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Abstract

Braided composites have become a viable alternative to traditional materials in perfermance
critical applications, with advantages including favourable specific strength and stiffness and
highly tailorable properties. However, their inherent complexity and heterogeneity pose challenges

in thoroughly assessing their load response. Maonmputed tomographfuCT) offers a method

for examining materials and their internal structures through volumetiay ¥naging. This thesis
explores an automated method of rapidly characterizing the internal structures of braided
composites subjected to impact testing. @eeeloped methodology is based on algorithms that

use image processing techniques to segment and analyze various features in sample volumes. The
extracted features in braided composites for study are geometric profiles, voids, and impact
damage. The redsl from the developed algorithms are supplemented with-thineensional

strain measurements by digital volume correlation (DVC).
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Chapterl I ntroducti on

1.1 Motivation

In the pursuit of increased efficiency of engineered products, weight reduction is a major
consideration in the design of parts. This motivating factor has resulted in the adoption of
composite materials as a replacement to traditional materials sucliads imgarious industries.

Across industries such as architecture, infrastructure, and automotive, the composites market has
been reported to be valued at US$117.5 billion in 2022 with a compound annual growth rate of
7.29% [1]. Additionally, the hybridcomposites market has been reported to be valued at
US$506.62 million in 2022 with a compound annual growth rate of 17[2h% tenyear forecast

of the composites market is illustratedrigure1- 1, indicating that the share of hybrid composites

(b) in the total composites market (a) is expected to increase from 0.4% to 1.1% between the years

2022 and 2032.

Composites Market Value (Ten-Year Forecast)
(a Composites (b) . Hybrid Composites

N
o
T

N
T

Market Value (USD billions)

Market Value (USD billions)
o

o
o
T

0
2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032
Year Year

Figure 1-1:. Market value forecast between 2022 and 2032 of: (a) composites using
compound annual growth rate of 7.29%[1]; (b) hybrid composites using a compounc

annual growth rate of 17.45%][2].



Composites offer numerous advantages to traditional materials such as high specific stiffness and
strength, and most importantly tailorable propertjgs Modern composites are generally
comprised of a reinforcement phase, which serves as the prinagrgdaring component, and a
matrix phase, which serves as the binding component and forms the cohesion of the [#aterial
The most common form of composites for higgrformance applications are continuous fibre
reinforced composites, which traditiolyatonsist of layers of parallel fibres referred to as laminae
which are stacked to form laminatfs. Fibres can also be interlaced with the objective of
enhancing mechanical properties using the interaction between fibre bundles referred to as tows.
Fibre tows interlaced orthogonally are used to form textile composites, where fibres are oriented
along longitudinal and transverse directions, referred to as warp and weft resp¢8tivieilyres

can also be interlaced diagonally at equal angles frprimeipal longitudinal axis to form braided
compositesThe angle between fibres and the principal axis is referred to as the braid angle.
Braided composites are classified as 2D with a planar braid architecture, or as 3D with yarns
interwoven along the tee Cartesian axes to improve throdgitkness mechanical propert{é$.

The primary composite structure discussed in this thesis is 2D braided composites, as they are
more economical and commercially available than 3D braided composites and reggiire le

specialized equipment to manufacture.

In braided composites, there is significant influence of factors such as braid angle, yarn undulation,
voids, and material imperfections on overall mechanical performance. This combination of factors
poses a challee in quality control of braided composite parts, as fibre geometry irregularities and

zones of poor resin impregnation are likely to occur from the manufacturing processes and

ultimately hinder the mechanical properties of the matgfjaAs a resultthe adoption of braided



composites in industries requires thorough and accurate characterization of materials by

investigating these factors and their effects.

To further utilize the tailorable nature of composites, materials can also consist of multiple
components of reinforcement or matrix phase. These materials, referred to as hybrid composites,
are designed to provide a balance of properties between constituents for specialized applications
[8]. For instance, a hybrid material containing hegiffness graphite fibres and impaesistant

aramid fibres can exhibit good energy absorption propd&]es

Composites occupy a substantial proportion by mass in somepurgbse vehicles, as well as

some commercial aircraft such as the Airbus A320, A38d, A350, and the Boeing 78X0].

Such vehicles are subjected to various sources of impact damage, such as road debris in the case
of ground vehicles, and hail stones and bird strikes in the case of air vehicles. For these reasons,
impact performancesia critical factor in materials design for such applications to ensure sufficient
part longevity while maintaining the weigbaving benefits inherently provided by composite
materials. The response of a material to impact can be characterized usipli tHepkinson

pressure bar (SHPB)1] or the dropweight tes{12].

The increasing market for composites is a major driving factor for efforts in improving cost
effectiveness throughout the life cycle of materials and parts. In the pursuit of assessing the
structural integrity of composite parts, it is most economicalipiei to analyze such parts without
inducing any further damage, such that the parts can then be repaired as necessary and reused in
service. Such assessment of materials is performed usindestnuctive testing (NDT) methods

such as micraomputed tomo@phy (LCT)[13]. Through uCT, a volumetric profile of a sample

is acquired such that features such as material constituents, voids, defects, and damage can be

captured and analyzed. The response of a material under loading can be quantified by acquiring

3



volumetric dataset before and after loading, then using a correlag®d measurement technique
known as digital volume correlation (DV(}4]. DVC provides fulifield strain measurements
throughout a sample volume, allowing for identification ofalomaterial behaviours under
loading. Furthermore, this technique is directly comparable to finite element analysis (FEA) and
can be used to compare measurements of a physical sample with results from a corresponding

numerical model.

1.2 Thesis Objective

Thisthesis uses the SHPB to apply impact energy to hybrid 2D tubular braided composites, uCT
to assess their volumetric features and impact damage, and DVC to measure strains caused by
impact. The objective of this thesis is to provide a means of rapidlyatbarang and measuring

the internal features of advanced materials before and after an impact test. The first requirement
to achieve this objective is to create representations of physical samples and their internal
structures in a digital form that caa bBnalyzed computationally. This step is achieved by the uCT
process where samples are represented by a setayf ased images. Next, individual features

of materials such as voids, defects, and damage must be identified and analyzed in isolation. This
step is achieved by image segmentation where various image processing techniques are used to
extract distinct image features and store them as separate objects. Finally, these objects must be
guantified to directly correlate impact loading with changefeatures. This step is achieved by
statistical analysis of objects and DVC. Statistical techniques are used to determine whether certain
features experienced significant change due to impact. DVC is used to determine localized material
behaviours in the fon of volumetric strains. The methodology developed in this thesis was applied

to a hybrid 2D tubular braided composite to assess its mechanical response to impact loading. The

results will ultimately demonstrate the complex influence of internal featiresaterials on
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impact response. Consequently, the methodology can be applied to impact testing of various

advanced materials that contain complex volumetric structures.

1.3 Thesis Scope

Experimental procedures were performed on a hybrid 2D tubular braided composite comprised of
an interply hybrid layup of carbon and aramid fibres. As SHPB impact testing required large
scale equipment to perform, uCT scanning was performesitexmeamg that it was separate

from impact testing. The datasets acquired before and after impact were then aligned using image
registration by 3D inspection softwafPataViewer, Bruker Corporation, Billerica, MA, USA)

Image segmentation and statistical analysi objects was performed using a MATLAB based
algorithm that used image processing techniques and gsredle ttests. This algorithm was
ultimately used to analyze surface geometries, voids, and damage cracks of the hybrid tubular
braided composite bare and after impact. Analysis from uCT was supplemented with DVC at
reduced volumes of interest using a commercial image analysis software pgokiage2021.2,

Thermo Fisher Scientific, Waltham, MA, USA)

1.4 Thesis Outline

This thesis consists of four ghtars.Chapter Zegins the discussion by providing fundamentals
and applications of the critical topics, as well as a review of current liter@iapter Zonsists

of three major topics. The first topic is composite materials, which includes an ttiovdof
fundamentals and idepth discussion of braided composites and hybrid braided composites. The
second topic is high strain rate testing, which includes an introduction of impact testing methods
followed by a discussion of SHPB testing and its ayailon to braided composites. The third topic

is NDT, which includes an introduction of various forms of NDT followed by a discussion of uCT
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and DVC and their applications to composites. Finally, current gaps in literature are summarized

and discussed tcethonstrate the motivation for the work in the subsequent chapters.

Chapter 3outlines the work performed in this thesis to address the objectives. A detailed
description of methodologies for impact testing, uCT, and data processing is provided. The work
demonstrates the algorithm developed in MATLAB to provide detailed characterization of internal
features of the material and the influence of impact loading by means of statistical analysis. The
analysis performed through the algorithm is supplemented witimetric strain measurement by
DVC. A version of this chapter has been submitte@dmposite Science and Technolaay is

currently under review.

Chapter summarizes the findings of this thesis and their significance for future work in this field.
Thefirst section discusses critical finding of the profile of impaduced cracking in the hybrid

tubular braided composite and its quantified properties. The next section outlines
recommendations from the author on successful study of internal structumgsact damaged
materials, including sample preparation, sample alignment for uCT, and additional procedures for
SHPB. The provided recommendations aim to leverage the knowledge gained from experimental
work to aid in future research of impact responssdeinced materials. The final section provides
suggestions of potential areas of research where the methodologies in this thesis can be applied in

the future.

Appendix Aprovides a detailed demonstration of the image processing steps employed in the
algonthm used in this thesis, using a singular image slice of the tubular braided composite sample
as an example. Additionally, supplemental data such as reconstructed image slices and code files
are provided with instructions on their u§¥s]. Appendix B provides detailed steps on

manufacturing a muHliayered tubular braided composite sample using the hanglayocess.
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Chapter2 Li t erRdwirew

2.1 Introduction

The objective of this work is to develop a method of assessing the impact response of braided
composites through the investigation of internal structures usingrag Basednicro-computed
tomography (UCT)maging method. This chapter provides an intraiducof the critical topics

for this work and an extensive review of literature within the major areas examined in this work.
The following sections will present the fundamental principles and current literature of composite
materials and braided compositehigh strain rate testing, and ndestructive testing (NDT).
Finally, this chapter will demonstrate the identified literature gaps and propose the work in this

thesis that aims to address this gap.

Braided composites are a cadtective form of compose materials that have good damage
tolerance and impact properties compared to traditional composites, due to the interaction between
fibres formed during the braiding process. These properties make braided composites a favourable
choice in various impagerformancecritical applications such as the aerospace industry. The first
section of this chapter will introduce composite materials. Discussion will begin with fundamentals
and basic classifications of composites and their constituents. Next;daptindiscussion on
braided composites will be provided, including classification of 2D and 3D braided composites
and their braiding patterns, manufacturing methods, and examples of theoretical analysis of their

properties.

The next section of this chapter Wdiscuss high strain rate testing for studying the impact

properties of composites. First, common methods of impact testing will be introduced and
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distinguished between lewelocity and highvelocity impact. Next, a discussion of the split
Hopkinson presse bar (SHPB) and its fundamentals will be provided. Finally, a thorough review

of works that applied SHPB testing to braided composites will be provided.

The next section of this chapter will introduce NDT methods of evaluating damage and
imperfectionsm composites and some commonly used examples. Thengdaptim discussion of
computed tomography (CT) and its fundamental principles will be provided, as well as a
description of imaging processing techniques used to analyze CT data. Next, a thoravglbfrevi
literature pertaining to CT for various analyses of composites will be provided. Finally, digital
volume correlation (DVC) will be introduced, and works that employed DVC in strain

measurement of composites will be reviewed.

2.2 Composite Materials

2.2.1 Fundamentalsof Composite Materials

A composite material is defined as a material that consists of multiple constituents at a macroscopic
level. Traditionally, a composite is made from a reinforcement phase and a matrix phase. The
reinforcement acts as a prirgasubject of load bearing, and the matrix forms the cohesion of the
material. The result is a ndromogeneous, muiphase material with the aim of leveraging
advantages from each constituent material for improved performance. Early examples of
composite raterials are found in strareinforced brick for construction of homes in ancient times,

and metakeinforced plastics for canes and umbrella handles in the nineteenth ¢éhtury

Composite materials are used in a wide variety of engineering applgdtierto their favourable

strengthto-weight ratio, corrosion resistance, and ease of customization compared to traditional
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materials[1]. Examples of current uses of composites include aircraft structures such as wings,
fuselages, and stabilizef8]; marine structures such as vessels, bulkheads, and prop&]lers
biomedical devices such as catheters, joint replacements, and prosthetic [dévaes sporting
goods such as rackets, swimsuits, and bicy|{@gsAs shown inFigure 1-1, composites can be

classified as fibrous (a), laminated (b), particulate (c), or any combination of thesfslypes

(a) Fibrous (b) Laminate (c) Particulate

Reinforcement Fibre Bundle

l

Reinforcement Particles
Reinforcement Fibre Bundle Matrix

Material

Ply S;é' G
Interface ‘:“ p NP
Matrix

Matrix Material Material

Figure 2-1: Schematics of (a) singldayer fibrous; (b) multi -layer laminate; (c) particulate

reinforced composites.

2.2.1.1 Reinforcemenwaterials

Reinforcement materials are most commonly in the form of fibres, which can be used as long
strands individually, in bundles referred to as tows, in woven configurations, or as short fibres.
Materials for reinforcement fibres must fulfill intrinsic requiremts such as strength, stiffness,
and density, as well as extrinsic requirements such as feasibility of manufacturing and
compatibility with matrix materiald7]. Carbon fibres are a common material choice for
performancecritical applications such as raiaft and are most often manufactured using
polyacrylonitrile (PAN) as the precursor. A common alternative precursor for carbon fibres is

pitch, which yields fibres that have higher stiffness, but are also more brittle, have lower toughness,
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and are moreostly to manufacture than PAbased fibregl]. Ultimately, carbon fibres have high
tensile strength and stiffness but are generally costly and brittle. Glass fibres are the most common
form of reinforcement material and are used in applications wigh #rict performance
requirements. They are manufactured from various minerals which are melted, extruded, and
coated. Glass fibres are ductile and @f&tctive but have low stiffness and high hygrothermal
sensitivity. Aramid fibres, also referred to @a®matic polyamide, are manufactured through the
reaction of parghenylenediamine and terephthaloyl chloride. Aramid fibres have high impact
resistance and thermal resistance but have high moisture absorption and ultraviolet light sensitivity

[1]. Progerties of these materials are summarizetiahle2-1.

Table 2-1: Summary of common fibre materials for composite$1].

Fibre Material Advantages Disadvantages
Carbon (PAN) High strength Moderately high cost
High stiffness
Carbon (Pitch) Very high stiffness Low toughness
High cost
Glass Low cost Low stiffness
High ductility High hygrothermal sensitivity
Aramid High impact resistance High moisture absorption
Good thermal stability High UV sensitivity

2.2.1.2 Matrix Materials

The matrix material serves to distribute loading uniformly to the fibres and i<t some

requirements. The material must adhere sufficiently to the fibres and allow for manufacturing
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under feasible temperatures and pressures. The most common matrix materials for composites are
comprised of polymerf/]. Materials that use polymeas the matrix are referred to as polymer
matrix composites (PMC), more commonly referred to as fibre reinforced polymers (FRP).
Polymers are classified as either thermoset or thermoplastic. Thermoset polymers undergo
chemical bonding known as crelésking during the curing process and cannot be melted-or re
molded. Thermoplastic polymers undergo no additional chemical bonding when curing and can be

melted and renolded.

For thermoset polymers, a common choice for performaritieal applications is epgy, which

is made from epichlorohydrin and fp$enol and cured with amines. Epoxy has high strength and
corrosion resistance but has high cost and curing times. Polyester resin is one of the most widely
used polymer matrix materials, which is made fronylpgdric alcohols and organic acids and
cured with peroxides. Polyester has low cost and low toxicity but has low strength and high
shrinkage during curing. Vinyl ester resin is made from epoxy and acrylic or methacrylic acid and
cured with peroxides. Vinyester has good fracture toughness and resistance to corrosion and
various chemicals but is prone to significant shrinkage that can cause part warpage. Polyurethane
resin is available in either thermoplastic or thermoset form and is made by reactidiorinjec
molding. Polyurethane has high compressive strength and ductility but have high manufacturing
cost compared to other resins, which are usually cast rather than injection molded. For
thermoplastic polymers, other commonly used materials include pplpre (PP), pohether

etherketone (PEEK), polysulfone, and polyphenylene sulfide (PHS)

2.2.1.3 Methods for Manufacturing Composites

Parts made from FRP are manufactured by a wide variety of processes as siiogura@-2.

Hand layup (@) is the simplest process and is largely manual. Part quality can be improved by
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applying mechanical pressure using a vacuum bagging technique, or by using an autoclave where
temper&ure and pressure can be controlled. Resin transfer molding (RTM) (b), vacuum assisted
resin transfer molding (VARTM), and pultrusion (c) can be used for-\adtime production.
Filament winding (d) is automated and primarily used for hollow structurapcoents.The
manufacturing process is chosen on a -tpsease basis and is dependent on the performance

requirements for a given application and equipment availafgljty

(a) Hand Lay-Up (b) Resin Transfer Molding  (c) Pultrusion (d)  Filament Winding
N Resin  Injection Unit . . Dry Fibres \Y
Resin - Dry Fibres Heated Die ¥
%‘/ Dry Fib Closed Mold Dry Fibre Sheet ‘ ‘ ’
Open ry I'ibre AN — ® Pulleys*
Mold 4 Sheet " — o %
\ — ? Carriage

Resin Bath Puller Resin Bath  Mandrel

Figure 2-2: Manufacturing methods for composites: (a) hand layup; (b) RTM; (c)

pultrusion; (d) filament winding.

2.2.2 Braided Composites

Braided composites are a classification of composite materials characterized by an interwoven
structureof fibres. They are classified fundamentally as 2D or 3D braided composites and are
manufactured using maypole, radial, or Cartesian braiders as discussed in this section. As an
example, a 2D tubular braided composite is illustratédgare2-3. The maypole braiding process

(a) is used to form fibre tows into tubular preforms (b) which are impregnated with a matrix

material to form the final part (c).

(a) Maypole Braiding (b) Braid Preform (c) Manufactured Part
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Figure 2-3: 2D tubular braided composite: (a) maypole braiding schematic; (b) dry fibre

preform; (c) final tubular braided composite part.

Fibres are primarily configured diagonally, with interlacing towgg@ual angles from an axis
referred to as the principal aq&]. Due to interaction between interlacing fibre tows, braided
composites have improved toughness over laminate composites. However, the undulations also
cause a reduction in stiffness andngwessive properti¢9]. Additionally, material choice heavily
influences a wide variety of mechanical properties as demonstrated by Armanfard and Melenka
[10], who found by experimentation that carbon and aramid braids have equally high axial
stiffness, carbon braids have high torsional stiffness, and glass braids have relatively low stiffness.
There are many commonly used braiding methods that produce fibre configurations with distinct
repeating patterns as described in this section. Braiding patieenrepresented by a unit cell,
which is the unique element of minimal size that fully defines the pg8grBxample braid unit

cells are shown ifigure2-4.

(a) ~ Diamond (1/1) (b) Regular (2/2) (c) Hercules (3/3 (d) Triaxial
SRR NERNY NN %
SSSNNS b § § §

20

4 &
R AR
SRERRRRN  peNe ’
NS\

SONRIRAS 1N NN

Clockwise Yarn - Counter-Clockwise Yarn - Axial Yarn

I//)//A

Figure 2-4: Diagrams of braid preform architectures with labelled unit cells: (a) Diamond

(1/1); (b) Regular (2/2); (c) Hercules (3/3); (d) Regular (2/2) triaxial.

Braids can be categorized as open maskhown irFigure 2-5(a), which have many resnich

regions resulting in low fibre volume fractions, or as closed mesh as shéiguie2-5(b), where
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fibres are tightly packed, resulting in high fibre volume fract{8hsMesh openness is determined

by the cover factor, which is defined as the proportion of the surface area occupied by the
reinforcement materidlL1], which is less than 1 for open mesh braids and equal to 1 for closed
mesh braids. Open mesh braided cosites are used in applications such as catheters, as design
requirements included sufficient axial and torsional rigidity, as well as varied bending rigidity
between sections. Resiith areas provide compliance to the overall material, allowing for the
satisfaction of these requirements. An example where closed mesh composites are used is golf club
shafts. As this application required higher torsional and bending stiffness, the material design

depended on a higher contribution of fibres to the overakkmahf12].

(a) Open Mesh (b) Closed Mesh

L a
®, 0. @

) N8 4
® ¢ o

- Counter-Clockwise Yarn O Braid Angle

- Clockwise Yarn

Figure 2-5: Diagrams of (a) openmesh; (b) closeemesh braided composite fibre preforms.

Braids that have a planar weave architecture are referred to atinh@nsional (2D) braided
composites. Fibre preforms are traditionally prepared using a maypole braider which uses a series
of horn gears to interlace bobbins sequentifl] and can prduce preforms in either flat or

tubular forms[8]. Alternatively, preforms can be prepared using a rotary braider, which has a
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higher production rate but can only produce tubular bifdids The three most common biaxial
braiding patterns are the diand (oneoverone) pattern as shown Kigure 2-4(a), the regular
(two-overtwo) pattern as shown iRigure 2-4(b), or the Hercules (thremverthree) pattern as
shown inFigure2-4(c). Additionally, triaxial brailing patterns as shown kigure2-4(d) can be

formed by adding fibre tows along the principal axis.

Braids with a weave architecture that spans three axes aredeferas thredimensional (3D)

braided composites. 3D braiding has been used to produce various solid structures such as rods
and cylinders, as well as complex geometries. Fibre preforms are prepared using either-maypole
style techniques such as the sdadidd 3D rotary braiding processes, or by track and column
techniques such as the tstep, fourstep, and mulistep braiding processgsb], [16]. Some braid

patterns for 3D fibre preforms in increasing order of unit cell structure coarseciese 1 x 1, 2

x 1,3 x1,and 4 x 1. This work will focus on 2D braided composites due to thegfiemsiveness

and commercial availability, as manufacturing 3D braided composites is significantly more

complex and require specialized equipment.

Braided composites that are comprised of multiple components of reinforcement or matrix
materials are referred to as hybrid braided composites. The primary objective of hybridization in
composites is to optimize the balance of mechanical properties of camstitogailor a material

for specialized applicationgl7]. For instance, under static crush testing of composite tubes
comprised of graphite/epoxy, aramid/epoxy, and hybrid graphnéenid/epoxy, the hybrid
material was found to have high energy absongbropertie$18]. Hybrid braided composites are
classified as inteply hybrids with one material per ply, such as hybriduay or as intraply
hybrids with multiple materials per ply, such as hybrid textile and commingled com{da@Sites

These [brid configurations are illustrated Figure2-6.
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(a) Hybrid Lay-Up (b)  Hybrid Textile (c) Commingled

I Material A

Figure 2-6. Diagrams of hybrid braid configurations: (a) hybrid lay-up T material within
layers are varied; (b) hybrid textile i materials within the textile are varied; (c)

commingled compositd materials within the yarn tows are varied.

There are many complex properties of braided congmshat affect mechanical performance,
such as braid angles, undulations, and local interactions within and between tows, thereby adding
complications to theories that are applied to traditional composite laminates. In response, various
specialized modetig techniques were developed for 2D and 3D braided composites to evaluate
engineering constants such as moduli and strengths with sufficient accuracy. Models based on
classical laminate plate theory (CLPT), which is derived from the KircHlmfé plate heory

[20], primarily modify CLPT equations to account for undulating yarns and tow curvatures under
the assumption that loading is strictlyptane. However, they apply only to thin plies and therefore
cannot predict oubf-plane propertie$21]. Fabric geometry models represent the materials as
straight rods at varying orientations and are used for 3D braided composites. Although this method
can generate results quickly, it inherently neglects undulations and curvitdled/olume
averagingmodels aim to address the limitations of other methods by applying coordinate
transforms to account for undulations, resulting in more accurate but more resource intensive

calculations[22]. Finite element analysis (FEA) models represent braids at ttr@suoale for
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individual yarns, the mesoscale for individual unit cells, and the macroscale for the full braided
structure. For this method, a balance is to be made between model accuracy and computation time
based on the defined governing equations anddemy conditions in addition to mesh s[28].

Gholami and Melenkf24], [25] developed a geometric model for 2D tubular braided composites

by generating yarn paths based on the desired braiding pattern and yarn parameters. The geometry
of the model vas compared with an experimental volumetric model, and FEA of tensile loading
was performed to compare measured mechanical performance with results from experimental
tensile testing24]. Results were improved using particle swarm optimization, sucletitat of

less than 1% for the geometric model were achig¢28fl Despite the significant advances in
modelling braided composite, a major limitation that remains is the modelling of material
imperfections that occur from the manufacturing processhartter the mechanical properties of

the material. To address this limitation, models can incorporate volumetric data from physical
samples, such as the model applied to conventional FRP laminates at the microscale by Czabaj et
al. [26]. The development focomputational modelling techniques for braided composites
ultimately reduces the need for experimental testing and accelerates the design of braided

composite structures for industries.

2.3 High Strain Rate Testing of Composite Materials

2.3.1 Impact Testing Metldas

There are numerous damage modes in composite materials, further adding to the complexity of
assessing their impact performance. The expected damage characteristics of a composite specimen
are dependent on the material, part geometry, fibre configurédiahing type, loading direction,

boundary conditions, and strain rate, among many factors. As shdviguire 2-7, damage can
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occur in a composite material eithgithin constituents, such as matrix cracking, fibre fracture,
and tow splitting, or between plies or constituents, such as delamination, fibreupudind

interface debonding.

Interface Debonding Fibre Pull-Out
| /
. /

Fibre Fracture

\
Delamination Matrix Cracking Tow Splitting

- Fibre Matrix

Figure 2-7: Schematic of damage modes of fibreeinforced composite materials.

A low-velocity impact testing technique that was used by several works for braided composites is
drop-weight impact testing, where a mass is lifted to a fixed height from the impact surface of a
specimen, then released to allow freefall of the mass tacinipasurface, applying impact energy
onto the material and inducing an indenta{i®n]. Shi et al[28] performed dropveight impact
testing on 2D tubular braided carbon/epoxy composites with various configurations of uniaxial
and biaxial layers. Tk study found that a particular hybrid configuration with an inner uniaxial
layer was advantageous in impact resistance at high energy. N2@twaded dropveight impact
testing to study biaxially and triaxially braided carbon/epoxy flat panel$camd that the triaxial
braids have favourable impact properties owing to a higher fibre volume fraction. Gu[36j al.
examined the effects of material defects on the -evejght impact performance of 3D braided
carbon/epoxy composites and foundtthtize presence of defects strictly hinders the impact
properties of the material, with voids located near the centre of the thickness having more

significant effects than those located near the surfaces. Wang [8tLjadeveloped a novel
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technique of 3xircular braiding tdform threeway connected 3D braided composite tubes and
applied axial compressive impact by dnepight testing. For these specimens, compressive
strength increased with the applied impact energy and number of braiding layers basei@cr

with increasing branch tube length due to the differences in stress concentration sites. Wu et al.
[32] performed dropwveight impact testing on carbon/epoxy laminates with hybrid biaxial/triaxial
braided layer configurations and found that impasistance improved when triaxial braided
layers were closer to the impact surface. Axial yarns in the triaxial braids promiedématrix

cracking and thereby limited througihickness damage.

Additionally, highspeed impact in the form of direct psase gas gun impact testing was
performed for braided composites by Zhu ef38]. Here, 2D triaxially braided carbon/epoxy flat
panels were directly impacted by a projectile accelerated through a barrel by gas pressure. Results
from damage inspectioshowed shear failure at the impacted surface and tensile failure at the
opposite surface at the impact site. Beyond the impact site, these panels failed primarily by

delamination, with irplane coverage of damage increasing with impact velocity.

2.3.2 Fundamentbs of Split Hopkinson Bar Testing

The split Hopkinson bar, also referred to as the Kolsky bar, is an impact testing apparatus
developed by Herbert Kolskj84] as a successor to the original Hopkinson bar developed by
Bertram Hopkinsolfi35]. The apparais, as shown iRigure2-8, aims to address limitations of the
Hopkinson bar caused by using a directly accelerated projectile. For instance, Hopkinson bar
testing relied on an assumption that the projectile was fully fluid, and it was found that projectile
rigidity was a major camibutor to discrepancy from theof$5]. Instead, the split Hopkinson bar

uses an incident bar that experiences minimal displacement and retains contact with the test
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sample, allowing for measurement of the longitudinal stress wave induced by thebstriksing
condenser microphong¢34]. The propagation speed of the pressure wave by the incident bar is
dependent only on the material modulus of elasticity and density. The velocity of the striker bar
can be used to derive the strain rates appligidcsample. The configuration of the apparatus

prevents distortions caused by the striker bar from significantly affecting experimental[B25ults

Pressure Chamber

Damper

el Incident Bar
Transmission Bar

Striker Bar Gas Cylinder

Figure 2-8: Schematic of a split Hopkinsonpressure bar apparatus with a transversely

mounted tubular braided composite sample.

Apart from its use in compressive impact testing, referred to as the BA@RBodifications exist
to allow for other loading types, such as the split Hopkinson &hail (SHTB)[37], torsional
split Hopkinson bar (TSHBB8], and split Hopkinson shear bar (SH$89]. A review of SHPB

testing of braided composites is found in the following section.
2.3.3 Split Hopkinson Pressure Bar in Braided Composites

2.3.3.1 2D Braided @mposites

Zhao et alJ40] investigated impact behaviour of 2D triaxially braided carbon/epoxy composite
brick specimens. Braided fabrics with a braid angle05fvith additional axial yarns were stacked

in eight layers, then epoxy was applied by RTM to form panels, from which brick samples were
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cut to size. Both quasitatic and SHPB impact testing were performed to achieve a wide range of
loading rates. Additiorily, both longitudinal and transverse loading were investigated in this
work. Under longitudinal loading, quastatic testing caused fibre buckling, creating shear bands,
whereas impact testing caused fibre shear fracture and delamination before raKtingccur.

Under transverse loading, damage was instead primarily comprised of interface and matrix

cracking.

2.3.3.2 3D Rectangular Braided Composites

Sun et al.[41] investigated the effects of applied strain rate on 3D braidgtags/epoxy
composites. Thesamples were manufactured using the f&tep braiding method and RTM.
Loading was applied in both theptane and oubf-plane directions, using impact tests by SHPB

and quasstatic tests to achieve an extensive range of strain rates. The compré$sess stas

found to increase with strain rate throughout all test cases, indicating a clear strain rate sensitivity
of the stresstrain curves. In contrast, the maximum stresses and strains did not have a clear
correlation with strain rate. Additionallyfpr outof-plane loading at higher strain rates, the
compressive deformation that was seen universally was accompanied by shear deformation.

However, no clear rupture was found for any sample in this work.

Gu and Chang42] then applied energy absorpti@nalysis in the frequency domain to the data
from the previous work and found that the samples had higher energy absorption, and could absorb

higherfrequency energy, at higher strain rates.

Sun and Gy43] then performed the testing procedures from pinevious works on similar
materials, where vinyl ester replaced epoxy as the matrix material, and the size and velocity of the
striker bar were increased to ensure failure of the samples. Here, ultimate compressive stresses

were found to increase withrain rate, with equal sensitivities between th@lsne and ouof-
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plane loading directions. However, strains at failure decreased with increasing strain rate,

especially when compared to quagatic loading.

Sun et al[44] investigated the stabilitgf the 3D braided samples usingrdnsforms and found
that the material had increased stability with strain rate undesfguiane loading but remained

unstable under Hplane loading.

Li et al.[45] investigated the impact response of 3D5d carbonfdleebraided composites with
varying braid angles and fibre volume fractions. Loading was applied along the direction of
braiding, referred to as the longitudinal direction. Macroscopic and microscopic fracture
morphology of the samples was analyzed usingcanning electron microscope (SEM). The
maximum stresses and failure strains were found to increase with strain rate, and the compressive
moduli remained unaffected by strain rate. Additionally, based on fractographic data, fractures
were found to be merbrittle at higher strain rates, and failure consisted of cracking and debonding

in the matrix material and local buckling and shear fracture in the fibre material.

Next, Li et al.[46] applied the methodology from the previous work to transverse lpadithe

same materials. Here, the maximum stresses increased with strain rate, and the failure strains and
compressive moduli remained unaffected by strain rate. From fractographic analysis, failure
occurred due to shearing of the matrix, fibre, and fater, as well as fibre tearing at the shear
bands. Additionally, higher braid angles and fibre volume fractions caused increased sensitivity to

strain rates and more prominent shear damage at higher strain rates.

Then, Li et al[47] followed the previos work on longitudinal loading with further variation of

braid angles and fibre volume fractions. At higher braid angles, the material became more
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susceptible to damage with manifesting shear failure modes in the matrix and fibre materials. At

higher fibrevolume fractions, the material experienced more severe and brittle fracture.

Zhang et al[48] studied the transverse impact response of 3D braided carbon/epoxy composites
manufactured to a significantly larger size. Boundary conditions in this stsayalied from the
previous works, such that samples were supported at their ends rather than sandwiched between
the incident and transmission bars. At an impact velocity of 13.6 m/s, the sample did not fracture
and experienced matrix cracking at its imjeacface and fibre pullout at its opposite face. At
higher impact velocities, fibre fracture became the dominant failure mode, resulting in ultimate
fracture that exhibited a sawtooth profile, indicating shear failure throughrrelsiareas. Total

defledion of the samples also increased with impact velocity.

Zhang et al[49] then employed frequency domain analysis on the data from the previous work
and found that the stress amplitude increased with impact velocity, but the stress frequencies
remainedunchanged, concluding that the stress amplitudes are a primary determining factor for

the expected failure modes of the materials.

Gao et al[50] then developed a microscale FEA model to further assess the internal mechanisms
of SHPBbased impact of 3Draided carbon/epoxy composites. Deformations were found to be
more unevenly distributed with increasing strain rate, causing accelerated damage onset.
Additionally, velocity gaps between the fibre and matrix materials were found to increase with

strain ate, up to a maximum of 48 m/s due to interface debonding.

Zhao et al[51] performed SHPB impact testing on 3D braided carbon/epoxy composites at three
loading directions: longitudinal, transverse, and thretigtkness. Samples were manufactured

with varying braid angles to examine the effect of braid angle on impact propeaash loading
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direction. Gas gun pressures were also varied to examine strain rate sensitivity of the mechanical
properties. The ultimate compressive strength of the material was found to increase with strain rate
for all braid angles and all loadingrections. This effect was most prevalent in longitudinal
loading. Additionally, the througthickness loading direction showed the most significant effect

of the braid angle on the strestsain curve, where a braid angle of° Zhowed little strain
recovey, while braid angles 080° and 45°howed substantial strain recovery, resulting in a

hysteresis curve profile.

Tan et al[52] then followed the methodology from the previous work for samples & laraid

angle, then developed an FEA model for further compressive behaviour analysis. The compressive
modulus and ultimate strength increased with strain rate, with the rateedded being highest

under longitudinal impact, followed by througiiickness, then transverse impact. Transverse
mechanical properties were found to be further hindered by defects caused by sample machining,
creating yarn discontinuity from a eatige eféct. Between the combinations of loading direction

and strain rate, numerical results correlated with only one experimental test case, due to the use of

a simple linear elastic model.

Shi et al[53] investigated impact fracture of 3D braided carbon/gmmmposite Unotch beams.
Analyzed metrics included deformation and load progression, and crack mouth opening
displacement. Impact testing was performed by SHPB at varying gas gun pressures. A solid epoxy
U-notch beam was also tested for comparison ofizhpehaviours. In the composite beam, the
crack was found to propagate in the direction of the angled braids, whereas in the solid epoxy
beam, similarly to most isotropic materials, the crack propagated along the direction of impact,

perpendicular to thbeam crossection.
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Li et al. [54] examined the shear punch properties of braided 3D carbon/epoxy composites with
varying thicknesses. Impact testing was performed using a modified SHPB setup, with a
rectangular tip at the incident bar and a matchingchaonh the transmission bar. Damage
morphology was qualitatively assessed by SEM imaging. With increased thickness, the punch
shear modulus increased, but the total specific energy absorption decreased. From SEM
examination, the primary damage modes wer&iraracking, fiore shear breakage, and fibre

pullout.

Gao et al[55] studied thedamage mechanisms of 3D braided carbon/epoxy composite beams
under multiple compressive impacts. Qualitative morphology analysis was done using images
from highspeed camras during testing. For the first impact, the material had the highest total
energy absorption with interface damage and resin breakage being the primary mechanisms. For
the second impact, the material had increased damage energy absorption but detatasedyy
absorption, accounted primarily by fibre preform deformation and matrix debris. In both cases, the
matrix absorbed the larger proportion of energy. For the third impact, energy absorption was

minimal, and the fibres absorbed most of the enargpead.

Hu et al [56] studied mitiple impacts of 3D braided carbon/epoxy composite beams using varying
braid angles andgas gun pressures. The beams were fixed at their ends and impacted transversely.
At a braid angle oR0° the beam demonstrated a low resistance to impact damage, stresses
propagated rapidly through the thickness of the beam, and fibre fracture occurred as early as the
second impact cycle. At a braid angle36F, the impact damage resistance was improved ita

took four impact cycles for fibre fracture to occur. At a braid angt9§fthe beam demonstrated

the highest resistance to impact damage, due to a larger number of points of interlaced yarns and
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sample thickness. Stresses were largely localizad the impact site, unlike what was observed

for lower braid angles, where stresses propagated significantly in various directions.

Gao et al[57] investigated multiple impacts of 3D braided carbon/epoxy composites under out
of-plane loading at varyingraid angles. The sample with1&° braid angle experienced linear
elastic stresstrain behaviour followed by brittle fracture at the peak load. The sample&6fith

and 37° braid angles experienced nbnear elastic stresstrain behaviour followed byudtile
fracture past the yield point. Additionally, atLl&° braid angle, impact damaged followed a V
shaped profile, while fa26° and37° braid angles, damage was uniformly distributed. Finally, the
braid angle had significant effects on impact energgogiiion by constituentat each impact

cycle. At the first impact, fibre energy absorption increased braid angle due to the higher fibre
volume fraction. At the second impact, fibre energy absorption decreased with increasing braid
angle due to the changeload bearing capacity of the matrix due to the first impact. At the third

impact, fibre energy absorption was the highest fo2&tdraid angle.

Gao et al[58] then applied the procedures from the previous work to multiple impacts of the
samples oder longitudinal loading. Here, at the first impact, the sample with°&raid angle
experienced yarn and interface damage, while the samples2@fitland 37° braid angles
experienced resin damage and interface debonding. At successive impacts, taeviinad 5°

braid angle experienced significant fracture and dislocation of fibres, while the sampl@8§with

and37° braid angles demonstrated improved structural integrity.

2.3.3.3 3D Circular Braided Composites

Zhou et al[59] performed SHPB testingn 3D circular braided carbon/epoxy composites. Fibre
preforms were manufactured by festep circular braiding, then impregnated using the VARTM

process. The circular samples were fixed at their ends, then impacted transversely at varying gas
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gun pressure®eak load and energy absorption was found to increase with gas gun pressure, and
the fibres endured higher stresses than the matrix. Stresses propagated from the impact site
throughout both the circumference and the length of the sample, with much tvésisersaching

the fixed ends. Furthermore, impact fracture was localized at the impact site in the form of concave

deformation, matrix cracking, and fibre breakage, indicating the dominance of shear failure.

Zhou et al[60] then tested the material®f the previous work in varying fibre configurations.

Here, fibre preforms were manufactured in fdirectional (3D4d) and fivelirectional (3D5d)
configurations. Since the 3D5d samples had a higher linear density than the 3D4d samples, specific
load andenergy absorption were used as the comparing metrics between the two braiding
configurations. The 3D5d samples were found to experience consistently higher specific loads and
energy absorptions compared to the 3D4d samples due to the added axial filerstngistresses

much more quickly than the crimped fibres. As such, the 3D4d samples experienced more severe

impact damage than the 3D5d samples.

Zhou et al[61] then applied the same procedures from the previous works to the 3D4d circular
braided compsites, with variation of the number of radial layers. Here, an increase in layers
increased peak load and energy absorption and decreased impact deflection. At the impact site,
stresses were found to be compressive at the impacted side and tensilenainfieeted side,

while much of the remaining sample region was under tensile stress. Furthermore, damage
morphology analysis showed that with 2 layers, the material fractured at the centre of the impact
site and propagated outward in a star shaped prahiée with 3 or 4 layers, the material fractured

around the edges of the impact site instead.

Zhou et al[62] then applied the methodology from the previous works by testing the 3D4d circular

braided composites with variation of both the number ofrtagead the braid angle. Additionally,
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MCT was used to capture the internal structures of the damaged samples and qualitatively assess
damage mechanisms. At the highest impact velocity of 17 m/s, debonding between fibre yarns was
found for all braid anglesdiowever, at braid angles @#6°and30°, the samples experienced fibre
fracture, and cracks propagated along the length of the sample. In contrast, at a braiddafgle of

fibre tow splitting was found to occur instead, and cracks propagated alongetti®diof impact.
Furthermore, the fibre structure had increased rigidity with increasing braid angles, due to the

increased number of yarn interlacing points.

Wu et al.[63] applied SHPB impact loading to 3D circular braided carbon/epoxy composikes wit
varying angles under axial loading. A mesoscale FEA model was developed to further investigate
the damage mechanisms. Specific energy absorption from axial impact increased with strain rate,
with increased stratmate sensitivity at decreasing braid awlimpact damage initiation showed

good correlation between experimental and FEA results. Stresses from FEA correlated well with

experiments at lower strains but were significantly underestimated at higher strains.

Liu et al.[64] applied an investigain of defects to the FEA approach in the previous work with

an aim to improve correlation of impact response with the same experimental results. Fibre
breakages and matrix voids were generated randomly within the model to represent realistic
manufacturingdefects. As an example, for t2&° braid angle, the ideal model showed highly
localized damage at the surface supported by the transmission bar. In contrast, the addition of fibre
defects caused a shear band, which correlated well with experiments. lHoarewacrease in

matrix defects caused some divergence from experimental results, demonstrating the importance

of limiting the matrix void content in the numerical model.

31



2.3.3.4 3D Braided Composites with Complex Geometries

Zhou et al[65] studied the impaaesponse of 3thraided carbon/epoxy compositbéams. The
preforms were impregnated by VARTM using a custom-foant mold. The beams were fixed at

the ends and impacted transversely at a flange. The complex geometry created complex stress
distributions,and failure was concentrated at the junction point between the impacted flange and

the web.

2.3.3.5 Summary

The current literature on SHPB testing of braided composite is summariZetle2-2. While

many of the works outlined above examined various forms of 3D braided composites, there is very
limited study on SHPB impact testing on 2D braided composites. 3D braided composies hav
structural advantage over 2D braided composites, as 3D braid architectures provide- through
thickness reinforcement, allowing for high impact resistance and applicability of the SHPB
method. Furthermore, flat geometries are commonly tested in thess agtkey do not require
significant modification of test procedures. Other geometries such as circular braielsezmas|

were tested after sufficiently modifying the SHPB test. Additionally, the materials used in these
works used a singular material ggrase, with carbon as the most common reinforcement and
epoxy as the most common matrix. The lack of study on the use of multiple materials per phase
creates a significant gap in the analysis of hybrid braided composites by SHPB. Finally, assessment
of internal structures of braided composites is limited, with Zhou ef63]. using uCT to
gualitatively assess impact damaged structures. Furthermore, there is a gap in quantitative analysis

between damage states of braided composites.
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Table 2-2: Summary of literature for SHPB testing of braided composites.

Authors Braid Architecture Fibre Material | Matrix Material

Zhao et al[40] 2D Triaxial Flat Carbon Epoxy
Sun et al[41], [44] 3D Flat E-Glass Epoxy
Gu and Chanf42] 3D Flat E-Glass Epoxy

Sun and G43] 3D Flat E-Glass Vinyl Ester

Li et al.[45]i [47] 3D Flat Carbon Phenolic
Zhang et al[48], [49] 3D Flat Carbon Epoxy
Gao et al[50], [55], [57], 3D Flat Carbon Epoxy

[58]

Zhao et al[51] 3D Flat Carbon Epoxy
Tan et al[52] 3D Flat Carbon Epoxy
Shi et al[53] 3D Flat Carbon Epoxy
Li et al. [54] 3D Flat Carbon Epoxy
Hu et al.[56] 3D Flat Carbon Epoxy
Zhou et al[59]i [62] 3D Circular Carbon Epoxy
Wu et al.[63] 3D Circular Carbon Epoxy
Liu et al.[64] 3D Circular Carbon Epoxy
Zhou et al[65] 3D |-Beam Carbon Epoxy
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2.4 Damage Analysis of Composite Structures

2.4.1 NonDestructive Testing Methods

FRP composites have been shown to contain various defects throughout the material life cycle.
Material defects are a consequence of material constituent properties, manufacturing processes,
and inservice condition$66]. As shown inFigure 2-9, some of the most prevalent defects in
composites include voids and pores (a), fibre misalignment and ply wrinkling (b), ply delamination
and interface debonding, and impaeanthge (c)Due to the significant effect of defects on the
mechanical properties of composite materidtgrough and reliable analysis becomes more
challenging for composites than for traditional materials due to added uncel@ainty pursuit

of this goal, numerous works employed various forms of NDT to quantify the effects on material

performance in the presence of such defects.
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Ply Wrinkling

Figure 2-9: Common defects in composites: (a) voids fored in the matrix material after
curing; (b) ply wrinkling from the hand lay -up process; (c) material cracking from applied

impact damage.

Some NDT techniques that were used in FRP composites evaluation include acousbeseave
techniques such as acdasemission[68] and ultrasonic testinfs9]; electromagnetisrbased
techniques such as infrared thermograpi®}; and imagingbased techniques such agay CT

[71]. The following section reviews CT and its applications in composites.

2.4.2 Fundamenta of Computed Tomography

CT is an extension of conventionalrgy radiography, where 2D-Kay images of an object of
interest are acquired at many angular orientations, such that the projections can be reconstructed
into a 3D volume. The CT technique hag @f its most impactful applications in medical imaging,

with the first clinical scan performed on the head of a patient in [[2]1

Fundamentally, as shown kigure2-10, CT uses an Xay source to generate-rdy beams that

pass through a test sample and reach-aay>tetector at the opposite end. The detector measures
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intensity of the Xrays attenuated byé material of the test sample to generate a 2D image that

represents the projection of the sample normal to the principal axis of the source and detector.

: Axis of X-ray
i Rotation Detector

X-ray
Source

X-ray
Cone Beam

Rotation :
Stage C : ) 2D Image

of Sample

Figure 2-10: Schematic of the workingprinciples of CT. The process is illustrated for uCT

of a braided composite material.

CT makes use of the ability of different materials to absorb or scattey ¥adiation[73]. For
light generated by a source with intens@passing through a maial with light attenuation
coefficient’ and thicknes$, the intensity of light received by a detectds given by Equation

1, referred to as the Beeambert law{73]. Consequently, 2D mappings of light received by the

detector indicate theresence of various materials of various thicknesses at each projection.

‘0 0OQ ()
To obtain a volumetric representation of a sample, CT images are acquired at many angular
orientations of a sample, then reconstructed uam@lgorithm, either by direct means such as

filtered back projection or direct Fourier inversion, or by iterative mgatjsAs shown irFigure
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2-11, the objedtre of the reconstruction algorithm is to convert a set of sample projections along
the radial and height axes into a stack of image slices along the Cartesian axes that form the volume
of the sample when assembled. The smallest element of the volurfieesl @s a voxel, which is

the 3D equivalent to the pixel of a 2D image.

CT Acquired Projections Reconstructed Image Slices Sample Volume
z=0mm z=4.3 mm z=8.6 mm ,
0° P
- -
I
t.r -t

Figure 2-11. lllustration of the image reconstruction process for CT. Projections of &
sample along the ¥z axes are converted intslices of the sample along the-y axes. The

stack of slices is then assembled to form the sample volume.

MCT is a form of the CT technique that is used particularly for-hégblution volumetric scanning

and characterization of materials at a relatively small §@dle This process can be performed
ex-situ, where scanning is performed separately fromhamgical testing, or situ, where
mechanical testing is performed within the apparatus. Whereas medical CT uses a rotating gantry
containing the Xray source and detector at opposite ends from a stationary patient, uCT uses a
stationary Xray source andedector located at opposite ends from a rotating sample as shown in
Figure 2-10. For example, the SkyScan 1272 as showRigure2-12 is a uCT apparatus that
consists of a Idvatt X-ray source, a Heegapixel detector, and a rotation stage that contains the
sample and rotates at controlled increments for acquisition of eaait Mhage. This apparatus

can be used for objects with a maximum diameter of 75 mm and a maximum height of 80 mm.
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Figure 2-12. SkyScan 1272 uCT apparatusvith a tubular braided composite sample on &

rotation stage.

Distinct features are extracted using image segmentation, most commonly performed using the
image histogram, which plots counts of image pixels based on light intefitA simple image
segmentation process known as image binarization is illustrateéigmre 2-13. From the
reconstructed image slice showrFigure2-13(a), the image histogram shownkigure2-13(b)

is generated, and used to select a threshold to create the binarized image $tigue2r13(c),

where pixels of lower intensity are set to zero and pixeltsgtfer intensity are set to one.
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(a) (b) Image Histogram (c) Binarized Image
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Figure 2-13: lllustration of image binarization for feature segmentation: (a) original 8bit
image; (b) image histogram with the threshold value selected between the tgeyscale

value peaks; (c) resultant binarized image.

These principles have allowed extensive application of uCT to the study of composite materials,
due to the ability to distinguish between material constituents as well as defects. Using uCT,
individual fibres and the fibre distribution of a preform can be assg3&dstructures of void
networks can be quantifig@6], and internal damage such as microcracks and macrocracks can
be identified and investigat¢d7]. Furthermore, uCT can be used to obtain overall geometries of

composites that can be used as a reference for analytical fsje[&5].
2.4.3 Computed Tomography for Analysis of Composites

2.4.3.1 Geometry Assessment of Composites

Dureth et al.[78] assessed initial yarn and cresectional geometry of textile carbon/epoxy
composite combined loading samples using imaging techniques includsity i€T. Here,
average mesoscale properties such as undulation, crimp angle, and ply thickness were sufficiently

characterized from CT imaging. However, the voxel size of 20 um did not allow for yarn
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segmentation and individual yarn analysis. This local micteseaalysis was done using

micrographs instead.

2.4.3.2 Quantification of Voids in Composites

Ao et al.[79] studied the internal structure of a large woven ceramic matrix composite plate
through CT within a limited region of interest (ROI). The work found thabxel size of 28.4
microns was sufficient in capturing the extent of voids in the material. The porosity within the ROI
was evaluated to be around 13% and the voids typically formed clear boundaries with the fibre
tows. Fibre weave defects, which occdrodten at sharp internal edges of the sample, contributed

locally to an increase in void content.

Ayadi et al.[80] studied the internal structures of wkftitted glass/PP composites under varying
manufacturing conditions to control porosity. Panelsaweanufactured by staged consolidation
using compression molding at varying compression ratios. It was found that with no compression,
the matrix material coalesced and bridged between tows, forming voids within tows. Additionally,
at a high compressiomtio of 63%, the matrix material formed clusters within confined regions
between fibre tows, resulting in poor impregnation of knitting yarns, especially at looping sections.
The optimal impregnation quality was found in samples with intermediate congoressios
between 35% and 47%, allowing for more uniform flow of matrix material within the knitted

fabric.

2.4.3.3 Quantification of Damage Cracks in Composites

Schottl et al.[81] performed crack segmentation for quantitative analysis-sitinuCT of cyclic
load testing of a discontinuous glass fibre reinforced hybrid thermoset composite notched sample.

The cracks were segmented using seeded region growing, a technique developed by Adams and
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Bischof[82] that separates regions by greyscale intensity valaésed by seed voxels. Here,
since an irsitu configuration was used and the damage cracks were significantly larger than any
material voids, the crack volume fraction could be reliably determined at each load step after noise
filtering within the notchCrack volume fractions of the sample remained at around 0.02% after

three load steps, then increased to nearly 0.10% after the fourth load step.

Schottl et al[83] thenextended thevork from the previous study by applying an empirgzdond
order crack orientation tensor to the segmented cracks. After the first three load steps, the tensors
indicated that the principal crack consistently aligned with the direction of loading. After the fourth

load step, the crack orientation had shifiy around 3Dtransversely.

Zi - g k o w g[8d]i perferimed anksoscale and macrosd@le for ballistic testing of woven

aramid reinforced polymer composite panels. Samples were manufactured using either
polyethylene (PE) or PP as the matrix materialli§tic testing was performed using 0.38 calibre

and 9 mm x 19 mm calibre projectiles, applying 392 J and 548 J of impact energy respectively.
Mesoscale CT allowed for statistical analysis of-g@xesting voids including volume and
sphericity and found #t voids in the PP matrix sample were more circular overall than those in
the PE matrix sample. Macroscale CT showed the extent ofdaede delamination within the
panels after ballistic testing and showed that, for the PP matrix sample, thedmglgrprojectile

caused a lower percentage of delamination due to the less significant spread of deformation around

the impacted site.

Guo et al.[85] performed quasstatic tensile testg and tensioftension fatigue testing on 3D
woven carbon/epoxy compites, using synchrotron radiation CT for volumetric damage analysis.
Cuboid sections of damaged samples were prepared for scanning by waterjet cutting and polishing.

All regions within the cuboid dimensions with low greyscale intensity were quantifiexhgses

41



damage. Results from quastatic testing showed that breakage of both warp and binder yarns
occurred towards the edges of the weft yarn esession, as the highest undulation angles
occurred at these positions. Results from fatigue testing shthatdt the first stage, cracks
manifested in reskinich areas and propagated transversely. At the second stage, interface
debonding became more prevalent as the matrix cracks continued to propagate. At the third stage,

significant breakage occurred at thiarp and binder yarns.

2.4.3.4 In-Situ Investigation of Effects of Voids on Damage of Composites Under Loading

Bohm et al.[86] used insitu CT to investigate three different materials and the evolution of
damage under loading and unloading. Two carbon/epaxylea: one with nowrimp carbon

fabric and one with weft woven carbon fabric, underwenplame tensile testing. One
carbon/carbon sample underwent-otsgplane compressive testing. Thesitu testing guaranteed

the alignment of datasets between sc&os.the norcrimp carbon/epoxy sample, the combined
length of cracks was consistently higher under loading compared to after unloading due to the
partial closure of cracks. Similarly, for the weft woven carbon/epoxy sample, the delamination
area was highamder loading than after unloading. For the compressed carbon/carbon sample, the
void content decreased consistently under loading. However, after unloading, void content did not
experience a significant decrease unless sufficient loading had been dpphelice plastic
deformation. The study concluded that gtstatic damage analysis of composite materials would
highly benefit from irsitu CT scanning under loading, as certain critical damage indications could

become hidden after unloading.

Protz et al[87] investigated the effects obid content in the tensile performance of glass/epoxy
noncrimp fabric composites through-gitu CT. Samples were manufactured by VARTM with

varying conditions to systematically induce void contents rarfgimg 0.01% to nearly 3%. It was
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found that crack growth was not much more prevalent in samples with low void content than in
those with negligible void content. For samples with high void content, cracks propagated more
easily from voids with thin, shagrofiles, but were more likely to be stopped by nearby spherical

voids.

Hulsbusch et al[88] investigated the evolution of damage in fatigue testing of glass fibre
reinforced composites through-situ CT. Samples were manufactured from glass/epoxy and
glass/polyurethane in quasbtropic laminate configurations. Fatigue testing was performed in a
high cycle regime using a servohydraulic testing apparatus, as well as a very high cycle regime
using a resonant testing apparatus for a higher loading frequdt was found that the
glass/polyurethane samples had consistently lower fatigue strength than the glass/epoxy but had a
lower concentration of visible material damage to failure. However, much of the damage in the
glass/epoxy consisted of intibre cracking. In contrast, the glass/polyurethane, which was found

to have a higher pore content than the glass/epoxy, also had proportionally higher delamination

which was thereby deduced as a leading cause of decreased fatigue strength.

Zeng et al[89] peformed n-situ uCT in shear testing of woven glass/epoxy flat laminates. Void
segmentation and statistical characterization was performed using an algorithm developed in
MATLAB. Crack segmentation was performed to characterize the various forms of ahesgel

as they developed. Classification of cracks was based on the clear distinction between warp and
weft yarns due to the flat crossction of the samples, which was leveraged here to distinguish

between longitudinal and transverse cracking at warmeafidyarns.

2.4.3.5 Coupled Analysis of Internal Damage and Surface Measurements

Holmes et al[90] performed tensile testing on plain woven carbon/PEEK composites and assessed

damage by couplingCT with surface measurements by digital image correlation (H&jples
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were cut by waterjet at various orientations, includingwis 0°) and offaxis (L5° 30° and45°).

Here, uCT analysis found th@f and15° samples experienced minimal internal cracking, with
any identified cracks remaining confined within tows. In contrast,3@feand 45° samples
experienced significant internal cracking that frequently extended across toveectisss. The
MCT data wasisccessfully correlated with DIC data, illustrating the effects of internal damage on

surface strains.

2.4.3.6 Summary

There has been significant study on geometry, voids, and cracks in composites, although the focus
typically remained on one type of feature. Cledpanalysis of voids and cracks has been
performed using wsitu HCT which ensures alignment of datasets at each loading stage. There
remains a significant gap in the coupled study of different features in composites usitig ex

HCT, which is applicabléo loading scenarios that require laigmale apparatus such as impact

testing.

2.4.4 Digital Volume Correlation

DVC is a volumetric optical measurement technique that is primarily used for volumes
reconstructed from pCT imaging. This technique is analogoDfGpwhere in DIC, deformations

of a sample are measured at a surface, while in DVC, deformations are measured within a volume
[91]. DVC uses two volume datasets, typically an unloaded or undamaged sample as a reference
and a loaded or damaged sample &a&rget. The primary objective of this technique is to evaluate
local 3D deformations and strains throughout a volume, including its internal fe@2yeVC

is often performed using local approaches, where volumes are split into subsets whialyaeel an

individually [93]. Additionally, DVC measurements can be improved by particle seeding, where
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high-contrast particles are incorporated into a material to create distinct subset features and reduce
uncertainty in the correlation proce€gl]. A local approach to DVC is illustrated for a single

subset irFigure2-14.
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Figure 2-14: lllustration of the DVC process. ldentifying geometries that match betwee
the reference and target allow for identification of the necessary transformations fo

pattern matching.

For a given subset, its displacement is determined by measure of a correlation metric between
reference and target volumggb]. At the voxel level, crossorrelation is a commonly used metric

for pattern matching and achieving displacement measuref®&jtd-or a reference volume

and target volum&with an offset vector ofofbh) |, the nomalized crossoefficienti is defined

by Equation Z97]. The displacement vector of a subset is defined as the offset vector where the
crosscorrelation criterion is maximizef®3]. An example of this process is providedrigure

2-15, where the DVC algorithm correlates subsets between the reference (a) and target (b) volumes

to generate measurements such as displacement magnitudes (c).
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Figure 2-15. Example of the DVC process: (a) intact sample volume as the reference; (
deformed sample volume as the target; (c) field of local displacement magnitud

generated by DVC. Data provided by Tudisco et a[98].

Mazars et a[99] performed irsitu uCT in tensile testing of 3D woven ceramic matrix composites.

Samples were manufactured with silicon carbide fibres and silicon carbide matrix using the melt

infiltration process. Tensile testing was performed at room temperature and &€.1RYMT was

also performed for more localized analysis of damage. Cracks in the material during testing were

difficult to characterize from the reconstructed uCT images alone, but residuals from DVC showed

the cracks clearly. Matrix cracking first developed along the fieks, after which they merged

by throughthickness cracking. Fibre breakages outside of the ultimate failure crack occurred much

more frequently at room temperature than at high temperature.

Lorenzoni et al[100] studied the damage evolution of gtrhardening cement composites using

in-situ UCT. Tensile and compressive testing samples were manufactured from polyethylene
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microfibre reinforced cement, where the compressive samples had either longitudinally or
transversally oriented fibres. Additiohgl DVC was performed for the compressive sampbes
investigate normal strain and deformation profiles. From the qualitative assessment of uCT data,
it was found for both the tensile and compressive samples that notches and pores were major
contributors ¢ the localization of damage and failure. However, the authors suggested that using
larger samples may provide more representative findings due to statistical features. Strain maps of
compressive samples from DVC showed a significant presence of straent@tions in porous

regions of the sample, thereby confirming the locations of failure initiation.

Liu et al.[101] performed insitu pCT and DVC analysis of 3D braided silicon carbide/silicon
carbide composites under thigeint bending. Image subtraction was performed in the uCT
reconstructed images to isolate newly created damage at each load step. Principal strain
measurements from DVC indicated that at the first and second load steps, a periodic strain profile
indicative of the 3D braid pattern was found, and small stress concentrations appeared at the
compressive and tensile surfaces. Significant damage enstresl third and fourth load steps,
resulting in a large strain concentration at the compressive surface that propagated through the
length of the sample. This observation agreed withfindings from segmented cracks in the
reconstructed volumes, which sheavthat cracks propagated mainly along the direction of the

fibre tows.

Holmes et al[102] performed exsitu uCT and DVC analysis for load relaxation tensile testing of
woven glass/propylene composites. Tensile loading was applied to a sample aloveypghe
direction and another in the weft direction, up to 90% of the ultimate extension prior to release.
Samples were scanned before and after loading, after which a 3D rigid registration was applied to

ensure appropriate characterization of damage thr@g6. Qualitative uCT investigation
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showed that for the warp loaded sample, damage manifested as longitudinal delamination cracking
constrained to an edge of the sample. This finding was confirmed quantitatively by a clefar out
plane strain concentratiaas measured from DVC. In contrast, for the weft loaded sample, uCT
images showed internal transverse cracking in filote areas formed by poor resin impregnation

in the hot compaction proces&dditionally, DVC measurements showed a significantly larger
proportion of ouof-plane strain for the weft loaded sample, which was largely attributed to the

ductility of the matrix material rather than internal damage.

Goyal and Melenkd103] studied 2D braided hybrid carb@mamid/epoxy flat samples under
tensle loading using irsitu uCT. The material configuration used an ifgha hybrid textile of

carbon and aramid tows. Additionally, the effects of particle seeding in strain measurements were
examined. For these samples, peak strain values were found it?bhén tension along the axial
direction, and 6.5% in compression along the transverse direction. Furthermore, the absence of
seeded particles resulted in poor correlation in over 50% of the subsets, whereas particle seeding

reduced this proportion to twel 15%.

From the reviewed literature on DVC, there is limited study on DVC of hybrid braided composites
as most works used singular materials per phase. Additionally, there remains a gap in DVC
analysis using esitu pCT for composites, particularly for eisvith impact testing. DVC is
applicable to impact testing, as it can measure the induced permanent material damage in the form
of strain. DVC is also directly comparable to FEA due to its discrete nature and can be used to
validate FEA models of impactgied structures. Experimental measurements from DVC can
provide valuable insight for validating numerical models of hybrid braided composites to help

accelerate the design of materials and structures.
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2.5 Gaps in Literature

When considering impact testing abiled composites, particularly using the SHPB apparatus, it

is noted that most works that exist to date focus solely on 3D braided composites, which have
substantially higher impact resistance compared to 2D braided composites, owing to the influence
of additional interaction of fibre tows along the throuitiickness direction. SHPB testing of 2D
braided composites is limited to testing of specimens with flat-@ssons, as performed in the

work by Zhao et al[40]. Impact testing of 2D braided congites was also performed by drop
weight testind28], [29], [32] and direct pressure gas gun tes{®®@j, with the works of Shi et al.

[28] and Wu et al[32] focusing on hybrid configurations of braid architectures. However, these
studies used uform fibre and matrix materials, and hybrid configurations of materials were not

focused.

Concerning CT analysis of composites, many of the works examined eithestai@sor cyclic
loading of samples. The use of CT for dynamic testing of composaescysarly by SHPB
impact, is limited to qualitative poestamage inspection of 3D circular braided composites, as
studied in the work by Zhou et §62]. Additionally, the study of crack development alongside
voids and pores was performed usinggitu CT techniques, thereby ensuring the alignment of
datasets between unloaded and loaded samples without the need for image registration after
scanning. Dynamic testing was not used in these studies, likely due to the concern of feasibility of
direct coupliig of large impact testing apparatus witiray CT scanning equipment. Studies with

a focus on DVC have also largely usegitu uCT for norhybrid composites, with the exceptions

of Holmes et al[102] who employed essitu uCT of glass/propylene comptes for quasstatic

tensile loaerelaxation testing, and Goyal and Melerfk@3] who employed irsitu pCT of intra

ply hybrid carboraramid/epoxy composites for tensile testing.
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It is concluded from the review of the literature that there remains nmach for study of the

impact behaviours of 2D braided composites and hybrid material composites, as well as internal
impact damage and strain behaviours of composites. These gaps demonstrate the need for a method
of rapid quantification of voids and damagebraided composites, particularly using automated

processes based on computational algorithms.

2.6 Proposed Study

To address the gaps in literature, the author proposes the study in the following chapter with the
objective of assessing the interirapact response of a 2D braided composite tube avitmter

ply hybrid material configuration. The tubular sample is fixed at its ends and impact loading is
applied transversely. Volumetric data of the sample is acquired before and after impact damage by
ex-situ HCT. Image registration is performed to align the volume of the damaged sample with the
undamaged sample. Material voids are segmented and matched between the two volumes by an
algorithm, then analyzed individually and compared statistically. lingamage cracks are
extracted by an algorithm based on identifying object shape properties and assessed in the context
of the full scan volume. Finally, the uCT analysis is supplemented with a DVC study, where
volumetric strains are measured for correlatioth the cracks identified by image processing and

any additional damage modes.
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Chapter3 AssessmenVYeloofciltofRvelsmma s te
of a Hybr-AdamGiad b&@8nai ded Con

Al gori thmic Quantification o

3.1 Introduction

Two-dimensional (2D) tubular braided composites are -effsttive and often used in
axisymmetric parts for stiffnesgitical applications[1], [2], and more complex structural
applications using joint3]. These materials consist of a woven architexof fibre tows, which

has favourable impact performance when compared to their unidirectional counterparts,
particularly in residual compressive and shear strer[gihAs such, characterizing the impact
properties of braided composites in a var@tyorms has become a valuable endeavour in recent
years[5]i[8]. The braiding process forms fibres into a 2D or 3D textile archite§@ir¢10],

where matrix impregnation is then done using a variety of techniques, including manu) lay
and autmated resin transfer molding (RTM)1], [12]. Braiding as an automated means of
fabricating highperformance composite parts provides benefits in reducing manufacturing times
and costd13], [14], but also provides a challenge in quality control bamedhe selection of

manufacturing processgks].

Impact damage of braided composites has been characterized using various methods, such as finite
element analysis (FEAJ16], [17], microscopic analysi418], [19], and micrecomputed
tomography (UCT. UCT is a nordestructive method of sample imaging, wherea}{ images are
reconstructed into volumetric representations of a sample to examine its internal sf@@jture

and has been applied to polymer matrix composites to assess manufacturtggpprabity, fiore
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architecture, and damage modes from gatedic, fatigue, and impact te$&l]. Several general
findings were made from uCT in damage assessment of materials. For instance, voids support the
propagation of damage cracks and affeaterial performance based on a complex relationship
between void size and criticality of locatif#?], individual fibres under compressive loading can

fail based on a phenomenon known as mhokling [23], tensile failure of axial fibres can
initiate from matrix failure within layers of transverse backing fibj@4], damage in a flat
laminate can be characterized on alpiyply basis using a distance transform techni@3¢ and
nanecomputed tomography can supplement uCT to investigate tbhestiucture of a crack

initiation site[26].

Studies have used UCT to investigate a variety of braided composites, including 2D tubular braided
composites made from carbon/epdRy]i [29], aramid/epoxy30], and biebased materials such

as cellulose fibref31]1[33], and 3D braided composites made from carbon/ef@y[37] and
glass/epoxy38]. Some hybrid composites have also been assessed, such as 2D braided carbon
glassaramid[39] and glasscaibon [40], 2D woven carboiglassbasalt[41] and carboraramid

[42], [43], and 3D woven glassarbon[44]. Literature on the assessment of impact response of
braided composites by uCT is limited, with a work by Zhou ef34dl] investigating 3D aicular

braided composites by qualitative analysis of internal structures after impact. The study found that
at a braid angle of 45tow splitting was found to be the primary damage mechanism and material
cracking propagated radially, while at lower brangles, fibre fracture became the dominant

damage mechanism and material cracking propagated along the length of the material.

Furthermore, volumes acquired by pCT can be further assessed by measuring 3D volumetric
deformations and strains using digitallimoe correlation (DVC). This technique was mainly

employed with irsitu uCT to ensure sample alignm@h5]i [48]. Goyal and Melenk§8] used
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in-situ uCT for tensile testing of 2D braided hybrid cafasamid composite flat samples. The
effects of paitle seeding on strain measurements were examined by testing samples with and
without highcontrast copper particles. The study found that the addition of particles improved
strain measurements by creating distinct subset profiles throughout the volusiel KT was

used with DVC by Holmes et g49], where ceramic matrix composites were studied by tensile
load relaxation testing. The study found that under warp loading, strain concentrations formed in
the material along an edge of the sample, whilden weft loading, the material experienced
significant outof-plane strain due to the ductility of the matrix material. Based on the available
literature, there remains a significant gap in DVC measurementsiflepCT scanned samples,

which is highly aplicable to impact testing where largeale equipment is typically used.

Impact damage that is not easily detectable by external inspection is referred to as barely visible
impact damage (BVID), which is found to have significant influence on the staliperformance

of composite partfb0]. For braided composites, studies on BVID are largely based on numerical
modelling. Blinzler and Biniendgb1] developed a macromechanical analytical model for BVID

by threepoint bending of triaxially braided carbon/epoxy composites that usedaet& method

to model delamination. Comparison of the moadéh a baseline simulation and experimental
results showd that deflections were underestimated by the baseline and overestimated by the tie
break method. Wang et 4b2] performed a numerical study on BVID by impact attenuation
testing of braided composite shin guards. The model was validated with expgsriameh
demonstrated its potential of expediting performance assessment of braided composite parts as it
accounted for braid angles. A significant gap remains in the experimental assessment of internal

structures subjected to BVID.
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This study investigateché impact performance of 2D tubular braided hybrid cadramid
composites. A mukltiayered interply symmetrical configuration of biaxial braided carbon and
aramid fibres was manufactured, and impact testing was performed using a split Hopkinson
pressurebar (SHPB) system to induce BVID. The sample was imaged before and after impact
testing using exsitu UCT and the datasets were aligned using image registration. Quantitative
analysis was performed on the individual voids and the damage cracks usingosthral
developed herein. Finally, a DVC study was performed to measure 3D strains within representative

volumes of interest and associate the results with findings from the crack detection algorithm.

3.2 Methods

3.2.1 SamplePreparation

The hybrid braided tubulaample, as shown iRigure3-1, was manufactured using a hand-lay

up technique. As illustrated Figure3-1(a), the material consisted of an infdy hybrid of carbon

and aramid fibredrigure 3-1(b) illustrates the laminateonfiguration as braided plies of aramid

over carbon over aramid in a [t4@configuration The manufactured sample is showrrigure

31( c). A combrian adteidorc aofbo2ndo fbi br e bi axial sl eeve
sleeves (#2609 and #2611, Fibre Glast Developments Corp., Brookville, OH) was tisedibre

materials. A laminating epoxy resin and cure (2000 epoxy resin with 2060 hardene(lagire
Developments Corp., Brookville, OH) was used as the matrix materialijpayas performed on

a 38.1 mm (1.50) diameter mandrel, forming a 't
to size using an abrasive sa%s shown inFigure3-1(d), the braid angle], was measured from

images of the braid pattern, acquired by a friggolution cameradce acA244635um, Basler AG,
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Ahrensburg, GermanyBased on physal measurements, the sample had an inner diameter of

38.1 mm (1.500), an outer diameter of 41.0 mm

Hybrid Braided Composite Material
(a) Full Cross-Section (b) Laminate Configuration

Biaxial Aramid Braid
+40°
Biaxial Carbon Braid

+40°
Biaxial Aramid Braid
+40°

(¢c) Sample Image (d)Braid Angle Measurement

=

Figure 3-1: Hybrid braided composite lay-up: (a) schematic of full tubular crosssection;
(b) ply-by-ply material properties; (c) image of sample in crossectional view; (d) image

of sample in transverse view for braid angle measurement.

3.2.2 Impact Testing

The sample was subjected to transverse impadhgessing a split Hopkinson pressure bar

(SHPB) testing apparatyS3]. A custom fixture was designed to clamp the sample in place,

| eaving a free | ength of 38.1 mm (1.50). A ro
incident bar, serving asétpoint of contact with the sample. The striker bar was accelerated by a

gas pressure of 690 kPa (100 psi). As a result, based on the mass of the striker and the measured
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impact velocity, the impact energy applied to the sample was measured to be 8i¢6 ihduced

BVID in the material that was then analyzed volumetrically.

3.2.3 Volumetric Scanning

The sample was subjected to jomgact and posimpact volumetric Xray scanning by micro
computed tomography (UCT) using a higdsolution 3D Xray microscope (SkScan 1272,

Bruker Corporation, Billerica, MA, USA). The scan settings for the braided composite sample are
listed inTable3-1. These settings were chosen to previgtimal image contrast of the hybrid
braided composite sample for further image processing and analysis. The settings resulted in a
field of view 0f43.6 mm x 43.6 mm x 13.3 mm allowing for the entire sample diameter to be

imaged.

Table 3-1: Micro -computed tomography scan settings for tubular braided composite

sample.
Source Voltage 50 kV
Source Current 153 pA
Filter Aluminum 0.25 mm
Camera Binning 2x2
Horizontal Offset Positions 2
Image PixelSize 9.3 um
Frame Averaging 2
Rotation Step 0.
Reconstructed Volume Resolution| 4688 px x 4688 px x 1433 px
Reconstructed Volume Size 43.6 mm x 43.6 mm x 13.3 mr]
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The transverse projections of the sample acquired by uCT scans were then reconstructed using
proprietary CT data reconstruction software (NRecon, Bruker Corporation, Billerica, MA, USA).
The result is a set of image slices representing @essons of ta sample, as shown Figure

3-2. The undamaged sample, as showrrigiure 3-2(a), contained small holes throughout the
circumferencewhich were classified as voids, and a larger hole which was classified as an
imperfection or defect caused by the manufacturing process. The damaged sample, as shown in
Figure3-2(b), contained a similar configuration of holes as well as thin features at the impact site

which were classified as impact damage by cracking.

Reconstructed Image Slices
(a) Undamaged (b) Damaged

Figure 3-2: Representative crosssectional images of the hybrid braided composite samplt
(a) before impact damage; (b) after impact damage. A defect caused by the hand-lgy
process is found in both the undamaged and damaged samples. Sample damage manife

as thin internal cracks and was localizedo the impact site.
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3.2.4 Image Processing

3.2.4.1 Volume Registration

Alignment of datasets is critical for accurate determination of localized changes before and after
impact damage. The datasets were registered using the 3D inspection software (DataViewer,
Bruker Corporation, Billerica, MA, USA), using the undamaged sauhgig as the reference and

the damaged sample data as the target. As shokigure3-3, the 3D registration process used a

sum of square difference as a similarity metric, then applied rigid transformations in the form of
Cartesian x/y/z translations and Euler angles followimg zx-z convention. After the datasets

were cropped to 4608 px x 4644 px x 921 px, preserving the matching refiengstltant

dimensions and coordinate system for the registered volumes are shéiyaraB-4.

Volume Registration Process
Az

Undamaged Undamaged
AxA/
N
E Apply Translation E g
/'BZ 0
¥ §
X a TN ¥
(mm) 0 ¥ i U
Apply Rotation

Damaged

(mm)

(mm)

40
50 40 50 50 (mm)
50 (mm)

x Reference Marker
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Figure 3-3: Process for registering volumetric datasets from uCT. The damaged dataset
rotated, then vertically translated to align with the matchingportion of the undamaged

sample.

Registered Data Coordinates
4 Origin

2 mm

43.

-
o
)
=
IE
=

8.6 mm

rioi j 42.9 mm

Figure 3-4: Dimensions and coordinate system of registered datasets. The origin of t

coordinate system is shown in green in thexand x-z views.

3.2.4.2 GeometryAnalysis

Geometric properties of the tubular sample were assessed using a series of image processing
techniques using MATLAB and the Image Processing Toolbox. To expedite image processing and
analysis of object properties, the datasets were downsampladdnyor of 4 on each axis to
volumes of 1161 px x 1152 px x 231 px. In the decimated datasets, a 3D median filter with a
window size of 3 pixels was applied to provide clarity between the sample material and voids.
Next, the image slices were binarizedngsa threshold found by an automated search using

histograms of light intensity values as showfigure3-5(b), separating the sample material from
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its surrounding and voids as shown Figure 3-5(c). A solid outer region was then created by

filling the holes in the binari zFgae3i5daTlgee usi

hollow inner region was then extracted by subtracting the binarized image from the filled outer
region using a Boolean operation as showrRigure3-5(¢e), then isolating the largest object using
the O6bwareaf il t 6Fighre3bs)t Obpeat prapertiessfar they mneri and outer
regions such as area and eccentricity -were
sectional area8 were evaluated based on pixel cowantd the diametei® of the inner and outer
regions were evaluated at each image slice using Equation 1. Eccenifieiges evaluated from

an ellipse with seminajor and seraininor axis lengthgyand®respectively, using Equation 2.
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Geometry Analysis and Void Extraction Method
(b) Image Histogram (c) Binarize (d) Fill Holes

0

(a)

Original Image

0 50 100 150 200 250
Greyscale Value

(f) Filter Largest Object

(2) [solate Voids (h) Result

Figure 3-5: Process for sample geometry analysis and void extraction: (a) original resize
image; (b) image histogram with threshold value chosen using peak greyscale values;
image filtered andbinarized; (d) flood-fill operation applied, creating the outer region; (e)
binarized image subtracted from outer region; (f) subtracted image filtered for the larges
object, creating the inner region; (g) inner region removed from subtracted image t

isolate voids; (h) resultant void objects overlayed in green over the original image.

3.2.4.3 Void Extraction

The voidsin the samplavere extracted byemoving the inner region iRigure 3-5(f) from the
subtracted image Rigure3-5(e), as shown ikigure3-5(g). The result, as shown kigure3-5(h),

illustrates the identified voids in the context of the raw image slice.

The volume of voidso and volume of the composite matekalwere used to calculate the void

volume fractionb of the undamaged and damaged samples using Equation 3.
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Properties for each void such as centroid, volume, and surface area were acquired using the

0regionprops30

from the centroid of the sample interior region at its height. Siireericityf of each void was

evaluated from volume and surface area using Equation 4. Next, a void registration process

functio

n.

The

position

of

each

was developed as shownkigure3-6, where each void in the undamaged sample was matched to

a suitable void in the damaged sample based on proximity and volume similarity, allowing for the

analysis of volume change in each void due to impact damage. Staéistadis in the form of a

t-test was performed to determine if the applied impact damage caused an enlargement of voids.

Undamaged Sample

40
50 50 (mm)

I s 15 I

Void Index

Void Registration Process

Undamaged
Void

Matches
With

1
2
3
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3 — 1n
14
15
16
17
18
19
20

Damaged
Void

Damaged Sample

T s
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40
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Void Index

15 R

Figure 3-6: Process for registering individual voids.Voids are sorted by size and indice:

are assigned. Undamaged voids are matched to corresponding damaged void based on

and location similarities.
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3.2.4.4 Crack Detection

A crack detection process was developed for the damaged sample in MATLAB as skayundn

3-7. Here, the dataset of the damaged volume was downsampled by a factor of 2 on each axis to a
volume of 2322 px x 2304 px x 461 px. The highesolution volume wasecessary to sufficiently
resolvethe thin featureswhereas larger features such as voids were nevertheless sufficiently
resolved after heavier downsamplilfgs shown inFigure 3-7(b), images were binarized using

higher threshold values than those identified by the void extraction algorithm to mitigate blurring
and separate the cracks from void perimeters. Voids wereverl from the binarized images as

shown inFigure3-7(d) using a mask created by median filtering as showguare3-7(c). Next,

i mage objects were filtered by eccenFiguiecity
370 e), such that only thin features with very
function was then used to identify and remove small 3D objects from the volume as shown in
Figure3-7(f). Next, objects were grouped into clusters by a mask to remove objects distant from
the impact region and identify the crack network. As showsigare3-7(g), the mask was created

by applying a morphological dilation with a diskaped structural element with an initial size of

41 pixels. Thecrack was then isolated using a Boolean operation with the largest mask region as
shown inFigure3-7(h). The arc length of the crack at each imdge svas then measured using

a seconddegree polynomial curve fit. Next, using the measurements showgune 3-7(i), a
refinement process was déweed to eliminate outlier measurements and ensure the output of an
appropriate crack profile. For each identified outlier, the masking process was retried by modifying
the structural element size. The final crack network is shown in the context of rgev stices in

Figure3-7(j-l).
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Crack Detection Process
(b) Binarized Material (c) Mask (d) Image Subtraction

(f) 3D Object Size Filter  (g)Object Cluster Masking (h) Isolated Cracks

..
“na

(i) Crack Refinement () Result (z=0 mm) (k) Result (z=4.3 mm) (I) Result (z= 8.6 mm)

(a)

Original Image

(e) Eccentricity Filter

Layer Arc Length (mm)

Figure 3-7: Process for impact crack detection: (a) raw resized image; (b) binarized imag:
(c) mask created by median filtering; (d) binarized image subtracted from mask; (e) imag
filtered for objects with thin features representing a crack profile; (f) image withsmall

objects removed; (g) mask created by image dilation to identify the largest cohesive regic
(h) image features extracted within the largest dilation mask object, representing the fine
isolated crack; (i) layer arc length versus image slice, used tefine the dilation masking
process to eliminate outliers; (j) crack overlayed in red over the original image at z =

mm; (k) at z =4.3 mm; (I) at z = 8.6 mm.
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3.2.5 Digital Volume Correlation

Since two €CT iIimage datasets were obtained be
using a commercial image analysis software package (Avizo 2021.2, Thermo Fisher Scientific,
Waltham, MA, USA) and the DVC Local Approach module to measure theingsattain. As

shown inFigure3-8(a), the undamaged and damaged datasets were cropped to two 13.0 mm x 2.2
mm x 8.6 mm regions of interest, where deformations aathstwere measured at the impacted

side and its opposite side. As illustrated kigure 3-8(b), the DVC process performed the

measurements locally in cubic subseih a size of 138 um as determined by a sensitivity study.

Digital Volume Correlation Process
(a) Regions of Interest (b) Impacted Region and Subset Size

13.0 mm

2.2 mm

8.6 mm

Figure 3-8: Digital volume correlation process: (a) the selected regions at the impacted si
and opposite side are of equal volume; (b) dimermis of the region of interest at the

impacted side with a subset enlarged for illustration.

3.2.5.1 Sensitivity Study

Results from the DVC sensitivity study are shown for the centsalmage slice irFigure 3-9.

The selected region for this analysis is represented by the image slice sheigar@3-9(a),
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where delamination cracking occurred in both the inner and outer ply interfaces. At larger subsets
shown inFigure3-9(b-c), the expected strain profiles were preseat,not with sufficient spatial
resolution. At a subset size of 138 um, as showkigure 3-9(d), local tensile strains from
cracking and compressive strains fromidvodeformation were appropriately resolved.
Consequently, this subset size was chosen for further DVC processing of the sample volumes. At
smaller subsets, noise artifacts became prominent around the edges of the material as shown in

Figure3-9(e), or throughout the material as showifrigure 3-9(f).

DVC Sensitivity Study
A Subset = 368 um

Figure 3-9: Results from DVC sensitivity study: (a) original image slice of the impacte«
side of the damaged sample at z = 4.3 mm; (b) normalsgrain map for a subset size of 36¢

pm; (c) 184 um; (d) 138 um; (e) 92 m; (f) 76 um.

3.3 Results & Discussion

3.3.1 Volume Registration

Transformations applied to the damaged sample data for volume registration are lisbtein

3-2. Results fom the volume registration process are visualizeBigure 3-10. Figure 3-10(a)
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demonstrates the overlap between the undamaged and damaged volumes before registration, as
shown inFigure3-10(i), and after registration, as shownRigure3-10(ii). Figure3-10(b) stows
these results in terms of the voids alone, providing a different perspective where the voids are

largely mismatched before registration, as showRigure 3-1((iii), but largely matched after

registration, as shown irigure3-10(iv).

Table 3-2: Volume registration results - applied transformations to the damaged sample.

Translation [e, ¢, 1] (w=d [80,-44, 488]

Rotation [», 1, A] (J) [-162.6,-0.7,-29.8]

Image Registration
(a) Material Volume
(1) Unregistered (i1) Registered

(mm)
© naoe

(b) Voids Only
(1i1) Unregistered (1v) Registered

(mm)
=] NHEOPON
(mm)
© NBEO®

Unmatched Unmatched
= Matched I (Undamaged) I (Damaged)
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Figure 3-10: Visualized image registration results: (a)material volumes: (i) before; (i)

after registration; (b) isolated voids: (iii) before; (iv) after registration.

The extent to which the volumes match was evaluated using thecomsktion coefficient,
calculated using Equation 5, where image risiges at pixelQare denoted byo for the
undamaged sample add for the damaged sample. A value of 1 indicates perfect matching,
whereas a value of 0 indicates no matching.

Bo o o of v
Bo o Bo d

The resultant crossorrelation coefficients are listed Trable3-3 for the 4 x 4 x 4 downsampled

data used for geometry and void analysis, and for the 2 x 2 x 2sdowled data used for crack
detection and DVC. The significant improvements in ciasselation coefficients with
registration indicate that the registration process is an imperative step in the analysis of a singular

sample under esitu mechanical tessiy.

Table 3-3: Volume registration results - crosscorrelation coefficients between undamaged

and undamaged datasets.

4 x 4 x 4 Downsampled 2 x 2 x 2 Downsampled

Unregistered Registered | Unregistered | Registered

Raw Imported 0.6162 0.9162 0.5900 0.8696
3D Median Filtered 0.6492 0.9638 0.6226 0.9308
Binarized 0.6589 0.9669 0.6551 0.9639
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3.3.2 Volume and Void Analysis

3.3.2.1 Geometry and Topology Analysis

Results from the geometry and topology analysis of the undamaged and damaged samples are
shown in Figure 3-11. Figure 3-11(a-b) shows measurements of inner and outer diameters
measured from image slices compared with the physical measurement by micrometer. Average
inner diameter valugsom images were 38.6360.01 mm and 38.03 0.01 mm forthe undamaged

and damaged samples respectively, indicating slight underestimation by up to 0.2%. Average outer
diameter values from imagegere 41.2% 0.06 mm and 41.2¥ 0.06 mmfor the undamaged and
damaged samples respgety, indicating substantial overestimation by 0.7%, owing to the
protrusion of the outer layer caused by the manufacturing defegre 3-11(c) shows
measurementsf eccentricity of the inner and outer surfaces at each image slice. The inner surface
was observed to become noticeably more circular over its full measured length after impact
damage. This effect is illustratedrigure3-11(d-f), where delamination cracks induced by impact

caused local inward plastic deformation, resulting in an overall shift in-sez$®nal geometry.
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Geometry and Topology Analysis

(a) Inner Diameter Measurements (b) Outer Diameter Measurements () Surface Eccentricities
38.2 414 0.4
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Figure 3-11. Results for topology analysis: (a) measurements of sample inner diamet
over vertical position; (b) measurements of sample outer diameter over vertical positior
(c) measurements of eccentricity of crossectional profilesover sample vertical position;
(d) illustration of the inner cross-sectional profile shift at z=0 mm; (e) at z = 4.3 mm; (f

atz =8.6 mm.

From the ttest results shown iitable 3-4, the outer surface experienced a slight decrease in
circularity, stemming from either slight plastic deformation near the region of impact, or from
residual misalignment of datasefsp-value of <0.05 was used as the critario indicate that a
statistically significant difference exists between thedamaged and damaged samples.

contrast, the inner surface experienced a clear and significant increase in circularity due to the local
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plastic deformation of laminae. These topologwyraes demonstrate the high ductility of the
material, similarly to the work by Ying et §2], which found the inteply laminate with aramid

at the impact surface to have the highest ductility index among other forms of hybrid-carbon
aramid woven comgsites. From these findings, it is expected that at higher impact energy levels,
the topology shift would be more significant, and diameter measurements would be affected

substantially by the larger shape changes.

Table 3-4: Paired-sample ttest results for inner and outer surface topology shifts.

Inner Surface Outer Surface

t-Test Null Hypothesis The surfaces have no significant shift in shape after imp

damage.

Mean Eccentricity Change -0.0350+ 0.0080 0.0039+ 0.0030
<«Critical Value 1.65 1.65
<Statistical Value -66.22 19.98

=\/alue <0.001 <0.001
95% Confidence Interval [-0.0360,-0.0339] [0.0035, 0.0043]

3.3.2.2 Volume Fractions

General volume measurements that were used to evaluate the void volume fractions of the sample
before and after impact damage are listefiahle3-5. The results in the context of the full sample
volume are shown ifigure3-12. The large void conte of roughly 5% was largely attributed to

a manufacturing defect that formed during the handifaprocess. Excluding this defect, the void
content was measured at around 1.5%. In comparison, a similafawark aramid/epoxy braided

composite by Melerk et al.[30] determined an enclosed volume fraction of 1.04% and a defect
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volume fraction of 2.44%. Next, a work for celluloseAeipoxy braided composites by Melenka

et al.[31] found closed void volume fractions between 0.94% and 1.08% for twoetttfbraid
angles.Additionally, a work for cellulose/hemp and cellulosefbmoxy braided composites by
Bruni-Bossio et al[32] found total void volume fractions ranging from 1.5% to 6.2% for various
braid angles. Although much variation in measuresiean occur in the presence of material
defects, total void volume fractions were witlgrpected values from literature. However, the
enclosed void volume fractions that exclude the manufacturing defect were higher for the multi
layered braided compositésan for the singldayered materials studied in literature. This result

was attributed to the presence of layer interfaces which formed additional spaces for voids to form.

Table3-5 also lists general statistical data of voids larger than Q01 for the undamaged and
damaged samples. Due to the significant proportion of the void volume being occupied by the

manufacturing defect, statistical results differed largely between its inclusion and exclusion.

Table 3-5: Volume measurement, general statistical data, andtest results for the voids of

the undamaged and damaged samples.

Undamaged Damaged

Material Volume (DO ) 1648.7 1650.6
Void Volume @O ) 83.94 80.96
(Excluding Manufacturing Defect) (24.06) (24.37)
Void Volume Fraction 4.85% 4.69%

(Excluding Manufacturing Defect) (1.46%) (1.47%)

Number of Voids 482 498
Mean Void Volume 0O ) 0.1741 0.1626
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(Excluding Manufacturing Defect) (0.0500) (0.0491)
Standard Deviation (0 O 2.7271 2.5354
(Excluding Manufacturing Defect) (0.1103) (0.1095)
Extent of Manufacturing Defect in Void Volume 71.33% 69.88%

t-Test Null Hypothesis The voids had no significant size

change due to impact damagevV&ue

< 0.05 indicates significance

=\/alue 0.36 > 0.05

Volume Fractions
(a) Undamaged

(mm)
o NAO®

v, =4.85%

50 g5 (mm)

(b) Damaged

(mm)
= NAOO

v, = 4.69%

30

(mm) 40

50 g (mm)

1 Material B  Voids
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Figure 3-12: Void volume fraction results in the context of the original materal volume:

(a) undamaged sample; (b) damaged sample.

3.3.2.3 Void Registration and Statistics

Results from void registration and statistical analysis are showgure 3-13. Figure 3-13(a)
illustrates the registration the 40 largest voids in the undamaged sample, igdiwatihese voids
shown inFigure 3-13(i) were matched within the 42 largest voids in the damaged sample shown
in Figure3-13(ii). As an example, undamaged void #21 and its corresponding damaged void #21

were compared and no clear difference in shape or volume was observed.

Figure3-13(b) shows the statistics that followed the void registrafiagure 3-13(iii) shows the
histograms of void volumes, from which it was found thai ®f voids were larger than 0.05

a a , whereas 53% of voids were smaller than @@L . Figure3-13(iv) shows the histograms

of void positions with respect to the sample centre. The vertical lines in the plot show the inner
and outer radii from micrometer measurements for ratereTwo peaks were found at positions

of onethird and twethirds between the inner and outer radii, indicating that the voids were
primarily concentrated at the ply interfacdsgure 3-13(v) shows the histograms of void
sphericities, indicating that 29% of voids had a spherical profile with a sphericity value of 1,
whereas 29% of voids had a sphericity of less thanFigRire 3-13(vi) shows the percentage
volume change of the voids shownFigure3-13(a). The voids that showed theost significant
volume changes were situated along the edges of the reconstructed volume. As such, any residual
misalignment of datasets would result in sections of such voids to become either revealed or

occluded.
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A t-test was performed to determine wieat void volume change between the two datasets was
universally evident. The results, shownTiable 3-5, suggested that the impact damage did not

cause any significd void enlargement.

Void Analysis Results
(a) Void Registration
(1) Undamaged Sample (i1) Damaged Sample

Void #21 Void #21

20

Void Index
(b) Void Statistics
(ii1) Volume Histograms (iv) Position Histograms (v) Sphericity Histograms (vi) Void Volume Change
250 35 200 30
I Undamaged I Undamaged I Undamaged

(I Demaged 30 B Damaged B Damaged 2
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Figure 3-13. Results from individual void analysis: (a) void registration: (i) 40 largest
undamaged voids; (ii) corresponding registered damaged voids; (b) void statistic
analysis; (iii) histograms of void volumes; (iv) histograms of void positions from sampl
centre; (v) histograms of void sphericities; (vi) volume change percentages of the largt

voids after impact.

3.3.2.4 Crack Detection

Results from the crack detection algorithm anewen inFigure 3-14, and key data metrics are
listed inTable3-6. Figure3-14(a) shows the crack in the context of the full sample volume. The

crack was observed pyopagate mostly tangentially along the circumference of the sample cross
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section, as well as enclose the voids at the impact site. The impact cracks were primarily in the
form of delaminationagreeing with the findings of Tian et §43], which conclaed that this
inter-ply configuration allows the aramid layers to disperse the impact energy tangentially over a
larger area, thereby advancing delamination cracks and limiting failure of the internal carbon
fibres. Furthermore, the largest voids at thgdainterfaces near the impact site were the primary
nucleation site of damage cracks, agreeing with the findings of Lamberfa&]alvhich found a
correlation between the size of the largest void at critical locations and fatigue life to crack
initiation, which can consequently predict the likelihood of crack initiation and extent of its
propagation under applied impact energylditionally, Maragoni et al[18] demonstrated a
correlation between void area fraction and fatigue life degradatiochvdain be used again to
predict similar effects for impact resistanéegure 3-14(b) shows measurements of crack arc
length and area at each position along the ken§the sample. The region with the highest arc
lengths, which was located around the lower half of the sample sholigure 3-14(a), was
presumed to be nearest the true location of imfpagtire 3-14(c) shows the histogram of crack
voxel positions with respect to the sample centre. Like tie positions inFigure 3-13(iv), the

crack was concentrated at two peak positions, particularly at the ply interfaces, providing
guantitative indication that delandition was the primary damage mechanism in the sample.
Nearly threequarters of the crack were situated in the inner half through the thickness of the

sample.
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Impact Crack Detection
(a) 3D View of Crack (b) Crack Arc Lengths and Areas (c) Crack Position Histogram
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Figure 3-14: Results from impact crack detecton: (a) detected crack in the context of the
original material volume; (b) measures of crack arc lengths and areas over sample vertic

position; (c) histogram of crack voxel distances from sample centre.

Table 3-6: General statistical data of the detected impact crack.

Mean Crack Arc Length (OO0 O) pPAX PP UL

Crack Extent Along Nominal Circumference g b TP

Crack Volume 0O ) L8t X

Crack Volume Fraction ] wbh

3.3.2.5 Application of Crack Identification to Fracture Mechanics

For braided composites, FEA is a common means of applying fracture mechanics. This approach
was used recently by Shi et 4] for 3D braided composite notched beams under SHPB impact
testing. he numerical model used a collection of unit cells of the braiding pattern, referred to as
representative volume elements (RVE), created by microstructure modelling of the fibre and

matrix materials. The timdependent load o of the specimen under SBPimpact was
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calculated from the modulus of elasticy crosssectional area, and strain gauge signals of the
input wave- 0 and reflected wave 0 using Equation §5]. The findings from FEA were in
good agreement wittixperimental results and demonstrated that the employed method can be used

for in-depth application of fracture mechanics in braided composites.

0o 08 6 - 0 ¢

However, in this work, only the impact energy of the striker bar was known, and no strain gauge
measurements were acquired. As proposed future work, thelaydted 2D braided composite

can be impact tested with strain gauges instrumented to the in@ddntransmission bars.
Additionally, FEA can be performed using a geometric model developed by Gholami and Melenka
[56], [57] to create RVE geometries. Comparison with a corresponding uCT model showed that a
geometric model error of less than 1% wasesdd using particle swarm optimizatifsv], which
demonstrates good applicability to numerical modelling of the SHPB testing performed in this

work.

3.3.3 Digital Volume Correlation

The DVC method allows for internal strain fields to be observed within @leaRigure 3-15

shows results from DVC processing of the impacted side of the sample as natnadh ynaps

along xy image slices. The maximum positive strain dffdmm/mm was mostly situated around
regions of cracking. The maximum negative strain of 0.16 mm/mm was mostly situated around

the largest voids in the region of interest.
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Strain Maps at Impacted Side (x-y Slices)
(a) )1_’\ z=0mm

-0.16 e 0. 16

&,y (mm/mm)

Figure 3-15. Normal y-strain maps of xy slices for the impacted side at: (a) z=0 mm; (b

z=2.1mm;(c)z=4.3mm; (d) z=6.4 mm; (e) z=8.6 mm.

Figure3-16 shows the normal-gtrain measurements along xmage slices corresponding to each
of the material pliegrigure3-16(a) illustrates the positi@along the yaxis from which each slice
was extracted. From the strain map§&igure3-16(b-d), the highest concentrations of strain were

found in the middle layeof the material. Additionally, compressive strains were concentrated in
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regions with large voids at each layer, whereas tensile strain concentrations relied on patterns

found along xy slices inFigure3-15 rather than along-x slices.

Strain Maps at Impacted Side (x-z Slices)
@ [

Outer Layer (Aramid)

Figure 3-16. DVC measurements of xz slices for the impacted side: (a)-y view with
locations of selected slices for eaahaterial layer; (b) normal y-strain maps of the inner

layer; (c) the middle layer; (d) the outer layer.

Figure3-17 shows the normal-gtrain measurements for botretimpacted side and its opposite

side along xy image slices. The strain maps showRigure3-17(a) show that unlike the impacted

side of the sample, where theast profiles shown irFigure 3-15 correlated with the impact
damage, the opposite side did not experience significant deformation. The strain measurements
are also shown as line plots through the centres of the volumes of interest alouly¢otion in
Figure3-17(b). At the opposite side, short peaks in measurements as shéwguia3-17(iv-vi)

were situatd near voids that were large enough to cause loss of correlation.
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DVC Strain Measurements of Opposite Sides
(a) Image Slice Strain Maps
(1) z=0mm (11) z=43 mm (1) z=8.6mm

rX
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Figure 3-17: Normal y-strain measurements of the impacted and opposite sides: (a) ma
of x-y slices at: (i) z = 0 mm; (ii) z = 4.3 mm(iii) z = 8.6 mm; (b) line plots along dashec

lines illustrated in image slices at: (iv) z =0 mm; (v) z = 4.3 mm; (vi) z = 8.6 mm.

The DVC analysis shows that the impact energy that reached the middle carbon layer of the
material was mostly converted falastic deformation rather than internal fracture, further
demonstrating the role of the surrounding aramid layers in dispersing energy along the ply
interfaces. This section highlights the advantages of the DVC method for assessing damage and

internal stain fields of composite structures.
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3.4 Conclusions

In this study, the impact performance of a 2D tubular braided-phteinybrid carboraramid
polymer matrix composite material was investigated. Impact testing was performed using a split
Hopkinson pressurbar (SHPB) at an impact energy level that induced barely visible impact
damage (BVID). Quantitative analysis was performed on the internal structure of the sample from
micro-computed tomography (UCT) imaging. Image registration was performed to aligetdatas

to allow for effective characterization of void content and distribution, geometry and topology
change, and impact crack development. An algorithm was developed to match voids between the
undamaged and damaged samples, such that each void couldllyedqoaatified to allow for
statistical analysis of the effect of the applied impact energy on the properties of the voids. Another
algorithm was developed to detect the impact cracks in the damaged sample amid the voids at the
impact site. Finally, digitavolume correlation (DVC) was used to measure volumetric
deformations and strains at representative volumes of interest. The findings of this work are

summarised by the following:

(1) Image registration provided a suitable croesrelation coefficient, affiing this process
as a crucial step in accurately comparing the undamaged and damaged datasets.

(2) The void volume fraction, the majority of which occupied by a manufacturing defect from
the hand layup process, remained unchanged from the aptipdct energy.

(3) Statistical analysis demonstrated that the sizes of individual voids also remained unchanged
after impact, inferring that the impact energy was expended towards the development of
cracks rather than the enlargement of voids.

(4) The inner and aer surfaces experienced Roagligible plastic deformation due to impact,

owing to the high ductility index of the laminate configuration. The inner surface
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experienced the highest plastic deformation, specifically at the impact site, owing to the
delamiration cracks causing inward displacement of plies.

(5) Impact cracks were largely in the form of delamination, demonstrating a property of aramid
fibres where they effectively distribute energy over a larger tangential area to minimize the
energy experienced/tihe internal carbon layer.

(6) Large voids at the impact site were the primary sites for crack initiation, dictating the extent
of tangential crack propagation by measure of arc length, and the density of damage along
the radial direction by measure of crakea.

(7) Volumetric strain measurements by DVC show that tensile strain concentrations followed
the profiles of delamination cracks and that damage in the middle carbon layer largely

manifested as plastic deformation.
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3.6 Supplemental Files

MATLAB code used for image processing and data analysis, reconstructed images of the tubular
braided composite, and scan logs are available in the data repository (Federated Research Data

Repositoryhttps://doi.org/10.20383/103.07)70
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Chapter4 Concl ysiRencsommendati ons,

Wor k

4.1 Conclusions

This thesis aimed to use YUCT to assess 2D tubular hybrid braided composites subjected to impact
testing. First, a comprehensive introduction of fundamentals and a review of the current literature
was presented, providing key background information on ceitgsoand braided composites, high

strain rate testing, and nalestructive testing techniques. Composites have become a viable
alternative to traditional materials due to advantages such as favourable ratios of strength and
stiffness to weight and taildoée properties. Braided composites use an architecture of interwoven
fibres that interact under loading to improve mechanical performance. However, braided
composites are compl@&ue to material heterogeneity and anisotropy, as wéfleesensitivity of
properties to imperfections and damage. As such, these materials are not sufficiently characterized

by traditionalmeasurement methodsch as strain gauges.

Impact response is a critical factor in designing braided composites foipéifgirmance
applicatons which can be assessed using SHPB testing. For braided composites, SHPB testing
has been performed largely for 3D braid architectures, as these materials havethobungiss
reinforcement resulting in high impact performance. However, 3D braidepasii®s require
specialized equipment for manufacturing and are costly, thus having limited feasibility for
commercial applications. In contrast, 2D braided composites are morefieasive and

commercially available but have limited supporting literatm impact response by SHPB testing.
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The existing literature on SHPB testing of braided composites was presented and summarized in

Chapter 2

A thorough assessment of impact performance in materials requires an investigation of internal
features and theahanges before and after impact loading. For this task, materials can be assessed
on a volumetric basis using an-rfy based imaging technique such as pCT. For braided
composites that contain a network of voids, a challenge is presented in accurateptsegm
impact damage due to its tendency to propagate towards voids. This work was focused on a rapid
method of quantifying the impact behaviours of 2D tubular braided composites by assessing the
development of material damage and changes to material ggand voids caused by impact

loading.

A critical step in achieving this goal of rapidly characterizing the impact response of braided
composite structures is the development of an algorithm to process uCT images of a sample and
extract key properties. T@work developed an algorithm based on image processing techniques
and statistical analysis for automated quantification of geometry, voids, and damage from
volumetric data. The details of the methodology were presentédapter 3First, a 2D tubular

hybrid braided composite sample was manufactured using the haog ragthod, then scanned

by UCT to obtain a reference volume. Next, the sample was fixed at its ends before undergoing
transverse impact loading by SHPB testing. The sample was then segairetly uCT to obtain

a target volume. The reference and target volumes were aligned using 3D image registration. The
reference and target volumes underwent various image processing and segmentation techniques
for identifying and extracting individual feaes. First, geometries of the inner and outer surfaces
were acquired from both volumes to determine the extent of geometry change caused by plastic

deformation. Next, a void registration algorithm was developed, where voids were extracted from
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both volures, then individually matched between datasets using similarity metrics based on
location and size. For each void, the extent of volume change was acquiredsRaipdel tests

were performed to determine whether the applied impact damage causedgeeratry change

and void enlargement within the sample. Then, a crack detection algorithm was developed using
the target volume, where further image processing and segmentation were performed to identify
and extract the network of thin cracks that deveddjpem impact loading. Properties such as arc
length, crosssectional area, and position along the radius of the tube were extracted to determine
the extent of impact damage along the circumference, and to estimate the dominant damage modes
of the composé structure. Finally, DVC was performed on redutadjet volume regions
representing the impacted and the opposite sitleis technique was used to measure impact

induced strains to supplement findings from the crack detection algorithm.

The 2D tubular aided composite sample, which consisted of a hybrieufapf aramid over
carbon over aramid in a [+43 configuration, was found to have a total void volume fraction
between 4.7% and 4.9%, as the sample contained a defect caused by ply wrinklingefrom th
manufacturing process. Excluding this manufacturing defect, the void volume fraction was

measured to be around 1.5%, which was expected for braided composites manufactured by hand
lay-up.

It was determined that the applied impact energy induced suffigiastic deformation to cause
overall changes in surface geometries. Measurements of eccentricity for the inner and outer regions
of the sample were compared biests, where it was found that the outer surface experienced a
slight increase in eccentrigi In contrast, the inner surface experienced a substantial decrease in

eccentricity due to impact.
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Results from void registration and analysis provided several key findings. First, the voids were
mostly situated along the ply interfaces, which formednadly resinrich regions. Next, the voids
were mostly spherical, with only 29% of voids having a sphericity of less than 0.8. Finally, the

impact loading did not cause significant change to void volumes as determineddsy. a t

Results from crack deteoh determined that the impact damage occupied 0.3% of the total
material volume and spanned 9.4% of the nominal circumference of the tubular structure.
Additionally, the crack was largely situated along ply interfaces, indicating delamination as the

primary damage mode.

Results from DVC found tensile strains that followed the contours of damage cracks and
compressive strains that coincided with voids in the sample. At the impacted side, strain
measurements ranged fre16 mm/mm to 0.16 mm/mm. Additionglithe middle carbon layer
experienced the highest strain concentrations, demonstrating that the surrounding aramid layers
effectively dispersed energy along the interfaces to minimize damage within the carbon layer and

induce plastic deformation instead.

In conclusion, uCT was applied to SHPB impact testing of a 2D tubular hybrid braided composite
for rapid, automated, and thorough characterization of its response to transverse impact. An
algorithmbased methodology was presented to extract the volurpedperties of the composite
structure before and after impact damage. A thorough analysis was performed on sample geometry,
void properties, and internal damage using statistical methods. Finally, DVC was performed, and

strain measurementerrelated witlthe developed algorithms' findings
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4.2 Recommendations

The algorithms developed in this work have demonstrated good versatility for impact
characterization of advanced materials. In this section, recommendations are provided for
successful experimentation iofipact testing for braided composites to ensure good repeatability

of results. These recommendations were for mul
work in this thesis. This section presents recommendations in three major categories: sample

preparation, SHPB instrumentation and testing, and data analysis.

Several factors should be considered when preparing 2D tubular braided composite gamples
achieve high sample quality, repeatable scanning, and effective measurements. When
manufacturing d@ubular braided composite from multiple layers of dry braided preforms, care
should be taken at each step of the process to prevent fibre warpage and ply wrinkling to limit the
introduction of defects into the final part. Instructions for carrying outrtheufacturing process

are provided inAppendix B. If a work primarily focuses on DVC, it is recommended to use
particle seeding, where higlensity particles (e.g., copper) are introduced into the epoxy resin
during the manufacturing process. This proe@fisallow for more reliable tracking of subsets by

DVC and limit poorly correlated regions. After sample manufacturing, it is also recommended to
apply a witness marker to the point of impact (e.g., by applying a spot of paint). This step is helpful
to bah SHPB testing and pCT scanning. For SHPB, the witness marker will serve as the contact
point for the incident bar of the apparatus. If a work considers the study of multiple impacts, the
witness marker will ensure a fixed impact site for each subsetpsnt~or uCT, the witness
marker will provide a point of reference for the sample to be oriented consistently between scans,

such that better sample alignment can be achieved and data loss and residual misalignment from
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image registration is minimal. Adtbnally, the location of the impact site can be more precisely

identified from the reconstructed images.

When performing SHPB testing, it is recommended to instrument the apparatus with strain gauges
such that the input and reflected waves can be measwed time. These strain gauge
measurementand sample properties can be used to evaluate the applied load over time, which is
useful for applying fracture mechanics theory to the findingsdat. This data can provide further
insight into the validity ofnumerical models based on SHPB testing. Additionally, it is
recommended to choose impact energy levels that induce multiple observable damage modes in
the material. For instance, it is expected that as the applied impact energy is increased, through

thickness matrix cracking will be observed, followed by fibre fracture.

When processing and analyzing the data, it is important to examine the results from each step of
each algorithm one at a tinteach processing algorithm performs a set of operations in decreasing
order of scope, where early steps aim to address general contents across the full image, while late
steps are targeted towards more specific objects and serve as refinemercttiepig the

optimal configurations in the processing algorithms for a given sample depends on tuning several
parameters, such as filter window sizes, object property limits, and refinement thresholds. This

limitation exists due to the variability of sizes am@dges of materials, voids, and damage.

4.3 Future Work

The use of the presented methodology in impact testing of 2D tubular hybrid braided composites
demonstrates the versatility of the developed algorithms for application to other pathways of future
research.Continued work in this field can be done through testing of various material

configurations, by using different intety hybrid layup configurations, or by incorporating intra
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ply hybrid textile or commingled fibre preforms. The damage profiles betdienent hybrid
materials can be compared to identify various phenomena caused by material hybridization for

braided composites.

As another approach, testing can also involve impacting tubular braided samples multiple times
and scanning them between eatdst. This approach can quantify progressive damage
development and the dominant damage modes can be identified after each impact event.
Additionally, the DVC technique can be leveraged further to provide more insightful data in the

form of progressive sins between testing stages.

Testing can also be performed on braided composites in varying geometric configtioasionly

their effects on impact performandeor tubular geometries, samples can be manufactured at
varying braid angles or on varying ndrel diameters. Braided composite samples can also be
manufactured into shapes like rectangular tubes or flat panels. The variation of induced stress
concentrations can provide direct implications on the applicability of geometric configurations in

the design of highperformance parts.

Finally, this methodology can be applied to FEA, where numerical models of impact testing can
be developed and validated with experimental data acquired by uCT and DVC. As more
experimental data becomes available to relataterral configurations, void networks,
imperfections, and impact energy levels to expected damage profiles and strain behaviours, more
opportunity is presented for the development of more complete numerical models for braided
composites. Such models aretpailarly useful in rapidly determining the mechanical properties

of complex materials without the cost of experimental testing, which can expedite the design

turnaround of new materials for specialized applications.

115



Appendix A Image Processing for Braided Composites

A.1 Introduction

This appendix provides a demonstration of the image processing steps used in this work using an
example image of the tubular braided composite. The code provided in this agfendinstrates
the process of geometry analysis, void extraction, and crack detection. Next, the supplemental data

is provided, along with important information and instructions on its use.

A.2 Sample MATLAB Code

A.2.1 Tubular Braided Composite Image Processing Exampl

Author: Alexander Dondish
E-mail: alexdon@yorku.ca
Date: 202306-15

Article: Assessment of lowelocity impact response of a hybrid carkamamid braided composite

by algorithmic quantification of volumetric structures

Description: In this Live Scripthe image processing scheme will be illustrated using an example

image.

clear; clc;

exampleFile = 'E: \ OneDrive - York University \ Research\ uCT Data\ 0- SCMDO¥
02\ Registration \ T- S01- 0- SCMDOT02_IR_rec0000_ Tar_Tar0598.png'

scanPixelSize = 9.3; % [microns]

examplelmage = imread(exampleFile);
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imshow(examplelmage); title( 'Original Resolution Image Slice' );

Original Resolution Image Slice

A.2.2 Geometry Analysis and Void Extraction

The image is downsampled by a factor of 4 on each axis.

iml1Resized = imresize(examplelmage, 1/4);
imshow(im1Resized ); title( ‘Geometry Analysis and Void Extraction - 4x4
Downsampled Image Slice' );
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Geometry Analysis and Void Extraction - 4x4 Downsampled Image Slice

A median filter with a window size of 3 is applied as apr@cessing step.

im1PreProcessed = medfilt2(im1Resized, [3, 3]);
imshow(im1PreProcessed); title( ‘Geometry Analysis and Void Extraction - Median
Filtered Image Slice' );
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Geometry Analysis and Void Extraction - Median Filtered Image Slice

The image histogram is acquired and an optimal threshold for binarization is evaluated.

hist = imhist(im1Resized); imhist(im1Resized); title( '‘Geometry Analysis and
Void Extraction - Image Histogram' );

119



x104 Geometry Analysis and Veid Extraction - Image Histogram
T T T T
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hist(1) =];
countMaxima = sum(islocalmax(hist));
peakProminence = 0;

while countMaxima > 2
peakProminence = peakProminence + 2;
[peakVal, peakldx] = findpeaks(hist, ‘MinPeakProminence' , peakProminence);
countMaxima = len gth(peakldx);
if peakProminence > length(hist)
disp( '[Count Maxima] Something must be wrong here. Stopping auto
threshold...’ )i
return ;
end
end

leftLimReg =  hist(peakldx(1):floor(mean(peakldx)));

rightLimReg = hist(ceil(mean(peakldx)):peakldx(2));

findLeftLimLocal = find(abs(leftLimReg - 0.05 * peakVal(2)) ==
min(abs(leftLimReg - 0.05 * peakVal(2))));
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findRightLimLocal = find(abs(rightLimReg - 0.05*peakval(2 )) ==

min(abs(rightLimReg - 0.05 * peakVal(2))));
globalLims = [findLeftLimLocal + peakldx(1) - 1, findRightLimLocal +
ceil(mean(peakldx)) - 1];

threshold = round(mean(globalLims));
disp(strcat({ ‘Threshold setto ' }, string(threshold)));

Threshold set to 53

The 8bit image is then binarized using the acquired threshold value.

im1Binarized = imbinarize(im1PreProcessed, threshold / 255);
imshow(im1Binarized); title( ‘Geometry Analysis and Void Extraction - Binarized
Image' );

Geometry Analysis and Void Extraction - Binarized Image

A flood-fill operation is performed to acquire the outer profile of the esession. Image

subtraction and size filtering is performed to acquire the inner profile.
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exteriormask = imfill(im1Binarized, ‘holes' );
imshow(exteriormask); title( '‘Geometry Analysis and Void Extraction - Outer
Profile' );

Geometry Analysis and Void Extraction - Outer Profile

interiorplusvoids = and(exteriormask, ~im1Binarized);
imshow(interiorplusvoids); title( ‘Geometry Analysis and Void Extraction - Inner
Profile and Voids' );
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Geometry Analysis and Void Extraction - Inner Profile and Voids

interiormask = bwareafilt(interiorplusvoids, 1, ‘largest’  );
imshow(interiormask); title( '‘Geometry Analysis and Void Extraction - Inner
Profile' );

123



Geometry Analysis and Void Extraction - Inner Profile

Voids are extracted using a Boolean operation.

voids = ~im1Binarized & exteriormask & ~interiormask;
imshow(voids); title( '‘Geometry Analysis and Void Extraction - Isolated Voids' );
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Geometry Analysis and Void Extraction - Isolated Voids

A.2.3 Crack Detection

The image is downsampled by a factor of 2 on each axis.

im2Resized = imresize(examplelmage, 1/2);
imshow(im2Resized); title( ‘Crack Detection - 2x2 Downsampled Image Slice' );
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Crack Detection - 2x2 Downsampled Image Slice

The image is binarizeahanually using a higher threshold to capture all of the darker features.

im2Binarized = imbinarize(im2Resized, 65 / 255);
imshow(im2Binarized); title( '‘Crack Detection - Binarized Image' );
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Crack Detection - Binarized Image

A mask is created by substantial median filtering to extractfélaitures by image subtraction.

tMed = medfilt2(im2Resized, [11, 11]);
imshow(tMed); title( '‘Crack Detection - Median Filtered Image for Masking' );
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Crack Detection - Median Filtered Image for Masking

medbin = imbinarize(tMed, 70 / 255);
imshow(medbin); title( ‘Crack Detection - Binarized Masking Image'  );
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Crack Detection - Binarized Masking Image

i mcrackinit = and(~im2Binarized, medbin);
imshow(imcrackinit); title( '‘Crack Detection - Initial Candidate Crack
Features' );
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Crack Detection ial Candidate Crack Features

The initial features are then filtered by eccentricity, such that only thin features with an eccentricity

of at least 0.9 are retad.

imeccfilt = bwpropfilt(imcrackinit, ‘Eccentricity’ , [0.9, 1]);
imshow(imeccfilt); title( '‘Crack Detection - Filtered Thin Features' );
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Crack Detection - Filtered Thin Features

For the full volume, small objects are detected and removed as 3D objects. Here, 2D object area

filtering is perforned instead for demonstration purposes.

imareafilt = bwareafilt(imeccfilt, [20, Inf]);
imshow(imareafilt); title( '‘Crack Detection - Small Objects Removed' );
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Crack Detection - Small Objects Removed

Objects are clustered by masking using heavy image dilation. The largest object of this mask is

taken as the region of the crack profile.

tDilated = imdilate(imareafilt, strel( 'disk' , 41));
imshow(tDilated); title( '‘Crack Detection - Object Clustering' );
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Crack Detection - Object Clustering

tMask = bwareafilt(tDilated, 1);
imshow(tMask); title( ‘Crack Detection - ldentified Largest Cluster' );
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Crack Detection - Identified Largest Cluster

e

tDamage = and(imareafilt, tMask);
imshow(tDamage); title( ‘Crack Detection - Final Identified Crack’ );
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Crack Detection - Final Identified Crack

A.3 Supplemental Data and Instructions

A.3.1 Data Repository

The data used in this work is available in the FRDR repository:

https://doi.org/10.20383/103.0770

A.3.2 General Information

1. Title of Dataset: Assessment of lewlocity impact response of a hybrid carkemamidbraided

composite by algorithmic quantification of volumetric structures
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https://doi.org/10.20383/103.0770

2. Author Information

Name: Dondish, Alexander

Institution: York University

Email: alexdon@yorku.ca

Name: Melenka, Garrett W.

Institution: York University

Email: gmelenka@ydwu.ca

3. Information about funding sources that supported the collection of the data:

Funder: Natural Sciences and Engineering Research Council of Canada

Award No.: RGPIN201805899

A.3.3 Sharing and Access Information

1. Licenses/restrictions placed on the data:
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These data are available under a CG®44.0 license <https://creativecommons.org/licenses/by

sa/4.0/>

2. Was data derived from another source? yes/no

A. If yes, list source(s): No.

3. Recommended citatidor this dataset:

Dondish, A., Melenka, G.W. (2023). Assessment of-i@locity impact response of a hybrid
carbonaramid braided composite by algorithmic quantification of volumetric structures.

Federated Research Data Repositbtips://doi.org/10.20383/103.0770

A.3.4 Data and File Overview

1. File List

## list all files (or folders, as appropriate for dataset organization) contained in the dataset, with a

brief description

A. Filename: RegistratidR-S01-0-SCM-DOT-02_IR_rec_Ref_ Bf0000*.png
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Short description: Image slices reconstructed from CT of thengsact tubular braided

composite sample and registered.

B. Filename: Registratidh-S01:-0-SCM-DOT-02_IR_rec0000_Tar_Tar*.png

Short descriptionimage slices reconstructed from CT of the pogiact tubular braided

composite sample and registered.

C. Filename: Registrati&n spr.png

Short description: Original projections acquired by the CT apparatus, cropped and adjusted to

illustrate registration.

D. Filename: Registratidhlog

Short description: Scan log files.

E. Filename: MATLAB CoddubeCT.m

Short description: MATLAB code file for void and geometry extraction and void registration

of the undamaged and damaged samples.

F. Filename: MATLAB Codd ubeGeometry.m
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Short description: MATLAB code file for extraction of geometrygedies of the inner and

outer surfaces of the samples.

G. Filename: MATLAB Codg ubeVoidHist.m

Short description: MATLAB code file for statistical analysis of registered voids in the samples.

H. Filename: MATLAB Codg&lubeCrackDetect.m

Short description: MATLAB code file for detection and generation of the impact crack profile

of the damaged sample.

I. Filename: MATLAB Codg&lubeCrackPostProcess.m

Short description: MATLAB code file for statistical analysis of the aegliarack profile.

J. Filename: MATLAB Coddg ubeProcessingExample.mix

Short description: MATLAB Live Script file to demonstrate the processing steps of an example

image.

K. Filename: MATLAB Codg&TubeProcessingExample.pdf

Short descriptin: PDF document of the processing steps in TubeProcessingExample.mix
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2. Relationship between files, if important:

The code in the file TubeCT.m must be run to acquire the variables required to run

TubeGeometry.m and TubeVoidHist.m.

The code in thdile TubeCrackDetect.m must be run to acquire the variables required to run

TubeCrackPostProcess.m.

A.3.5 Methodological Information

1. Description of methods used for collection/generation of data:

To generate the provided data, the following workflow was followed:
1. Projections of the sample were collected from the uCT apparatus

2. The acquired projections were reswacted into image slices along the length of the sample

using CT data reconstruction software

3. The image slices of the damaged (target) sample were registered to those of the undamaged

(reference) sample using 3D data inspection software.

2. Mehods for processing the data:
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The following file naming convention was followed for the provided data: Sample Damage State

- Scan Number Sample Name

Sample Damage State:

P: Preimpact

T: Postimpact

Scan Number:

Example: SO01 =scan 1

Sample Name:

Example: 6SCM-DOT-02 = sample name based on internal naming convention

Following image registration:

For the reference images (i.e-SPZ...), a suffix of "Ref" was added, followed by the image

slice index.

For the target images (i.es;S0L...), a suffix of "Tar" was added, followed by the image slice

index.
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The MATLAB code uses the alse file naming conventions to read files automatically. The files
should be contained in a folder named "Registration”, in a folder with the same name as the sample,

in a root folder that the user can define in the code.

Example: If the root folder i€:\Data and the sample name K SGM-DOT-02, the code will

search for files in GData0-SCM-DOT-02Registratioi..

3. Instrumentor softwarespecific information needed to interpret the data:

The following toolboxes are required to run the provided MATLAB code:
A. Image Processing Toolbox
B. Signal Processing Toolbox
C. Statistics and Machine Learning Toolbox

D. Curve Fitting Toolbox
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Appendix B Multi -Layered Braided Composite

Manufacturing

B.1 Introduction

This appendix provides technical information on manufacturing 2D tubular braided composites
with multiple fibre layers. For this process, a hardened steel mandrel with a length of 457.2 mm
(180) and a diameter of 38.1 mm A{aferebroaleriavas us

with a |length of 317.5 mm (12.50).

B.2 Preparing the Braided Sleeves

1. Cut three braided sleeves into |l engths of
a. Pull and stretch the sleeving otke mandrel.
b. Measure and mark the | ength of 381.0 mm
into the sleeve with scissors.

c. Remove the braid from the mandrel, then cut the braid to length.
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d. Subsequent braid pieces may be cut using the first cut as a referenc
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b. Fully stretch the braided sleeve that will serve as the middle layer, then slot i

a. Fully compress the braided sleeve that will serve as the outer layer.
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c. Fully compress the middle sleewgch that it meets with the outer sleeve.



d. Fully stretch the braided sleeve that will serve as the inner layer, then slot it through

the outer and middle sleeves.
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e. Carefully stretch the outer and middle sleeves over the inner sleeve.

B.3 Preparing the Mandrel
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