content fractions, the error was also larger, which suggests
that higher void content fractions lead to higher local variation (not to be confused
with variation across the length of the laminate). When comparing the range in void
content across the laminate infusion length to the measurement error, it was found
that the range falls within the error. For this reason, it cannot be concluded that there
is a variation in void content along the length of the high void content laminates, only

that there is high local variation in the same region.

As well as measuring the void content, the geometry of the porosity was studied. The
results for both the autoclave and resin infusion showed that whilst there is variation
in the dispersion, the voids are spread evenly throughout the laminate, i.e., they do not
only exist at ply boundaries, or at the centre/outer plies. The shape of the voids within

the autoclave processed laminates were ellipsoidal whereas for the resin infused
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laminates spherical, ellipsoidal and arbitrarily shaped voids were present. These
observations are consistent with the literature.57:185 This again suggests that the void
form resulting from OoA processing is more complex. The dimensions of the voids
were measured by their major and minor axis. This was achievable for the spherical
and elliptical voids; however, this is a simplification for the arbitrarily shaped voids
since it is not possible to measure and recreate the exact shapes for all of the arbitrarily
shaped voids. Instead to account for these voids their approximate length and width

were measured.

The void size measurement results for the voids within the autoclave processed
laminates showed that the porosity was made up significantly of small voids
(approximately 5-10 um in length). However, in the lower pressure cured laminates,
such as the 0.05 MPa laminate, there was a notable number of larger voids, up to 165
um in length, resulting in a skewed normal distribution. In contrast, the size
distribution for the voids from the resin infused laminates showed a normal
distribution. Capturing the correct distribution is important as it is used to determine

how to correctly represent the porosity in the modelling framework.

The void content for each laminate was used to compare the strength of each laminate.
The results of the autoclave manufactured laminates showed that whilst the transverse
direction was significantly affected, there was no notable correlation between void
content and strength in the longitudinal direction. There is a general agreement in the
research community that the longitudinal tensile strength is unaffected by voids,
which has been confirmed by these results, as the load is carried predominately by the
fibres. Nevertheless, there is disagreement as to what extent the longitudinal
compressive strength is affected. The reasoning is that whilst the load is again
predominately carried by the fibres, the matrix still has a role in supporting the fibres
from buckling and without the matrix (due to porosity), the fibres are more likely to
fail prematurely through micro-buckling of individual fibres. Although, as shown by
these results, only the transverse direction was affected and therefore, was only

considered in the subsequent modelling work.

For the resin infused laminates, the testing was focused on the transverse direction
and the strength was measured along infusion length. This was to supplement the
research on how the void content varied along the length of the laminate. For all the

laminates, where the specimens were loaded in tension, no significant trend or
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variation was found other than the expected experimental variation. The same was
true for five out of the six compressive laminates where no significant variation along
the length of the laminate was observed. However, for laminate C.L.3 , there appeared
to be a localised increase and decrease in strength at the inlet and outlet ends,
respectively. It is likely that at the outlet end there is just a single specimen that has
failed at a lower strength, which occasionally occurs in the other laminates (for
instance specimen number 5 and 2 for laminates C.L. 1 and C.L. 2, respectively). This
resulted in a false indication of decreasing strength. Conversely, this cannot be said for
the inlet end as there is a general increase in strength from specimens numbered 13 to
16. These are the last 4 specimens in the laminate and when compared with the void
content analysis, there does appear to be a reduction in void content towards the inlet
end. The nearest measurement to the inlet end was taken from specimen 14, which
explains why a more significant void content reduction was not recorded (as it is
expected that the void content continues to reduce further towards the inlet end).
From a modelling perspective, these regions need to be analysed independently;
therefore, in the subsequent modelling section, only specimens 1 to 13 were
considered. Whilst it would be possible to also model the inlet region with further
porosity evaluation, there are only a few experimental data points, thus, an accurate
representation of the strength in this region cannot be determined. Further evaluation

of this region was beyond the scope of this study and was not considered.

The modulus was also measured in all test configurations, again since there is
disagreement in the research community20:98.111 and to ensure that this does not need
to be accounted for. If it was affected, then this would need to be included in the
modelling process as this information will be required at the component design. The
results showed that there was no significant impact made on the modulus as the

porosity was increased for all test configurations.

7.3.4. Model Representation
The objective of the model representation chapter was to use the porosity

characterisation data that had been gathered to predict the failure strengths of the
laminates using the proposed modelling approach. The model predictions would then
be correlated with the experimental results to determine to what extent the modelling

framework can predict the reduction in transverse strength.
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Separate models were generated for each specific laminate which were built using the
void content, void size and fibre distribution data from the microstructure analysis.
Since the strength of the matrix was unknown for both the autoclave and resin infused
laminates, one tensile and compressive model was selected for both processing
conditions and used to independently determine the tensile and compressive strength
for each of the resin systems. Additionally, the remaining models for both tension and
compression were simulated, using the determined strength value, and compared to

the experimental results.

Using the modelling approach in a ‘reversed’ direction to determine the matrix
strength properties introduces an uncertainty into the modelling process. Since the
data from only one set of tests was used (it was chosen to use test data from the
laminate with the lowest void content) this does not have the effect of ‘tuning’ the
model to the experimental results, i.e., each model is independent of the others.
However, the accuracy of the model will dictate how accurate the matrix strength
prediction is, which consequently affects the performance of the model. To ensure that

the predicted values were accurate, two approaches were taken.

First, they were compared to the values of similar material published in the literature
to confirm that they were reasonable. Secondly, tensile and compressive tests were
conducted on the matrix used in the resin infusion tests. This was to validate that the
properties that the model predicts are representative of the material used in the
experimental testing. Two resin plaques were manufactured to increase specimen
numbers for additional certainty, as well as checking for any variation in
manufacturing. The results showed no variation between the plaques and therefore no
manufacturing issues were identified. The results of the tensile testing found that was
an acceptable correlation of -15.3 % for the strength prediction and 12.2 % for the
Young’s modulus. The difference can be attributed to the model simplifying the failure
to being brittle and instantaneous failure occurring, whereas the test results show the

material turning plastic before final failure.

In addition to the tensile testing, it was attempted to conduct compression tests,
however, the results indicated that the specimens did not fail correctly (i.e. not in pure
compression) and could not directly be compared to the FEM predictions. The mean
compressive strength was determined to be 98.8 MPa, with a standard deviation of

21.5 MPa. The large error is attributed to some specimens failing with a failure strength
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notably higher than the mean strength (with strengths observed as high as 193.7MPa).
Additionally, the transverse compressive strength of the resin infused laminates
(where the matrix strength is dominate) across all specimens had a mean strength of
112.5 MP and maximum observed strength of 126.6MPa. This results in transverse
compressive strengths that are 12.2 % and 22.0 % higher than the measured neat resin
strength respectively. It was expected that the neat resin strength to have a higher
strength in compression than the transverse compressive strength of the resin infused
laminates due to the addition of the fibres and voids. This suggests that the neat resin
samples failed prematurely. When inspecting the compression samples diagonal
failure could be observed, indicative of the samples being loaded in shear and not pure
compression. This can be attributed to the friction between the samples and the
platens not allowing for expansion, due to Poission’s effect, at the loaded ends. By
observing that the samples failed in shear, it is possible to predict the compressive
strength by comparing the shear and compressive strength of similar materials. By
evaluating the material properties presented in the book chapter “Mechanical
Properties of Polymeric Materials”8, it can be understood that the compressive
strength is approximately 1.97 times greater than the shear strength. By applying this
to the sample that failed with the highest strength, on the basis that it had the least
number of internal flaws, gives a compressive strength of 383.3 MPa. This gives an
acceptable model correlation of 12.1 %. The analysis of both the tensile and
compressive mechanical testing of neat resin suggests that the model predicted
strengths are representative and the procedure to determine strengths from the

experimental data is validated.

For the autoclave processed laminates, initially, it was found that the model was over-
predicting the strength, this was particularly true for the tensile laminates. On review,
it was determined to be due to how void size distribution was being characterised. The
mean length of major and minor axes was taken as representative. This would be true
if a normal distribution was present’ however, in this case, the distribution was
misrepresented in favour of the smaller voids. This was most notable in the major axis
where there were several larger and more elongated voids. By including these voids in
the mean calculation, the geometry of the representative void became more elongated.
When considering stress concentrations, a more elongated void would require a higher
load to reach the same maximum stress, which explains why the model overpredicts
the strength.
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Subsequently, it was determined that greater care was needed when choosing the
correct void size distribution; therefore, a study was undertaken to evaluate the most
appropriate distribution to be representative of the void sizes. The results from the
analyses found that using the lower third of measurements yielded the best
correlation. It was determined that the strength of the composite in the transverse
direction (which is matrix dominant) is dependent on the stress concentrations
resulting from the smallest voids, rather than around the large and elongated voids
where the stress concentration is lower. The final results of the models representing
the autoclave processed laminates showed good correlation; all models predicted a
strength that was within the measurement error and the predictions were within 10 %
of the experimental mean. This shows that the model is dependent on accurate

geometry information for good correlation.

The models that were built to represent the resin infused laminates showed good
agreement with the experimental results for lower void contents, up to 1.2%. However,
past this point, the model deviates. The lower correlation at higher void contents was
determined to be due to the void formation being more complex in that porosity range.
This also suggests that OoA processes result in complex and varied void formation,
particularly at the higher void contents. For instance, the void content results of the
tension laminates with the lower void contents showed less variation; however, when
the void content was increased, more variation in the void content was present. Whilst
the void content variation did not appear to have a significant influence on the
laminate’s strength, it is possible that due to the high variation in measured void
content, the void content used was not representative. Similarly, the lower void
content compressive laminates had very little void content variation, whereas the
higher void content laminates, in particular C.L.4 and 6, had much more variation. It
would also be expected that laminates with higher void content, particularly with
variation across the laminate, would be geometrically more complex, i.e., a larger
range of shapes, particularly more arbitrary. The difficulty in accurately characterising
the porosity without higher accuracy measurement equipment results in less
representative geometry being used and higher deviation from laboratory results. This
also goes some way to show the difficulty in modelling the effect that porosity has on
mechanical properties, and why low void content thresholds are set for structural
composites (such as the 1.0% limit on aerospace structures). Whilst there was difficulty

in the model predicting the strength past 1.2%, the model correlates well for laminates
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with lower void contents, which is the range in which the model would most likely be

used for.

-7.4. Research Limitations

This subsection details any limitations of the research presented throughout this thesis

and the implication that the limitation has on the results.

One such limitation was the failure criteria used to determine the failure of each stage.
It was assumed that the matrix of the composite fails through brittle failure and, as
such, when it was identified that a single element had reached the maximum allowable
stress, it was considered that total failure had occurred. This is not an unreasonable
assumption to take, the results of experimental campaign for the composite laminates
results showed little plasticity when the specimens were loaded in the transverse
direction, where the failure behaviour is matrix dominant, particularly in tension.
However, assuming brittle failure as the failure criteria limits further study into
damage propagation. For instance, studying how damage propagates between voids if
multiple voids are included in the stage 1 model, or the matrix-fibre interaction if
damage was to propagate around the fibres. These are detailed and specific studies
that were beyond the scope of this PhD project; however, to investigate such topics the
failure criteria would need to be adapted. The modelling framework has been designed
such that there is low difficulty to use different failure criterion; the stress tensors for
each element are determined which are used in the various failure criterion (in the

current case Von Mises Yield Criterion is used).

Another limitation of the modelling approaches that were taken was that only a single
void was considered representative of the global laminate porosity. This is a
simplification since the void measurement results showed a large variation in the void
sizes. The stress concentration theory that was considered in Section 4.5 assumed that
there is a single stress concentration on an infinite plate. This is not representative of
how porosity forms in composites; the microstructure characterisation results showed
that multiple voids form in close proximity to each other. In practice, having voids
within close proximity of other voids would result in higher stress concentration. For
instance, Hensaw et al.187 investigated this principle by considering holes in composite

plates. Their results showed that the stress concentrations around a hole significantly
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increase when secondary holes are in close proximity. They also found that the
arrangement was important; the increase in stress concentrations was magnified when
the secondary hole was out of alignment with the primary hole to the load. Likewise,
Davis et al.188 investigated how the stress concentrations in a homogeneous material
(for their study rocks were used) change as the void separation distance changes. Their
results agree with those of Hensaw et al.,'87 such that when voids are closely packed
and formed in an offset arrangement from the applied load, higher stress
concentrations result. This shows that considering only a single void, when the
microstructure has shown multiple voids in are in close proximity, is likely to result in
an overprediction in strength as the stress concentrations will be higher than if only a
single void was present. The focus of the thesis has been on the development of the
modelling approach and so, whilst the analysis that has been performed has been
simplified in this regard, it has allowed the development to progress. It is noted that
including the effects of multiple voids should be considered in further advancements.
A benefit of the modelling framework is that it allows for more complex geometry to
be modelled, and as such multiple voids of various shapes and sizes can be situated in

the stage 1 model and this phenomenon can be addressed.

Throughout the thesis, only tensile and compressive strengths were considered, whilst
numerous other strength properties define a composite such as flexural, torsional and
interlaminar shear strength. It was determined appropriate to only consider tension
and compression loading for two main reasons: first, as this is the development of the
modelling framework and is a novel approach, it was considered more appropriate to
ensure that the framework correlates well in tension and compression before
advancing to more complex loads. Second, tensile and compressive strengths are the
main strength factors when considering classical laminate theory which is
predominately used in the design of composite structures. For these reasons, it was
considered appropriate to only use the model to predict the tension and compression

strengths.

Throughout the thesis, 2D microscopy was the main contributor to characterise the
porosity. Whilst this is a common approach used,3° the main limitation to using 2D
microscopy is that the depth of the voids cannot be measured. Two attempts were
made to address this issue, the use of a 3D optical profiler and u-CT scanner. The 3D

profiler was able to show that the voids were not infinitely long, as has been suggested
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by other researchers; however, the full depth could not be measured since the voids
had to be sectioned to measure the depth. To measure the porosity geometry without
sectioning the voids, u-CT scans were undertaken. The resolution was not sufficient to
accurately distinguish small voids (micrometre scale) and only large voids (millimetre

scale) could be detected.
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8. Conclusions and Future Work
This chapter concludes this thesis by highlighting the current state of the art,

identifying the knowledge gap and summarising the aims of this study. The key
research findings are then summarised in relation to the project aims including any
limitations. This chapter finishes by proposing future research opportunities that

build upon this work.

8.1. Summary of Conclusions
There is a strong drive towards using composite materials in automotive applications

to improve both efficiency and reduce the impact on the environment. However, a
major obstacle is the significant manufacturing variability and associated deviation of
mechanical performance. One variability is porosity, where many researchers have
investigated the effect on different mechanical properties. Whilst there is
disagreement as to what extent the modulus is affected, there is a good consensus that
the transverse strengths are significantly affected. Predicting the effects on relevant
mechanical properties is essential in efficient composite designs. Initial modelling
processes, which are still very common, are 2D models whereby fibres and voids are
distributed throughout a plane and are assumed to be infinitely long. More recently,
there has been a focus on increasing the accuracy of void geometry representation. To
model voids in 3D, the most common approach is by randomly selecting several
elements and degrading their properties to near zero. After reviewing the relevant
literature, it is apparent that there is a drive towards developing modelling approaches
that not only account for the void content, but also accurate geometrical parameters.
This set the overall aim of the project to develop a modelling framework that can
predict the effect of porosity on the strength of carbon fibre reinforced polymer

materials.

Based on the reviewed literature, a modelling framework was developed and validated
against experimental data. The following concluding remarks of this thesis can be

summarised as follows:
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The first objective was to conceptualise the modelling framework. The
modelling framework can accurately represent void geometry by splitting the
procedure into two main stages; first, the effect of voids acting as stress
concentrations on pure resin is investigated and homogenised into the
‘degraded matrix’ and second, how the degraded matrix affects an RUC.

The second objective was to use the modelling framework to predict how the
geometrical parameters (void shape and size) affect the strength of a composite.
A series of models were developed whereby voids of different shapes and sizes
were modelled. The results showed that the shape of the void acts as a stress
concentration and significantly influences the local stress around the void. The
local stress was analytically compared with good correlation (less than 5%
difference).

The next objective was to conduct an experimental campaign to determine the
effect of porosity on the mechanical properties. The relevant data gathered
could then be used to validate the modelling process. The study investigated
two composite manufacturing processes, autoclave prepreg curing and resin
infusion. The results showed that the longitudinal properties were unaffected
by voids, even in compression, as some studies have suggested. Literature has
shown disagreement in whether the modulus is affected by voids; however, the
results found that it was also unaffected. The only property that increasing
porosity affects was the transverse strength in both tension and compression.
For the autoclave processed samples, a non-linear trend in the compressive
results was attributed to the shape of the voids being elongated resulting in
lower stress concentrations around the voids. This gives further evidence that
the void geometry must also be considered, rather than only void content.

To build representative models, an objective was set to characterise the porosity
of each laminate. This was accomplished for all laminates such that the void
content, shape, size and distribution were analysed.

The final objective was to use the porosity characterisation data to build
representative models. The results from the models representing the autoclave
manufactured laminate showed that the best correlation was found when only
the smaller voids (which represent the majority found in the laminate) were
considered. The models representing the resin infused laminates showed good

correlation for laminates containing void contents up to 1.2%, which is within
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the allowable void content range that structural composites are manufactured

to.

8.2. Future Work

The work presented in this thesis are the findings of the development of a novel

micromechanics multiscale modelling framework focusing on porosity in composites.

Several areas of interest have been highlighted where further investigations could be

continued, which are summarised in the following points:

Matrix characterisation. The biggest difficulty in the current work was not
knowing the exact strength of the matrix. This value was required for the stage
one model as it was used to determine when an element had failed, at which
point the homogenised strength could be calculated. Characterising the
material properties of the matrix will allow for a more accurate model.
Incorporation of plasticity. This is an expansion of the previous point
where higher accuracy material properties are used. The modelling in this thesis
used a linear brittle failure assumption as there was no plasticity observed in
the tensile stress-strain graphs and only a small amount was present in the
compressive load cases. Whilst a brittle failure assumption is in alignment with
published studies, it is a simplification, and some researchers account for
plasticity. Using test data to accurately incorporate plasticity within the model
material properties will result in a more robust model. Further work could also
investigate fibre-matrix cohesion as this is another area that is frequently
studied.

Porosity representation. Another factor that should be investigated is how
the representation approaches used affected the results. This was initially
shown in Chapter 5, where the results revealed that different statistical
approaches used to represent the porosity resulted in significant differences. It
would be extremely beneficial to further this work by including more complex
porosity geometry, such as multiple voids and arbitrary voids, etc. This also
coincides with the current research trends of investigating the effect of
geometrical properties rather than void content.

High-fidelity models using p-CT. This is a continuation of the previous

point of identifying a better representation of porosity. u-CT scans used to
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generate accurate porosity formation could be used to compare how well the
simplification approaches correlation. Whilst this was attempted in Chapter 5,
it was found that extensive trials to get accurate data were required and beyond
the scope of this project. It would be extremely beneficial to invest time into
conducting this research and comparing how a high-fidelity model compares to
that of the simplified approach.

e Fibre architecture. Only unidirectional composites were investigated;
however, woven composites are typically used on complex geometries due to
their excellent draping and shear properties. Nevertheless, it is also in these
regions where voids are often generated due to difficulties in consolidation. It
would be an interesting study to investigate how robust this modelling
approach is for more complex RUC.

e Real structures. Finally, it would be extremely beneficial to conduct a study
into the porosity formed in actual structures, how these compare to ‘laboratory’
flat laminates and use of the model to predict the reduction in strength. This
modelling process has been designed for structural design;therefore, it would
be beneficial to evaluate the robustness in a ‘real-life’ scenario and use the

results to update and develop the modelling framework accordingly.z
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10. Appendices
10.1. Appendix A — Python Scripts

The two scripts that were developed in the process of this thesis are presented here.

10.1.1. Void content measurement script

O~V A wNE

wuw

A Script that takes an image of a cross section of a CFRP composite and
calculates the void content.

The script takes an image, converts it to grayscale, applys a threshold
which either sets the pixels to complete black or white and plots histogram

Author: Ben Fisher, Cardiff University
Date created: 282@-March-85

Update log:
2020-March-86
1. plots each of the images
2021-December-@2
2. Save the last plot
3. Increase save figure dpi to 368
4. Remove axis ticks of all figures whilst leaving black boarder

nun

import numpy as np
import matplotlib.pyplot as plt
from PIL import Image, ImageFilter

import skimage
from skimage.viewer import ImageViewer
import sys

un

print (

; " "
2] T 1 R R S

print ("Start of script")

; " "
PRI (™ oo s s s s s s s s 3 s 3 0 P P 0 5 N N N 8 N S NS S NN S N P P s s s s oo )

print (nn)

print ("This image to be analysed is:")
img = Image.open('4@@8grit 5 minutes.jpg’)

arr = np.asarray(img)
plt.xticks([])
plt.yticks([])
plt.imshow(arr)
plt.show()

imgGS = img.convert("L")
arrGS = np.asarray(imgGS)
plt.xticks([])
plt.yticks([])
plt.imshow(arrGs)

arrGS = np.asarray(imgGS)
plt.imshow(arrGs)

Figure 10A-1 Void content script, lines 1-55.
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56

58
59

61
62

64
65

67
68

70
71
72
73

75
76

78
79

81
82

84
85

87
88
89

filteredImg = Image.fromarray(arrGS).filter(ImageFilter.GaussianBlur(radius=2))

plt.imshow(filteredImg, cmap='Greys_r')
print ("Blured grayscale image:")
plt.show()

imgBW_Blurred
arrBW_Blurred

filteredImg.point(lambda x: @ if x<65 else 255, '1')
np.asarray(imgBW_Blurred)

print ("Image of voids:")
plt.imshow(arrBW_Blurred, cmap='Greys_r')

plt.xticks([])
plt.yticks([])

plt.show()

totalPixels = len(arrBW_Blurred)*len(arrBW_Blurred[e])

blackPixels = np.count_nonzero(arrBW_Blurred==0)

whitePixels = totalPixels-blackPixels

print ("The size of array is: ", len(arrBW_Blurred), "x ",
len(arrBW_Blurred[@]), "= ", totalPixels)

print (“number of white pixels is: ", whitePixels)

print (“number of black pixels is: ", blackPixels)

voidContent = ((totalPixels-whitePixels)/totalPixels)*166
print (“The void content of this sample is: ", voidContent)

Figure 10A-2 Void content script, lines 56 - 89.
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10.1.2. Modelling analysis script

0NV R wWwN

wun

This script iterates through each element of an element set specified and
extracts the stress components, which are then used in a failure Criterion to
determine if the element has failed.

Author: Ben Fisher, Cardiff University
Creation Date: Friday 17th April 2@2e
Latest Update: Wednesday 22th April 2020

Change log:
1.0 - script creation. Iterate through all elements in a set to extract stress
components and store in an array.
1.1 - create variables which correspondes to stress components. Use the stress
components to work out the Stassi Criterion.

1.2 - Creating 2 element set based on elements that have failed or not

Notes for use:

1. Write name of model in model object at start of code and in the
"runJob” Function (first line of function).

2. Write name of part in part object at start of code.

3. The following regions need to be defined as a set:

- Total elements as "Tot_Elm" - in Assembly Sets as type elements.
- Initial matrix region "Initial_Matrix_Region" in Parts Set as type
geometry.

3. The matrix and inclusion element numbers (which can be found from the
input file) need to be added to the script below.

4. Create a set for the surface where the strain is applied and name the
set either: "X Strained Region" or "Y Strained Region.

5. Create the loading step.

6. Set the name for the .csv file to be saved.

print '

print "----------- Starting Stript -----------

print '

from odbAccess import *

from abaqus import *

from abaqusConstants import *
import visualization

import numpy

import csv

model

part =

= mdb.models['2% Matrix_Trans_Strength']
model.parts['EllipsoidUC’]

assembly = model.rootAssembly

failedElm = []
nonFailedElm = []
failedElmNums = [

]
nonFailedElmNums =
totalVonMisesArray
averageVonMises = [

f]
=[]
1

Figure 10A-3 Modelling analysis script, lines 1-55.
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1e5
106
lo7
168
1e9
11e
alilil
112
113
114
kil
116
117
118
alilE)
12e
121
122
123
124
125
126
127
128
129
13e
131
132
133
134
A=
136
137
138
139
140
141
142
143
144
145
146

matrixElmNums = [\

]

voidElmNums = [\

1

matrixElements = part.elements.sequenceFromLabels(matrixElmNums)
part.Set(elements=matrixElements, name='Matrix Element Set')
voidElements = part.elements.sequenceFromLabels(voidElmNums)
part.Set(elements=voidElements, name='Void Element Set')

print "number of elements in the original matrix is: ", len(matrixElmNums)

matrixElementsAssembly = assembly.instances['EllipsoidUC-1'].elements
elementsl = matrixElementsAssembly.sequenceFromLabels(matrixElmNums)
assembly.Set(elements=elementsl, name='Mat_EIm')

def applyInitialProps():

matrixMaterial = model.Material(name='Matrix')
matrixMaterial.Elastic(type=ISOTROPIC, table=((©.0835, ©.3), ))

voidMaterial = model.Material(name='Void')
voidMaterial.Elastic(type=ISOTROPIC, table=((1E-12, ©.3), ))
model.HomogeneousSolidSection(name="Matrix Section®,

material="Matrix', thickness=None)

model.HomogeneousSolidSection(name="Void Section’,
material='Void', thickness=None)

matrixRegion = part.sets['Matrix Element Set']

part.SectionAssignment(region=matrixRegion, sectionName='Matrix Section',

offset=0.0, offsetType=MIDDLE_SURFACE, offsetField="",
thicknessAssignment=FROM_SECTION)

matrixRegion = part.sets['Matrix Element Set']

voidRegion = part.sets['Void Element Set']

part.SectionAssignment(region=voidRegion,
sectionName="Void Section', offset=0.0,
offsetType=MIDDLE_SURFACE, offsetField='",
thicknessAssignment=FROM_SECTION)

return

Figure 10A-4 Modelling analysis script, lines 56-104.

def applyDegradedProps():

voidRegion = part.sets['Void Element Set']
part.SectionAssignment(region=voidRegion,
sectionName='Void Section', offset=6.0,
of fsetType=MIDDLE_SURFACE, offsetField="",
thicknessAssignment=FROM_SECTION)

remainingMatrixRegion = part.sets['Matrix Element Set']

part.SectionAssignment(region=remainingMatrixRegion,
sectionName='Matrix Section', offset=8.8,
offsetType=MIDDLE_SURFACE, offsetField="",
thicknessAssignment=FROM_SECTION)

failedElmMaterial = model.Material(name='Failed Element Properties')
failedElmMaterial.Elastic(type=ISOTROPIC, table=((1lE-12, ©.3), ))

model.HomogeneousSolidSection(name='Failed Element Section’,
material="Failed Element Properties', thickness=None)

failedElmRegion = part.sets['Failed Elements']

part.SectionAssignment(region=failedElmRegion,
sectionName='Failed Element Section', offset=e.e,
offsetType=MIDDLE_SURFACE, offsetField="",
thicknessAssignment=FROM_SECTION)

return

def runJob():

mdb.Job(name="Job-1", model='2% Matrix_Trans_Strength', type=ANALYSIS,
explicitPrecision=SINGLE, nodalOutputPrecision=SINGLE,
description='RUC Analysis’,
parallelizationMethodExplicit=DOMAIN, multiprocessingMode=DEFAULT,
numDomains=12, numCpus=12, memory=58,
memoryUnits=PERCENTAGE, echoPrint=OFF, modelPrint=0FF,
contactPrint=0FF, historyPrint=0FF)

mdb.jobs[ ' Job-1"].submit(consistencyChecking=0FF)

mdb.jobs[ " Job-1"].waitForCompletion()

return

Figure 10A-5 Modelling analysis script, lines 105-146.
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148
149
15

152
153
154
155
156

158
159
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161
162

164
165
166
167
168
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171
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173
174
175
176
177
178
179
180
181
182
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184
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187
188
189
190
A=A

Ak
194
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196
197

199
200
201
202

def findFailedElements():

print "Finding Failed Elements"

odb = openOdb(path="Job-1.0db")

elementsl = odb.rootAssembly.elementSets['MAT_ELM']

field = odb.steps.values()[-1].frames[-1].fieldOutputs['S’]
SubField = field.getSubset(region=elementsl)

Tm
Cm

©.00005
©.000107

for i in range(@, len(SubField.values)):
stressComps = []
for j in range(@, 6):

elmStresses = field.getSubset(region=elementsl).values[i].data[j]

stressComps.append(elmStresses)

S11 = stressComps[e]
S22 = stressComps[1]
S33 = stressComps[2]
S12 = stressComps[3]
S13 = stressComps[4]
S23 = stressComps[5]

WM = (1/sqrt(2))*(sqrt(((S11-522)%*%2)+((S11-533)%*2)+( (533-522)%*2)\

+(6%(S12%*24523%*24513%%2)*%2)))
totalVonMisesArray.append(vM)

if vM > ©.00085:
failedElmNums.append(i+1)
elif vM < -8.000107:
failedElmNums.append(i+1)
else:
nonFailedElmNums .append(i+1)
print "The number of failed elements are: ", len(failedElmNums)
print "The number of non failed elements are: ", len(nonFailedElmNums)
print "the length of the von mises array is: ", len(totalVonMisesArray)
averageVonMises = numpy.average(totalVonMisesArray)
print "the average stress is:, ", averageVonMises

failedElements = part.elements.sequenceFromLabels(failedElmNums)
nonFailedElements = part.elements.sequenceFromLabels(nonFailedElmNums)

part.Set(elements=failedElements, name='Failed Elements')
part.Set(elements=nonFailedElements, name="non Failed Elements')

odb.close()
return failedElmNums, averageVonMises

Figure 10A-6 Modelling analysis script, lines 147-202.
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applyInitialProps()

strainValue =

8.el

yStrainedRegion = assembly.sets['Y Strained Region']

with open("2%MatrixTransResultsFileMATRIXONLY.csv", "a+") as csvfile:
writer = csv.writer(csvfile)

writer.writerow(["Number of elements in the matrix is: ",

len(matrixElmNums)])

writer.writerow(["Stress/TPa", "Applied Strain"])

while len(failedElmNums) == 8:

strainvalue = strainvalue + ©.@0@l

print
print
print
print
print
print

model.

"

"number of failed elements is: ", len(failedElmNums)
"Next Iteration"
"Strain being applied is: ", strainValue

DisplacementBC(name="Y Strain', createStepName='loading’,

region=yStrainedRegion, ul=UNSET, u2=strainValue, u3=UNSET,
url=UNSET, ur2=UNSET, ur3=UNSET, amplitude=UNSET, fixed=0FF,
distributionType=UNIFORM, fieldName='"', localCsys=None)

print "Job has been submitted"
runJob()
print " "

result = findFailedElements()
writer.writerow([result[1], strainValue])

writer.writerow(["Number of Failed elements is: ", len(failedElmNums)])

print " "

print "-------

Figure 10A-7 Model analysis script, lines 203-242.
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10.2. Appendix B — Load response graphs
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Figure 10B-8 Load response for 0° tensile specimens. (A) & (B) 0.59 MPa, (C) & (D) 0.39 MP, (E)
and (F) o0.05 MPa.
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Figure 10B-9 Load response for 90° compressive specimens. (A) & (B) 0.59 MPa, (C) and (D) 0.39
MPa, (E) and (F) 0.19 MPa and (G) and (H) 0.05 MPa.
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Figure 10B-10 Load response for 0° compressive specimens. (A) & (B) 0.59 MPa, (C) & (D) 0.39
MP, (E) and (F) 0.05 MPa.
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Figure 10B-11 Load response for 90° compressive specimens. (A) & (B) 0.59 MPa, (C) and (D) 0.39
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10.3. Appendix C — Modelling Geometry

Table 10C-1 Stage 1 Dimensions for Mean-All model

Laminate Void Long. Trans. Full Unit Cell
Designation Content Length/pum Length/pum Dimension / pm
9OD13[£,:’59 0.63% 7.86 7.01 34.30 X 30.59 X 30.59
90D131I£,;‘39 1.28% 7.45 6.95 25.67 X 23.95 X 23.95
90Dh1/;I;a0.19 0.88% 21.54 18.84 84.09 x73.55 X 73.55
90DT - 0.05 o 170.69 X 84.43 x
MPa 2.01% 57.58 28.48 84.43

90Dﬁ};;.59 0.87% 11.97 8.83 46.91 X 34.60 x 34.60
9OD1\(/:[1;;'39 0.66% 10.14 6.11 43.57 X 26.25 X 26.25
9OD1\(/;1;a0'19 1.14% 13.33 8.68 47.74 X 31.09 X 31.09
90D1$ﬂ;;)'05 1.58% 25.72 18.86 82.61x 60.58 X 60.58

Table 10C-2 Stage 1 Dimensions for Mean-Std.Dev model.

Laminate Void Long. Trans. Full Unit Cell
Designation Content Length/um Length/pm Dimension / um

9OD§H;;'59 0.63% 6.76 5.79 29.50 X 25.27 25.27
oDT - o.

9 MPa 39 1.28% 6.45 5.6 22.22 X 19.30 19.30

90D13[‘I;a0'19 0.88% 16.99 11.21 66.33 X 43.76 X 43.76

9OD§H_,;)'O5 2.01% 36.74 19.23 108.91 X 57.01 X 57.01

90D1$ﬂ;;'59 0.87% 9.11 6.7 35.70 X 26.26 X 26.26

9OD1\(/:[1;;'39 0.66% 7.96 5.29 34.20 X 22.73 X 22.73

9OD1\(/;1;a0'19 1.14% 9.79 6.62 35.06 X 23.71 X 23.71
oDC-o0.0

v 1.58% 13.94 13.79 44.78 X 44.29 X 44.29
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Table 10C-3 Stage 1 Dimensions for Median model.

Laminate Void Long. Trans. Full Unit Cell
Designation Content  Length/um Length/um Dimension / pm
90D1\7[I_’;'59 0.63% 6.98 5.55 30.46 X 24.22 X 24.22
90D131f_>;) 39 1.28% 6.82 5.33 23.49 x 18.36 x 18.36
QODLEI;aO'lg 0.88% 19.08 12.29 75.49 X 47.98 X 47.98
90D13[[->§.05 2.01% 41.39 23.08 122.70 X 68.42 X 68.42
90D1\(/?H-);).59 0.87% 9-59 6.51 37.58 X 25.51 X 25.51
90D1\(/:[}_>;'39 0.66% 8.64 5.56 37.12 x 23.89 x 23.89
9OD1\S[:};aO'19 1.14% 10.94 6.5 39.18 x 23.78 x 23.78
QODl\?H_’z? 0 1.58% 19.66 16.23 63.15 X 52.13 X 52.13

Table 10C-4 Stage 1 Dimensions for Mean-Lower Third model.

Laminate Void Long. Trans. Full Unit Cell

Designation Content  Length/pm Length/um Dimension / pm

9OD1\'}1[I_’;'59 0.63% 4.78 3.71 20.86 x16.19 X 16.19
90D1\£1;;'39 1.28% 5.08 4.24 17.50 X 14.61 X 14.61
9ODl\rl/[“l;aO.lg 0.88% 8.08 7.04 31.54 X 27.48 X 27.48
90D1$[1;;)'05 2.01% 16.4 10.81 48.62 X 32.04 X 32.04
90D1$[}->;?.59 0.87% 6.84 4.68 26.81x18.34 x 18.34
9OD1$[}_>;)'39 0.66% 5.86 3.64 25.18 X 15.64 X 15.64
90D1\%1;a0'19 1.14% 6.87 5.25 24.6x18.8 x18.8

90D1\?[1;a?'05 1.58% 8.43 6.71 27.08 X 21.55 X 21.55
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10.4. Appendix D — Mesh convergency studies
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Figure 10C-12 Mesh convergency study of defect length models.
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Figure 10C-13 Mesh convergency study of defect radius models.
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Figure 10C-14 Mesh convergency study of the void module using the 9oDT-4Bar model.
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