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ABSTRACT

This thesis presents an experimental and numerical investigation undertaken in
order to develop the understanding of the behaviour of orthogonal 3D woven
composites under quasi-static tension/compression, out-of-plane bending and
dynamic soft and multi-hit ballistic impact load cases. Focus is given to the
deformed configuration of samples, and to the initiation and propagation of
damage within the material. The damage mitigation properties of the through-the-
thickness (TTT) reinforcement are highlighted throughout.

A pressurised gas gun test system was developed at the University of Nottingham
in order to undertake the soft and ballistic impact tests upon 3D woven composite
samples. Experimental and numerical comparisons are made to similar UD-
laminate composite materials.

An established continuum damage mechanics framework is employed for
numerical modelling of the quasi-static and dynamic load cases, allowing for
further insights into the experimental results. A review of the efficacy of the
numerical modelling strategy is presented, alongside a study on the influence of
the TTT reinforcement on the out-of-plane static and dynamic response of the
material.

The numerical modelling strategy is then adapted for ballistic impact events. A
numerical study is conducted on the multi-hit ballistic impact properties of
orthogonal 3D woven composites, the first of its kind. Comparisons are made
between numerical calculations both with and without the presence of the TTT
reinforcement. A parameter study is also conducted on the effect of the inter-
laminar shear strength on the ballistic limit of laminate composite plates.
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CHAPTER 1

INTRODUCTION

Within the last 30 years. the use of composite materials, in particular fibre
reinforced composites, saw a large-scale increase of use within the marine [1],
aerospace [2, 3], and automotive sectors [4]. The main benefits of fibre reinforced
composite materials which helped to increase their usage are their remarkably
high specific stiffness and strength, excellent fatigue resistance, and the ability to

tailor weave types and lay-ups to optimise component design.

Nowadays, composite materials have advanced a great deal, and have become
integral to the design of high-performance automotive, acronautical, and
aerospace engineering structures. Carbon fibre reinforced polymers (CFRPs) are
becoming increasingly attractive for commercial use as production methods
become cheaper, and processing techniques allow complex net shapes to be
formed. For example, the current generation of commercial aircraft consist of
approximately 50% composite materials by weight. This allows for a vast
reduction in the overall weight of structures, without sacrificing the rigidity or
strength of a structure. CFRPs exhibit high levels of heterogeneity, given rise due
to their highly orientation-dependent fibre structures. Certain high-end
applications of carbon fibre reinforced composites utilise a simple structural
configuration in the form of uni-directional (UD) laminate composites. UD-
laminate composites can be extremely useful materials in themselves, however,
are marred with early-onset damage issues. A common cause of damage with UD-
laminate composites is inter-laminar crack propagation. This is effectively a
splitting apart of the layers of the material, and is referred to as delamination. A
prominent example of which occurred in the U.S.A, where a non-routine
inspection of an Airbus A300 aircraft led to the chance discovery of composite
delamination caused by leaking hydraulic fluid. This damage was reported to be

significant enough that failure could have occurred during regular flight. A similar
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damage source was cited for the rudder failure of an Airbus A310, and gave
particular concerns to the often-undetectable nature of delamination damage [5].
Figure 1.1 presents a photograph of delamination damage sustained on the vertical

fin of a Diamond DA20-C1 aircraft after being blown into hanger doors by strong

winds.

Figure 1.1. Delamination damage of a Diamond DA20-C1 aircraft vertical fin.
(Image reproduced from

http://www.mansbergeraircraft.com/Images/gallery%20xbjry/xbjry-3f.jpg)

1.1 3D woven composite materials

Woven textile composites have seen extensive development in the last decade due
to their inherent protection against inter-laminar crack propagation [6, 7] and their
ease of manufacturing of complex shapes [8]. In particular, nearly net-shape 3D
woven composite textiles have generated much interest within industry. The 3D
weaving process, not too dissimilar to older loom-based textile weaving, has the
potential for high automation and speed. Inter-laminar fracture toughness values
have been reported in the literature up to values as high as 7000 J/m? [9], with far
less reductions of in-plane material properties as is common with 2D woven

structures. Research into 3D woven composite materials undertaken over the past
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decade has revealed the following advantages of 3D woven composites in

comparison to UD-laminate composites [8]:

e The ability to produce complex, almost net-shape preforms
e Cheaper and easier to manufacture

e (Customisation of through-thickness properties

e Higher delamination and impact resistance

e Potential for higher strain-to-failure values

e Increased inter-laminar fracture toughness properties

It should, however, be noted that some distortion and crimping of yarns is present
within the material and this can lead to a reduction of in-plane properties with

respect to analogous UD-laminates [8].

The general manufacturing method for woven composites involves feeding warp
yarns into a weaving loom from the yarn source. The yarn source can consist of
either of a singular package of yarn (referred to as a creel), or a number of
cylindrical beams of which the warp yarns have been pre-wound. A lifting
mechanism is used to lift the warp yarns and create space in between them
(referred to as the shed). The weft yarns are then inserted into this space at right
angles to the direction of the warp yarns. A reed, of which is similar to a comb, is
used to ensure the correct spacing of warp yarns throughout the width of the
fabric, and to compress the fabric after weft yarn insertion. The through-the-
thickness reinforcement can then be inserted and the path controlled by the
sequence of yarn lifting. A wide variety of fibre preform architectures can be
manufactured by variations on the shed and weaving patterns. Two of the most
common weave patterns, orthogonal and layer interlock weaves, are shown in
Figure 1.2(a) and (b), respectively. Although the in-plane properties of 3D woven
composites have been well documented within the literature, there are still gaps in
the form of under-investigated load cases. These include quasi-static out-of-plane
bending, soft impact, and multi-hit ballistic impact. The work presented within

this thesis will address these gaps.
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(a) Orthogonal (b) Layer-interlock
Warp Tows Warp To

Through-thickness

Weft Tows Through-thickness ~ Weft Tows Reinforcement

Reinforcement

Figure 1.2(a) Orthogonal and (b) layer-interlock woven fibre preforms.

Reproduced from Mouritz, Bannister [8].

1.2 Numerical modelling

Numerous finite element modelling strategies have been developed for the
prediction of the elastic properties of 3D woven composites. However, for
damage initiation and propagation within such complicated materials, numerical
predictions have often been semi-empirical or reliant upon published data of
material properties. In order for 3D woven composite materials to reach maturity
and enter wide-spread use within industry, further development of numerical
modelling strategies must be completed. This will allow vastly reduced costs for
the design and development of composite structures which could benefit from the

use of 3D woven materials, such as turbo fan engine fan blades and fan cases.

Components must be designed to withstand extreme loading conditions,
significantly complicating analysis in comparison with simple material coupon
tests. Reliable and computationally efficient non-linear numerical simulation
methodologies of full-scale 3D woven composite components still remain a “holy

grail” for engineers.
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( 2D/3D Braided Fan Case

3D Composite Fan Blade

Figure 1.3. General Electric GE9x turbo fan engine with 3D composite fan blade
and 2D/3D braided fan case. Image reproduced from

http://www.ge.com/stories/aviation-ge9x.

1.3 Impact mechanics

The high specific stiffness and strength of composites naturally lend themselves
for use in highly mobile vehicles, for example jet aircraft and troop carriers. In
regards to the military applications, the ability of a material to protect against
impact loading is often the critical design criteria for the structure. One prominent
example of this is the use of small arm bullets and Improvised Explosive Devices
(IEDs) targeting troop carrying vehicles on and behind the front line of conflict
zones. IED is a broad term that includes buried mines, roadside explosives, and
charges placed within vehicles. These devices can pose significant threats to both
civilian and military targets due to the creation of high velocity fragmentation,

soil ejecta, shock waves, and thermal radiation.

The threat can broadly be classified into two categories, namely, ballistic impact
and blast loading. Ballistic impacts are characterised by hard projectiles or
fragments travelling at high velocities to impact upon a structure. Ballistic impact
is also referred to as “hard impact”. Blast loading, on the other hand, is
characterised by the interaction of shock waves upon a structure. These shock

waves can be present in various mediums such as air, water, sand, or soil. The
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interaction of the shock waves upon a structure is referred to as the fluid-structure
interaction (FSI), and the behaviour changes significantly for different fluid
mediums. This type of loading is referred to as “soft impact”. Protective structures
should be designed to resist both types of threat, or even combinations of the two.
For example, a buried road-side land mine imposes both hard impact from
fragmentation, and soft impact from the accelerated sand ejecta. Figure 1.4 shows
a photograph of a High Mobility Multipurpose Wheeled Vehicle ( HMMWYV),
commonly referred to as a Humvee, demonstrating severe front-side damage after
the nearby detonation of an IED. The high specific stiffness and strength,

combined with inherent impact damage mitigation properties, make 3D woven

composite materials a natural choice for blast resistance.

Figure 1.4. High Mobility Multipurpose Wheeled Vehicle (HMMWYV), commonly
known as a Humvee, demonstrating damage from an IED blast. (Image

reproduced from http://www.precious-testimonies.com/images/j/JOE_5217.jpg)

1.4 Thesis objectives

This thesis provides an in-depth examination of carbon fibre composite materials
under quasi-static tension, compression, and out-of-plane bending, dynamic soft

impact, and ballistic impact loading. It incorporates mechanical coupon testing,
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quasi-static and dynamic structural testing and finite element numerical
simulation to provide a comprehensive understanding of the response of 3D

woven composite materials.
The main objectives of the work presented here are:

1. to develop the understanding of the collapse mechanisms of orthogonal 3D
woven composites under quasi-static in-plane tension and compression
and quasi-static out-of-plane bending,

2. to characterise the response of orthogonal 3D woven carbon fibre
composites during dynamic soft impact loading,

3. to understand the influence of fibre architecture and inter-laminar shear
strength on the response of fibre reinforced composites undergoing

singular and multi-hit ballistic impact loading.

This work makes the following novel contributions to the field in order to
accomplish the above mentioned objectives. The first objective was achieved by
quasi-static in-plane and out-of-plane cantilever bending experimental tests of two
orthogonal 3D woven composite materials varying only by density of through-
thickness reinforcement. Cantilever beam bending experiments were used to
demonstrate two distinct collapse mechanisms. The two damage modes were
investigated in depth via Digital Image Correlation (DIC) and post-test uCT
scans. This was supplemented by a full-scale embedded element finite element
modelling strategy, employed to provide further insights into the experimental
results. The numerical model employs an established continuum damage
mechanics framework. The study demonstrates the areas in which this modelling
strategy is shown to be effective, and suggests areas in which greater detailing are
necessary. The second objective was realised by the design and construction of a
pressurised gas gun material test system at the University of Nottingham. The gas
gun was employed to conduct high speed soft impact experiments upon
orthogonal 3D woven composite beams. A description of the design of the test
system is presented in Appendix A to this thesis. The modelling strategy

presented previously for quasi-static load cases was modified and employed to aid
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in the analysis of the experimental results. The soft impact response of 3D
orthogonal woven composite materials has not previously been covered
experimentally or numerically within the literature. The third objective utilised the
previously developed and validated finite element modelling strategy to conduct
numerical calculations of single and multi-hit ballistic impact simulations on both
3D woven composite material, and an equivalent UD-laminate material. It used
full scale simulations to discuss in detail the global response of plates during
singular penetrative events, and multi-hit impact events. This again is a novel
contribution to the literature, highlighting the ways in which through-the-
thickness reinforcement can modify the multi-hit response of fibre reinforced
composite materials. A novel parameter study on the effect of the inter-laminar
shear strength on the ballistic limit of composite laminate plates is then presented.
It is the first study to utilise a numerical model to attempt to provide a mechanistic
interpretation of the response of laminate composites of varying inter-laminar

properties.

1.5 Thesis Outline

Chapter 2 in this thesis presents a literature review which examines the current
state of affairs regarding CFRPs undergoing out-of-plane bending, soft impact,
and ballistic impact. It discusses the nature and causes of delamination damage,
and the ways in which 3D woven composites can protect against this damage
mode. It also introduces the current FE modelling strategies regarding fibre
reinforced composites, highlighting the difficulties faced during modelling of

complex woven composites.

As it will be shown in Chapter 2, 3D woven carbon composite materials can
provide enhanced out-of-plane properties due to the presence of fibre
reinforcement orientated through-the-thickness of the material. The collapse
response of 3D woven composite materials is studied through the use of quasi-
static in-plane tension and compression and out-of-plane cantilever beam bending
experiments in Chapter 3. Results are compared to a similar UD-laminate

composite material. A meso-scale finite element modelling strategy for 3D woven
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carbon composites is then introduced and validated via uni-axial quasi-static
mechanical testing. The FE method is then utilised to further investigate the
collapse response of the samples, and how the through-thet-thickness

reinforcement influences the response of the beams.

3D woven carbon fibre composite materials have the ability to not only provide
significant enhancements during quasi-static loading conditions, but also during
dynamic load cases. A high-speed soft impact experimental and numerical
investigation is undertaken in Chapter 4. The role of the through-the-thickness
reinforcement is addressed via the examination of the back-face deflection and
damage sustained within beam samples throughout the loading event.
Comparisons are made between two different materials of varying densities of
through-the-thickness reinforcement. The internal damage sustained during the
test is then investigated via the use of post-impact clamped-clamped beam
bending experiments. Experimental tests are supplemented with a variation of the

finite element modelling strategy presented in Chapter 3.

The finite element modelling strategy presented in Chapter 4 for the impact of
orthogonal 3D woven carbon composites is expanded in Chapter 5 by
experimental validation of ballistic impact tests on composite beams. The model
is then used to investigate the multi-hit ballistic impact characterisation of 3D
woven carbon composite panels. Comparisons are made with uni-directional
laminate composite panels, and metallic panels. Characterisation and ranking of
the ballistic limit of fibrous composite materials is often achieved by the
calculation of the materials so called Cunniff velocity. The Cunniff velocity has
been proven to successfully rank glass fibre, carbon fibre aramid fibre, ultra-high
molecular weight polyethelene (UHMWPE), and Poly (p-phenylene-2,6-
benzobisoxazole) (PBO) fibre composites. However, the Cunniff velocity is
entirely focused on fibre properties. It has been shown within the literature that
the matrix properties of composites can cause significant variations in the ballistic
limit. Chapter 5 concludes with a parameter study investigating the effect of inter-

laminar shear strength on the targets ballistic limit.
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Finally, Chapter 6 contains a summary of all of the conclusions and contributions
made within this thesis and provides recommendations for future studies to

progress on from this work.

10



CHAPTER 2

LITERATURE REVIEW

Summary

As discussed in Chapter 1, composite materials can provide a multitude of
benefits for structures under a variety of loading conditions. This literature review
provides an overview of test methods, material response, and modelling strategies
for carbon fibre reinforced epoxy matrix composites, focusing on delamination
damage, advanced 3D woven composite materials, out-of-plane loading, soft

impact, multi-hit impact load cases, and modelling strategies.

The first part of this review gives an extensive overview of delamination damage
within composite materials, and highlights the current testing methods for out-of-
plane bending of carbon fibre composites, with particular focus on 3D woven
carbon composite materials. It goes on to discuss soft impact and multihit impact
of composite materials. The second part discusses the finite element (FE)
modelling approaches which are commonly employed for fibre reinforced
composites, proceeding to highlight the methodologies used for 3D woven
composite structures, and modelling of impact events. Figure 2.1 presents a flow
chart which summarises the logical sequencing of this literature review. It is not
intended as an entirely exhaustive review on the subjects in question, but as a
selection of the most relevant sources for each topic. Readers are suggested to

follow citations within the review for further information.
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‘ Literature Review ‘
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Figure 2.1 Literature review route map
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Orientation averaging

Periodic boundary
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Methodologies

Delamination is one of the most critical failure mechanisms presented by fibre-

reinforced laminate composite materials. The influence that delamination has

upon the design of composite structures is perhaps one of the largest differences

in behaviour between composite and metallic structures. The most common

sources of delamination will be reviewed here.

2.1.1 Delamination due to impact loading

Delamination damage can be particularly insidious because the damage is not

necessarily visible during surface inspect of structures [10-12]. Upon viewing of

surface, the material has undergone no damage. However, underneath the surface

there can be extensive inter-laminar cracking causing large reductions in strength.

This is particularly an issue during impact loading, as demonstrated by a

photograph of the edge of a quasi-isotropic glass reinforced epoxy composite post

drop-weight impact test, shown in Figure 2.2. The material presents no visible

12
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surface damage, but demonstrates extensive delamination throughout the internal

structure.

Figure 2.2. Edge view of a quasi-isotropic glass reinforced epoxy composite

material post drop-weight impact test demonstrating extensive internal

delamination damage. From Shyr and Pan [13].

The majority of wide-spread delamination presented during impact loading is
localised to the resin-rich interface between plies. Delamination occurs at this
position due to a combination of inherently weak through-thickness properties of
composite materials combined with highly concentrated inter-laminar stresses
present during impact events. This delamination often occurs at mid-plane,
reducing away from the impact point [14]. Initial compressive stresses acting
through the thickness of the composite plate can lead to localised suppression of
delamination [15]. However, this benefit may be short-lived due to through-

thickness stress-wave reflection off the free surface distal to strike location.

An often overlooked effect, delamination damage induced by impact loading can
cause reductions of the residual tensile strength of composite materials. Studies
such as Ogi, Kim [16] and Balasubramani and Boopathy [17] have been
conducted to investigate tensile strength after impact. However, they do not
distinguish the reduction in properties by delamination damage or that of fibre
fracture. It is assumed that the majority of the reduction in tensile strength after
impact is due to fibre damage, and not of delamination. The overall response may

be due to a combination of these effects.

13
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Compression after impact (CAI) testing is of great importance due to the large
influence that delamination has upon the compressive material properties. The
compressive properties are often significantly reduced as the delaminated plies no
longer act as composite but begin to buckle individually. Delaminated composites
undergoing compressive loading often undergo progressive out-of-plane local
buckling of plies. This was investigated via the measurement of out-of-plane
displacement fields by Guedra-Degeorges [18]. An alternative mechanism, in
which delamination causes a reduction the CAI properties of composites, was
demonstrated by Soutis and Curtis [19]. They showed that during buckling of
delaminated plies, load redistribution can cause stress concentrations leading to
fibre fracture. Pavier and Clarke [20] used finite element analysis to identify the
superposition of bending and compressive stresses within the un-delaminated part

of the laminate causing final failure of 0° plies.

2.1.2 Delamination due to free edge effect

Inter-laminar stresses can arise due to the geometry of a composite structure.
Figure 2.3 presents three examples of delamination due to the presence of inter-
laminar stresses owing to the geometric change of a composite structure. Potential
delamination locations are highlighted on the figure in red. The first case, Figure
2.3(a), is that of a curved laminate subjected to bending. A bending moment
acting to reduce the curvature will cause tensile normal inter-laminar stresses to
develop. This can be combined with inter-laminar stresses that develop due to out-
of-plane loading [21]. Delamination begins at the location of the highest radial

stress in the curved region [22].

The second case, Figure 2.3(b), shows a step and scarf laminate taper. Both inter-
laminar normal and shear stresses are caused due to the change in composite
thickness influencing the distribution of stress. The third case shows a laminate
composite experiencing distortion due to residual curing stresses, which can lead

to matrix cracking and delamination damage [23].

14
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(@) (b) (©)
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Figure 2.3. Delamination due to inter-laminar stresses (a) curved geometry under
bending (b) taper geometry under tensile loading (c) residual curing stresses

causing distortion. Adapted from Wisnom [14].

2.1.3 Delamination due to out-of-plane loading

Inevitably, due to the widespread proliferation of composite materials in primary
and secondary aerospace and automotive structures, laminates will undergo a
wide variety of load cases, including out-of-plane loading. Figure 2.4
demonstrates two load cases in which high inter-laminar stresses caused by out-
of-plane loading may induce delamination damage. The first is a T-piece in which
compressive loading upon the top surface of the web results in high inter-laminar
shear stresses around the gusset, resulting in delamination [24]. The second is a
laminate cantilever beam under-going out-of-plane bending loading. Regions of

potential delamination damage are highlighted on Figure 2.4 in red.

(a) (®)

Clamp

Bottom
Laminate

Laminate
cantilever

Figure 2.4. Out-of-plane loading of laminate composites which can cause
sufficient inter-laminar stresses to induce delamination damage (a) T-piece (b)

cantilever beam bending. Regions of potential delamination are marked in red.
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2.1.4 Delamination due to discontinuities

Discontinuities arise in many different forms, and can lead to increases in local
stress states. A localised increase of stress, combined with sufficient strain energy
within the material, results in the propagation of cracking. Simply dropping tools
upon laminate composites can cause cracks within the material [25, 26]. These
cracks can lead to increased strain energy release rates and a localised Mode I

component near free edges [27].

Dropping-oft plies for thickness tapering are also prone to delaminations [28-30].
This is predominantly caused by the introduction of discontinuities or free edges
at the cut locations [31, 32]. Surface ply drop-offs and stacked plies of the same

orientation have increased susceptibility delamination [33].

(a) % (b) ﬁ
A

Surface s

crack % ."

OO :o:o:.:o:u:.:o:o:.:o:o:l o
90°

Ply drop-off
discontinuity

K Free-edge

Internal / discontinuity

delamination

Figure 2.5. Sources of delamination in laminate composites due to discontinuities
(a) crack discontinuities due to dropped tools, (b) free edge discontinuities, (c) ply

drop-oft discontinuity. Potential locations of delamination are marked in red.

Other sources of delamination include off-axis loading of quasi-isotropic
laminates [34], tensile loading of thick laminates [35], tensile loading of notched
laminates [36-41] open hole tensile loading [42-44], notched compressive testing
[44-48], and notched combined loading [44]. An example of delamination damage
due to notched tensile loading is presented in Figure 2.6. For a more detailed
account of the sources and effects of delamination, readers are referred to Garg

[49] and more recently, Wisnom [14].
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Figure 2.6. Ply-by-ply and inter-ply damage at 90% failure load, for a central
notch under pure tensile loading adapted from Tan, Deshpande [44].

2.1.5 Detecting delamination damage

Due to the potentially negative consequences of an un-detected delamination
damage mode in composite structures, there has been a large quantity of research
focusing on non-destructive evaluation (NDE) of composite materials in order to
detect delamination. NDE allows for the detection of damage prior to catastrophic

events, reducing the down time required for structural maintenance.

One method utilised for the detection of matrix cracks and delamination damage
is by embedding optical fibre sensors with the composite. Modifications to the
magnitude and distribution of the reflection spectrum are used to determine the
location and nature of damage within the composite. This method has been proved
useful for mapping the growth of damage regions [50-52], in particular
delamination [53-57]. However, issues include the inability to embed fibre optic
sensors in already-built structures, the inherent strength decrease due to the

insertion of fibres, and the difficulty in repairing them if damaged [58, 59].
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A technique for in-situ damage classification of composite materials which can be
applied to systems in service without any strength decrease and with improved
ease of sensor repair is the electric potential method. Delamination damage can be
detected by changes in the through-thickness electrical resistivity [59-62]. As each
composite material can vary from its constitutive components and ply lay-up, it is

necessary to calibrate the equipment for each material type [59].

Other detection methods include the introduction of a diagnostic layer consisting
of either an electrical grid [63] or actuators and sensors [64, 65] and vibration-
based structural health monitoring. For vibration-based delamination detection,

readers are referred to the review by Zou, Tong [66].

C-scans can prove useful in the detection of matrix cracking, delamination, or
other damage modes which are commonly incurred by the impact loading of
composite structures [67-71]. A comparison of the areas of damage can used in
order to rank materials by their ability to resist damage. Researchers note that the
presence of through-thickness reinforcement within composite structures can
reduce the area of delamination damage [72]. Gerlach, Siviour [72] also goes on
to note that studies of delamination damage of UD-laminate composites
propagates relatively evenly in the in-plane directions, whilst for through-
thickness angle interlock (TTAIL) composites, damage is often oval shaped,
progressing further in the weft direction than the warp. Figure 2.7(a) and (b)
presents a sketch of the TTAIL composite material showing binder orientation,
and C-scan of a TTAIL plate specimen centrally loaded quasi-static to an out-of-

plane displacement of 7mm (adapted from Gerlach, Siviour [72]).
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Figure 2.7(a) Sketch of TTAIL composite material (b) C-scan of sample after

quasi-static indentation test of deflection 7 mm. (Adapted from Gerlach, Siviour

[72]).

The C-scan methodology can be used to rapidly scan large areas of composite
structures. However, it has been noted that it is not particularly effective at
detecting barely visible impact damage (BVID). The reasoning behind this is that
BVID does not necessarily induce discontinuities within the material at the scale
required for detection [73]. Also, the C-scan method only gives information
regarding the projected damage, and cannot resolve over-lapping delaminations

[74].

CT-scanning of samples can provide excellent 3D visualisations of damage modes
within composite structures. The development of several commercial systems
have made x-ray microtomography (micro-CT) more accessible for use within
laboratories. Micro-CT scanning has been proved to be useful in the
characterisation of the internal damage of fibre reinforced composites such as
fatigue crack growth [75], delamination [76, 77], fibre breakage [75, 76, 78] and
fibre pull-out [79]. This level of characterisation is often superior to that which
can be provided by post-impact material testing, or even C-scans. Figure 2.8

presents images of a three-dimensionally reconstructed model using micro-CT
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data of a bearing failure around a bolt hole within a graphite/epoxy laminate, from
Schilling, Karedla [77]. It demonstrates the level of detail that can be achieved by
utilising a CT scanning methodology, and how delamination lengths can be

measured without extensive sectioning of the sample.

"
e, o

- Delamination

Delamination length

Lateral
deformation

Figure 2.8. Bearing failure damage around a bolt hole within a graphite /epoxy
laminate. Reconstructed volumes using X-ray microtomography. (Adapted from

Schilling, Karedla [77]).

Difficulties, however, can arise during the CT scanning of carbon fibre reinforced
epoxy matrix composites, due to the similar levels of impedance between the
fibres and the matrix. This can be improved with the use of a zinc-iodide x-ray
opaque dye in order to improve contrast within the images and aid visualisation
[77, 80]. However, for constrained samples, with only small quantities of damage
(for example after low velocity impact of 3D woven composite materials),
penetration and absorption of the dye into the microscopic damage regions proves

difficult.

Other methodologies include vibrational analysis [81-83], which operates on the
principal that changes to a structure’s physical properties brought on by damage,
such as mass, damping, and stiffness, effects its modal properties and dynamic

responses.
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2.2 3D woven composites

3D woven composites offer a combination of reasonable manufacturing cost with
the delamination resistance without a large-scale reduction of in-plane properties
which is common with traditional 2D weaves. The majority of this thesis focuses
on 3D woven composites, and the contribution of the through-the-thickness yarns

to the response of composite materials undergoing various load cases.

3D woven composites are fibre reinforced composite materials that are
manufactured with the use of woven fibre preforms which contain fibres
orientated in all three dimensions. The process of weaving a 3D preform typically
involves inserting nominally straight weft yarns between layers of warp yarns. 3D
woven preforms can be manufactured using the majority of commercial weaving
looms, although Jacquard looms are the most common due to their high levels of
automation and good management of the final fibre structure [84, 85]. The warp
yarns are held parallel to the direction of the weaving process (0°), which is
commonly referred to as the x-axis. They travel through a series of bars or rollers
to maintain their relative positions and apply a small tensile force onto the yarns.
A lifting machine then raises the warp yarns to create a gap (the shed) into which
the weft yarns (90°). Variation in the lifting and weft yarn insertion process can
allow for multiple sheds to be formed, therefore allowing many simultaneous weft
yarns to be inserted. This allows for a much faster preform production rate and is
what is often regarded as true three-dimensional weaving [85]. Furthermore, 3D
weaves offer much higher permeability than stacked 2D preforms, allowing for an
increase in the rate of matrix infusions; giving the potential for toughened matrix

materials [86].

2.2.1 Fibre architecture

Variations to the weaving path of the though-thickness reinforcement, or “z-
binder yarn”, can give rise to different 3D weave architectures. These are angle
interlock, orthogonal weaves (which both can be either through-the-thickness or

layer-to-layer) and multilayer weaves. Although angle interlock weaves offer
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enhanced properties in regard to delamination resistance, impact resistance,
damage resistance and geometrical stability with respect to laminate composites
[87], superior through-the-thickness elastic and strength properties can often be

achieved by using orthogonal woven composites [88].

(a) . (b)

Figure 2.9. Cross sections of 3D woven fabrics : geometric models (a) orthogonal
and (b) angle-interlock fabrics; uCT scans (c) orthogonal and (d) angle-interlock
[89].

The introduction of the through-the-thickness causes displacement and distortion
of the in-plane warp and weft yarns [90-92]. One of the main effects the binder
has is the compressive force it has upon the in-plane fibre architecture,
compressing the yarns and causing localised changes in angle of the top and
bottom yarns. This effect is referred to as “crimping” [93, 94], and is most
prominent at the position of wrap-around of the through-thickness reinforcement

[95]. Figure 2.10 presents a sketch of crimping of tows.
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Figure 2.10. Sketch of “crimping” fibre distortion common to 3D woven

composites. (After Cox, Dadkhah [96]).

Crimping is present in other composite materials such as 2D woven and even UD-
laminate; however, to a much smaller extent. The two predominant methodologies
for quantifying the amount of crimp in a composite material is to either simply
measure the crimp angle from parallel to the plane or reporting the ratio between
the length of the crimped yarn to the length of the specimen from which it resides
within. This ratio is known as the “crimp factor” [95, 97, 98]. Tong, Mouritz [85]
collated published data regarding the crimp angle and the plastic tow straightening
stress and is presented in Figure 2.11. It is useful for relating the fibre crimp

angles for different fibre architectures.
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Figure 2.11. Plastic tow straightening stress as a function of fibre waviness from

Tong, Mouritz [85]

The compressive forces from the binder yarns also cause a grouping effect of in-
plane yarns referred to as “collimation”[90]; this can lead to alternating fibre
groupings and resin-rich areas within the composite [90, 92]. The effects of the
binder on the in-plane fibre architecture has been well covered within the
literature. However, isolating the exact role in which it plays during bending or
impact loading can be difficult when attempting to find analogous non-crimp or
UD-laminate materials for a direct comparison [99]. This thesis uses the finite
element method and a comparison between 3D woven composites and a
specifically generated “equivalent UD-laminate” material, identical in all aspects

except the through-thickness reinforcement, in order to address this issue.

2.2.2 Toughening

The main reasoning behind the inclusion of through-thickness reinforcement in
3D woven composites is the poor inter-laminar fracture toughness of laminate
composites. A brief over-view of the issue and theory is reported here, followed

by a description of the enhancement provided by through-thickness reinforcement.

The quantity of energy required for the propagation of a Mode I crack (tensile) is

given by the fracture toughness of the resin matrix, Gy¢. This fracture toughness
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can effectively be enhanced by toughening mechanisms induced by fibre bridging
or crack branching [100-102]. Fibre bridging can even occur in UD-laminate
composites, when fibres cross over into the plane of an adjacent ply, forcing the
crack to fracture the bridging fibres before propagation can continue. This was
recoded to have increased the tensile fracture toughness of a composite by up to

four times [103].

The presence of fibres within a composite material can also act to increase the
fracture toughness by crack branching. This is where a propagating crack is forced
to deflect from the longitudinal axis, increasing the travel path, and therefore

increasing the energy required for delamination to occur [102].

The double cantilever beam (DCB) test is commonly employed to composite
materials in order to determine the Mode I fracture energy. The test employs a
pre-initiated crack located at the mid-plane of the free end. A constant
displacement is applied to the crack, and the applied force and crack length are
recorded throughout the test. This allows for the calculation of the energy required
for crack growth (Gyc). Interpretation of the data allows for the generation of a
resistance curve (R-curve). The R-curve demonstrates the energy at which crack-
growth transitions to become stable, i.e. self-propagating. Figure 2.12(a) presents
an example R-curve for a layer-to layer woven composite demonstrating a
definitive bridging zone, where the crack growth resistance values increase with
increasing crack size. The material then reaches a steady state value of fracture
toughness. This value represents the stage in which the progression of the crack
resulted in the same number of through-thickness tows added to the crack-bridge
zone as those which were fractured through crack progression [104]. Figure
2.12(b) presents a sketch of a typical fibre bridging zone during Mode I crack
propagation within 3D woven composites. 3D woven composites can increase
Mode I fracture toughness by around 10-20 times that of a similar UD-laminate
material [105], with orthogonal through-the-thickness weaves performing better
than angle-interlock weaves [104]. The dominant mechanisms of energy
absorption by the bridging of through-thickness tows have been attributed to [106,
107]:
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Figure 2.12. (a) Example R-curve for layer-to-layer 3D woven composite
material. The values are normalised for commercial sensitivity reasons. (After
Fishpool, Rezai [104]) (b) Sketch of a through-thickness reinforcement bridging
zone (After Tong, Mouritz [85]).

Generally, the measurement of Mode II fracture of materials is a more
complicated procedure due in part to frictional forces between delaminated
surfaces, inducing variability with recorded values of Gy;¢ [108]. The standard
methodologies for measuring the Mode II fracture of composite materials is the
end-loaded split (ELS) method [109, 110], and the four-point end-notched flexure
(ENF) tests [111, 112]. The original testing methodology, the three-point ENF test
[113], had certain disadvantages as it generated an unstable crack growth and
yields only initiation values of Gy¢ [114]. The same authors then go on to note the
disadvantage of the stabilised ENF test, highlighting the complexities of requiring

real-time controlling of the test specimen.

The standard four-point ENF test has the disadvantage of inducing compressive
stress across the delaminated interface in the region of the load and support pins,
potentially increasing the apparent fracture toughness by up to 5% [115]. Studies

have made improvements to the test method by modifying the loading pattern in
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order to reduce the effects of friction [116]. The ELS test has been shown to
produce a stable crack growth. However, researchers have commented on
difficulties in recording the exact length of delamination throughout the test [115],
as distinguishing between crack growth and other damage sources is not trivial
with Mode II testing [114]. Blackman, Brunner [114] introduced a “crack length

independent” approach in order to avoid such difficulties.

2.2.3 Young’s modulus

Previous investigations into the Young’s modulus of 3D woven composites in
comparison with 2D composites yield varying outcomes. Some have claimed that
3D woven composites have a reduced Young’s modulus [117, 118], whilst others
have claimed the opposite to hold true [119, 120]. In order to clarify this apparent
contradiction, a consistent definition of yarn types and volume fractions must be
applied to a collection of data within the literature [105]. The collated data set of
Young’s modulus of each composite as a function of the product of Young’s
modulus of pristine fibre reinforcement (£y) and the warp fibre volume fraction is
presented in Figure 2.13. Although troubled by large material data scatter,
particularly for carbon fibre composites, Rudov-Clark [105] concludes that the
Young’s moduli of 3D woven composites are comparable to that of cross-ply and

2D woven composites.
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Figure 2.13. Collated tensile Young’s modulus data for cross-ply, 2D woven and
3D woven composites. From Rudov-Clark [105] PhD Thesis. Original data from
[95, 97, 121-123].

Various researchers have ascertained that the actual physical presence of the
through-thickness reinforcement has no influence on the Young’s modulus of the
composite [97, 118], and that only by the introduction of fibre crimping is the
Young’s modulus lowered [118]. Rudov-Clark [105] presented collated data of
the Young’s modulus of layer interlock, angle interlock, and orthogonal 3D
woven composites as a function of the product of the Young’s modulus of
individual fibres and volume fraction along the warp direction. No significant

differences between the three fibre architectures were noted.
2.2.4 Tensile strength

As with Young’s modulus, individual investigations have led to different
conclusions regarding the effect of the binder on the tensile strength of composites
with some studies reporting unchanged properties [6, 124] and others reporting a
reduction in strength [117]. Attempts at data collation of previously published

literature also lead to different conclusions with Mouritz and Cox [99], suggesting
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a modest decrease in tensile strength and the review presented in Rudov-Clark
[105] PhD thesis indicating no significant difference with or without the binder.
The primary reasoning behind the disparities within the published literature is the
frequent large scattering of results and the difficulty of standardising equivalent
UD-laminates or 2D woven composites for comparisons. This thesis will present a
finite element method that can be utilised for elucidating the exact role of the

through-thickness reinforcement during in-plane mechanical tests.

Reductions of the tensile strength of 3D woven composites have been attributed to
fibre crimping or fibre damage which have been recorded during the weaving
process [6, 121, 125]. A study on the damage of in-plane and through-thickness
yarns during the weaving process by Rudov-Clark [105] revealed a reduction of
strength in the yarns by up to 30% due to ultra-small scratches on the fibres
caused by abrasion of fibres during weaving. No mechanisms have been reported
for the increase of tensile strength due to the presence of though-thickness

reinforcement [99].
2.2.5 Compressive strength

Compressive loading of fibre reinforced composites is often compared to that of
an end-loaded column undergoing buckling. For optimal load resistance in
compression, the fibres require precise alignment to the loading direction and high
levels of lateral support provided primarily by the matrix material. Marissen and
Brouwer [126] summarised the properties required for a fibre reinforced
composite to exhibit good performance during compression loading as: good fibre
alignment, large fibre diameter, high fibre stiffness, high matrix stiffness and yield
stress, minimal manufacturing related defects, i.e. good fibre impregnation and

excellent bond strength between fibre and matrix.

The inherent fibre waviness induced by the weave process can be the limiting
factor for woven composite materials. The generalised form of critical stress

within a yarn for kink band instigation is given as:
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where ¢ is the angle of misalignment of the fibres, and 7, is the critical stress for

shear flow within the resin [127]. The compressive strength of 2D woven
composites is lower than that of UD-laminates due to increased fibre waviness,
and compressive strength decreases with increasing fibre waviness [128]. With
3D woven composites, this fibre misalignment is primarily located on the top and
bottom edges of the composite; removal of these layers can lead to an improved

compressive strength in these materials [129].

The standard equation for kink band prediction was expanded upon by Cox,
Dadkhah [130] to account for the random distribution of fibre angles within a
composite, arguing that kink bands will form first in the most highly crimped yarn
regions and utilised in the creation of a finite element modelling strategy referred
to as the Binary Model [131], discussed in greater detail later in this literature
review. It has been determined that 3D woven composites can exhibit superior
performance in compression compared with 2D laminate materials due to better
alignment of in-plane yarns, and the suppression of delamination by the binder.
This effect was seen to increase for composites with a higher density of through-

thickness reinforcement [132].

Figure 2.14 presents a collation of compressive strength of cross-ply laminates,
2D woven, and 3D woven composites. The results are plotted against the
theoretical strength of 0° plies within the composite. Detailed comparisons
between the materials prove difficult due to large degrees of scattering within the

results.
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Figure 2.14. Collation of compressive strength data of 0/90°, 2D woven, and 3D
woven composites from Rudov-Clark [105] PhD thesis.

Mouritz and Cox [99] present a collation of results within the literature regarding
the normalised compressive strength (normalised against “equivalent UD-
laminate™) as a function of z-binder percentage in order to attempt to ascertain the
effective of the through-thickness reinforcement. These results are presented here
in Figure 2.15. The data shows large scatter and no statistically significant trend
regarding the z-binder content. Issues arise in regard to the normalisation of the
results, and the difficulty of finding a true “equivalent UD-laminate” material with
identical in-plane fibre architecture and volume fraction as the 3D woven

composite.
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Figure 2.15. Effect of z-binder content on the normalised compressive strength of

3D woven composites [99].

The dominant mechanism for compressive strength enhancement inclusive of
through-thickness reinforcement is the suppression of delamination and
enhancement of the buckling resistance. However, the introduction of geometrical
defects due to the introduction of the binder also acts to lower the compressive
strength. This thesis utilises experimental compressive tests on a 3D woven
composite material, combined with full-scale numerical modelling of the sample
with and without through-thickness reinforcement, in order to elucidate the exact
nature of the progression of the compressive collapse event within 3D woven

composites.

2.2.6 High strain rate properties (¢ >100)

Generally, within a carbon fibre reinforced polymer matrix composite, the matrix
material displays strain-rate sensitivity [133] whilst the carbon fibres themselves
do not [134, 135]. This can lead to some strain-rate sensitivity in the composite
response, in particular compressive response, as the localised buckling of fibres
can be delayed due to the strain rate sensitivity of the matrix, increasing strain to

failure and thus, peak stress.
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Even though one of the main reasons behind the development of 3D woven
composite materials is due to their enhanced impact resistance, the literature is
sparsely populated with data regarding the rate sensitivity of 3D woven
composites, in particular carbon fibre reinforced polymers. Gerlach, Siviour [72]
present an investigation into the in-plane and through-thickness response of two
non-crimp through thickness interlock of binder volume fractions 3% and 6%
subjected to high-strain rate loading. They conclude that the through-the-thickness
reinforcement volume fraction has only a small effect on the in-plane stiffness of
the composite. However, the through-thickness reinforcement does provide
significant delamination resistance during plate bending tests. During three-point
bending tests, they note a greater drop-off of load resisted for beams orientated
along the weft direction than the warp direction. This is attributed to the
orientation of the through-thickness reinforcement. The study only focuses on one
material fibre architecture, with 3D orthogonal through-the-thickness composites

remaining un-investigated.
2.2.7 Impact Resistance

As previously mentioned, impact resistance of composites is critical to their
continued use. Impact loading is typically a critical load case for fibre reinforced
composites as damage can occur without any visible signs, causing large

reductions in compressive strength.

A useful system of judging the relative performance of composites structures
under impact loading is the recording of energy absorbed with minimal reduction
of structural performance, a common measurement being compression after
impact tests. During impact, composites exhibit the following energy-absorbing

damage modes [136]:

e Out-of-plane shear stresses due to the impacting force causes matrix
cracking, potentially leading to delamination.
e During the impact event, bending of the structure causes inter-laminar

stresses, and thus, the propagation of delamination.
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e Penetration of the projectile causes fibre pull-out and tensile fracture.

In comparison with 2D composites, 3D woven composites often absorb a greater
amount of energy, with reduction in damage area [137], particularly the

suppression of delamination. [85, 138].

Even inclusive of any in-plane property reductions due to the presence of the
through-thickness reinforcement, 3D woven composite exhibit far superior
compressive and flexural performance for post-impact testing than their 2D
counterparts due to the suppression of delamination and containment of impact
damage area [85]. Figure 2.16 presents a collation of results presented by Rudov-
Clark [105] showing a comparison of the post-impact compressive strength
between cross-ply laminates, 2D woven, and 3D woven materials [96, 123, 128].
Figure 2.17 presents a comparison of the post-impact flexural strength between
cross-ply laminates, 2D woven, and 3D woven composite materials, after Tong,
Mouritz [85]. There is, however, only a limited amount of data available 2D
woven and 0/90 laminates. Combined with the large degree of scatter present,

definitive conclusions are difficult to be drawn.

+0/90 % 2D woven A 3D woven

100 -
90
80 - A
70 4
60
504 R A
40 - *

30 | 4

20

Post-impact compression strength (%)

10 4

0 T T 1
0 5 10 15

Impact energy/thickness (J/mm)

34



CHAPTER 2: LITERATURE REVIEW

Figure 2.16. Collated post impact compressive strength (%) of cross-ply, 2D
woven, and 3D woven composite materials. From Rudov-Clark [105]. Original

sources [96, 123, 128].
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Figure 2.17. Comparison of post-impact flexural strength between 2D and 3D

woven composite materials. After Tong, Mouritz [85].
2.2.8 Bending of 3D woven composite materials

Bending deformation is common for structural applications of composite
materials. It can arise as direct out-of-plane loading, such as the case of composite
skins or face-sheets in light-weight sandwich panels in which these structures are
specifically designed to resist bending. It can also occur within curved composite
structures due to the variation of thermal expansion coefficients both in the plane
and through the thickness of the material. With structures in constrained states,
this can lead to inter-laminar normal stresses. Bending is of particular importance
to composites inclusive of through-thickness reinforcement, as the principal
reasoning behind the addition of the reinforcement is to improve inter-laminar
properties. In spite of this, there is still relatively sparse coverage in the literature

regarding the bending response of 3D woven composite materials.
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The bending properties of woven composite materials are generally investigated
with the use of three different test methods. These are: plate bending tests [72],
long beam three-point bending tests [95] and short beam three-point bending tests
[139]. Three-point bending is the commonly accepted test method used for the
out-of-plane testing 3D woven composites. However, three-point bending tests
often have difficulties in the activation of the delamination damage mode. Also,
for composite materials with high levels of orthotropy, the regular flexural
curvature is combined with a twisting curvature throughout the beam length,

complicating analysis [140].

Generally, the flexural properties of 3D woven composites have been found to be
inferior to that of 2D composites [12, 95, 117]. The reduction in flexural
properties has been attributed to misalignment of fibres; for example, by crimping
[95]. Fibre kinking, commonly isolated to the top and bottom surfaces of a
composite material, is of significant importance during flexure due to premature

buckling of fibres and formation of kink-bands on the compression side [126].

The out-of-plane properties of a through-the-thickness angle interlock 3D woven
composite material were classified via a three-point bending test and plate
bending test by Gerlach, Siviour [72]. The results gave an indication into how the
density of the through-thickness reinforcement influences the lengths of
delamination damage. However, these tests are highly dependent on support
conditions and loader geometry. A layer-to-layer interlock composite was
investigated by Gras, Leclerc [141] under three point bending testing, with the
Digital Image Correlation (DIC) technique used to determine the out-of-plane
shear modulus of the beam. DIC image analysis can only capture the surface
strain field, and care must be taken not to confuse local strains present on the front
surface of a composite beam with that of representative values throughout the

beam thickness.

Three point bending tests of a layer-to-layer orthogonal interlock textile
composite were employed by Zhang, Pankow [142], also utilising DIC to capture

local increases in crease and microcracking. Due to the localised damage initiation
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experienced by fibre reinforced composites, interpretation of beam collapse may
be complicated by asymmetric failure. For example, damage can initiate
underneath the leading nose, or within either or both of the two arms of a three-
point bending testing. This can lead to complications during analysis of damage

development [143].

In order to avoid such difficulties, Liu, Thouless [144] applied a cantilever beam
bending test to Dyneema® material. The cantilever test proved to be effective at
simplifying the analysis of beam collapse. The cantilever beam bending test has
yet to be applied to the out-of-plane collapse of 3D woven composite materials,
and will be investigated in this thesis. The effect of through-thickness
reinforcement on the out-of-plane stiffness and collapse mechanisms of 3D woven
composite beams will be investigated within this thesis; an issue which is yet to be

covered within the literature.

2.3 Soft Impact

The search for materials with enhanced protection against impact loading such as
air blast or sand impact is of major concern in the design of military vehicles.
Both rapidly expanding radial shockwaves and sand ejecta from shallow buried
landmines or Improvised Explosive Devices (IEDs) can cause widespread damage
of structures. Figure 2.18 presents a sketch of a typical critical load case

experienced by protective systems for mobile vehicular systems.
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Figure 2.18. Sketch of a mobile vehicle resisting the impact of soil ejecta from the

detonation of a shallow-buried land mine.

There have been several experimental methodologies developed for blast-loading
of structures. The first methodology was that of using explosives to load
structures. This technique has the benefit of having the same loading profiles of
actual dynamic loading likely to be experienced by structures. However, it adds
difficulties, as the wave fronts are spherical and the complex pressure signatures
generated are difficult to model. Another experimental technique developed to
enable the reproduction of shock waves in the laboratory, but moving away from
the use of explosives, is the shock tube [145, 146]. It provides the advantage of
plane wave-front generation and easily controlled experimental parameters.
However, it requires large bespoke equipment, with calibration required that is

unique for each shock tube system [145].

A more economical and simplistic method to load structures with a well-defined
dynamic distributed impulse was introduced by Radford, Deshpande [147], in
which cylindrical metallic foam projectiles are accelerated into samples by a

laboratory scale pressurised gas gun. This method has often been referred to as
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“soft impact” loading. The projectiles are highly compressible, exerting pressure
pulses on structures in the order of 100 MPa for the duration of approximately 200
us. The pressure pulses have characteristics remarkably similar to that observed in
fluid shock loading, almost instantaneously rising pressure peaks diminishing with
a rough exponential shape [147]. For comparison a charge weight of 100 kg of
TNT at a standoff of 14 m causes a peak overpressure of approximately 250 KPa
in air [148], and 2.7 MPa in water [ 149]. An underwater blast of a charge of 10 kg
of TNT at a standoff of 1m, following the analytical formulation provided by

Cole [150], exerts a peak overpressure in the order of 100 MPa.

Figure 2.19 presents a group of four figures adapted from Radford, Deshpande
[147] aimed at giving the reader an understanding of the general characteristics of
a soft impact event utilising aluminium foam projectiles. Figure 2.19(a) presents a
high speed photographic sequence of an Alporas metal foam projectile impacting
a Kolsky pressure bar at vy = 381 ms™', demonstrating progressive projectile
densification. Figure 2.19(b) presents the measured contact pressure histories of

an Alporas foam projectile of relative density p =0.11 and length L = 100 mm of

two different velocity impacts during a direct impact Kolsky bar experiment. The
pressure histories demonstrate a rapid increase, with a rough exponential decay.
Higher velocity impacts produce a higher peak pressure and higher average
pressure. The measured contact pressure histories of Alporas foam projectiles of

two different lengths, L =100 mm and L = 50 mm, relative density p =0.11 and

impact velocity v, = 380 ms™ are presented in Figure 2.18(c). Increasing the
length of projectile increases the duration of pressure pulse exerted upon a
structure. Generally, the pressure pulse duration is measured from the time the
pressure has obtained '% of the initial peak value, until the pressure has dropped
halfway down the trailing edge of the pressure history [147]. The measured peak
and mean contact pressures of Alporas metal foams as a function of impact
velocity vy. The theoretical peak pressure and best fit-curve for the mean pressure
are also included. The theoretical predictions for the peak pressure Ppeq [147] 1s

given simply by:
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2
PV
¢p

ppeak = O-Y + (22)
with 0y as the plateau stress and &, as the densification strain of the aluminium

foam material. The experimental data for the mean is empirically fit via the

relationship [147]:

2
PV
€p

p, =0, +0.66

(2.3)

Discrepancies between the theoretical prediction and experimental data are
attributed to omitting the exact nature of the shock and rate sensitivity of the base
material. For a more detailed discussion of the mechanisms of blast loading, the
readers are referred to Smith and Hetherington [151] for air blasts and Liu, Fleck

[152] for sand impact.
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Figure 2.19(a) High speed photographic sequence of an Alporas metal foam
projectile impacting a Kolsky pressure bar at vy = 381 ms™. (b) The measured
contact pressure histories of Alporas foam of relative density p =0.11 and length
L =100 mm of two different velocity impacts during a direct impact Kolsky bar
experiment (¢) The measured contact pressure histories of Alporas foam of two
lengths, relative density p = 0.11 and impact velocity v, = 380 ms™". (d) The
measured peak and mean contact pressures of Alporas metal foams as a function
of impact velocity vy. Theoretical peak pressure and best fit-curve for mean

pressure also included. (Figures adapted from Radford, Deshpande [147]).

The dynamic inertial response of a variety of monolithic and sandwich panels of

composite and metal materials have been investigated via the metallic foam
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projectile methodology by Radford, Fleck [153], Radford, McShane [154],
McShane, Radford [155] and more recently Russell, Liu [156] and Kandan,
Russell [157]. Monolithic carbon fibre laminate beams have been shown to
provide superior performance with regards to the back-face deflection during
dynamic shock loading than that of stainless steel beams of equal areal mass
[156]. Evidence was also presented that composites with lower strength matrix
can exhibit increased performance whilst undergoing dynamic soft impact
loading, for both carbon fibre reinforced polymer composites and ultra-high
molecular weight polyethylene (UHMWPE) composites [157]. However,
laminated composites have been shown to exhibit delamination damage, even
when no catastrophic longitudinal fibre fracture is observed [156]. This is a
performance-limiting quality inherent within all laminate composites and will

become more exaggerated if the composite matrix strength is reduced.

2.4 Multi-hit impact upon composite structures

In reality, dynamic impact events do not necessarily occur as singular isolated
events. Fragment cluster impact (FCI) is a common scenario which arises from
the ejection of multiple high velocity projectiles accelerated from the
fragmentation of a metallic case containing high explosive (HE) charges.
Predominant examples of such are surface-to-air (SAM) or air-to-air missiles
(AAM). The majority of the current literature focuses on the singular-point
ballistic impact load cases, with little consideration for multi-point impacts or

multi-hit singular point impacts.

During a singular impact, the structural response of laminate composite materials
is governed by the interaction of multiple longitudinal and transverse stress waves
[158] generated from the impact location and travelling to, and reflecting off,
clamped or free edges. During multi-impact events, the constructive and
deconstructive interference of stress waves, wave scattering effects, and

cumulative damage progression can change the response of composite structures.

Qian, Qu [159] and Qian and Qu [160] conducted an analytical and numerical

study into the multi-site impact (fragmentation) of metallic armour systems. They
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reported on the cumulative damage of the plate, noting that fragment density is
more sensitive than the interval between impacts on the damage pattern. They also
note the complexity of the problem and the limitations of size of simulated

regions during numerical modelling.

Deka, Bartus [161] conducted an experimental and numerical investigation into
the response of an S2-glass/epoxy composite laminate subjected to high velocity,
multi-site impacts. They pay particular attention to the stress wave interaction of
multi-site impacts, and how stress wave attenuation can influence the distribution
of damage within composite plates. They conclude that sequential impacts
resulted in a 23.0% and 14.2% increase in delamination damage over
simultaneous impact for two and three impacts, respectively. They report on the
residual velocity of projectile, but make no mention to how sequential impacts

influence the ballistic limit of the material.

Kandan, Russell [162] proposed a method in which multi-hit singular-point
characterisation of materials is realised through a ballistic limit interaction map
between primary and secondary impact events. It was proven to be a useful
technique in determining the influence of primary impacts on the response of a
secondary impact for a wide range of impact velocities. The initial impact V7
causes damage within the plate and modifies the response during a secondary
impact event V;;. A combination of the primary and secondary impacts results in
either penetration or rebound of the projectile. The shape of the boundary surface
between these two binary events is related to inherent material properties. The
methodology was then employed for a numerical study of the multi-hit damage

characterisation of 304 stainless steel plates by Russell [163].

The literature is yet to address the influence of through-thickness reinforcement
on the multi-hit response of fibre reinforced composite materials. This thesis will
conduct a numerical study of the multi-hit impact response of an orthogonal 3D
woven carbon fibre reinforced epoxy matrix composite material in order to begin

to fill the gap within the current published studies.
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2.5 FE modelling of fibrous composites

Complexities during the numerical modelling of fibre reinforced composites stem
from the complex microstructure of the material, high levels of anisotropy and
heterogeneity, and a wide variety of damage modes exhibited. This literature
review will now present and discuss the challenges and solutions presented with
the modelling of complex composite materials. It begins by introducing general
methodologies which are relevant to the modelling of a wide range of composite

materials, then, a greater focus will be given for 3D woven composite materials.
2.5.1 Continuum Damage Mechanics (CDM)

Earlier composite material failure models [164-166] had the ability to predict
failure, for example as predicted by a critical stress-state surface, and
subsequently reduced the relevant elastic properties to zero over a fixed number of
time steps. This is not an ideal solution, as the post-failure behaviour of the
material is completely neglected. In order to model the propagation of damage

within a material, continuum constitutive laws were developed.

There are numerous different mechanical damage models that have been
developed and utilised within FE analysis. Often cited as the pioneers of damage
mechanics [167, 168] proposed that the state of damage within a material could be
represented by a variable of which characterises damage evolution. Damage
variables tend to be vector variables for composite materials, as unlike metals,
damage modes are highly dependent on direction. The approach introduced by
Kachanov [167] and Talreja [ 168] was initially applied to composite materials by
Frantziskonis [169] and Frantziskonis and Joshi [170]. This tensor form of
damage variable, taking into account the common damage modes exhibited by
composite materials (matrix cracking, fibre breakage, and fibre-matrix
debonding), formed the basic principal of composite damage mechanics which

has been utilised by many researchers.

A meso-scale damage model based on continuum damage mechanics was

introduced by Ladeveze and LeDantec [171]. It modelled fibrous composite
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laminate matrix cracking and fibre/matrix debonding at the ply-scale, introducing
damage variables for reduction of material stiffness. The model was formulated
under plane-stress assumptions, the behavioural differences between the tensile

and compressive responses along the fibre direction were taken into account.

This methodology was then updated to include the simulation of multiple plies,
and interfaces between them [172-174]. The interface is a two dimensional entity,
acting to transfer forces and displacements between adjacent layers. This allowed
for the prediction of delamination damage. The model operated under the
hypothesis that the behaviour of any laminate can be described by elementary
mesoconstituents; namely, the singular plies and the interfaces between them. One
of the underlying principal assumptions within this methodology is that damage is
assumed to be uniform within the thickness of each mesoconstituent. However,
the state of damage can vary from one ply to the next within the laminate
structure. Figure 2.20 presents a sketch of the fibrous composite laminate
modelling strategy inclusive of individual plies, and the interfaces joining them

together (adapted from Ladeveze and Lubineau [175]).

3)

A

Single layer
(2

(D

Interface

Figure 2.20. Ladeveze fibrous composite laminate meso-scale modelling strategy ;
showing a singular layer, and interface. (Adapted from Ladeveze and Lubineau

[175]).

Comparisons were made with micromechanical damage mechanisms. They note
that the mesomodel can actually be interpreted as homogenised results from
micromechanical damage mechanisms such as microcracking, delamination at the

tips of microcracks and fibre-matrix debonding [172]. The modelling
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methodology has shown satisfactory results with comparisons to experimental
results, and had been the basis for numerous models within the literature, for
example, Coutellier and Rozycki [176] and Johnson, Pickett [177]. However, if
employed for the FE modelling of large-scale components such as fan blades, a

meso-model can prove computationally expensive.

Another model, by Matzenmiller, Lubliner [178], incorporates a damage growth
law based upon a Weibull distribution of strengths. The Matzenmiller et al. model
utilises the failure criteria developed by Hashin [165], which introduces the

concept of failure planes to separate the failure space into four distinct criteria.

-Mode I: Fibre rupture (o, > 0):

(&JZ _1{ > 0 failed 24)

X, > 0 elastic

Primarily caused by tensile stresses along the fibre direction 6, failure is initiated
by a number of fibre breaks in the vicinity of one another. Strain localisation

occurs at these break locations.

-Mode II: Fibre buckling and kinking (o, <0):

(&Jz_l{ > 0 failed 25)

X > 0 elastic

c

Failure caused due to compressive stresses along the fibre direction (-o1).
Damage initiation begins as the buckling of single fibres [127], and propagates to
the formation of a kink band, reducing the load-carrying capability of the material.
Composites with a stiff matrix material exhibit little to no non-linearity before

kink band formation.
-Mode III: Matrix cracking under transverse tension and shearing

2 2 .
>
lo N T )2 0 falle.d (2.6)
Y S > 0 elastic

t c
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Microcracking within the matrix material is modelled as continuously distributed
defects within a narrow damage zone. Failure due to microcracking is dependent
on the tensile strength and shear strength of the laminar. Microcrack growth is
unstable under load-control, with few microcracks rapidly expanding for ultimate

failure. However, if the loading is strain controlled, stiffness reduction is gradual.

-Mode IV: Matrix crushing under transverse compression and shearing

2 2
o > 0 failed
i R R . 2.7)
Y, S, > 0 elastic
In-plane shear or transverse compression loading causes microcracking of the
resin. Local tensile stresses are formed within the matrix due to mismatches
between the fibre and matrix Poisson ratios. Fragmentation of the resin causes a

reduction in stiffness parallel to the fibre orientation. Failure is related to the

compressive strength and shear strength of the composite laminate material.

The failure planes of the matrix modes III and IV are normal to the fibres, and the
failure planes of the fibre modes I and II are associated with planes perpendicular

to the fibres. Figure 2.21 presents a sketch of the laminar failure planes.

€]

fibre mode failure plane

-

f T

Matrix mode failure plane

Figure 2.21. Laminar failure planes. After [178].

After the onset of damage, it introduces three damage parameters: w;;, @,,, and
@ ;2. The longitudinal and transverse damage parameters assume different values

for tension and compression, whilst the shear damage parameter is independent of
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the sign of shear stress 1. The damaged laminar has an assumed linear constitutive
law, with the influence of the damage on the elastic response represented as
functions of ® and the undamaged material property. This is different to methods
employed previously, which take the elasticity constants themselves as unknowns
to be solved for [179-181]. The Matzenmiller et al. model utilises principles from
thermodynamics in order to relate the energy released per volume due to the

progression of damage Y, to the strain energy W, and damage variable w:

ow
Y, =-—* (2.8)
ow

The model has proven effective during simulation of fibre reinforced composites
under impact loading [156, 182]. However, a common criticism of the method is
that the material parameters are based on unrealistic, non-physical values, and

requires correct determination of fracture toughness for all modes of failure.

Another criticism of this relatively simple modelling strategy is the lack of
interaction between damage modes. In reality, the formation of microcracks
within the matrix due to transverse loading may lead to degradation of stiffness in

the longitudinal direction.

CDM has been extensively utilised in the literature for the modelling of both low
velocity impact [182-187] and ballistic impact [188-190]. For a more detailed
review on the implementation of CDM modelling strategies on the impact damage

of composite materials, readers are referred to Williams and Vaziri [182].
2.5.2 Modelling fracture

Early modelling strategies for predicting laminate composite failure were divided
into those predicting in-plane failures and those predicting out-of-plane failures.
For in-plane failure, it was common to employ property degradation models
utilising damage criteria calibrated from experimental data and stress states

calculated from classical laminate theories [191, 192].
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For out-of-plane failure, for example delamination, traditional methodologies
include linear elastic fracture mechanics (LEFM) [193]. LEFM assumes the
existence of a singular stress field positioned around a crack tip and often utilises
a failure criterion based on a critical fracture toughness. This energy-based
criterion can be a constant for a given material. However, this is true for only a
fixed mode ratio. This restricts LEFM to cases of more simplified geometry and

singular fracture modes.

Expanding upon LEFM, for use within more complicated structures, Rybicki and
Kanninen [194], Shivakumar, Tan [195], and Raju, Hivakumar [196] developed
the Virtual Crack Closure Technique (VCCT). The VCCT involves the
introduction of specifically deigned crack-tip elements. Nevertheless, the use of
specific crack-tip elements can induce numerical instabilities as well as high
levels of mesh-dependency [197]. Also, inherent within the VCCT formulation is
an assumption of self-similar crack growth. This is commonly a false assumption
[198], and other methods which take into account mixed-mode fractures are
necessary. Also, elements behind and ahead of the crack front must be of the same
size. This imposes strong requirements on the mesh, so much so that an adaptive
meshing technique should be utilised; this is computationally expensive [199].
The three modes of fracture are: opening (Mode I), in-plane shearing (Mode 1II),
and tearing (Mode III). They are demonstrated visually in Figure 2.22.

™t
—
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Figure 2.22. Three general modes of fracture [200].

Another more recent method for modelling the propagation of fractures within a

material is the extended finite element method (XFEM). The XFEM enriches
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specific regions of the domain with level set functions, allowing the modelling of
geometries that are independent of the mesh. The additional terms for the

displacement field follows the form:

U gy (X) = zNiui (%) + ZNJ-H(X) a, (x)+ sz (i F, (x)bkaJ (2.9)

iel jeJ keK

where i is the set of all the nodes within the mesh, N, (x)is the nodal shape
function, u; is the standard DOF of node 7, a;and by, are the DOF of nodes from
set J and K, enriched with the Heaviside function H(x), and crack-tip function

F,(x), respectively. For a more detailed discussion about the implementation of

XFEM, readers are directed towards Dolbow and Belytschko [201].

The concept of field enrichment was first introduced by Gifford and Hilton [202],
but has since become a very popular tool for the modelling of crack propagation at
anticipated regions with a domain [203-206]. Issues of XFEM include the
knowledge a priori of the location of fractures, and the need for special treatment
of blending elements between enriched and regular elements [207]. Also, the FE
domain can contain only a single crack, or non-interacting cracks, and parallel

processing is unavailable.

A popular technique for the modelling of fracture processes includes the insertion
of cohesive elements or interfaces at areas in which composites are prone to
extensive matrix cracking, for example in between plies. The basic premise for
such models is the relation between tractions and displacements at crack
interfaces. This is a popular strategy for both laminate composites [208, 209] and
woven composites [210]. Models utilising a traction-separation interface can
specify independent cohesive laws for the three crack opening modes, so that the
toughness of the three modes can be different. Cohesive zone models are effective
at tackling issues such as free-edge delamination initiation and propagation, and
damage and delamination around pinned holes [193]. However, as discussed by

Davila, Rose [211], describing the softening mechanism of a cohesive interaction
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or element can prove difficult due to the combination of mechanisms acting on
different length scales inherent within fibre reinforced composites such as fibre
tensile fracture, fibre-matrix pull-out, matrix cracking and fibre bridging. They
suggest a super-imposed bi-linear softening law in order to capture the post

damage initiation behaviour across the interface.

2.6 3D woven composites modelling strategies

The analysis of 3D woven composites is significantly complicated by the intricate
fibre geometry and high levels of heterogeneity. A few of the most prominent
modelling strategies employed for the analysis of 3D woven composites will now
be introduced and discussed, with particular focus on orthogonal 3D woven

composites.

Analytical models of woven composite structures, such as the orientation
averaging approach [212], mosaic models [213], and the Mori-Tanaka method
for knitted textile composites, can often give an efficient first-estimation for the
elastic properties of complex composite materials. However, due to the over-
simplification of the geometry, accurate predictions of the stress-strain field are

difficult to achieve.

The orientation averaging (OA) method is a popular modelling strategy. It
attempts to characterise the heterogeneity of composite materials by finding an
appropriate scale of representative body at which the material acts homogenously.
The composite geometry is discretised into small volume elements, in which all
fibres are aligned and orientated in one direction. Each of these volume elements
can therefore be treated as transversely isotropic uni-directional lamina. The
composite is discretised into small volume elements, with each volume element
being treated as a unidirectional laminar with transversely isotropic properties.
The technique has been extensively utilised throughout the literature [214-217].
The OA method was expanded to take into account the effect of material

variability such as tow waviness by Cox and Dadkhah [212]. A knock-down

factor 77, (77f < 1), estimated from the stochastic distribution of out-of-plane tow
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waviness, is utilised to reduce the in-plane tow stiffness of tows. The model chose
to neglect in-plane tow waviness as it was deemed insignificant. Macroscopic
averages of composite stiffness were calculated under either iso-stress or iso-
strain assumptions. This leads to a significant improvement to the accuracy of the
prediction of the elastic constants of the material. The OA method has been

proven to be effective in predicting the elastic properties of a composite material.

A common strategy exploiting the periodicity of the geometry of woven
composite structures is to employ a unit-cell methodology. This method attempts
to reduce the complicated material geometry to the smallest size repeating unit.
Periodic boundary conditions can then be employed in order to simulate the entire
test coupon. Li [218] presented a comprehensive review of the formulation of
correct boundary conditions, taking the microstructure of the composite into
consideration. Composite simulation via the use of unit cells and periodic
boundary conditions is demonstrated within Zeng, Brown [219], Green, Matveev
[220], Wang, Wang [221], and Xia, Zhou [222]. This modelling strategy again is
effective for the prediction of the elastic response of composite materials, but
suffers from problems during the onset and propagation of damage when the
assumption of periodicity becomes invalid. This is because the nature of damage
initiation and progression with a composite sample is inherently localised. Also,
periodic boundary conditions may have reduced accuracy in the through-thickness
direction due to the finite number of layers within a composite, and that in reality
there may be geometric variations within the fibre reinforcement due to layer shift

(lateral displacement of layers due to composite manufacturing).

A structural analysis model for predicting the strength of orthogonal 3D woven
composites based on the micro-mechanical FE analysis of unit-cells was presented
by Nagai, Yokoyama [223]. Here, the material was discretised into homogenous
volumes with assumed anisotropic non-linear material properties. The material
properties were previously determined from micro-mechanical FE analysis
utilising a unit cell consisting of beam elements for fibre components and beam
and rod elements for matrix components. The non-linear material properties are

applied to the elements within the model, and strength analysis conducted for
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tensile, compression and shear loading. Experiments were utilised for model

validation.

Huang and Waas [224] conducted a 3D multi-unit cell FE simulation in order to
investigate the compressive strength and failure mechanisms of woven textile
composites. They found that only by composing a model of at least 16 unit cells
gave good agreement to experimental results [224]. Kink band formation was

determined as the main compressive strength limit factor [225].

Naik, Azad [88] presented a 3D strength model for the prediction of the tensile
strength of an orthogonal 3D woven composite. The model was based on volume
averaging for stress and failure analysis, discretising the composite structure first
into sections perpendicular to the loading axis, then into sections perpendicular to
the loading axis. Each element was assumed to consist of either transversely
isotropic lamina, each orientated along the fibre direction, or pure matrix material.
An iso-stress assumption was used to translate global material strains to section-
strains, and an iso-strain assumption was utilised to transfer this to element
strains. Stresses are thus calculated from the element strains, with a maximum
stress criterion utilised for element failure. The model did not incorporate shear

deformations.

Tan, Tong [227] conducted an investigation into the prediction of the failure
strength of orthogonal 3D woven composite with a multi-level 3D FE
macro/micro model. An assembly of many RVEs were used to create a macro-
scale structural model a quarter scale of a specimen. The RVE was created at the
yarn level, incorporating stuffer, filler, and z-yarns, the cross-sections of which
were assumed to be rectangular. The global level mesh used eight-node brick
elements, the local level mesh was generated using Strand6 software. The
boundary conditions within the micro-FE model were determined from average
displacements obtained from the macro-model and a maximum stress failure
criterion utilised for microcracking or failure identification. The predicted
transverse failure strength was shown to be slightly different to experimental

results, attributed to waviness of filler tows. Also, assumptions of symmetry
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within composite coupon samples could lead to erroneous results due to localised

progression of damage within the material.

Bogdanovich [228] attempts to model the response of 3D woven composites
through the introduction of a “meso-volume”: a homogenous, anisotropic block
with effective properties determined from volumetrically averaged 3D stress and
strain fields computed at a smaller scale. The meso-volume can represent large
sections of a structural component down to singular fibres. Therefore, the
methodology is useful for conducting numerical analyses on a wide variety of
problems. For example loading, either displacement controlled or stress
controlled, applied at the macro level is transferred to individual pure matrix and
composite lamina blocks through iso-strain and iso-stress conditions. A maximum
stress failure criteria was used, and post-failure a degradation factor was
employed to reduce model stiffness based on different failure modes. A review of

the multi-scale modelling methodology is presented by Bogdanovich [86].

The finite element Binary Model [131, 229, 230] is a modelling strategy that
attempts to remove any assumptions of periodicity within the material. It was used
for simulation of relatively large, three-dimensional models of textile composites,
whilst paying particular attention to the induced stochastic flaws within the
material developed during the manufacturing process. The model uses beam
elements to represent fibre tows, which are then embedded within a solid effective
medium that represents the matrix. The Binary Model can incorporate non-
linearity in both the reinforcing tow and matrix easily, and was shown to
reproduce well the qualitative features of stress-strain curves for uni-axial tests on
a 3D woven angle interlock material. However, the model requires a variable
referred to as a “knock-down factor” when calculating the effective Young’s
Modulus of the cuboidal effective medium elements; which is only available
through extensive mechanical testing. The Binary Model utilises beam elements
to represent tows, which has its limitation in geometrical detailing of fibre

architecture.
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2.7 Rate dependency of fibre reinforced composite
materials

The relative importance of the rate-dependent behaviour of fibre reinforced
composite materials has been discussed in depth within the literature. Several
experimental studies have been carried out demonstrating the strain rate
dependent effects of fibre reinforced polymer composites [231-233], with Welsh
and Harding [234] and Pankow, Salvi [235] focusing on woven composite
materials. Gerlach, Siviour [72] provide an experimental study on the failure
modes, damage and delamination of two 3D woven carbon fibre composites
subjected to high rates of loading. Whilst carbon fibres themselves are generally
considered to exhibit little to no rate dependency the viscoplasticity of the
polymer matrix will often lead to rate dependency of the composite material.
Polymers are known to exhibit rate-dependent rupture strength at various strain-

rates [236-238].

During compression testing at increased strain rates, CFRPs have been shown to
supress the typical failure mechanism of kink band formation, and for the material
to undergo complete disintegration. This is due to the increased shear resistance of
the highly rate-dependent matrix material. The change in damage mechanism
leads to an increase of the initial Young’s modulus, ultimate strength, and energy
absorption within the material. [239]. Groves, Sanchez [240] conducted a study on
a CFRP composite under tensile and compressive loading of strain rates ranging
from 0-3000s™, utilising high energy drop-tower and the split Hopkinson bar
testing methods. They report the tensile and compressive strength and modulus
increasing with increasing loading rate. The transverse modulus and strength of
CFRPs have been demonstrated to show low-levels of increase with increasing
strain rate [241, 242]. A more comprehensive overview of the literature in regards
to the rate-dependency of fibre reinforced composites was provided by Jacob,

Starbuck [242].

A common methodology of testing the high-strain rate material properties is

through the use of a Split Hopkinson Pressure Bar. This allows for the direct
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testing of compression, tensile, and shear composite material properties up to
strain rates of approximately 10,000 s™'. However, the differences in testing
procedures and specimen sizes within the literature can lead to contradictory

conclusions within the literature [243].

An example of a commonly used function for attempting to model the strain-rate
dependent material behaviour is the power-law function. It can be used to model
relatively low-levels of rate dependency, with a logarithmic increase in properties
such as yield stress or UTS with increasing strain rates. It takes the following

form:

g()= g{m log (ijﬂ} (2.10)

&

where g (¢ )is a rate dependent function such as Young’s modulus or strength, m is
a material constant, g, and &, are the reference function and reference strain rate,

respectively.

Wei, de Vaucorbeil [243] introduced a novel finite element fluid-structure
interaction model which incorporates strain-rate effects for the simulation of a
UD-laminate composites subjected to underwater blast loading. A user-defined
material subroutine was introduced to modify the Hashin fibre failure criterion
and modified Tsai-Wu matrix failure criterion with rate dependency. In order to
limit the complexity of the model, rate dependency of the material’s modulus was
ignored. Attention was focused on the rate dependency of the strength and
therefore, via the assumption of the rate dependency of the failure strain
exhibiting the same behaviour as the strength, the toughness. They obtained the
reference fibre tensile strength, fibre compressive strength, matrix tensile strength,
and matrix compressive strength from Daniel, Ishai [244]. The corresponding
rate-dependent material parameters were extracted from dynamics tests
undertaken by Daniel, Luo [245]. They demonstrated an improved prediction of
the spatial distribution and magnitude of damage under impact loading compared

with previous models.
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Pankow, Waas [246] attempts to incorporate rate dependency of both matrix
material and transversely isotropic tow components of their finite element model.
For the tow material model, the Cowper-Symonds power-law was also utilised.
Split Hopkinson pressure bar (SHPB) material tests were conducted on pure
epoxy resin to determine the power-law material constants. The model
demonstrated acceptable predictions of the failure load and delamination damage
during dynamic loading during SHPB tests upon glass-epoxy 3D woven

composite material.

The rate sensitivity of end-clamped carbon fibre monolithic and sandwich beams
undergoing soft impact were modelled using the finite element method by Russell,
Liu [156]. The study demonstrated that, without the inclusion of the material rate-
dependency, the quasi-static material properties grossly over-predicted the
deflection and damage of the composite beams. The authors used a simplistic
methodology for the incorporation of rate dependency by the use of a viscosity
coefficient . The viscosity time-coefficient is used to continuously update the
fibre and matrix tensile and compressive damage variables, governing the time at
which they reach their corresponding steady-state values. Numerically, the
viscosity coefficient, during explicit numerical calculations, works to increase the
material fracture energy with increasing loading rates. Via a calibration study, this
methodology allowed for accurate predictions of damage modes and deflections

of composite beams under impact.

2.8 Numerical modelling of 3D woven composites under
impact loading

Due to the severely non-linear response of woven structures undergoing dynamic

impact, often the most effective method for the prediction of material response is

the use of numerical modelling. An overview of some the predominant

methodologies employed for the numerical simulation of 3D woven composites

undergoing impact loading will now be presented.

Ji, Sun [247] utilised eight node brick elements within ABAQUS/Explicit to

model 3D orthogonal woven composite plates under a modified split Hopkinson
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bar (SHPB) apparatus indenter impact experiments. User-defined subroutines
(VUMAT) were developed to incorporate the failure criteria and constitutive
behaviour for the material. The sizes of elements within the model were kept
equal to the size of the unit cell of the 3D woven material. The load-displacement
curves and energy absorption within the plate showed reasonable fidelity to
experimental testing, demonstrating that even with modelling with effective unit-
cell properties, reasonable fidelity can be achieved. However, due to the nature of
not explicitly modelling the through-thickness reinforcement, it is impossible to
classify the damage within it, and to determine the influence of which it has. Also,
the localised damage mechanisms of 3D woven composite materials cannot be
model utilising such a simplified methodology. For example, the asymmetric
fracture of through-thickness reinforcement causing modifications to the global

response of the plate.

Ji and Kim [248] present a modelling strategy based on micromechanics, using
the Direct Numerical Simulations (DNS) approach via LS-DYNA commercial
code to investigate the low velocity impact response 3D woven interlock
composites. The DNS analysis methodology works on the concept that
composites can be directly modelled by taking into account their microstructures,
with each microstructure having its own independent material definitions. The
method allows for the modelling of the response of the material in high levels of
detail. The DNS method was shown to have good agreement with homogenised
methods. However, modelling at such high levels of detail allows for only small
samples to be simulated, and numerical calculations are computationally
expensive. The authors also employed isotropic material properties for tows,
which is not the case, as material properties differ in the longitudinal and

transverse directions.

Sun, Liu [249] conducted FE simulations of an orthogonal woven composite,
investigating the damage modes induced under ballistic impact. The actual
geometry of a bullet was modelled, impacting upon rectangular plates at velocities
up to those expected of assault rifle muzzle velocity (approximately 850 ms™).

Eight-node brick elements of size equal to that of the unit cell of the material were
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used to model half of the composite plate within ABAQUS/Explicit. The model
was validated by experimental testing, showing reasonable fidelity in regards to
residual projectile velocity and damage modes. The modelling strategy also
appears to show excellent stability, modelling full penetration events of high
velocity sharp-tipped projectile, however, the symmetrical modelling
methodology required components to be symmetrical and assumes symmetrical
damage distribution which is not necessarily true. Also, the transverse
displacement degrees of freedom of the projectile were constrained, potentially

reducing fidelity of projectile travel path.

Li, Sun [250] performed numerical calculations to simulate damage of a 3D
woven angle interlock composite using ABAQUS/Explicit. The model consisted
of a rectangular composite plate, and standard geometry for military bullet. A
coefficient of friction of 0.2 was utilised for contact between bullet and target
plate. The constitutive model of the unit cell was determined by using the X-
model, Y-model and Z-model and employed with a VUMAT material model.
Four different mesh schemes were employed, demonstrating that element size has
little effect on the impact behaviour. The model was validated via experimental

testing, however, no rate dependency was included within the model.

The majority of the numerical modelling strategies within the literature either rely
on reduced geometrical detailing at a unit-cell level, incorporating the effects of
the through-thickness reinforcement within the unit cell, or micromechanical
models, which are too computationally expensive for the simulation of full-scale
samples. This thesis attempts to provide a reasonable middle ground, with meso-
scale modelling of in-plane fibre architecture (of which the damage modes are
linked to micro-mechanical damage modes) and explicit modelling of through-
thickness reinforcement. This allows for a compromise between detail and
practicality which can be utilised to investigate the influence of the through-
thickness reinforcement on the global response of composite structures under a
variety of load cases. It is not presented as a perfect solution to the numerical
modelling of 3D woven composites, however, the scale and complexity of the

modelling is optimised for the sample sizes and load cases within this
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investigation. The extraction of material properties from quasi-static material tests
presents an attractive and convenient alternative to previously established

methods.

There are currently no published experimental or numerical studies on the multi-
hit ballistic impact characterisation of 3D woven composite materials. This thesis
attempts to begin the discussion on this matter via the use of a meso-scale
modelling strategy, validated by ballistic impact experiments on 3D woven beam
samples. The level of detailing within the model allows for full-scale simulation
of entire plates, for simulation times long enough for two consecutive projectile

strikes.
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QUASI-STATIC COLLAPSE OF 3D WOVEN CARBON FIBRE

COMPOSITES

Summary

An experimental and numerical investigation was undertaken to characterise the
collapse mechanisms of 3D orthogonal woven carbon fibre composites during the
load cases of in-plane uni-axial tension and compression and out-of-plane
bending. Two different fibre architectures, varying only by the density of through-
thickness reinforcement, were tested. In addition, a qualitative comparison was
made with a similar UD-laminate material. Cantilever beam tests were carried out
to isolate two distinct collapse mechanisms, i.e. bending governed deformation
and shear governed deformation. 3D woven composites exhibited significantly
reduced delamination in comparison to a similar UD-laminate material. An
investigation into the efficacy of an embedded element modelling strategy for
both in-plane tension and compression and out-of-plane bending experiments was
undertaken. The predictions were generally in good agreement with experimental
measurements. A comparison between the experimental and numerically obtained
results indicated that a more detailed constitutive model of cohesive contact
would achieve higher fidelity during simulation of short cantilever beam tests.
Numerical modelling of pre-delaminated beams demonstrated significant
structural enhancement in 3D woven composites due to the presence of the

through-thickness reinforcement.
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3.1 Introduction

Three-dimensional woven composites have distinct advantages over two-
dimensional fibre reinforced composite due to their considerably enhanced
through-the-thickness properties. The in-plane characteristics of 3D woven
composites have been comprehensively studied in the literature. i.e. the tensile
properties [90, 91, 95, 97, 251-254], and the compressive properties investigated
by Cox, Dadkhah [130], Cox, Dadkhah [95], and Budiansky and Fleck [255]. It
was noted that geometric flaws in the preform such as tow crimp, and tow damage
due to preform and composite manufacturing caused localised failure of tows.
Also, highly localised strain and damage initiation was discovered within resin
rich areas, commonly surrounding binder-tow surfaces. In compression, it was
suggested that behaviour is dominated by kink band formation, i.e. a localised
discontinuity of fibre direction. The formation of these kink bands was also
proposed to be influenced by local geometrical defects, such as fibre

misalignment.

Simply reporting the in-plane characteristics of woven composite materials is not
sufficient to fully characterise the material, as the principle reasoning behind the
addition of the through-thickness tow is to improve the inter-laminar properties of
the composite. Therefore, it is these properties which are of great importance to
design engineers. The literature review within this thesis provides a more
comprehensive overview of the tensile and compressive properties of 3D woven
composites with respect to the addition of the through-the-thickness (TTT)

reinforcement.

This work makes two distinct contributions to the literature on the characterisation
of orthogonal 3D woven composites. First, the response of orthogonal 3D woven
composites under in-plane loading and out-of-plane bending is investigated. This
is done with a combination of a cantilever beam test set-up inclusive of DIC-
analysis. Second, a meso-scale modelling strategy is introduced, utilising effective
tow properties extracted from uni-axial tension and compression tests. The finite

element modelling is used to provide further insights into the experimental data,
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and to demonstrate its efficacy and limitations. Finally, numerical calculations are
undertaken for pre-delaminated composite beams in order to demonstrate the

structural enhancement provided by the TTT reinforcement.

3.2 3D woven composite material description and
manufacturing process

This study used 3D orthogonal woven carbon fibre reinforcements with two
through-the-thickness (TTT) binder densities'. The two different fibre
architectures are shown in Figure 3.1(a). The first material has a binder-to-warp-
stack ratio of 1:1 (i.e. each binder tow being separated by one vertical stack of
warp tows), being referred to as full TTT reinforcement in this paper, while the
other reinforcement has a binder-to-warp-stack ratio of 1:2 (i.e. each binder tow
being separated by two vertical stacks of warp tows), referred to as the half TTT.
Throughout this thesis, the warp tow longitudinal direction is referred to as x-
direction, the weft tow longitudinal direction is referred to as y-direction and the
through-the-thickness direction is referred to as z-direction. Microscopic images
of the composites cross-sections, shown in Figure 3.1(b), were used to measure
the average values for the fibre architecture dimensions within the cured
composites. Shown graphically in Figure 3.1(a), average width and thickness of
warp tows were 1.70 mm and 0.177 mm respectively. Average width and
thickness of weft tows were 1.40 mm and 0.230 mm respectively. Average width
of TTT reinforcement was 0.5 mm with spacing of 1.74 mm in the full TTT and
3.48 mm in the half TTT material. Average thickness of TTT reinforcement was
0.1 mm. Both materials contained an alternating stack of 9 weft layers and 8 warp
layers giving a total thickness of 3.5 mm for the cured composites panels. The top
and bottom tows were orientated along the weft direction, and were the only tows
with an induced crimp caused by binder influence, shown in Figure 3.1(b). The
induced crimp angle in the top and bottom weft yarns was 7° from horizontal. The
total composite fibre volume fraction was 0.56 for the full TTT composites, and

0.55 for the half TTT composites. As discussed later in this chapter, in order to

! Carbon fibre preforms kindly provided by Sigmatex, UK
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derive the effective tow properties for FE modelling of 3D woven composite
materials, it is necessary to calculate the tow volume fraction within each
orientation. The tow volume fraction in warp and weft direction was measured by
calculating the total tow cross-sectional area in each direction, taken from
microscopic images, and dividing into the total area of the cross section. For the
Full TTT cured composites, the tow volume fraction was measured as 0.285 along
the warp direction and 0.531 along the weft direction. The carbon fibre tows were
AKSACA A-38 with 6K filaments for warp and weft tows, and 3K filaments for
binder tows. The diameter of carbon fibre within each tow was 7 um. The fibre
volume fraction within each tow for the warp, weft, and TTT-reinforcement was
0.785, 0.692, and 0.795, respectively. These volume fractions are the averages of
a stack of tows, and not the total volume fraction. Figure 3.1 presents a magnified

view of a singular tow, demonstrating the high volume fraction.
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Figure 3.1(a) 3D orthogonal woven carbon composites showing Full through-the-
thickness (TTT) reinforcement on the left and Half TTT reinforcement on the
right. Dimensions are the average measurements of the cured composites. (b)
Microscopic images of the Full TTT composites cross-sections along the weft and

warp directions.
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3.2.1 Composite manufacturing

The Epoxy resin used for composite material was Gurit Prime 20LV, with the
ratio of slow hardener to resin by weight of 26:100. Standard vacuum infusion
technique was utilised for the resin injection within a steel mould tool. Four inlet
ports were located at each corner of the panel and one outlet port was located at
the centre of the panel. The dry fabric was compacted by the tool due to 8 bolts
tightened around the edge of the tool. A pressure pot was filled with compressed
air; with the pressure being increased gradually in steps of 1 bar throughout
infusion up to a maximum of 6 bars. At the same time, a vacuum was drawn
through the outlet port at the centre of the tool to pull resin through the system.
The panel size was 250 mm x 250 mm with a thickness of 3.5 mm. The filled
mould was left in an oven for 7 hours at 65°C. Approximately 10 mm of material
was cut from each edge of the panel in order to remove any potential edge effects
caused by cutting and handling of the dry fabric. The final cured areal density of
the composite was 5210 gm™ for the Half TTT material and 5300 gm™ for the Full
TTT material.

3.3 In-plane tension and compression coupon tests’

Quasi-static (2mm/min) uniaxial material coupon tests were conducted on the Full
TTT 3D woven composites, in order to determine its in-plane mechanical
properties under tension and compression. The experiments adopted EN ISO 527-
4 method for tensile testing using dog bone shaped samples, and ASTM D3410/B
for compression testing. The tests were conducted on a screw-driven Instron®
5581 test machine with a static 50kN loadcell. The axial nominal strain was
measured using an Instron® 2630 series clip-on extensometer, and confirmed with
single Stingray© F-146B Firewire Camera video gauge employing Imetrum©

post processing Video Gauge® software. The nominal stress was determined from

% 0/90° tension and compression testing on 3D woven composite and subsequent SEM
images undertaken by Araf Miran. MSc Dissertation submitted to the University of
Nottingham, Aref Miran (2012).
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the load cell of the test rig. At least 5 repeat measurements were taken for tension

and compression tests in warp and weft directions.

The tensile and compressive tests in the £45° orientation were performed in a way
that the warp and weft tows were positioned at +45° to the loading axis. Both
samples orientated with longitudinal warp or longitudinal weft yarns had a width
of 12 mm and a length of 60 mm. In order to prevent global buckling during
compressive testing, the gauge length for the compressive tests was set as 12 mm.
However, as the video gauge only took measurements along one face of the
sample, it is not possible to confirm the complete negation of any bending within

the sample.

Characteristic tensile and compressive stress-strain curves of the 3D woven
carbon composite are presented in Figure 3.2. Young’s Modulus in the tensile
tests were 44.3 and 74.6 GPa for warp and weft directions, respectively. Young’s
modulus in the compressive tests were 54.0 GPa and 77.4 GPa in the warp and
weft directions, respectively. The weft direction has a higher volume fraction, and
thus has increased stiffness. The tension and compression tests showed elastic-
brittle fracture both in the warp and weft direction. This was governed mainly by
fibre reinforcement fracture, as being observed from the scanning electron
microscope (SEM) images of the fracture surfaces. Fracture occurred at the
location of the TTT-reinforcement for both compression and tension testing of
samples orientated along the y-direction (weft). Fracture location was attributed to
stress concentrations due to crimping of longitudinal tows at the TTT-
reinforcement location. For tensile and compressive testing along the x-direction
(warp), fracture occurred in longitudinal tows revealing resin rich channels and
TTT-reinforcement at the fracture surface. Further analysis regarding the nature of
the fracture events is assisted by finite element (FE) predictions and presented,
along with microscopic images of failed samples, later on in this chapter. It should
be noted that there is no significant delamination, and no buckling of plies during
these tests. This is different to the failure mechanisms under the cantilever

bending test in the following section. Material tests conducted with fibres
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orientated at £45° show a weaker, but more ductile response as they are largely
governed by the relatively soft matrix material. This is consistent with the ductile,
matrix dominated behaviour observed by Gerlach, Siviour [72] for orthogonal 3D

woven carbon composite material tested with fibres orientated +45° to loading

direction.
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Figure 3.2. Typical stress-strain curves during quasi-static uni-axial material
coupon tests of the full TTT 3D woven composites with longitudinal fibres
orientated along the warp, weft and £45° directions under (a) Tension; (b)

Compression.

3.4 Cantilever beam bending tests - 3D woven composite

Figure 3.3(a) presents a sketch of the cantilever beam bending test. Beam
specimens of width w = 20 mm were cut along both directions (longitudinal warp
or weft yarns), from the two different 3D woven composites panels. One end of
the beams was clamped into a custom-designed fixture in stainless steel with M6
bolts. This fixture was subsequently bolted onto a steel I-Beam attached to an
Instron 5581 test machine with a static 50 kN load cell. The Instron test machine
provided a constant displacement rate at 4mm/min for a 10 mm diameter roller in
constant contact with the free end of the beams. The diameter of roller was chosen
to be similar to that of previous investigations into the bending response of fibre
reinforced composites, for example Cui, Wisnom [256]. The larger size was

selected as an attempt to reduce local surface fibre damage caused by the roller.
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Initial testing indicated that the length of the cantilever beam that extended past
the roller position had no influence on the response of the beams. Figure 3.3(b)
presents a sketch of the cantilever beam test showing the fibre orientation with

respect to the cantilever beam.
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Figure 3.3. (a) Sketch of cantilever beam test, showing front surface painted for

Ps (®)  Clamp e

DIC analysis. (b) Sketch of composite beam orientated along the x-direction

(warp).

In order to classify the collapse response of the beams, a set of experiments were
conducted with cantilever beams of varying length loaded to failure. Through this,
it was possible to identify two distinct collapse mechanisms, and the transition

between them. Figure 3.4(a) presents the normalised force applied by the roller

against normalised roller deflection 6=6/L along the z-direction for a range
of beam lengths. The roller displacement is normalised against the cantilever
beam length. Beam collapse is defined as the initial drop-off in resisted load for
the shear dominated mechanism, and the drop-off of load resisted after initial
linear behaviour for bending dominated mechanisms. These locations are marked
as P. on Figure 3.4(a). For brevity, only the set of experiments of beams of Full
TTT material, with beams orientated along the x-direction (warp) are presented.
However, beams orientated along the weft direction, and beams of Half TTT
material exhibited the same characteristics. The results demonstrate two distinct
collapse responses. The short beams, i.e. 7 mm, 8mm, and 10 mm beam lengths,

have a linear elastic response up until collapse, and then demonstrate a secondary
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rise in load resisted before ultimate beam failure. Long beams, i.e. 15 mm, 40 mm
and 110 mm, exhibit a softening regime and then an incremental reduction in load
resisted until failure. The moment of beam collapse is highlighted on each of the
load-deflection curves presented in Figure 3.4(a). Figure 3.4(b) presents the
collapse load P, of the beams as a function of beam length L. The two distinct
regimes are visible from the data. Simple beam theory was used to curve fit the
effective stress within the beam at collapse. It is presented as an approximation in

order to demonstrate the transition between the two regimes, i.e.

P’ =c wt bz /6L for bending dominated long beams and P, =7, w, for shear

dominated short beams, with L, w and ¢, as the beam length, width, and thickness,
respectively. The initial drop-off of load resisted during short beam tests
corresponds to initial matrix cracking within the beam, and will be demonstrated
later using DIC and FE analysis. Using Figure 3.4(b), the transition beam length
between shear and bending dominated collapse regimes is estimated at
approximately L =~ 12.5 mm. It was determined that beam lengths of 8 mm and 40
mm, for short and long beams respectively, would be suitable lengths for more

detailed study.

70



CHAPTER 3: QUASI-STATIC COLLAPSE OF 3D WOVEN CARBON FIBRE COMPOSITES

(a) Warp. Full TTT

1.2 I T T | I

&
[ iy
I
0 0.1 0.2 0.3 0.4 0.5 0.6
d=0/L
®) Warp. Full TTT
10 | III\I\’ | | IIHH’ | N RRRE
2 | ‘
% Bending collapse |
A 3 A
g P, = owt)’
=14 6L .
g 1
§ _ Pég: Txy Wtb E
S ~ Shear collapse
01 ] III]H| ] IIlJH| 1 1 11111
1 10 100 1000

Beam length (mm)

Figure 3.4(a) Force applied by the roller against normalised roller deflection along
the z-direction for a range of beam lengths. Beams orientated along the warp
direction (Full TTT material). (b) The collapse load for a range of beam lengths
orientated along the warp direction Full TTT. Also plotted are curve fitted
collapse load values showing short beam shear dominated collapse and long beam

bending dominated collapse regime.
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3.4.1 Long cantilever bending tests

The behaviour of the long cantilever beams is governed by bending deformation
rather than by shear deformation. Figure 3.5(a) and (b) show the force imposed by
the roller as a function of roller displacement along z-direction for long (40 mm)
cantilever beams for Full TTT and Half TTT material orientated along the x-
direction (warp) and y-direction (weft), respectively. For both orientations, there
is no significant difference between the behaviour of the two materials tested. To

understand the failure mechanism of the long beams, Figure 3.5(c) shows the full
field strain measurement ¢ . for normal strain along x-direction (warp) on the

front surface of the beam, acquired by the Digital Image Correlation (DIC)

technique, for the composite beam with Full TTT reinforcement orientated along
the x-direction (warp). The normal strain & . was chosen to be displayed as the

long beam cantilever test exhibits a bending deformation mechanism. The images
can be related to the corresponding load — displacement relation shown in Figure
3.5(a). In the elastic region, up to point A, there are local increases of tensile
strain at the top of the beam. These locations correspond to the resin rich regions
at the positions of TTT reinforcement in the specimen. The load-displacement
response became non-linear from Point A to Point B, which corresponds to a rapid
increase in local compressive strain at the bottom of the beam. Optical
microscopic images of the beam post-test, presented in Figure 4(c), show the
failure mechanism at the bottom of the beam to be microbuckling of longitudinal
tows and crushing of a transverse tow at the clamped edge. The failure mechanism
at the top of the beam was a tensile crack, propagating downwards as the test
progressed. No delamination was observed during either the Full TTT or the Half

TTT long beam cantilever tests.

The failure mode is identical for both warp and weft direction for both binder
densities of long beam test. An X-ray pCT scan taken post-test of a 40 mm Full
TTT beam orientated along the x-direction (warp) is shown in Figure 5(a). The

image can be used to understand how the tensile crack interacts with the TTT-
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reinforcement within the internal structure of the beam. The CT image presented
in Figure 3.6(a) shows a slice at the TTT-reinforcement location, and
demonstrates two tensile cracks located at the inside edges of the TTT-
reinforcement. It is worth noting that the location of the CT image is between the
primary longitudinal load-bearing warp tows, therefore they are not visible in the
image. Figure 3.6(b) shows the location of the CT image in relation to the

cantilever beam.
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Figure 3.5. Long (40 mm) cantilever beam tests results showing the force applied
by the roller against vertical roller displacement relationship for beams orientated

along (a) x-direction (warp); (b) y-direction (weft); (c) the progressive strain field
¢ with A, B, C and D corresponding to the respective points in (a) (obtained via

DIC analysis), and the post-test optical microscopic images showing localised
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damage of an edge weft tow and microbuckling of a warp tow constrained

between the TTT reinforcement.

(b)

B Warp B Weft B TTT reinforcement

a a
Slice 15.93 mm from O along y-axis

Figure 3.6. pCT image of long (40 mm) cantilever beam test along the x-direction
(warp) showing tensile cracks forming at the clamp location; (b) the location of

the uCT image segment in relation to the cantilever beam.

3.4.2 Short cantilever bending tests

The behaviour of the short cantilever beams is governed by a shear dominated
mechanism. Figure 3.7(a) and (b) shows the force imposed by the roller as a
function of roller displacement along the z-direction for the Full TTT and Half
TTT short cantilever beams, with beams orientated along x-direction (warp) and
y-direction (weft), respectively. For both beam orientations, the density of the

TTT reinforcement has small effect on the load-displacement relationship of the

short cantilever beams. The DIC images showing shear strain, 7 _, at selected

roller displacements, are presented in Figure 3.7(c) for the Full TTT
reinforcement beams orientated along the x-direction (warp). As shown in Figure
3.7(a) and (c), up to point A the load-displacement response is linear elastic, with
local increases in inter-ply shear strain, shown as the yellow and blue colouring in
Figure 3.7(c). After the peak load at point B, delamination occurs around the

neutral axis of the beam and TTT reinforcement, where shear strain is higher than
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at other locations. This delamination continues to point C, where the tows on the

top of the beam begin to fracture under tensile stress.

At point D, the beam has begun to fail by fibre fracture on the top of the beam,
with significant development of inter-laminar shear strains (see the peak shear
strain locations in D of Figure 3.7(c)). The large tensile crack propagates after the
point of peak load, widening until ultimate failure of the beam. Shown by a
comparison between Figure 3.7(a) and (b), beams orientated along the x-direction
(warp) have a more rapid drop off in load resisted, compared to the more gradual
load-bearing reduction of beams orientated along the y-direction (weft). Thus, it
can be deduced, that beams orientated along the same direction as the TTT-
reinforcement, i.e. x-direction (warp), are provided with greater confinement than

those orientated transversely to it.

In order to investigate the damage mechanisms throughout the beam thickness, X-
Ray pCT scans were undertaken post cantilever bending tests. In Figure 3.8, cross
sections a-a and c-c are located in between the positions of TTT-reinforcement
within the beam. It is at these locations that load bearing longitudinal warp tows
are visible. Although both of these cross sectional images are located in between
the TTT-reinforcement, it is evident that the damage mechanisms demonstrated
are different. In cross section a-a there is seen to be delamination and ply
buckling, with the length of delamination clearly resisted by the presence of the
TTT-reinforcement. In cross-section c-c, the only major damage mechanism
present is that of the large tensile crack at the clamp. This evidence demonstrates
that during FE modelling of 3D woven composite materials, any assumptions of
periodicity (for example the unit cell methodology) become invalid during the
development of damage within the material. It was seen that in cross-sectional
images at the location of TTT-reinforcement, no delamination was recorded (see
Figure 3.8 section b-b). The supressed delamination seen with the 3D woven
composite is different to that presented with short cantilever beam test of a UD-

laminate material in Section 3.5.2. The suppression of delamination propagation
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within the material is the primary benefit from the inclusion of the TTT

reinforcement.
() 3000 : : : . (b) 3500 : : .
A —Full TTT —Full TTT
3000 | s u i
2500 1 ¥ -~ -Half TTT | o R —
2000 ¢ [ = A 1
3 e D 2000 -
2 1500 | < g
S S 1500 -
1000 | oo 4 T
500 . 500
0 k 0!
0 2 4 6 8 0 2 4 6 8
Displacement (mm) Displacement (mm)

(c) Shortbeam cantilever test, warp direction, full TTT
Delamination resisted; 0.09 -
Binder location Tensile crack tensile crack propagates

‘ i Roller
A Z B C 4

pall 1

Clamped end

CT scan of
failed beam

0.00 -
Shear strain, y,..

Figure 3.7. Short (8§ mm) cantilever beam test results. The force applied by the
roller against vertical roller displacement relationship for beams orientated along
(a) x-direction (warp); (b) y-direction (weft); (c) Progressive shear strain fields
7 With A, B, C and D corresponding to the load-displacement curve for the full
TTT along the x-direction (warp) in (a) (obtained via DIC analysis), together with

uCT images demonstrating location of fracture.
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Figure 3.8. pCT images of short beam failure modes of the Full TTT 3D woven

composites orientated along the x-direction (warp).

3.5 UD Laminate Cantilever Beam Bending

UD-laminate long (40mm) and short (§mm) cantilever beam bending results are
presented. The purpose of this testing is to provide an experimental comparison of
the overall response with that of the 3D woven composite material. The material
used is aerospace grade cross-ply carbon fibre with symmetrical 0/90° plies of 8
layers. T700 (24k) fibres with a diameter of 7 um were used. As matrix, MTM57
epoxy was used. The cured composite thickness was 5.16 mm. The resulting fibre
volume fraction was 0.55. It is worth noting that due to differing material
geometry and differing fibres and matrix type, a quantitative comparison cannot
be made to the 3D woven material, only of the general collapse response

demonstrated during the test.

3.5.1 UD laminate long beam

Figure 3.9(a) presents the force applied by the roller against vertical roller

displacement for the UD-laminate long beam test. Linear deformation was
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recorded in the first phase up to point B. Past this, microbuckling of the bottom
ply due to compression occurs, causing a reduction of stiffness. The resisted load
increases until a peak load, at which wide-spread delamination occurs. This is
different to the 3D woven material which retains full beam section and ultimate
failure is a tensile crack forming on the top surface and propagating into the
material (see Figure 3.5). It should be noted that, unlike the results of the 3D
woven material in warp direction, no tensile cracks are formed at the top surface.
The failure mechanism becomes that of wide-spread delamination, and differs
from the 3D woven material because there is no TTT reinforcement to resist crack

growth.

Load (N)

0 10 20 30
Displacement (mm)

Wide-spread delamination

Microbuckling

Figure 3.9. Long (40mm) cantilever beam test of a UD laminate material. (a)force
applied by the roller against vertical roller displacement relationship (b)

photographic montage during the test.

3.5.2 UD laminate short beam

As with the long beam UD laminate test, the short beam UD laminate cantilever

beams experienced wide-spread delamination. Figure 3.10(a) presents the force
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applied by the roller against vertical deflection of the roller for the test, (b)
presents a montage of deformation of the beam, and (c¢) presents optical
microscopic images showing kink band formation on the bottom 0° ply. The first
portion of the test, with point A in the middle, is in the linear elastic loading
phase. Post peak-load, at point B, significant delamination has already occurred.
From point B to point C there is seen to be a slight increase in the load resisted;
this is because the delaminated plies are still resisting load. 45° intra-laminar shear
matrix cracking within the transversely orientated plies is also demonstrated from
B onwards. Delamination and intra-laminar shear matrix cracking continue from
point D onwards until ultimate loss of load bearing capability of the beam.
Kinking bands are present in 0° plies below the neutral axis of the beam, and one

is shown magnified in Figure 3.10(b).

(a)

4000 , ‘
Onset of
3000 + delamination |
z C
5 2000 - 5 |
=} B /
= 1000 - |

Delamination
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Figure 3.10. Short (8mm) beam cantilever beam test of UD laminate material. (a)
force applied by the roller against vertical roller displacement relationship (b)
montage of deformation throughout the test showing delamination and intra-

laminar matrix cracking (c¢) optical microscopic images of the bottom ply.

3.6 Finite element analysis

The primary aims of the numerical calculations presented in the following

sections are:

e To examine the validity of the proposed FE modelling strategy in the
prediction of both the elastic response and collapse measured or observed
during in-plane tension and compression tests and out-of-plane cantilever
bending test. The modelling strategy utilises the constitutive models of
Matzenmiller, Lubliner [178] and Hashin [165] for fibre composites.

e To provide an in-depth understanding of the experimental results.
3.6.1 FE model of orthogonal 3D woven composites

A three dimensional (3D) finite element analysis was conducted by using the
explicit solver in ABAQUS (Version 6.12). Each individual tow in weft, warp and
TTT-directions was modelled with 4-noded double curved shell element (S4 in
ABAQUS notation), with 5 integration points through the thickness. The length of
side of each element was 0.25 mm; see Figure 3.11(a) for a sketch of the finite
element model. The orientation option in ABAQUS was used to assign the local
fibre orientations in individual tows. The geometric data for defining the locations
and cross sectional areas of the tows or TTT-reinforcement were taken from
microscopic images. See Figure 3.1(b) for an example of such an image utilised
for FE modelling. The fibre architecture varies throughout the structure due to the
presence of the binder and randomly orientated flaws. Therefore, an average of
the tow cross-sectional sizes and positions was taken in order to recreate the
geometry of the specimen in the FE model. The matrix was modelled using

quadratic solid elements (C3D8 in ABAQUS notation) of second-order accuracy.
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The total number of shell and solid elements was 91,000 elements for the short
beam model, and 474,000 elements for the long beam model; a numerical study
demonstrated that this mesh density achieved a converged result. Shell elements,
representing the reinforcement tows, were embedded in solid elements, which
represented the resin matrix. Seen in Figure 3.11(a), the embedded element
constraint within ABAQUS, i.e., the translational Degrees of Freedom (DoF) of
the nodes in the shell elements are constrained to the interpolated values of the
corresponding DoF in the solid elements (host elements). The rotational degrees
of freedom of the embedded shell elements are not constrained and are retained
throughout the calculation. To minimise the errors induced by interpolation, the
length of each side of the shell elements and the solid elements were the same.
Effectively, this means that the mass and stiffness of the tows are added into the
model without the difficulties introduced via compatibility of meshing and
misshapen elements often associated with continuous mesh models. This
methodology allows for efficient meshing of both matrix and tow components,
however, care must be taken to ensure that mesh density is sufficient in order to
resolve local stress gradients and to transfer displacement from the host elements
to the embedded elements. Shell elements were chosen to model the tows due to
the inherent high aspect ratio of individual tows. Shell elements allow for efficient
meshing of the tows, however, disallow capturing of any through-thickness effects

within the tows themselves.

To simulate delamination through thickness, the solid “block™ of matrix was split
into 17 layers which correspond to the 9 weft and 8 warp tow layers. These layers

were joined together using the “cohesive contact” option within ABAQUS.

Elements were deleted from the calculation as the damage criteria (as defined
later) reach a value of unity. These elements are thus removed from the remainder

of the calculation.

For cantilever beam simulation, the loading roller was simulated as a rigid body (a
cylinder with diameter 10 mm and length 20 mm, see Figure 3.11(b), using

discrete rigid body elements (R3D4 in ABAQUS notation). This corresponded to
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the cantilever beam bending experimental set up. The roller was moved
downward along the z—direction with a constant displacement. The general
contact option within ABAQUS was used to model the interaction between the
roller and the cantilever beam with an assumed tangential friction coefficient of
0.3. The translational degrees of freedom of the matrix, and the translation and
rotational degrees of freedom of the tows were constrained at the clamped end of
the beam simulations. This gave a free length of 8 mm for short beam calculations
and 40 mm for long beam calculations. Simulations were conducted on 40 mm
length long beams, as opposed to the longest beam length tested, in order to lower
calculation time. For the simulation of the in-plane tensile/compressive tests, the
translational degrees of freedom of the matrix, and the translation and rotational
degrees of freedom of the tows were constrained at one end of the sample, and the
other subjected to a constant displacement along either the x or y-direction.
Global mass scaling was employed in order to increase the elements with the
smallest time-step and speed up calculations. Total quantity of mass scaling was
below 5% additional mass per part. To ensure the events under simulation were
quasi-static, the loading speed of the roller or tensile/compressive deformation
was controlled so that the kinetic energy in the whole system was less than 5% of
the total energy. The simulations were conducted in parallel mode (8 CPUs) using

the High Performance Computing (HPC) facility at the University of Nottingham.
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Figure 3.11(a) Finite element modelling strategy employed within this study (b)
the two different types of simulations which were undertaken; cantilever structural

tests and uni-axial tension and compression material tests.

3.6.2 Description of the constitutive laws employed for FE

simulation

The constitutive model of Matzenmiller et al., (1995) and Hashin (1980) for fibre
composites were employed to capture the observed collapse modes of tows and

TTT-reinforcement. The matrix material was modelled as a linear elastic isotropic
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solid with a J2-flow theory elastic-ideally plastic solid with a failure criterion set

at a critical von Mises effective strain.

Both the weft and warp tows as well as TTT-reinforcement were modelled as
shell elements embedded in matrix host elements. Note the local coordinate
system for a tow is denoted by numbers, with |; and ,, being longitudinal and
transverse to the in-plane fibre direction, respectively. Each tow and TTT-

reinforcement were treated as an orthotropic material under plane stress condition,

i.e., 0;; = 0,3 = 0,; =0. The in-plane stress-strain relation for the materials

without damage is given as;

& I/El _‘712/El1 0 Oy
En (= _‘721/E22 1/Ezz 0_ O (3.1)
V2 0 0 1/Glz O

Where o, (i, j = 1,2) are in-plane stress components ; ¢, and ¢, are the direct

strains in the x1 and x2 directions, respectively; y,, is the engineering shear strain;

- — _ _ , oy
E,, E,,G, ,v,and v, are Young’s modulus along the two directions , shear

modulus and the two Poisson’s ratios with 7, = (E,, / E,, ) 7,, . The undamaged

matrix material was treated as a linear elastic solid. The constitutive model is

given as;
&, V/E, -v,/E, -v IE, 0 0 0
£y -v, /E 1E,  -v I|E, 0 0 0
é,| |-v/E, -v IE  1/E, 0 0 0
sl ] o 0 0o /G, 0 0
s 0 0 0 0o 1/G, 0 || 32
P 0 0 0 0 0 1/G,

where G (i, j =1,2,3) are stress components in the matrix; £, (i =1,2,3) are the

direct strain components and 7, (1,7 =1,2,3,i # j) the shear strain components;
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E,,G, and v, are Young’s modulus , shear modulus and Poisson’s ratio,

respectively, of the matrix material.

3.6.3 The damage model for warp and weft tows and TTT-

reinforcement

For the tows and or TTT-reinforcement, the anisotropic damage model developed
by Matzenmiller et al., (1995) as well as the damage initiation model for fibre
reinforced composites developed by Hashin (1980) were employed in the
simulation, which accounts for the four damage modes, i.e. fibre rupture under
tension, fibre buckling and kinking under compression, matrix cracking under
transverse tension and shear and matrix crushing under transverse compression or
shearing. Similar to the concept of yield surface in plasticity theory, the damage
locus could be defined in the space of stress according to the Hashin damage
initiation criteria. For a stress state within the damage locus, the material is in
undamaged state and the stress-strain relation is described by Equation (3.1).
Damage initiates when the critical stress state in the damage locus is attained or
exceeded. Four scalar damage variables, corresponding to the four damage modes,
are introduced to represent the effects of the damage modes. Post initiation of

damage, the response of the material is governed by

€n 1/[E11(1_df)] —Vy /[En(l_df)] 0 O
ent=1-vu[En-d,)] V[E,(1-d,)] 0 ont (33)
V12 0 0 1/[Glz (I1-d, )] Oy
Lo > Lo >
where d, =19 Ton=0 g g e Mo 20 gy
: d j otherwise d; otherwise

Here, d tf dy, d! and d; are the damage variables for fibre damage under tension

and compression, matrix damage under tension and compression , respectively .

d . is the shear damage variable, defined as

d, =1-(1-d})(1~d5)1~d.)(1~d5) (3.5)
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The shear damage variable is used later in this section in order to visualise the
location of damage during finite element simulations of in-plane uni-axial coupon
tests. It is useful as a resultant damage variable, combining tension and

compression for both longitudinal and transverse directions.

In the undamaged state, the damage variables are set to zeros. During the stage of
damage initiation and evolution, damage variables evolve from zeros to a
maximum value of unity controlled by the strain in the material. The damage
evolution law follows that proposed by Matzenmiller, Lubliner [178]. The damage

will only develop when the stress state exceeds the critical stress surface given by;

<(711> < t
— W <1 whend’) >0
aYe p (3.6)
~ 3.7
L@_ <1 when d; >0 G-D
(1-d5H)X°©
, 2 (3.8)
<Glf>— | —2%_| <1 whend',d >0
(1-d' )Y (1-d,)Y ‘

or

] i 5 (3.9)
( < 022> j+( 2612_} <1 whend;,d >0

where < > represents the Macaulay bracket of value zero when its augment is
negative. X" and X € denote the tensile and compressive strength at damage

initiation during loading along the fibre direction. ¥ denotes the tensile and

compressive strength along the transverse direction.

The four independent damage variables, d',d}, d! and d; , increase if the stress

state lies beyond the critical space defined in Egs. (3.6) to (3.9).

The damage variables are assumed to evolve in a way that the stress decreases

linearly with increasing strain once damage initiates. The following relations are
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used to update the damage variables, following the conditions within eqn. (3.6) to

eqn. (3.9);

dl =< <1 (3.10)

~

dé =—¢ <1 (3.11)

-~
—
Ayl
=
VR
S
SR
|
ol
\
=
Nl

dl = <1 (3.12)

2J,

ac = LY <1 (3.13)

3
/l\
(45}
N
~—
(S}
+
)
o
7\
[\S)
1B
h<
T~
txy
B
N—

where /, is a characteristic length scale which is the same as the length across a
finite element; J } ,Jyand J, are the tensile fibre fracture energy, compressive

fibre fracture energy and the matrix fracture energy, respectively.

3.6.4 Matrix material damage model

The matrix material was treated as a J2-flow theory based elastic-ideally plastic

solid with the undamaged elastic response dictated by Equation (3.2) and uniaxial

tensile strength &, . In order to model the damage in the matrix, the damage
initiation criteria was defined as £, = &,, where £, and &€ denote the von Mises
effective plastic strain and a critical strain, respectively. After damage initiation, a
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damage variable, D (O <D< l), is employed for degradation of the elasticity, i.e.
(1 - D)Em , and softening of the yield stress, i.e. (1 - D)oA';) , which is dictated by
the following equation;

dp L6 dg,

where L, denotes a characteristic length scale, ./, the fracture energy and ¢ time.

The damage variable is set to zero before damage initiation.

3.6.5 Cohesive law for interface between layers through the

thickness

The matrix material was split into 17 layers through the thickness, corresponding
to the 9 weft and 8 warp tow layers. A cohesive contact law was used to model the
interface between layers, which simulates the traction-separation behaviour
between them and allows the FE model to simulate delamination at these
locations. It is noted that it was at these locations that delamination occurred
during experimental testing. For an undamaged cohesive contact, the behaviour

across the interface is dictated by the following elastic response

t k
t,r=10
0

S
S
= o

©

0
0 (3.15)
kl

S
N% D:Q’) :Q’)

where ¢,, 0, and k, denote the normal traction, separations and stiffness,

respectively; {ts,tt},{é' 0, }and {k k }the two shear tractions, separations and

st so't
coefficients of stiffness, respectively. The behaviour is uncoupled, i.e. pure
normal separation in isolation does not cause any cohesive forces in any of the
shear directions and pure shear displacement does not cause any normal cohesive

forces.
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The failure mechanism of the cohesive contact consists of both a damage
initiation criterion and a damage evolution law. Damage develops when the

traction stresses lie outside the following surface;

{(l Et;‘l>)T,1 T +{(1 Et;;)TS T +{(1 Et}?)TS T <1 (3.16)

where 7, and 7, denote the maximum allowable uncoupled traction forces along

normal and shear directions, respectively; 7 (O <h< 1) denotes the damage

variable for cohesive contact with 7 =0 for undamaged state and 7 =1 for fully
damaged state. The damage variable is defined in terms of the fracture energy, J;,

given as

o )

h=—t <1 (3.17)

(27 B
0, (ﬁ‘@oj

e

where &, is the maximum value of the effective separation that occurs during

loading; t? and 5? are the effective traction and separation at the damage

initiation point. The effective separation, o, , and effective traction, ¢, is given
by the following relationship from Camanho and Davila [258];
2 2 2
5,=:(5,) +62+5 (3.18)
t,=\(t,) ++22 (3.19)

The damage evolution is defined as linear softening and, at any given moment,

has the form
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{(I—h)knén when &, >0

)= : (3.20)
k,o, otherwise

t, = (1-n)ks, (321)

t, =(1-n)ko, (3.22)

Note that in compression, i.e. when 0, < 0, the interaction between the two

matrix layers is reduced to a penalty contact algorithm. In order to simulate the
interaction behaviour of fully damaged cohesive contacts the “general contact”

option within ABAQUS was used with a tangential friction coefficient of 0.3.

The normal and shear stiffness, k, and k, respectively, were estimated from
manufacturer’s data assuming an initial interface size of 0.1 mm. The normal and
shear traction, ¢, and  respectively, were estimated from onset of non-linearity
during the matrix dominated +£45° material tensile test results. The fracture energy,
J;, was not directly measured and estimated from +45° material tensile test

results. The values of these parameters are given in Table 3.1.

Table 3.1. Material parameters for the cohesive contact between matrix slices

Property Value

k, 35 GPamm’!
k. k, 20 GPa mm’'
L, 80 MPa

2 40 MPa

Jg 650 I m™
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3.7 Calibration of material properties employed in FE
simulations

3.7.1 Weft tows, warp tows and TTT-reinforcement as shell

elements

As shown in Section 3.6.2, ten parameters are required in order to define the

elastic property, damage initiation and damage evolution of tows and TTT-
reinforcement, i.e. E,Ez,vu , (_?12,)?T L XC, Y, le, jlc andJ . These
parameters could be estimated using the rule of mixtures based on either
manufacturer’s data or material coupon tests. We first consider application of

manufacturer’s data. Consider a tow with fibre volume fractionV, , we have;

E =VE,+(1-V,)E, (3.23)
_ G, ,G
G, = 2L (3.24)
Vsz + (1 - Vz )G12f
v, =y, + (=7, (3.25)
vT _ _ —o0
X' =v.X, +(1-V,)5y (3.26)
X =vXx,+01-7)oy (3.27)

where the A-38 carbon fibres of diameter 7 um within the fibre reinforcement

were assumed to be isotropic and using ISO 10618 test methods have a tensile

modulus £, of 240 GPa, and a longitudinal tensile strength X , of 3800 MPa.
Fibre Poisson’s ratiov, was assumed to be 0.25 giving an in-plane shear modulus

G, 0f 96 GPa. The transverse longitudinal modulus, E, , is matrix dominated and

can simply be estimated as the Young’s modulus of cured epoxy matrix 3.5 GPa.
Researchers wishing to following a similar methodology for estimating material

properties are suggested to avoid such a gross simplification, however, for the
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load cases explored within this thesis this methodology was deemed acceptable.
Warp and weft tows contained 6000 fibres, and TTT reinforcement tows
contained 3000 fibres. The fibre volume fractions of warp, weft and TTT
reinforcement tows were measured using microscopic cross sectional images as

0.785, 0.692, and 0.795, respectively.

Alternatively, these parameters could be estimated based on experimental

measurement as follows. Let V"’ and V" denote the volume fractions of weft

tow tow
tows and warp tows within a composite test sample, respectively, which can be
calculated as,
weft warp

n. .. n. .
I/t(:tif[ — Wef:4 tow , I/t:jrp — war;:q tow (328)

y X

where 4" and 4"“” denote the average transverse cross section areas for a weft

tow tow

tow and a warp tow, respectively, n,,and n,, the number of the weft tows and

warp
warp tows in the composite sample and 4, and 4, are the areas of cross sections

of the composite along the y(weft) and x(warp) axis, respectively. Based on the

rule of mixtures we have

'l E)Z" B (1 B I/t;ﬁrp )Em ral GW Gm I/[;ﬁrp
El = Vwarp ? 12 = VarpG + (1 _ Vwarp p ? (3 29)
tow tow m tow xy °

- ny - (1 - I/t;‘\frp )Vm
v12 -

vV warp

tow

X7 :[Ef —(I—Krii’p)EmJXf ¥ :[Ef —(I—V,:;f’p)EmJXf

7 warp E)Z" ’ i Ef (330)

tow tow

for warp tows, and
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T ar weft eft
=T Ey - (1 - I/towvf’p )Em Vi ny Gm Vtow — vxy - (1 - I/towvi )vm
El = warp »Yp = weft weft Vip = weft
I/l‘ow I/t(m; Gm + (1 - Vt()ﬂ* bxy l'/tow
(3.31)

T weft T weft
y]—: Ey _(I_Kuwt)Em Xy yc_ E)Z/-_(l_l/towf)Em Xyc
7 wef EyT ’ Eyc (3.32)

tow

V weft

tow

for weft tows. Here, {E XL xe } and {E XX yc} are the measured material

X

tensile Young’s modulus, tensile strength and compressive strength along x

(warp) direction and y (weft) direction, respectively, v, is the measured in-plane

Poisson’s ratio. These parameters are obtained by the 0/90° coupon tests, as the
failure of the 0/90° test coupons was governed by the failure of the warp/weft
tows. It is assumed in Eqns. (3.30) and (3.32), that the strain to failure of the tows

along the loading direction within a test sample is identical to that of the

composite itself. G, is the measured shear modulus obtained by the £45° coupon

tests.

The material parameters estimated based on manufacturer’s data and material
coupon tests are compared in Table 3.2. These material data were employed in FE
simulation of 0/90° coupon tests in comparison with experimental measurement. It

was demonstrated that the approach described in Eqns. (3.23) through (3.27)
overestimated E , X"and X©. This is commonly attributed to (i) inherent fibre

waviness within the composite, which reduces the stiffness, (i) fibre
misalignment and micromechanical flaws within the composite, which reduces
tensile strength, and (iii1) kink band formation and microbuckling of fibres, which
reduces the compressive strength of tows [130]. However, the values for tow

shear modulus, (_?12 , obtained in Eqns. (29) and (31) are lower than that of pure

matrix material, which are unrealistic. Thus, Eqn. (24) using manufacturer’s data

was used to calculate tow shear modulus.
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Table 3.2. Tow material properties calculated from manufacturer’s data and
material testing. The values underlined give the best fit between FE simulation
results and experimental measurement in regards to the stress strain response of

the material.

Property Calculations from Calculations from
Manufacturer's data Material tests
Equations (3.23)- Equations (3.29-
(3.27) (3.32)

Warp tow

E, (GPa) 189.2 146.8

E, (GPa) 3.5 N/A

Vi 0.26 0.35

G,, (GPa) 14.37 0.46

X" (GPa) 3.15 2.02

X (GPa) 3.15 1.61

Y (MPa) 83 80

Weft tow

E, (GPa) 167.3 137.4

E, (GPa) 3.5 N/A

Vi 0.27 0.35

G,, (GPa) 7.16 1.06

X" (GPa) 2.86 1.72

X¢ (GPa) 2.86 1.10

Y (MPa) 83 80

The tow transverse modulus, l_'fz , 1s dominated by matrix. Again, this value was

taken from manufacturer’s data. There is a doubling up of the elastic properties in
the transverse direction as the same volume is occupied by both the matrix and the
tow. A parametric study was conducted for both in-plane and cantilever beam
bending simulations and revealed that even if the transverse stiffness of the tows
were reduced by ten times, in order to avoid superposition, there was no effect on
the results. It can be concluded that the model is insensitive to matrix

superposition effects.

The transverse strength of tows, Y , is matrix dominated. The material parameter

for the strength of the matrix was estimated from the on-set of non-linearity of the
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matrix dominated uni-axial tensile coupon tests on the 3D woven composite with

fibres aligned at +45° to the loading axis, i.e. ¥ =80 MPa.

The longitudinal tensile and compressive tow fracture energies, j{ and jf were

calculated using the following equations;

J! :O.lee()_(l) x1.2 (3.33)
El
and
J{ =O.5xle(§_—l)xl.2 (3.34)

1

The transverse fracture energy of the tow is assumed to be the same as the matrix
material, again taken from +45° coupon tests. The fibre volume fraction of the
TTT reinforcement was calculated as being 0.795, almost identical to that of the
warp tows. To avoid any material testing along the TTT reinforcement direction,
the warp and TTT reinforcement material properties were assumed to be the same
within the model. Table 3.3 summarises all of the material properties used for the

matrix and tows within the finite element model.

Table 3.3 Material properties of matrix and tows for the composite material used

in the constitutive model in the FE calculations.

Material Property Value
Matrix £, (GPa) 3.5
v, 0.3
Density (g mm™) 0.001144
Yield Stress o, (MPa) g
Fracture strain &, 0.25
S (1m?) 650
Warp Yarn E, (GPa) 146.8
E, (GPa) 3.5
Viy 0.25
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Weft Yarn

Gy, Gi3,Gy; (GPa)
Density (g mm™)
X" (MPa)

X (MPa)

Y (MPa)
X°*,Y* (MPa)
J! /1, (MPa)

Ji 1, (MPa)
J, /1, (MPa)

E, (GPa)

E, (GPa)

‘712

G, Gi3, Gy (GPa)
Density (g mm™)
X" (MPa)

X (MPa)

Y (MPa)
X°*,Y* (MPa)
Ji 1, (MPa)

Ji 1, (MPa)
J,,/l, (MPa)

14.37
0.001628

2020
1610
80
40

16.68
10.6
7.90
135.7
3.5
0.25

7.16
0.00157

1720
1110
80
40

13.08
5.45
7.90

3.7.2 Matrix material as solid elements

The Young’s modulus, £, , and density, p,,, employed in the FE simulation for

the pure matrix material, i.e. Prime® 20LV epoxy matrix, were taken from data

provided by the manufacturer, i.e. £, =3.5GPa and p =1.144g/cm’ . The yield

strength, &y , fracture strain , &, and fracture energy, J,, , were estimated from

+45° tensile coupon tests , in which the failure of test samples is dominated by the

strength of the matrix material, i.e. 6; =80MPa, £, =0.25and J,, =650Jm .

The Poisson’s ratio v,, was estimated as 0.3.
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3.8 FE simulation results for in-plane coupon tests

In order to validate the modelling approach, the finite element calculations of in-
plane tension and compression test coupons were conducted in comparison with
experimental measurements as shown in Figure 3.12(a) for tests conducted along
the warp direction and (b) for tests conducted along the weft direction. The finite
element simulation captures the stiffness and peak stress of uniaxial
compression/tension tests. The location and nature of damage is also predicted by

the FE model, and will be investigated now in more detail.

(a) (b)

700 1200 —— -
600 ) 1000 - Experimenlal/' WEF]
E 500 results / : ;{; 800 | rcsu‘lls , / i
> 400 | | S Compression 4 :
e L = 600 4 !
a 300 ' | Tension 5  Tensi
o | L 400 ension
220 -, ' Z <
100 -7 > 200
Compression |
0 : O ) J L J
0 05 1 1.5 2 0 05 1 1.5 2
Strain (%) Strain (%)

Figure 3.12. Comparison between the finite element predictions and the
experimental data of uni-axial quasi-static compressive and tensile stress-strain

responses (a) Warp direction and (b) Weft direction.

The finite element model predicts that the material response under uniaxial

tension and compression is dominated by the in-plane tows. Figure 3.13(a)
presents the contour of in-plane stress along y-direction (weft), o, within the
top surface layer tows, based on the coordinate system defined in Figure 3.8,
under y- direction (weft) uniaxial compression testing immediately prior to failure

of the sample, obtained by the finite element simulations. At the positions of the

TTT-reinforcement, there is a clear increase in magnitude of o . This is

attributed to crimping within the surface weft tows induced by the TTT-

reinforcement. The predicted ratio of maximum to minimum stress o, in the
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surface weft tows is approximately 4.0, with the peak stress immediately prior to
fracture being identical to that of the longitudinal compressive strength of weft
tows, X “= 1.1 GPa. This notably high ratio is analogous to the stress
concentration factor of 5.5 recorded in notched CFRP samples under compression
fatigue loading in Soutis, Fleck [259], which is defined as the ratio of local stress

to remote stress. To understand stress distribution through the thickness of the

sample, Figure 3.13(b) shows the contours of o, immediately prior to failure,

within selected weft yarns that share the same x-y locations. Again, both surface
tows have significant stress concentrations owing to the crimping induced by the
TTT-reinforcement. However, as the crimping has less influence on the
geometries of internal weft tows than those of the surface tows, the stress
concentrations in internal tows are less significant. The staggered binder location
at the top and bottom surfaces of the material causes an alternating pattern of
relatively high and low local stresses throughout the thickness of the material. It is
this stress variance through the thickness of the material which leads to the “step”
shape fracture phenomena. The location of the fracture surface corresponds
exactly to the position of maximum longitudinal stress o, shown in Figure
3.13(a) and follows the stress distribution through the thickness as shown in
Figure 3.13(b). Figure 3.13(c) and (d) show the fractured sample obtained by FE
simulation and experiment, respectively. The contour shown in Figure 3.13(c)
shows the damage variable, d; , within the tows. The finite element simulation

captures the shape of the fracture surface.
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Figure 3.13. Finite element simulation of uni-axial compression test along weft

direction : (a) In-plane stress field o, on the top surface layer immediately prior
to sample failure (b) In-plane stress field o, throughout the central weft tow

stack immediately prior to fracture. The location of the central weft tow stack is

shown in (a). (c¢) FE prediction of fracture surface with contour showing tow shear
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damage criterion, d;, and (d) Photographic image of fracture surface from the

compression experiment.

For the same sample under tensile testing along y-direction (weft), Figure 3.14(a)

shows the contours of in-plane stress along y-direction (weft), o, within the top

w2
surface layer tows, while (b) shows the shear damage variable, d , at the fracture

surface of the fibre reinforcement immediately after sample fracture. Although the
response was governed by the tensile response of the in-plane tows, the shear
damage variable was chosen as it allows a convenient visualisation of a
combination of the four damage modes (see Section 3.6.3). Once fracture initiates
within a longitudinal weft tow, it rapidly propagates throughout the material,

including through the centre of the TTT-reinforcement. Again, longitudinal stress,

o, increases at the TTT-reinforcement position, which gives rise to final

fracture location, as shown in Figure 3.14(b).

In Figure 3.14(a), the ratio of maximum to minimum stress o, in the weft tow is

approximately 1.8, with the maximum stress prior to the onset of fracture being
1.72 GPa which is equal to the longitudinal tensile strength of the weft tows, X’ .
The maximum to minimum stress ratio during tensile testing is lower than that of
the compressive testing. This is because during the tensile test, the reinforcement
deformation effectively “straightens out”, reducing the crimp angle and, thus, its
effect. This also serves to supress the “step” shape fracture surface. The FE
predication is consistent with experimental observation, i.e. the fracture occurred
at a TTT-reinforcement position, see Figure 3.14(c) for the microscopic image of

the fracture surface.
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Figure 3.14. Finite element simulation of uni-axial tension test along weft
direction. (a) In-plane stress field o, on the top surface corresponding to peak

load (b) FE prediction of fracture surface with contour showing tow shear damage

ds and (c) SEM image of fracture surface from the tension experiment.

The response immediately prior to fracture of a test coupon under uniaxial
compression test along the x—direction (warp) obtained by FE simulation is shown
in Figure 3.15(a) for the contours of in-plane stress in the fibre reinforcement, o
. The response is governed by in-plane warp yarns. There are no significant stress
concentrations owing to crimping induced by the TTT-reinforcement. The stress
distribution within the longitudinal warp yarns is relatively homogenous, with
maximum stress immediately prior to fracture being identical to that of the
longitudinal compressive strength of warp tows X “= 1.6 GPa. Hence, the TTT-

reinforcement has negligible influence on the failure of the test coupons. The top
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layer of transverse (weft) yarns and the top surface of the TTT reinforcement have

been visually removed for clarity.

Figure 3.15(b) presents the shear damage variable, d_, at the fracture surface

immediately after the fracture event. A comparison is made with SEM images of
the fracture surface of the compression experiment, presented in Figure 3.15(c).
The FE predication is consistent with the experimental observation, i.e. brittle
fraction of in-plane warp yarns and resin rich channels which reveal binder
locations. For brevity, the detailed simulation results of the tensile coupon tests
along x—direction (warp) are not shown here as the failure mechanism is similar to
that of the compressive test along x-direction (warp), as described above. Again,

the TTT-reinforcement has negligible influence on failure of the test coupons.
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Figure 3.15. Finite element simulation of uni-axial compression test along warp
direction. (a) In-plane stress field corresponding to the peak load with top weft
and TTT reinforcement layer not shown in order to reveal the longitudinal warp
tows (b) Finite element prediction of fracture surface with contour showing shear
damage d; in tows and (¢) SEM image of fracture surface from the compression

experiment.
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3.9 FE simulations of cantilever beam tests

3.9.1 Long beam

For long cantilever beams, Figure 3.16(a) shows a comparison between the
experimental measurement and FE predictions of the force imposed by the roller
as a function of roller displacement along z-direction with length of the beam, L =
40 mm, and thickness , #, = 3.5 mm. Only the results for the beam oriented along
warp direction is presented. The agreement between experimental measurements
and FE predictions is reasonably good. Figure 3.16(b) shows the montage

obtained by FE calculations with contour representing strain along x—direction, &

. As expected, the long beam failed under bending mechanism, i.e. tensile failure

within top tows and compressive failure within bottom tows.

At Point A, immediately prior to peak load, there is seen to be an increase of local
compressive longitudinal strain at the bottom of the beam at the clamp position.
Between Point A and Point B there is a rapid drop-off in load resisted by the
beam, this is caused by an increase of tensile fibre damage of longitudinal warp
tows at the top of the beam. This corresponds well to the tensile crack seen during
experimental testing, presented in Figure 4. Tensile fibre damage is the cause of
the local increase in tensile longitudinal strain at the top of the beam, seen at Point
B. In between Point C and D, the FE prediction captures progressive, sudden
reductions in load resisted by the beam. This was also demonstrated via the
experimental testing. The FE model allows for further elucidation of the exact
nature of this phenomenon, and is traced to successive compressive damage of
individual tows located at the clamp. This serves to further amplify the buckling
of the plies at the clamp. The numerically predicted buckling length of warp tows
at the bottom of the beam was approximately 1.5 mm, this coincides to the gap in
between TTT-reinforcement positions, and corresponds well to microscopic

images of the experimental test presented in Figure 3.5(c)
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Figure 3.16. Experimental data and FE prediction of force applied by the roller
against vertical roller displacement relationship during long cantilever beam
bending test (40 mm) along x-direction (warp). Results presented here are only for
the Full TTT; (b) Predicted beam deformation corresponding to the points A, B, C

and D on the load-displacement curve by FE simulation in (a).
3.9.2 Short beam

Figure 3.17(a) and (b) show a comparison between experimental measurements
and FE predictions of the force imposed by the roller as a function of roller
displacement along z-direction throughout short cantilever beam tests with length
of the beam, L = 8 mm , and thickness , #, = 3.5 mm along the warp and weft
directions, respectively. Due to material variability, the experimental results are
presented as an area bound by the minimum and maximum loads obtained through
multiple tests. The numerical calculations show effects of the three different
binder densities, Full, Half, and No TTT reinforcement. The beams are orientated
along both warp and weft directions, as shown in Figure 3.17(a) and (b),
respectively. For both cases, the predictions are accurate during the elastic phase
of the deformation (e.g. up to Point A in Figure 3.17(a)) and exhibit an accurate

prediction of the initial peak load. Figure 3.17(c) shows a montage of FE
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predictions along the warp direction with Full TTT reinforcement at three selected
deflections in comparison with experimental measurement shown in Figure 3.7(c).
The three selected deflections are A, at the initial peak load, where the beam is
deforming elastically; B, immediately after the peak load, at the onset of collapse
of the beam and C, at the trough, the local minimum of load resisted after the

initial peak load.

The contours shown in Figure 3.17(c) represent shear strain, 7 _, of the specimen

as the deformation of the beam is governed by shear deflection. Up until point A,
the beam deforms elastically, which agrees well with experimental results. At
Point B, a hinge forms in the FE predictions at the clamped end of the beam due
to damage of the top warp tows. The shear strain field is shown to be almost
identical to the shear strain field measured by DIC during experimental testing,
i.e. Point B in Figure 3.7(c). At locations of TTT reinforcement, shear strain is
much higher than other places. At point C, it can be seen that delamination has
propagated longitudinally along the beam. However, the development of
delamination is different from that observed in the experiment, see Point C of
Figure 3.7(c). During the experiment, the delamination propagates throughout the
entire length of the beam, and this is not captured within the FE model. It is
suggested that the discrepancy between the FE prediction and experimental results
is due to the use of an oversimplified constitutive model for the cohesive

interaction.

Finite element calculations in Figure 3.17(a) and (b) also reveal the effect of TTT
reinforcement on load versus vertical roller deflection relation is small. The
montages of FE predictions along the warp direction with full TTT reinforcement
and without TTT reinforcement are compared in Figure 3.17(c) and (d). It
demonstrates that delamination is arrested by the presence of the TTT
reinforcement, see point C in Figure 3.17(c), while an uninhibited progression of
delamination occurs with the absence of TTT reinforcement, see point C in Figure
3.17(d). The numerically predicted delamination length for the Full TTT case was

3.0 mm; this corresponds well to the experimentally measured delamination
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length of 2.8 mm. The numerical prediction of the delamination length of the No

TTT material was 5.5 mm.
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Figure 3.17(a) and (b) Experimental data and FE predictions of the force applied

by the roller against vertical roller displacement relationship during short

cantilever beam bending tests (8§ mm) along for x-direction (warp) and y-direction

(weft), respectively. Predictions for three different binder densities are shown; as

Full TTT, Half TTT, and TTT reinforcement removed; (c¢) and (d) predicted beam
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deformations corresponding to the points A, B and C on the load-displacement
curve by FE simulation in (a), plotted with a logarithmic shear strain field y _, for

Full TTT and TTT reinforcement removed material, respectively.

3.10 Pre-delaminated composite cantilever beams

To further investigate the ability of the TTT reinforcement to provide structural
enhancements to composite cantilever beams, finite element simulations were
undertaken with the cohesive contacts deactivated from the FE model. This allows
for large relative deformations between the matrix “slices” with each slice bound
only be the TTT reinforcement. This effectively represents a composite structure
that has been fully delaminated, with no other damage within the structure.
Simulations of all three binder densities were undertaken for both short and long
beams in the warp direction (Full, Half and TTT removed). The results presented
in Figure 3.17 and Figure 3.18 are for the long and short beam simulations,

respectively.

Even in this fully delaminated case, with the presence of the TTT reinforcement,
the long cantilever beams resist approximately half the maximum loads as
measured in the experimental testing for the original beams, see Figure 4(a). The
FE simulation results indicate only a minor difference in the load resistance
between the Full and Half TTT binder density, this agrees well with experimental
results shown in Figure 4. The pre-delaminated long beam without TTT
reinforcement has almost no load bearing capacity. The deformed configurations
of long beams without cohesive contact with and without TTT reinforcement are
compared in Figure 3.18(b) and (c). The TTT reinforcement is seen to provide
structural rigidity to the beam. When the TTT reinforcement is removed, the

response is purely governed by frictional forces.
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Figure 3.18(a) Finite element prediction of the load resisted against vertical roller
displacement of long beam cantilever tests (40 mm) along the x-direction (warp)

with cohesive contact removed ; (b) Longitudinal strain field &£, of Full TTT

material beam corresponding to point A in Figure (a); (¢) Longitudinal strain field

g, of No TTT material beam at point A in Figure (a).

As shown in Figure 3.19(a), for the short beams with cohesive contact removed,
the TTT reinforcement is shown to allow an increase in the load resisted by the
beam throughout the simulation. There is seen to be a difference between the
response of the Full and Half TTT material, with the Full TTT material providing
higher load resistance than the Half TTT material. The influence of the density of
the TTT reinforcement on the load carried by the short cantilever beam becomes
increasingly more significant when deflections become larger, i.e. deflections
greater than approximately 60% of the beam thickness. The deformed
configurations of short beams with cohesive contact removed with and without

the presence of the binder are compared in Figure 3.19(b) and (c).
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Figure 3.19(a) Finite element prediction of load resisted against vertical roller

displacement of short beam cantilever tests (8 mm) orientated along the x-

direction (warp) with cohesive contact removed; (b) Shear strain field 7 _of No

TTT beam at point A in figure (a); (c) Shear strain field y _ of Full TTT beam at

point A in Figure (a).

3.11 Concluding remarks

The in-plane and out-of-plane properties of orthogonal 3D woven composites
have been investigated in detail through this study. The cantilever beam test has
been shown to be effective in isolating the two collapse mechanisms of orthogonal
3D woven composite materials; bending deformation dominated long beam tests,

and shear deformation dominated short beam tests.

The TTT reinforcement of 3D woven composites prevents delamination with long
cantilever bending tests, while it provides containment and limited changes to
post-peak load response with short beam tests. Delamination is shown in short
cantilever beam tests, however, in long beam tests the failure mechanism is a
large tensile crack and compressive buckling of longitudinal fibres at the clamped
end. DIC analysis indicates increased local strain at TTT reinforcement positions

for both long beam and short beam tests due to the presence of matrix pockets.

A finite element modelling strategy was presented and validated with
experimental results of in-plane tension and compression test and cantilever

bending tests. In regards to the in-plane tension and compression tests, the FE
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model does not provide a truly predictive tool as the material properties were
extracted from the mechanical tests themselves. However, the simulations can be
used to provide further insight into the behaviour of the material, as shown for
compressive testing along the weft direction. High levels of fidelity are shown for
stiffness and peak load of long and short cantilever beam tests. However, the
model is unable to capture the post initial peak load response of the short
cantilever beam tests. It is suggested that improving the constitutive model of the
cohesive contact would enhance the accuracy of the finite element model. Also, it
is suggested that the modelling strategy does not capture the confinement pressure

provided by the TTT reinforcement.

Capturing the secondary rise in resisted load presented by short 3D woven
composite beams proved difficult, even with major modifications to the material
properties. A parameter study was conducted on the cohesive interaction within
the model, increasing the stiffness, strength, and fracture energy of the interface. It
was determined that these values could not be modified in a way which would
provide a secondary rise in resisted load. It is suggested that a simple linear
softening relationship for a cohesive interaction is insufficient for capturing
mechanisms such as crack bridging, transverse matrix cracking, and fibre pullout.
The rising R-curve exhibited within 3D woven composites for Mode I and Mode
IT crack propagation [104] requires a more complex constitutive law for the
interface, such as the super-imposed bilinear law as discussed by Davila, Rose
[211]. It was also shown via a parameter study that the model is insensitive to
superposition effects, i.e. the doubling up of the elastic properties between
embedded shell elements and host solid elements, for the in-plane tension and
compression and cantilever beam bending simulations. A parameter study on the
transverse stiffness of the tows revealed that this material property was not critical

to the load cases investigated within this study.

The use of element deletion within the simulations can help to prevent excessively
distorted elements during the progression of damage within the beam. However,

the deletion of elements may well lead to a diversion from reality during the
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progression of damage with large deformations of the cantilever beam. In reality,
damaged material, such as crushed matrix, would still be present and provide
additional resistance during progressive loading of the beam. A more
comprehensive investigation into the role of element deletion within numerical
simulations, combined with refinement of the post-damage constitutive laws used,
is suggested for improving the simulation of the post-damage onset behaviour of

the cantilever beams.

A further word of caution is to be added. The thesis presents a fast increase in
complexity to model the 3D woven composite material. Researchers wishing to
pursue similar lines of investigation are recommended to build confidence in the
modelling strategy by initially undertaking calculations of reduced complexity.
From this, a more comprehensive review of the modelling strategy can be

presented.
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CHAPTER 4

SOFT IMPACT OF ORTHOGONAL 3D WOVEN COMPOSITES

Summary

The previous chapter investigated the quasi-static collapse mechanisms of 3D
woven composite materials, highlighting the importance of the through-thickness
weave. This chapter moves on to examine the dynamic response of the same
orthogonal through-the-thickness woven composites under blast loading.
Emphasis is given to the role of the through-thickness reinforcement throughout

the event.

This study presents an experimental and numerical investigation into the dynamic
response of 3D orthogonal woven carbon composites during soft impact.
Composite beams of two different fibre architectures, varying only by the density
of through-thickness reinforcement, were centrally impacted by metallic foam
projectiles. Using high speed photography, the centre-point back-face deflection
was measured as a function of projectile impulse. Qualitative comparisons are
made with a similar uni-directional laminate material. No visible delamination
occurred in orthogonal 3D woven samples, and failure was caused by tensile fibre
fracture at the gripped ends. This contrasts with uni-direction carbon fibre
laminates, which exhibit a combination of wide-spread delamination and tensile
fracture. Post-impact clamped-clamped beam bending tests were undertaken
across the range of impact velocities tested in order to investigate any internal
damage within the material. Increasing impact velocity caused a reduction of
beam stiffness: this phenomenon was more pronounced in composites with higher
density of through-thickness reinforcement. A three-dimensional finite element
modelling strategy is presented and validated, showing excellent agreement with

the experiment in terms of back-face deflection and damage mechanisms. The
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numerical analyses confirm negligible influence from though-thickness
reinforcement in regards to back-face deflection, but significant reductions in
delamination damage propagation. Finite element modelling was used to
demonstrate the significant structural enhancements provided by the through-the-
thickness weave. The contributions to the field made by this research include the
characterisation of 3D woven composite materials under high-speed soft impact,
and the demonstration of how established finite-element modelling methodologies
can be applied to the simulation of orthogonal woven textile composite materials

undergoing soft impact.

4.1 Introduction

Lightweight composite materials are an increasingly popular choice for the design
of highly mobile vehicles such as troop transporters. The current design
methodology for the enhancement of the blast protective systems for such
vehicles in the addition of metallic, composite or ceramic armour panels, or
combinations thereof, to the exterior. Often these materials provide no primary
structural role to the vehicle, serving to increase vehicle weight. Therefore, the
search for materials which can provide sufficient stiffness for primary structures,
with inherent resistance to impact damage, is of great importance. The high
specific stiffness and strength of fibre reinforced composite materials, combined
with the damage reduction provided by through-the-thickness reinforcement,

makes 3D woven composites an obvious choice for further investigation.

There have been numerous studies conducted into the ballistic impact
performance of 3D woven composite materials, in particular, in the development
and validation of numerical modelling strategies [250, 260-262]. They indicate the
enhanced structural performance of the 3D weave in the reduction of damage
within the composite. However, in regards to blast loading of composite
structures, in particular the load case of shallow-buried land mine detonation,
research in the literature is sparse, and primarily limited to laminate composite

materials [156, 157]. The objective of this research is to provide a comprehensive
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investigation into the potential of 3D woven composites to resist soft impact
loading without inducing widespread delamination damage within the material.
Particular attention is given to the role of the through-thickness reinforcement

during soft impact events.

The outline of the study is as follows. First, the dynamic test protocol is described.
Next, a description of the finite element modelling strategy, which is a modified
version to that presented in Chapter 3, is presented. Then, a discussion of the soft
impact experiment results is presented, aided with finite element predictions.
After this, post impact clamped-clamped beam tests, conducted in order to
investigate any internal damage within the composite beams, are reported. The

chapter concludes with a summary of the main contributions of the research.

4.2 Materials and properties

The same two 3D woven composite materials as investigated under quasi-static
loading in Chapter 3 are utilised again in this study for dynamic soft impact
testing. For brevity, the material geometry, manufacturing methodology, and
material properties will not be presented again here, and the reader is referred

back to Chapter 3 of this thesis for these details.

Quasi-static (2mm/min) compression tests were undertaken on the Alporas
aluminium foam material that used for the projectiles in the soft impact
experiment. A screw-driven Instron® 5581 test machine with a static 50 kN load
cell was used for testing, with the displacement and axial stress read directly from
the load cell of the test rig. The compressive stress-strain response of the
aluminium foam material is presented in Figure 4.1. The foam material exhibits a
plateau at a stress of approximately 2.2 MPa, corresponding to the plastic

buckling of cell walls. The foam exhibits densification behaviour at higher strains.
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Figure 4.1. Quasi-static uniaxial compression stress-strain curve for the Alporas

aluminium foam projectile.

4.3 Soft impact testing

4.3.1 Dynamic soft impact response

The use of metallic foam projectiles as a method of providing well-characterised
shock pulses was introduced by Radford, Deshpande [147] and subsequently
utilised within multiple studies for sandwich plates of various designs [153-155].
It was shown that the impact of the metallic foam projectile imparts upon
structures a remarkably similar momentum transferal as to that of structures
impacted by columns of sand particles. Therefore, this methodology is a practical
technique for investigating the response of materials undergoing a real-world load
case of a shallow buried landmine explosion. Due to the well-characterised
pressure pulse, varying with velocity and length of projectile, and convenience of
not utilising actual sand columns, this methodology was chosen to be employed in

the current study.

4.3.2 Test protocol

Figure 4.2 presents a sketch of the experimental set up for soft impact tests.

Samples of width w = 40 mm and length L = 250 mm were cut from the fully
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cured composite panels. The beams were fixed into a steel sample fixture, which
in turn was bolted into an aluminium alloy frame by a total of 8 M6 bolts.
Clamped beams had a gauge length of /=170 mm. The distance from the gas gun
muzzle to the front edge of composite samples was s = 200 mm. A three litre
diving cylinder with a custom designed fitting was pressurised either up to 6.5
bars of pressurised air for lower velocity tests, or up to 45 bars of pressurised
nitrogen (oxygen free) for higher velocity tests. Pressure was released via a fast-
acting solenoid valve, accelerating projectiles down a 3.5 m long barrel. Barrel
material was hardened steel, with an outer diameter of 40 mm and a bore diameter
of 28 mm. A more detailed description of the design of the pressurised gas gun

system is presented in the Appendix to this thesis.

Projectiles were circular cylindrical of length /, =50 mm and diameter

d,=27.5mm . Projectiles were electro-discharge machined from a block of

Alporas® aluminium foam material of density p, =310kg m~ . The exit velocity
of projectile v, was measured in two ways; by two laser gates at the muzzle end

of the barrel and high speed photography. Exit velocity of projectile in the tests

fell within the range 160 ms ™' <v, <270 ms ™. This corresponded to a projectile
momentum per unit area /, = p,/,v, in the range 0f2.48 </, <4.19 kPas. The

variation of speed between that measured from the lasers gates and using the high
speed camera was recorded to be no more than 5%. High speed photography was
employed in order to measure the back face deflection of the beams. The high
speed camera model Phantom Mercury HS v12.1 with a global electronic shutter
was used. Typical recordings had a frame rate of 22,000 fps and an exposure time
of 35 us. At a recorded resolution of 304 x 400, the pixel size on the front surface

of the beam samples was approximately 0.23 mm.

117



CHAPTER 4: SOFT IMPACT OF ORTHOGONAL 3D WOVEN COMPOSITES

w =40 mm
e—>
= M6 bolts
(ON®) |
(ONO) |
=
E -
z (i
Q =170 mm
I anans M
~
P foam projectile
Y
(ONO) I H Monolithic
OO E)Support composite plate
Y

Figure 4.2. Sketch of experimental set up of dynamic soft impact tests on

orthogonal 3D woven composite panels.

4.4 Soft Impact Finite Element Analysis

Finite element (FE) modelling can aid interpretation of the experimental tests and
provide further insight into the results. As with the modelling strategy presented
in Chapter 3, the constitutive model of Matzenmiller, Lubliner [178] and Hashin
[165] for fibre composites is utilised, implemented within the commercial finite

element code ABAQUS. The primary aims of the modelling technique are:

e To develop a full scale FE modelling strategy to predict the response of
3D woven composite materials undergoing soft impact.
e To further investigate the role of TTT-reinforcement during the soft

impact event of orthogonal 3D woven composites.
4.4.1 FE analysis of orthogonal 3D woven composites

Three-dimensional (3D) finite element modelling was conducted using the

explicit solver within ABAQUS (Version 6.12). Each of the 17 layers of the
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composite material was modelled individually, with each layer alternating
between either warp or weft tow, and matrix material. In-plane tows, through-
thickness reinforcement, and matrix material were all modelled using 4-noded
doubly curved reduced integration shell elements (S4R in ABAQUS notation),
with 5 integration points through the thickness. Element size of in-plane
architecture was approximately 1.25 mm. See Figure 4.3 for a sketch of the
modelling strategy. ABAQUS orientation assignment control was used to assign
local fibre orientations for individual tows. Cross sectional microscopic images,
e.g. Figure 3.1(b), were used in order to acquire the geometrical data such as tow
sizes and locations. Each composite layer (consisting of tows and matrix) was
joined together via the “cohesive contact” option in ABAQUS. This was done in
order to allow the model to simulate delamination. It was at these locations that
delamination was recorded during soft impact of a UD-laminate composite
material by Kandan, Russell [157]. The constitutive law of the cohesive contact is

presented in Chapter 3.

The through-thickness reinforcement was explicitly modelled independently to the
in-plane fibre architecture. The geometric detailing was again taken from cross-
sectional microscopic images. The translational and rotational nodal Degrees of
Freedom (DoF) of the through-thickness reinforcement were tied to the
translational and rotational DoF of the in-plane fibre architecture via the tie
constraint option within ABAQUS. Element size of through-thickness

reinforcement was approximately 0.7 mm.

Eight-node general purpose linear reduced integration brick elements (C3D8R in
ABAQUS notation) were used to model the aluminium foam projectile. The
projectile consisted of an isotropic crushable foam using a crushable foam

hardening law and rate dependency introduced via a power law.

Fixed boundary conditions were employed at the two edges of the composite
sample, giving a gauge length of 170 mm. During experimental testing, clamped

samples may experience minor oscillations within the grip during impact.
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However, it was observed that the peak deflection during the impact events
occurred before any oscillations within the grip. Therefore, the oscillations had no
effect on the results of back-face deflection obtained. A total of 210,000 shell
elements were used for the composite material, and 14,100 solid elements for the
projectile. A numerical study determined that this mesh density provided
converged results. All material properties, except the in-plane shear stiffness of
tow reinforcement, were estimated from uni-axial mechanical tests performed on
the composite. The constitutive models for the fibre tows, and cohesive contact
between the layers of the composite material are identical to that of the model
presented in Chapter 3 and will not be repeated here. The matrix elements were
assigned the material properties as the same stiffness and strength as that in the
previous model design. However, the matrix is no longer modelled with solid
elements, and instead is modelled as plane-stress shell elements with identical
transverse and longitudinal properties. The constitutive model of the metallic
foam projectile is presented in Section 4.4.4. For the calculations, 8 CPU parallel
processing was provided by the High Performance Computing (HPC) system at
the University of Nottingham.

The numerical study utilised models based on two different material geometries
used within the experimental investigation i.e. Full TTT and Half TTT. In order to
study the effect of the TTT reinforcement, simulations were undertaken with the
binder removed. The in-plane geometry for this model was based upon that of the
either the Full TTT or Half TTT material. This model is referred to as No TTT
throughout this chapter, and is identical to non-crimp composite materials. To
investigate the influence of the in-plane fibre architecture, an equivalent UD-
laminate material was utilised. The Equivalent UD-laminate does not explicitly
model the geometry of each individual tow; the tows and matrix channels are
homogenised into one effective laminate, and the TTT reinforcement is removed.
For clarification, Figure 4.3(a), (b), and (c) presents sketches of the top layer of
the Full TTT, No TTT, and Equivalent UD-laminate material FE models,

respectively.
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Figure 4.3. Finite element model for the simulation of orthogonal 3D woven

carbon composites undergoing soft impact. Arrows indicate direction of fibre

orientation. Sketches of top layers for (a) Full TTT (b) No TTT and (c) Equivalent

UD-Laminate models are also shown.
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4.4.2 Soft impact FE constitutive model

In order to simulate the response of composite material under soft impact, the
constitutive model of Hashin [165] and Matzenmiller, Lubliner [178] were
employed to model the behaviours of in-plane tows, the TTT reinforcement, and
the inter-tow matrix elements. Exclusive of rate-dependency, the constitutive
models employed for the composite material and cohesive interaction were
identical to that of the quasi-static FE model presented in Chapter 3 and will not

be repeated here.

4.4.3 Rate dependency of tow and matrix material

Numerous studies have demonstrated the role of the strain-rate dependent
behaviour of 3D woven carbon fibre reinforced composites [72, 235].
Preliminary simulations of soft impact events indicated that without the inclusion
of rate dependency within the composite material, the predictions of the onset and
propagation of damage were inaccurate. In order to simulate rate dependency
within the materials, a viscous regularisation scheme is employed for in-plane

tows, TTT reinforcement, and matrix material. A viscosity coefficient 77,
following Duvaunt and Lions [263], is introduced to further update each of the
four previously-defined damage variables (d} ,d;,d) andd,). The viscous
damage variables are defined as;

d’ =i(dl. ~d;) (4.1)

U

where 77, represents the relaxation time of the system, with d, is the previously
defined inviscid damage variable, with 1 denoting one of the four damage modes
(I through IV for d},d;,d, andd, , respectively). The termd; is used to

m

compute the damaged stiffness matrix and is updated by;

122



CHAPTER 4: SOFT IMPACT OF ORTHOGONAL 3D WOVEN COMPOSITES
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1 t(]

This effectively slows down the rate of damage evolution, with an increasing rate
of deformation leading to increasing fracture energies. A numerical calibration

study led to the value 77 =5 ps. It was assumed to be identical for tension and

compression for both longitudinal and transverse damage modes. The calibrated

value corresponds well with previously calibrated values of 7 for carbon fibre

reinforced epoxy materials, as presented in Russell, Liu [156].
4.4.4 Constitutive model for the metal foam projectile

The compressive continuum constitutive model for metal foams developed by
Deshpande and Fleck [264] was used to model the Alporas aluminium foam

projectiles. The von Mises effective stress, defined as

o, =4/3s,5,;/2 (4.3)

with §;; as the usual deviatoric stress. The yield surface for the metal foam is

isotropic and follows the yield function ¢ by

p=6-Y <0 (4.4)

where the equivalent stress & is given by

¢ et v “
[1+(a/3)°]

where the mean stress, o,, =0,, /3, and the ratio of deviatoric strength to

hydrostatic strength, a, define the shape of the yield surface. The right hand side
of the equation is chosen so that & denotes the stress experienced in a uniaxial
tension or compression test. The shape factor, a, can be computed using the

relation
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0 =—— with k =—¢ (4.6)

where O is the initial yield stress in uniaxial compression, and Oy, . is the initial

yield stress in hydrostatic compression.

Equations (4.3) and (4.4) describe an elliptical yield surface in (g, 0.) space. Y is
equal to the uniaxial strength in tension and compression, and the hydrostatic

yield strength equal to

_1+(a/3) v @7

O =
a
The plastic Poisson’s ratio v, in a uniaxial compression test has the predicted

dependence upon o

, _ & _(/2)—(a/3)
gk 1+(a/3)’

(4.8)

Consistent with the quasi-static behaviour of the Alporas aluminium foam, the

plastic Poisson’s ratio v, =0, which sets the shape factor, o =3/ 2 . Following

results from uniaxial compressive tests on the aluminium foam material, presented
in Figure 4.1, the uniaxial yield stress, o., versus the true uniaxial plastic strain

relationship is approximated by

AP
O'C:{O-pl & <¢g, } (4.9)

0 otherwise

with the plateau strength of the foam ¢,,= 2.2 MPa and the true densification
strain ¢p = 1.6. Characterisation of shock wave propagation through a metallic
foam is presented by Radford, Deshpande [147]. A large stress jump is seen
across the shock front during progressive densification of the foam, with the width

of the shock front being of the order of the cell size of the material, w, = 5 mm.
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Typical length of element during finite element calculations for the metallic foam

was 1.5 mmy; sufficiently small enough to resolve the stress gradient.

Bulk viscosity is a critical term when modelling the propagation of shock waves
within compressible materials, such as the aluminium foam. By default,
ABAQUS includes a small amount of bulk viscosity in order to improve the
modelling of high-speed dynamic events by damping out oscillations within a
shockwave. A default linear damping coefficient of 0.06 and quadratic damping
coefficient of 1.2 were included within the simulations. The quadratic term is
included in order to smear a shock wave over several elements. The width of the
shock front of the aluminium foam material can be approximated by the cell size
of the material, i.e. 5 mm, and comparing that with the element size of 1.5 mm, a

small amount of shockwave smearing is considered reasonable.

4.4.5 Matrix material

The isotropic matrix material is characterised by six parameters i.e. Young’s
modulus £, , shear modulus Glz, Poisson’s ratiov,, , normal strength o, , shear
strengthz, , and fracture energyJ,,. The Young’s modulus was obtained from

manufacturer’s data of cured epoxy matrix £ =3.5 GPa. The matrix Poisson’s

ratio, v, , and shear modulus G,,were also taken from the manufacturer’s data of

cured epoxy matrix, as 0.3 and 2 GPa, respectively. Longitudinal and transverse

strengths were identical and estimated from matrix dominated +45° tension
coupon tests as o, = 80 MPa . The shear strength was estimated to be half that of
the normal strength 7, = 40 MPa . The transverse and longitudinal tensile and
compressive fracture energies were identical to each other and estimated from
matrix dominated +45° tension coupon tests as./, = 650 J m . The density of

matrix was taken from manufacturer’s data for cured epoxy resin, i.e.

p, =1.144 g/em”.
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4.4.6 Equivalent UD-laminate material

It is difficult to find a UD-laminate that is equivalent to a 3D woven material for
experimental testing due to variations in material properties or geometry [99]. By
employing the rule of mixtures to the tow and matrix properties of a 3D woven
composite within an FE model, it is possible to create an equivalent UD-laminate
material. The following material properties for the warp and weft tows within the

3D woven material model are mapped into their corresponding values of an

equivalent UD-laminate model, i.e. longitudinal Young’s modulus E | » in-plane
shear modulus 512, longitudinal tensile strength X7, longitudinal compressive
strength Xe, longitudinal tensile fracture energy, J |, longitudinal compressive

fracture energy J ¢, and density p”” . Let the volume fraction of a tow within a

warp or weft layer follow;

Ve =w w, +w,) (4.10)

t

where w,denotes width of tow and w, denotes width of inter-tow matrix channel,

as shown in Figure 4.3. Using the previously calculated values of tow Young’s

modulus and strength, the effective laminate properties are estimated as

E =V"E +1-V"")E, (4.11)
~ (_;uG

m___ (4.12)

. VtUDGm + (1 - VtUD k;IZ
X" =vX" +(1-v?)x, (4.13)
XC=r»x+(-v")x, (4.14)
- )?T 2
Jro0sx ) 0 (4.15)
El
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SN2
x&xl.

1

JS=05 2 (4.16)

,DUD — VtUmew + (1 _ VtUD )pm (4'17)

with £ as the Young’s modulus of cured epoxy resin. The modified Equivalent

UD-laminate properties are presented in

Table 4.1. A sketch of the top surface of the Equivalent UD-laminate material is
presented in Figure 4.3(c).

Table 4.1. Equivalent UD-laminate properties (modified values)

Orientation Warp Weft

Density (kg m™) 1525 1530
E (GPa) 122.2 126.4
G, (GPa) 5.78 4.93
X" (MPa) 1590 1590
X (MPa) 1280 1040
J! (MPa) 12.41 12.00
J¢ (MPa) 8.04 5.13

4.5 Results and discussion

A summary of the results from the experimental testing, supplemented with finite
element analysis will now be presented. Focus is given to the transient back-face
deflection of beams during impact events, the damage mechanisms exhibited, and
the role of the through-the-thickness reinforcement. The back-face deflection is a
key component of analysis of the response of materials, as protective systems
undergoing too great a deflection during impact can result in serious physical
harm to vehicle occupants. The back-face deflection of a beam undergoing soft
impact is likely to be a combination of the beams elastic stretching response and a

function of the damage sustained by the beam.
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4.5.1 Transient deflection of beams

Soft impact experiments and FE modelling were conducted on the Full and Half
TTT 3D woven composite panels orientated along the x-direction (warp) and y-
direction (weft). Due to the lower fibre volume fraction in the warp direction, in
comparison to the weft, the warp direction is shown to be unfavourable for

resisting the loading. Figure 4.4 presents the measured and FE predicted
normalised back-face deflections & of Full TTT composite beams orientated
along the y-direction (weft) as a function of normalised time after moment of
impact 7 for impulsive loading of (a) I, = 2.48 kPa s, (b)I, = 2.64 kPas, (c)
I, =3.33kPas,and (d)/, =4.03 kPas. Also presented are FE predictions of the
response of Full TTT material, No TTT material and Equivalent UD-laminate
material. In order to characterise the response of the composite beams during
impact, the time parameter normalised against the crush time of the projectile is

used, i.e. 7 =¢v, /1, with t as time after contact between projectile and beam, vy as
projectile velocity, and /, as length of projectile. In order to remain dimensionless,
a normalised deflection term 6 = &/ [, is also used with & as the back-face

deflection of the beam at centre-span and /, as the free length of the beam sample.

The peak back-face deflection experienced by the beam during the impact event
occurs at a normalised time of approximately between f =1-1.5. 7 =1

corresponds to the time at which projectile densification has completed.

FE predictions over the entire range of experimentally tested impulses show
reasonable fidelity in regards to the peak back-face deflection exhibited by the
beam during the test. The FE model also predicts the time at which the peak
deflection occurs during the test. The restitution of the beam occurs later than the
prediction, due to oscillations within the clamp during the experiment increasing
the time taken for reflection of the bending wave. However, the peak deflection of
the beams occurred before the oscillations within the clamp, and therefore had no

influence from them. Figure 4.5(a) and (b) present recorded and predicted
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montages of the deformation of a Full TTT 3D woven beam orientated along the

y-direction (weft) undergoing an impact event of /, = 2.64 kPa s, respectively.

The corresponding locations A-E match with the positions highlighted in Figure
4.4(b). The FE prediction is shown to model accurately the deformed
configuration of the beam, and the crushing of the metal foam material. For a

projectile impact of impulse /, = 4.03 kPa s upon Full TTT beams orientated

along the weft direction, the FE model predicts the in-plane weft yarns to be
experiencing strain rates in the order 100s" during the initial propagation of the
tensile stress wave. It is suggested, with reference to Section 4.4.4, that a more
detailed study with regards to the linear and quadratic bulk viscosity coefficients
employed within the numerical calculations could lead to great fidelity of model.
In regards to the experimental methodology, material variability and imperfect
sample clamping conditions may well also influence the fidelity of simulations.
No studies regarding the boundary conditions of the FE model are presented here,

but suggested as potential regions of interest for future researchers.

The FE predicted back-face deflection against time response during a soft impact
event for beams orientated along the y-direction (weft) of the 3D woven
composite material is compared to an equivalent UD-laminate material in Figure
4.4. The Equivalent UD-laminate material exhibits the same predicted back-face
deflection during the soft impact event as the Full TTT material and the No TTT-
reinforcement material. This result indicates that neither the TTT reinforcement
nor the beam in-plane fibre architecture have influence on the back-face deflection
of composite beams undergoing soft-impact within the range of impulses tested in
this study. The small-scale local increases in the back-face deflection
demonstrated by the UD-laminate, shown in Figure 4.4, is attributed to
delamination damage allowing relative displacement of the bottom layer due to
the transferral of momentum. The Equivalent UD-laminate material was also
predicted to exhibit a similar amount of delamination damage as the No TTT

reinforcement material.
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Figure 4.4. Comparison of experimental results for Full TTT material and FE

prediction for normalised back-face deflection 5=6/1 »as a function of

normalised time 7 =¢v, /1 ,- Full TTT beams orientated along the y-direction

(weft). Three different case studies for numerical modelling results are presented;

Full TTT reinforcement, No TTT, and an Equivalent UD-laminate material.

Projectile impulses 7, were (a) 2.5 kPa s, (b) 2.6 kPa s, (c) 3.3 kPa s, and (d) 4.0

kPa s. Points A-E corresponds to the montage images presented in Figure 4.5.
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Figure 4.5. Deformation montage of 3D orthogonal woven carbon-fibre
composites under soft impact of impulse /, =2.64 kPa s beams orientated along

the y-direction (weft) (a) Experiment (b) Finite element prediction. Points A-E

refer to the corresponding positions on Figure 4.4(b).

4.5.2 Effect of Through-the-thickness reinforcement density on

back-face deflection

The Full TTT and Half TTT materials have a small variation in material areal
density; 5.30 kg m™ and 5.21 kg m™, respectively. Therefore, to make a
comparison of the response of the samples during a soft impact event, a non-
dimensional group is used. A non-dimensional group suggested by Xue and

Hutchinson [265] is defined as;

(4.18)

Where c is a characteristic wave speed, here taken to be the longitudinal wave
speed of the composite material ¢ = 7060 ms ', and M is the areal mass of the

sample. A non-dimensional peak deflection,5__ , is also used, and is defined as;
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5, = —m (4.19)

~
(=]

Where 6, 1s the maximum back-face deflection of the sample experienced

during the experiment. Normalised maximum back-face deflection captured by
high speed photography during experimental tests of Full and Half TTT material
as a function of imposed normalised impulse are plotted in Figure 4.6. It can be
seen that in this case there is no significant difference in the maximum back-face
deflection between the two materials tested. Also plotted is the normalised
impulse at which small scale fibre fracture damage was recorded on the top

surface of the beams.
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Figure 4.6. Comparison of the normalised maximum back face deflection §___

during soft impact as a function of normalised impact impulse /; upon 3D woven

carbon composites of two different TTT reinforcement densities.

4.5.3 Damage during soft impact

Experimental tests of Half TTT orthogonal 3D woven composite material beams
orientated along the x-direction (warp), demonstrated the primary damage
mechanism of beams undergoing a soft impact event to be longitudinal fibre

fracture occurring at the clamped ends. Beams orientated along the x-direction
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(warp) had a lower volume fraction than those orientated along the y-direction
(weft), and therefore, were shown to have a reduced ability of resisting soft
impact loading. FE simulations of beams orientated along the x-direction (warp)
were also undertaken for two impulses; 2.95 kPa s, in which no catastrophic
damage occurred, and 4.19 kPa s, in which the beam failed. The normalised
experimentally recorded and predicted back-face deflection 5 against normalised
time 7 after impact of two velocities of projectile for beams orientated along the
x-direction (warp) are presented in Figure 4.7. Excellent fidelity is shown for the
higher velocity, with an accurate prediction of both the back-face deflection

against time and moment of catastrophic fibre fracture within the sample.

0.10
4.19kPas = mE
Fibre fracture - ) Exp. Half TTT
N Z
0.08 .
— FEHalf TTT
0.06 - = FENoTIT
_\Q
ﬁ WARP
004
0.02

Figure 4.7. Maximum normalised back-face deflection & = 5/ 2/, against
normalised time after impact 7 = tv, /1, . FE simulation and experimental results

for beams orientated along the x-direction (warp). The instants V-Z correspond to

the montage images presented in Figure 4.8.

To understand the failure mechanism of beams under soft impact, Figure 4.8(a)
and (b) presents the experimental montage and numerical prediction of a Half
TTT 3D woven material orientated along the x-direction (warp) loaded with

impulse /, =4.19 kPa s, respectively. The instants V-Z correspond with the
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positions highlighted in Figure 4.7. As shown in Figure 4.8(b), the onset of
element damage at the gripped ends corresponds to the beginning of the reflection
of the bending wave (¢ = 264 ps). Figure 4.8(c) presents the montage of a similar

UD-laminate beam undergoing an impulse /, =2.90 kPas. It allows a

comparison of the damage modes between a 3D woven carbon composite of
density 5.21 kgm™ and a similar UD laminate [(0°/90°); 0°] material of density
5.86 kg m™ presented by Kandan, Russell [157]. The UD laminate beams had a
thickness #, = 3.75 mm, width w = 35 mm, and gauge length /) = 200 mm. The

UD-laminate had properties of in-plane tensile Young’s modulus E, =85 GPa,

tensile strength o, = 980 MPa , and compressive strength o, = 630 MPa , these

are similar values to that of the 3D woven composite material. The UD laminate
material exhibited both delamination across the entire length of the beam, and

catastrophic longitudinal fibre fracture.

(a) (b) (©)
Carbon fibre 3D woven Half TTT  Carbon fibre 3D woven Half TTT

1 1
warp direction warp direction - FE prediction Carbon fibre UD laminate

——

Fibre fracture=——

P

!
|
!
!
[
!
!
!
!

I,=4.19kPas I,=4.19kPas Iy=290kPas

Figure 4.8. Deformation montage of carbon-fibre composites under soft impact
testing showing (a) Half TTT 3D orthogonal woven composite beam orientated

along the x-direction (warp) 7, =4.19 kPa s, (b) Finite element prediction of Half

TTT 3D orthogonal woven composite beam orientated along the x-direction
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(warp) I, = 4.19 kPa s, and (c¢) UD-laminate material presented in Kandan,
Russell [157]11, =2.90 kPa s. Points V-Z correspond to the locations noted in

Figure 4.7.

Photographic images of 3D woven composite beams orientated along the x-

direction (warp) post impact test of impulse /, =4.19 kPa s are shown in Figure
4.9. At higher impulses, i.e. I, = 4.19 kPa s, the 3D woven composite material

exhibited a catastrophic failure mechanism of longitudinal fibre fracture,
occurring at the TTT reinforcement location, at the clamp. Also presented in
Figure 4.9 is the numerical prediction of fracture surfaces. The predicted fracture
surfaces compare favourably to the experimental results i.e. fracture of in-plane
tows at the clamp location, exposing though-the-thickness reinforcement.
Examination of both the experimental and predicted fracture surfaces reveals no
visible delamination. In contrast, UD-laminate composites has been reported
experience delamination at impulses lower than catastrophic beam failure [156].
In contrast, at impulses lower than those which caused catastrophic fibre fracture,
the 3D woven material exhibited no delamination, and only minor surface fibre
fracture. The difference between the 3D woven material and an equivalent UD-
laminate material will be investigated later via numerical modelling in Section

4.7.
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Figure 4.9. Photographic images and FE predictions of damage modes exhibited
by Half TTT 3D woven carbon composite undergoing soft impact , tested at

I, =4.19 kPa s . Beam orientated along the x-direction (warp).

Beams orientated along the y-direction (weft) had a higher volume fraction that
those orientated along the x-direction (warp). Even at the highest impulses tested
within this study were not high enough to cause fibre fracture of beams orientated
along the y-direction (weft). After soft impact of impulse greater than

I, >3 kPa s , damage was observed on the front surface of the sample. This

damage consisted of small-scale fibre fractures within longitudinal surface tows.
This damage was almost entirely restricted to underneath the projectile impact

location. Microscopic images showing the surface damage of a Half TTT beam
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orientated along the y-direction (weft) undergoing an impact event

I, =3.33kPa s are presented in Figure 4.10(c).

To investigate the difference in damage mechanisms between the Full and Half
TTT materials, numerical predictions of Full and Half TTT material beams

orientated along the y-direction (weft) impacted at an impulse of 7/, =3.33 kPa s

were conducted. Both beams resisted delamination equally well, and there was no
significant difference in the tensile damage of fibres. However, there were
differences in extent of the compressive damage of surface weft tows between the
two materials. Figure 4.10(a) and (b) present the predicted compressive fibre
damage initiation on the top surface of beams 800 pus after projectile impact

1, =3.33kPas. A value of 1 indicates the onset of damage. The localised in-

plane compressive fibre damage at the centre of the beam corresponds well to the
surface damage observed experimentally, and shown in Figure 4.10(c). This
damage is more pronounced in the Full TTT material in comparison with the Half
TTT material. The damage was observed to be concentrated at the top surface of
the beam, and reduced significantly towards the centre of the beam. Any damage
of surface weft tows at this location could contribute to the reduction of stiffness
during post-impact clamped-clamped beam experiments. It is this location which
fracture occurred during post-impact clamp-clamped beam bending tests,

presented in the proceeding section.
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Figure 4.10(a) and (b) Finite element simulations of the predicted compressive
damage initiation on the front surface of orthogonal 3D woven composite beams
undergoing a soft impact event /, = 3.33 kPa s for Full TTT and Half TTT
material , respectively. Time ¢ is the time after moment of projectile impact upon
beam. A value of 1 corresponds to the onset of compressive fibre damage. (c)
Optical microscopic images of fibre breakage on the front surface of impact tests
of a Half TTT orthogonal 3D woven material after experimental impact of

impulse /, =3.33 KPa s. Beams orientated along the y-direction (weft).
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4.6 Post impact quasi-static bending response

Beams orientated along the y-direction (weft) exhibited only minor visible
damage during the soft impact event, even up to the highest impulses tested.
However, there still could be internal damage that could reduce the structural
capacity of the beam. In order to investigate this, post impact, samples of both
TTT reinforcement densities were tested in a quasi-static clamped-clamped beam
bending test. Figure 4.11 presents a sketch of the experimental setup for the quasi-
static beam bending test. Results of the experiment are compared to that of a
virgin sample. The beams were aligned along the y-direction (weft), as co-
ordinate system defined in Chapter 2. The beams were fixed at both ends in a
custom-designed clamp of stainless steel, with the clamp subsequently fixed onto
an [-beam. The spans of the beams between the clamped ends was L, = 180 mm.
This free span length was purposefully chosen to be longer than the original
impact test beam length in order to capture damage sustained within the clamp
position during soft impact testing. The beams were centrally loaded by a roller
across their entire width, w. Width of clamped beam tested in this investigation
was w = 40 mm, identical to the width of impact samples. A screw-driven
Instron® 5581 test machine with a static 50 kN load cell provided a constant
quasi-static displacement of the roller along the vertical axis (z-direction) of 5
mm/min. Roller displacement along the vertical axis, J, , and load imposed by the
roller , P, was measured directly from the load cell of the testing rig. The stiffness
was calculated from between a vertical roller displacement of between 2.5 mm
and 7.5 mm, in order to avoid any contributions from initial movement within the

clamp.
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Figure 4.11. Sketch showing the experimental setup of the clamped beam quasi-

static bending test.

Figure 4.12 shows the load imposed by the roller, P, against vertical roller
displacement dp for the clamped beam test for the Full TTT material. Beams are
shown to retain structural integrity even after undergoing relatively high-impulse

impacts (/, > 3.0 kPa s). Beam response was linear elastic up until a displacement
0, ~12 mm , when brittle fracture of in-plane reinforcement tows occurred. Beam

failure was attributed to fibre fracture at the centre of the samples, directly under
the roller position. This position is also the projectile impact location, and location
of small-scale fibre damage, presented in the previous section. The location of
fibre fracture was the same for impacted and un-impacted beams, indicating that
the surface damage at this location was not the root cause for failure at this
position. This fracture location differs to that of the UD-laminate material
presented in Kandan, Russell [157], which exhibits fibre fracture at the clamp
location. Although, due to differing beam geometries in the test, it is not possible
to say if the change if fracture position is due to material differences or beam

geometry.
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Figure 4.12. Load imposed by the roller P against roller vertical displacement J,,
for post-impact clamped-clamped beam tests for Full TTT material. Beams

orientated along y-direction (weft).

The peak load recorded during clamped beam test as a function of impact velocity
is presented in Figure 4.13(a). It can be seen that there is no significant reduction
in strength of beam for either the Full TTT or Half TTT material even after the
highest velocity of impact. The variation shown here is typical as to what is
expected due to stochastic flaws within the material. Figure 4.13(b) presents the
stiffness of post-impact clamped-clamped beam experiment as a function of
impact velocity. There is a slight reduction in stiffness during post-impact testing,
with stiffness reducing linearly with increasing impact velocity. The reduction in
stiffness is seen to be greater with the Full TTT binder material relative to the
Half TTT binder material. It is suggested that this is due to more highly
constrained in-plane fibres in the Full TTT material undergoing more damage
during impact testing. FE simulations presented in Section 4.5.3 confirm that

higher TTT reinforcement density can lead to increased damage in the material.
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Figure 4.13 (a) Summary of the peak load during post-impact clamped beam
testing verses the velocity of impact vy. (b) Stiffness of post-impact clamped beam

testing versus the velocity of impact, vy.

4.7 The role of the TTT reinforcement

As demonstrated in Figure 4.4, the presence of the binder has no contribution to
the back-face deflection of the beams. However, the following section will show
that there is a remarkable difference in the delamination damage sustained within
the composite material. To investigate this, numerical modelling of Full and No
TTT material beam along the y-direction (weft), was undertaken. Predicted
cohesive interaction damage contours within the beam at time # = 700 ps after the
moment of impact show that the TTT reinforcement is extremely effective at
reducing delamination damage sustained. This is shown in Figure 4.14(a) and (b),
where a comparison is made with and without the presence of the binder,
respectively. The contour shown in Figure 4.14 presents the cohesive interaction
damage variable, 71, which at a value of 1 represents fully damaged interaction
between layers. Without the presence of the TTT reinforcement, the delamination
damage propagates along the entire length of the beam. However, with the
presence of the TTT reinforcement, damage is notably reduced, being almost
entirely restricted in location to directly under the projectile. This compares
favourably with the experimental results, where no visible delamination was

noted, even up to impulses which induce catastrophic longitudinal fibre fracture.
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Figure 4.14. Finite element predicted deformation of an orthogonal 3D woven

carbon composite undergoing a soft impact event /, = 4.03 kPa s showing (a)

Full TTT and (b) No TTT model. Contour plot shows damage variable of
cohesive interaction, 72, demonstrating locations of delamination within the beam.
A value of 7i=1lindicates fully delaminated regions. ¢ = 0 corresponds to the
moment of projectile impact on the sample. Beams orientated along the y-

direction (weft).

In order to further investigate the role of the through-the-thickness, simulations of
soft impact events were undertaken with the cohesive interaction between layers
removed. This removal of the cohesive interaction effectively simulates a fully
pre-delaminated case. Inter-penetration between layers was now prevented via a
penalty contact algorithm. Through this method, it is possible to simulate the
material under severe conditions. It can be seen from Figure 4.15 that even with

the cohesive interaction removed, the TTT reinforcement provides structural
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integrity to the beam, retaining its cross section throughout the test. This is
juxtaposed by the predictions with both the TTT-reinforcement and cohesive
interaction removed, where extensive delaminations are shown throughout the
entire length of the beam. A transferal of momentum through the beam causes a
large relative displacement of the top and bottom layers of the composite. Also
presented are simulations for the case of Half TTT material and the equivalent
UD-laminate material. The Half TTT material exhibits a response identical to that
of the Full TTT material, indicating that, in regards to the material in this study,
halving the TTT reinforcement density provides no reduction in structural
integrity. The Equivalent UD-laminate material behaves identically to that of the
No TTT material; indicating again that in-plane reinforcement topology provides
negligible influence on beam structural integrity during impulsive loading. The
results presented in Figure 4.15 gives indications of the superior performance of
the 3D woven beams undergoing multi-hit soft impact. For example, a UD-
laminate beam which had previously been undergone a soft impact event would

perform far less favourably compared to a 3D woven composite.
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Figure 4.15. Montage of finite element simulations of a soft impact event of
impulse /, = 2.96 kPa s with cohesive contact removed on (a) Full TTT

orthogonal 3D woven composite (b) Half TTT orthogonal 3D woven composite
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(c) 3D woven composite with TTT-reinforcement removed, and (d) Equivalent
UD-laminate material. = 0 corresponds to the moment of projectile impact upon

the beam. Beams orientated along the x-direction (warp).

4.8 Concluding Remarks

An experimental and numerical investigation was undertaken on the dynamic soft
impact response of two orthogonal 3D woven composite materials varying only
by density of though-the-thickness (TTT) reinforcement. 3D woven composites
demonstrated remarkably reduced delamination damage during soft impact events
in comparison with UD-laminate material. The failure mechanism of 3D woven
composite beams was longitudinal fibre fracture at the clamped ends. At impulses
lower than those which caused catastrophic fibre fracture, only minor, localised
fibre fracture on the surface of beams was recorded. The two different densities of
through-thickness reinforcement experimentally tested within the study had no
difference in the back-face deflection experienced during soft impact. This was
confirmed with the use of a finite element modelling strategy which explicitly
models the geometry of the through-the-thickness reinforcement. FE modelling
also showed that an equivalent UD laminate material will have the same
maximum back-face deflection as a 3D woven material during a soft impact
event, indicating that the in-plane architecture has no influence on the transient
deflection of beams. However, modelling of an equivalent UD-laminate material
did reveal greatly increased delamination damage sustained than that of the 3D

woven material.

The 3D woven composite beams were shown to retain structural integrity even
during high-impulse soft impact tests, with no delamination up to final fibre
fracture. In order to investigate potential internal damage within the beam,
clamped beam bending tests were conducted post-impact. These tests reveal
negligible variations in strength and only minor reductions in beam stiffness after
soft impact for 3D woven material. This indicates the potential for 3D woven

composites to perform well during resistance of multiple soft impacts. The
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stiffness reduction post-impact was seen to be greater with the composite
containing a higher density of though-thickness reinforcement. Finite element
simulations of soft impact on 3D woven composites of two different
reinforcement densities indicated varying compressive fibre damage on the front
surface of the beams; demonstrating the potential for increased damage with
higher densities of TTT-reinforcement. Finite element predictions of pre-
delaminated beams undergoing soft impact demonstrated significant structural

enhancement provided by the TTT-reinforcement.
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BALLISTIC IMPACT OF 3D WOVEN COMPOSITES: BEAMS

AND CIRCULAR PLATES

Summary

The preceding chapter explored the damage mitigation properties of 3D woven
composites under soft impact loading. This chapter utilises the “homogenised”
finite element modelling strategy developed and validated for soft impact events
in Chapter 4 to characterise the singular and multi-hit ballistic impact response of
fibre reinforced composite materials. An experimental and numerical
investigation is first undertaken into the ballistic impact response of 3D woven
composite clamped rectangular beam samples. The numerical modelling strategy
is validated against experimental results, and applied to an investigation into the
singular and multi-hit ballistic impact response of clamped circular plates with
and without TTT reinforcement. Plate deformed configurations, stress
distributions, and damage mechanisms are discussed. The study is supplemented
with a numerical parameter study on the influence of the inter-laminar shear

strength of laminate composites on the ballistic limit of circular clamped plates.

Ballistic impact experimental tests on clamped rectangular beam samples were
undertaken in order to determine the damage mechanisms within the 3D woven
composite material and for validation of the FE modelling technique. Clamped
rectangular beam samples were chosen in order to record to the back-face
deflection of samples throughout the impact event. The experimental study
revealed three distinct categories of beam response: (i) low velocity impacts (
v, <105ms™") which demonstrated projectile rebound, with increasing matrix

cracking and localised fibre fracture, (ii) medium velocity impact (

110ms™ <v, <140 ms™") which exhibited a stretch-deformation dominated
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failure mechanism, i.e. “ripping” through the width of the beam at the centre of

the sample due to longitudinal fibre fracture, and (iii) higher velocity impacts (
v, =145 ms~) which demonstrated projectile penetration, combined with

longitudinal fibre fracture at the centre of the sample. Here, the term “beam
failure” is described as either fibre fracture across the entire width of the beam
sample, or projectile penetration. The finite element model was shown to have
sufficient fidelity in order to capture the characteristic damage modes of the three
response types. For multi-hit numerical simulations of laminate composites, the
finite element model was further validated by a comparison of the multi-hit
ballistic limit surface and of the damage modes exhibited during clamped circular
plate ballistic impact experiments as presented by Kandan, Russell [162] and

Kandan, Russell [266].

The 3D woven material was predicted to have a higher concentration of damage
under the projectile strike position during ballistic impact loading of clamped
circular plates. This is in keeping with the general consensus within the literature
for a reduction in the size of damage area due to impact loading with the presence
of TTT reinforcement [267]. The enhanced structural integrity of the plate due to
the TTT reinforcement was predicted to supress the development of damage
remote from the projectile strike location, and to reduce bending deformation
within the plate. This led to an 8% increase in the predicted ballistic limit
inclusive of TTT reinforcement for a singular impact event. The TTT
reinforcement was predicted to improve the multi-hit impact performance of
composite plates for multi-hit impacts of relatively high primary impact velocity,
1.e. the initial impact being above 60% of the ballistic limit of the plate. Here, the
ballistic limit is defined as the velocity at which the predicted plate response

changes from projectile rebound to projectile penetration.

A parameter study was conducted to investigate the influence of the inter-laminar
shear strength of 0/90° laminate composites on the predicted ballistic limit of

circular clamped plates. An increase of the inter-laminar shear strength led to a

148



CHAPTER 5: BALLISTIC IMPACT OF 3D WOVEN COMPOSITES

reduction in area of the delamination damage within the plate, and a reduction in
the predicted ballistic limit of plates. The numerical calculations were used to
trace this reduction in ballistic limit to a modification of the deformation
configuration of the plate, and ultimately, leading to less favourable damage
modes. The response of higher inter-laminar shear strength plates were predicted
to be dominated by that of bending deformation, with stress concentrations at the
top and bottom of the plate through the thickness causing an increase in the total
damage sustained. This subsequently acted to reduce the predicted ballistic limit
of the plates. Laminates with lower inter-laminar shear strength, or no interaction
between layers, was predicted to be primarily governed by stretch deformation,
causing a rise in ballistic limit by approximately 45% for plates simulated with no
inter-laminar interaction. This study improves the understanding of the influence
of inter-laminar properties on the ballistic response of fibre reinforced composite

materials, providing mechanistic interpretations of the phenomena demonstrated.

5.1 Introduction

The high specific stiffness and strength of fibre reinforced composite materials,
combined with their low coefficient of thermal expansion, are excellent incentives
for their use within protective systems for highly mobile vehicles. The dynamic
impact of debris upon aircraft systems is of great concern and is often a critical
load case for design engineers to consider. Common sources of impact events for
aeronautical structures include hail stones, bird strikes, and runway debris. The
first two of these impact systems are classified as soft body impact, the third is
that of solid projectiles. During take-off and landing, aircrafts can receive impact
events from runway debris at velocities up to approximately 250 ms™ [268-271].
These impacts can cause damage to the fibre reinforcement, the matrix material

and can introduce delamination damage within laminate composites.

A numerical study undertaken by Ghosh and De [261] identified how orthogonal
through-thickness reinforcement can influence the ballistic response of a

composite plate. They gave a detailed account of how the TTT-reinforcement can
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modify the local response of the composite material, demonstrating numerical
predictions of the propagation of damage within the fibre and the matrix. They
demonstrate increased propagation of damage along the direction of TTT
reinforcement. However, the damage and stress wave propagation within the
material was only studied in detail for the initial stages of the impact event and
only at the location within the immediate vicinity of the projectile strike position.
The work presented here attempts to build upon studies such as this to
characterise the global structural response of the plates, focusing on projectile
velocities close to the ballistic limit of the composite plates. By explicitly
modelling the geometry of the TTT reinforcement, and by modelling the entire
sample during the impact event, it is possible to investigate the contribution in

which it plays during ballistic impact loading.

Rarely is the design of protective systems adequate for a singular impact event.
For example, upon inspection of the reinforced carbon-carbon composite plates
for a single flight mission of the spaceship Discovery, a total of 176 different
impact damage sites were recorded [272]. Even though the ability for structures to
protect against multiple impacts is integral in the design of protective systems, the
current literature generally shies away from such investigations. One difficulty in
conducting multi-hit impact studies is the method of characterisation. A
commonly performed method of characterisation is the recording of damage
within the plate. This can be either through visual inspection [273], c-scan, energy
absorption within the material [274], or compression after impact (CAl) testing

[274].

This chapter begins with a description the experimental testing and numerical
modelling strategy for the ballistic impact events upon 3D woven clamped beam
samples. The numerical model is validated against the back-face deflection and
damage mechanisms exhibit during experimental testing. A numerical
investigation into the response of clamped circular composite plates with and
without TTT reinforcement undergoing a singular hard-impact event is then

presented. Attention is given to the distribution of stress throughout the material,
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material damage characterisation, and plate penetration mechanisms. A secondary
validation for multi-hit impact is then presented with reference to a published
multi-hit experimental study on a UD-laminate composite. Afterwards, the
predicted multi-hit ballistic limit surfaces of 3D woven composite and equivalent
UD-laminate plates are presented. Damage distribution and penetration
mechanisms are discussed, with reference to the singular hit numerical
predictions. A parameter study is then conducted to ascertain the influence of
inter-laminar shear strength on the ballistic limit of UD-laminate composite
plates. Finally, conclusions are drawn from the work and recommendations for

future studies are given.

5.2 Finite element modelling

The three-dimensional (3D) finite model was created within the ABAQUS
(Version 6.12) explicit solver. The modelling strategy employed the constitutive
models for fibre reinforced composites of Hashin [165] and Matzenmiller,
Lubliner [178]. Each of the layers within the laminate were modelled separately
using 4-noded doubly curved reduced integration shell elements (S4R in
ABAQUS notation), with 5 integration points throughout the thickness. The
translation and rotational degrees of freedom were constrained around the
periphery of all the plies. The plies were joined together through the thickness
with a cohesive interaction, the constitutive law identical to that as given in
Chapter 4 of this thesis. The stainless steel projectile consisted of a stainless steel
sphere of diameter d, = 12.7 mm and mass m, = 8.3 g. This mass was assigned by
the inertial assignment command within ABAQUS, at the centre of the projectile.
The projectile was assumed to incur negligible deformation throughout the
penetration event, and was modelled a discrete rigid body. Justification of the
shell element choice is primarily due to the high in-plane to thickness length ratio
of each ply, relatively low impact velocities, and a rounded projectile geometry.
The spherical projectile is not expected to induce significant through-thickness
shear damage underneath the projectile, with comparison to a sharp-tipped

projectile such a bullet. Further justification of the shell element choice being that
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at impact velocities in the vicinity of the ballistic limit of CFRP composite plates,
the dominant failure mechanism of the in-plane fibre architecture is expected to be
that of tensile fracture [275]. A review of the efficacy of the use of shell elements
in the transient analysis of a dynamic impact event is presented by Lahtinen and
Pramila [276]. The element size for the laminate was approximately 800 um.

Three different finite element models were created:

1. 17 layer orthogonal 3D woven composite beam model, for validation of
the modelling strategy for ballistic impact upon 3D woven composites,

2. 15 layer UD-laminate circular plate — used for further validation of the
multi-hit simulation methodology, and for the inter-laminar strength
parameter study.

3. 17 layer orthogonal 3D woven composite circular plate, for prediction of
the singular and multi-hit ballistic impact response. The TTT

reinforcement can be supressed in order to investigate its effects.

5.3 Ballistic impact upon 3D woven composite beams

Figure 5.1(a) presents a sketch of the experimental set up for ballistic impact upon
orthogonal 3D woven composite beam samples. Experiments were undertaken in
order to determine the damage modes presented during ballistic impact of beam
samples, and for ballistic impact numerical modelling validation. Samples of
width w = 40 mm, and length L = 250 mm were cut from fully cured composite
panels. Beam samples were chosen for validation to allow for the recording of the
transient back-face deflection of samples through-out the test. Four holes for M6
bolts were drilled into the top and bottom of the samples, and the beams were
fixed into a steel sample fixture. The steel sample fixture was bolted onto an
aluminium alloy frame, housed within a protective polycarbonate shield. Clamped
beams had a free length /) = 170 mm. The stand-off between the front edge of the
sample and the gas gun was s = 200 mm. Stainless steel spherical projectiles of
diameter d, = 12.7 mm and mass m, = 8.3 g were accelerated via a pressurised gas

gun. The gas gun utilised pressurised air up to a pressure of 6.5 bar, and
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pressurised nitrogen (oxygen free) for pressures up to 45 bar. The pressurised gas
filled a 3-litre diving cylinder. Pressure was released via a fast-acting solenoid
valve. The gas gun had a stainless-steel barrel of length 3.5 m, bore diameter 13
mm and thickness 1.5 mm. A series of holes were drilled into the muzzle end of
the barrel in order to allow for gas release. Two laser gates were set up at the
muzzle end of the barrel in order to measure the exit velocity of projectile. The
velocity measured by the laser gates was confirmed with high speed photography.
Further details of the design of the gas gun system are presented in the Appendix

to this thesis. Projectiles in the experiments were accelerated to a velocity range
60 ms™' <v, <190 ms™' giving a projectile kinetic energy range of
15J<J, <£1491]. This velocity range corresponds to characteristic impact events

from debris striking the underside of an aircraft during take-off and landing [268-
271]. High speed photography was used to record the transient deformation and
damage mechanisms of beams during impact. The back-face is defined at the
surface of the sample distal to the projectile impact. The high speed camera model
Phantom Mercury HS v12.1 with a global electronic shutter, a frame rate of
approximately 57,000 fps and an exposure time of 10 pus was used. At a resolution
of 304 x 400, this gave an approximate pixel size on the front surface of beam
samples of 0.35 mm. Beam samples were chosen for FE model validation in order
to compare the back-face deflection as well as the damage modes exhibited.
Figure 5.1(b) presents a sketch of the FE meshed geometry of the ballistic impact
simulation on 3D woven beam samples. The methodology followed that of the
homogenised geometry presented in Chapter 4, i.e. the individual tows and the
matrix channels are homogenised into one effective laminate using the rule of
mixtures. The projectile was simulated by a spherical rigid body. Full TTT and
Half TTT material beams were simulated, with beams orientated along the x-
direction (warp). The in-plane fibre architecture of the two material types was
assumed to be identical. The material properties assigned to the homogenised

layers and TTT reinforcement were identical to that as presented in Chapter 4.
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Figure 5.1. (a) Sketch of experimental set up for ballistic impact of 3D woven
composite beams (b) Meshed geometry of homogenised 3D woven ballistic beam

impact simulation.

5.3.1 Deformation and damage mechanisms during clamped-

beam ballistic impact loading

The response of the 3D woven composite beams during ballistic impact tests

exhibited three distinct mechanisms dependent on the velocity of the projectile:

Low velocity (v, <110ms”)- The beam deflects and the projectile is rebounded.

Damage incurred within the beam ranges from relatively superficial surface fibre
fracture and localised matrix cracking under projectile location to extensive

longitudinal fibre fracture and matrix cracking along the centre of the beam.

Medium velocity (110 <v, <140ms™) - Kinetic energy of the projectile is high

enough to cause failure of beam samples. The failure mechanism is stretch
dominated; the beam deflects significantly further than the thickness of the beam

and longitudinal fibre fracture occurs at the centre line of the beam. This fracture
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position occurs at the location of through-thickness reinforcement, as this is
clearly the location of stress concentrations within the material (as demonstrated
within the quasi-static finite element analysis within Chapter 3 of this thesis). The

through-thickness reinforcement is revealed upon viewing of the fracture surface.

High velocity (v, >140ms™) - Kinetic energy of the projectile is high enough to

penetrate through the sample. Projectile penetration occurs before the beam can
reach significant out-of-plane deflection. Damage mechanisms are extensive fibre
fracture and matrix cracking. Damage of the TTT reinforcement occurred up to 20
mm away from projectile impact site. Specifically, the crowns of the through-
thickness reinforcement were removed. Penetration was also coupled with
longitudinal fibre fracture across the centre-line of the sample, similar to that as

the medium velocity stretch-dominated damage mode.

The back-face deflection of Full TTT beams orientated along the x-direction

(warp) as a function of time after projectile impact on the sample for three impact

1

velocities; v, =70ms™', v, =110 ms ' and v, =148 ms™" is presented in Figure

5.2(a). Figure 5.2(b) presents the results for Half TTT beams of impact velocities
v, =76ms™', v, =105 ms™" and v, =190 ms™' . Comparisons between
experimental results and numerical predictions are favourable in regards to the
maximum back-face deflection and time at which it occurs. The accuracy of the
prediction decreases as time progresses due to complications arising from

imperfect clamped boundary conditions within the experimental test, as discussed

during soft impact in Chapter 4 of this thesis. Fidelity of the impact velocity

v, =148 ms™" was seen to be reduced due to an over-prediction of deflection by

the FE model. Figure 5.2(a) and (b) also show the time at which catastrophic
longitudinal beam fracture or projectile penetration occurs. Points labelled ‘P’ on
the graph represent projectile penetration, and points labelled ‘F’ represent

stretch-dominated beam fracture.
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Figure 5.2. Validation of the numerical modelling strategies via the simulation of
rigid impact upon orthogonal 3D woven composite beams (a) back-face

deflection against time after impact for Full TTT composite samples orientated
along the x-direction (warp) impacted with velocity v, =70ms™, v, =110ms™
and v, =148ms"' (b) back-face deflection against time after impact for Half TTT
composite samples orientated along the x-direction (warp) impacted with velocity

v, =76ms"', v, =105ms™ and v, =190ms™

The experimental and numerically predicted montage of a Half TTT beam
deformation during an impact of velocity v, =76 ms~' is presented in Figure

5.3(a). The simulation predicts the propagation of a bending wave originating

from the impact location to the beam clamped edges, travelling at a velocity of
approximately 130 ms™. The transient location of the bending wave throughout
the experiment and simulation is marked on the montage. The FE model shows
reasonable fidelity to experimental results in regards to back-face deflection of
beams. Figure 5.3(b) and (c) present a comparison between the experimentally

recorded and FE predicted deformation for a Full TTT beam impacted at
v, =110ms™" and for a Half TTT beam impacted at v, =190ms ™' .The FE model

predicts the three distinct beam response regimes, of which will be compared in

detail through optical microscopic images of beams post-test.
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Figure 5.3 FE predicted and experimentally recorded transient deformation of (a)

Half TTT beam during impactv, =76ms™, (b) Full TTT beam during impact

v, =110ms ™' and (c) Half TTT beam during impact v, =190ms .

Figure 5.4(a) and (b) present a comparison between surface optical microscopic
images taken post-test and the numerically predicted response of an impact

velocity v, =76 ms™ on Half TTT material for the front surface and back surface
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of sample, respectively. For the front surface, localised matrix cracking and fibre
fracture of surface (weft) tows were both recorded and predicted by the numerical
model. Small-scale fibre fracture was observed and predicted underneath the
projectile strike locations. The back surface demonstrated significant matrix
cracking across the entire width of the beam. This damage to the matrix was
significant enough to cause removal of transverse (weft) tows from the sample. As
demonstrated by Figure 5.4(b), the numerical model predicts significant tensile
matrix damage incurred within the beam along the centre line of the back-surface

of the sample.
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Figure 5.4. Comparison between experimentally observed and predicted damage

mechanisms for a lower velocity projectile v, =76 ms™ impacting upon Half TTT

158



CHAPTER 5: BALLISTIC IMPACT OF 3D WOVEN COMPOSITES

material beam orientated along the x-direction (warp). (a) front-face sample,
contour shows tensile fibre damage d7 . (b) back-face of sample contour shows

predicted matrix tensile damage d,”.

Figure 5.5 presents optical microscopic images of the same sample cross-
sectioned across the centre line of the beam. The location of the cross-section is
that as denoted by x-x in Figure 5.4(a). It shows the localised, sub-surface damage
underneath the projectile location. The damage includes transverse and inter-
laminar matrix cracking and damage to the through-thickness reinforcement under
the projectile strike location. As with the short cantilever beam testing presented
in Chapter 3, inter-laminar matrix crack propagation is arrested by the presence of
nearby through-thickness reinforcement. Damage to the TTT-reinforcement is

observed and predicted underneath the projectile strike location.

TTT reinforcement > - Projectile strike location

location v -~ _ i -~ v

TTT
reinforce-
A ;ment_

location

TTT reinforcement under projectile

Figure 5.5 Optical microscopic images of cross-sectioned sample of lower
velocity projectile v, = 76 ms™' impacting upon Half TTT material beam

orientated along the x-direction (warp). Cross section corresponds to location in
Figure 5.4. The predicted and experimentally observed stretch-dominated failure

mechanism, characterised by in-plane fibre fracture across the length of the beam
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at the centre of the sample, is presented in Figure 5.6. Brittle fracture reveals

through-thickness reinforcement at the fracture surface. The FE predicted contour

shows shear damage, d,, with fully damaged elements removed from the
visualisation. The dominant stretch in-plane tensile fibre fracture mechanism is
coupled with localised matrix under the projectile location due to high contact

stresses. The matrix cracking is demonstrated on both post-experiment optical

microscopic images, and the FE prediction.
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Figure 5.6. Comparison between experimentally observed and predicted damage

mechanisms for a medium velocity projectile v, =110 ms™' impacting upon Full

TTT material. Contour shows shear damage, d;, with fully damaged elements

removed from the visualisation.
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The predicted and experimentally observed penetration damage mechanisms for a
high velocity impact v, =190ms™ , characterised by significant localised damage
and projectile penetration, is presented in Figure 5.7. Tensile fracture of the TTT
reinforcement at areas remote from the projectile impact location caused removal
of TTT reinforcement crowns. This is shown by a comparison between the post-
test optical microscopic images and the FE predicted longitudinal tensile fibre

damage of the TTT reinforcement presented in Figure 5.7.
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Figure 5.7. Comparison between experimentally observed and predicted damage

mechanisms for a high velocity projectile v, =190 ms ™' impacting upon a Half TTT

composite beam. Contour for the back-face at the location of TTT reinforcement
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shows tensile fibre damage with fully damage elements removed from the
visualisation. (c) Numerically predicted and experimentally recorded cross-
sectional images of sample post impact. Location of cross-section is demonstrated
in (a). Contour for the front face and section-view shows shear damage, d;, with

fully damaged elements removed from the visualisation.

5.4 3D woven singular-hit impact simulations

Numerical predictions of singular impact events upon 3D woven composite
circular plates are now presented. Global stress distributions and damage
mechanisms are investigated and will be later used to provide a mechanistic
interpretation of the predicted multi-hit ballistic impact response. Figure 5.8
presents a sketch of the meshed geometry of the singular-hit ballistic impact
simulation upon 3D woven composite circular plates. To investigate the response
of the composite material under ballistic impact, singular impact simulations with
and without the presence of the TTT reinforcement were undertaken. Through
this, the role of the through-the-thickness reinforcement during ballistic impact

testing can be elucidated.
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Figure 5.8. Meshed geometry for singular-hit ballistic impact simulations upon 3D

woven composite circular plates.

5.4.1 Deformed configuration and stress distribution

The two material types demonstrate different damage and deformation
mechanisms during penetration. In short, the presence of the TTT-reinforcement
caused an 8% increase in the predicted ballistic limit of the composite plate, i.e.
an increase from V; = 152.5 ms™' without TTT reinforcement to Vi, =165.0 ms!
inclusive of TTT reinforcement. There is a distinct shortage of studies within the
literature regarding the comparison of the ballistic limit between 3D woven and
equivalent UD-laminate materials. Comparisons between 3D and 2D woven plates
provide a range of conclusions. An experimental study on the ballistic impact
response of clamped fibre reinforced composite plates recorded approximately a
14% increase in 3D woven carbon compared to 2D woven carbon material [277],
although no mechanistic reasoning was provided at the time. A different study
impacting clamped samples with a .30 calibre fragment simulating projectile
[267] recorded a 5% reduction in ballistic limit for a 6% orthogonally woven
composite in comparison with a 2D plain weave carbon composite. Plates with
and without TTT reinforcement were predicted to experience longitudinal fibre

fracture throughout the thickness of the plate under the projectile strike location at
a velocity of approximately v, = 0.6 ¥/, . This agrees well with ballistic impact

testing of CFRP plates presented by Kandan, Russell [266]. The predicted

mechanisms demonstrated during the test will now be described.

During the initial stages of ballistic impact, the FE model reveals the propagation
of a high velocity tensile stress wave from the projectile impact location,
travelling towards the clamp. This tensile stress wave primarily follows the in-
plane fibre orientation, and travels at the longitudinal speed of sound within the
material. This is shown clearly in the first montage image for the prediction of
longitudinal tensile stress during a rigid spherical impact upon both 3D woven

composite and UD-laminate composite in Figure 5.9. As described by analytical
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models [278, 279], the inward flow of material towards the centre point allows the
initial bulging of the plate underneath the projectile. This tensile stress wave was
predicted to have the same velocity and magnitude with and without the presence
of the binder. This is demonstrated with the first image of the montages presented
in Figure 5.9(a) and (b). The stress within the back-face of the plates is presented
here as it gives an indication of the transferal of stress throughout the thickness of

the plate.

A lower velocity bending wave then propagates radially out from the impact
location, travelling towards the clamped edges. The velocity of the bending wave
is increased along the fibre direction, resulting in a characteristic ‘diamond’ shape
pattern of stresses and deflections. This coincides well with the experimentally
measured back-face deflection of composite plates under spherical projectile
impact reported by Kandan, Russell [266], and for numerical simulations of
anisotropic stress wave propagation of a 3D woven composite material presented
by Ghosh and De [261]. Figure 5.9(c) presents the longitudinal stress within the
through-thickness reinforcement at time ¢ = 125 ps after the moment of projectile
impact. Stress concentrations were predicted within the though-thickness
reinforcement, coinciding with the transient position of the propagating bending
wave. Extensive compressive fibre damage within the through-thickness
reinforcement is predicted under the projectile location, in particular for the TTT
reinforcement crowns. In the 3D woven composite, stress transferal from the in-
plane fibre architecture to the through-thickness reinforcement was demonstrated.
This causes a significant reduction in in-plane longitudinal tensile stress
throughout the plate, and also local reductions in stress at the positions of the TTT
reinforcement. This is demonstrated by a comparison of the predicted longitudinal
stress distribution with and without the through-thickness reinforcement in Figure
5.9(a) and (b). The predicted longitudinal stress within the TTT reinforcement is
shown in Figure 5.9(¢c). Transient stress transferal to the TTT reinforcement is

demonstrated, following the location of the bending wave.
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Figure 5.9. Predicted transient longitudinal tensile stress field on back-face of
plate impacted by a singular rigid spherical projectile of velocity v, =110 ms ™
for (a) Half TTT Orthogonal 3D woven composite (b) Equivalent UD-laminate
composite. Time ¢ is the moment of projectile impact upon plate. (c¢) Predicted
longitudinal stress in the through-thickness reinforcement at time after impact ¢ =

112 ps of impact velocityv, =110 ms ~'.

5.4.2 UD-laminate clamped plate deformation and penetration

mechanisms

The sequence of penetration mechanisms predicted by the numerical calculations
for the equivalent UD-laminate material is illustrated in Figure 5.10, and outlined

below:

165



CHAPTER 5: BALLISTIC IMPACT OF 3D WOVEN COMPOSITES

1. as the projectile makes contact with the plate, a tensile stress wave
develops within the material, travelling along the fibre direction out
towards the clamped edges. This allows for the initial deformation of the
plate.

il.  atravelling bending hinge propagates out from the impact location,
travelling with a greater velocity along the principal fibre directions. This
causes a growing cone of out-of-plane deformation underneath the
projectile location.

iii.  delamination damage then becomes significant. Due to the transferal of
momentum, it is seen to be more prominent in the bottom ply of the
composite. Simultaneous to this, cross shaped fibre fractures develop,
propagating away from the impact location and brittle cone fibre fracture
occurs underneath the projectile location.

iv.  as the impact event continues, cross-shaped fractures increase in size, and
combined with the bending deformation of delaminated plies, allows for

the pass-through of the projectile.

The separate events of the penetration; the formation of the initial brittle fracture
cone underneath the projectile, the propagation of cross-splits, and the bending
deformation of delaminated plies, naturally leads to a case in which the projectile
has enough kinetic energy to active one or two modes, but not to penetrate. The
finite element model captures a specific velocity, i.e. vo= 150 ms™, in which the
projectile becomes trapped within the material. This transition point between
projectile rebound and penetration, occurs at kinetic energies high enough to
cause fibre fracture, yet not high enough for plate deformation allowing for
complete projectile pass-through. The damage modes, and the transition point
between rebound and penetration phenomenon, corresponds well to that recorded
by experimental testing of CFRP plates by Kandan, Russell [280] and Hazell and
Appleby-Thomas [281]. Figure 5.10 presents a sketch of a cross section of the
plate showing the penetration mechanisms described here, along with a montage

of the penetration event predicted by the FE method. The contour of Figure
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5.10(b) shows the onset of longitudinal fibre tensile damage. The finite element
prediction clearly demonstrates the cross-shaped damage distribution, along with
bending of plies to allow for projectile pass-through. Fully damaged elements
have been removed from the visualisation to improve clarity. Figure 5.10(c)
presents a side-by-side comparison of cross-sectional x-ray image of an impact of
velocity vy =206 ms™ upon a [0°/90°,/0°] UD-laminate composite as presented by
Karthikeyen Kandan PhD thesis (2012) [282] and numerically predicted response
of the equivalent UD-laminate material undergoing an impact velocity of vy = 155
ms™'. The UD-laminate material demonstrates spring back of proximal laminae,
and extensive delamination remote from the projectile strike position. This
response is different in the case inclusive of the TTT reinforcement, as presented

later in Figure 5.11.
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Figure 5.10(a) Sketch of penetration mechanisms demonstrated by FE predictions
of ballistic penetration event vy = 155 ms™: (i) inward flow of material allowing
for initial bulging of plate, (ii) membrane stretching and formation of travelling
bending hinge, (iii) brittle cone fracture and formation of cross shaped fracture of
fibre reinforcement following principal fibre direction (iv) development of cross-
shaped fibre fracture and wide-spread bending deformation of plate allowing for
projectile pass-through. (b) montage of penetration event with contour showing
longitudinal fibre damage initiation. A value of 1 indicates the onset of damage.

(c) comparison of cross section of penetrated UD-laminate sample. Left:
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[0°/90°,/0°] layup composite impacted at 206 ms™ presented in Karthikeyan
Kandan PhD Thesis (2013) [282]. Right: This study, FE simulation of equivalent

UD-laminate clamped plate as shown in (b).

5.4.3 3D woven composite plates deformation and penetration

mechanisms

FE simulations of a penetration event of a 3D woven composite material impacted
by a projectile velocity of v, =170ms™ were undertaken in order to ascertain the

deformed configuration and damage mechanisms during penetration.
Comparisons are made without the presence of the TTT reinforcement. Figure
5.11(a) and (b) presents a sketch of the mechanisms and the numerically predicted
longitudinal fibre damage contours during penetration, respectively. The main

stages of the event are outlined below:

i.  The propagation of a longitudinal tensile stress wave along the principal
fibre direction allows for the initial cone formation. This is identical to the
UD-laminate material.

ii.  Membrane stretching occurs and a bending wave emanates from the
impact location and travels towards the clamped edges. This is identical to
the UD-laminate material.

1ii. A combination of compressive fracture of through-thickness reinforcement
and tensile fracture of longitudinal fibre reinforcement occurs under the
projectile location. The in-plane tensile fibre fracture begins on the surface
distal to projectile strike and propagates upwards towards the strike face.

iv.  Localised deformation and damage of in-plane plies and through-thickness
reinforcement around the projectile location allows for projectile
penetration. Delamination within the material is restricted from under the
projectile strike location up until the nearest un-damaged TTT

reinforcement tow.
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The final image shows the predicted asymmetric damage as the TTT
reinforcement tow is fractured on the right hand side, causing a change in the
local deformation. Capturing asymmetrical damage such as this is one of the key

advantages of explicitly modelling the binder. Images of the FE prediction of an
impact of velocity v, =170 ms™", presented in Figure 5.11(b), clearly

demonstrate damage concentrated under the projectile. This is different to the
cross-shaped fracture and bending deformation predicted with the UD-laminate
material. In regards to the back surface of the plates, the damage was predicted to
propagate more favourably along the direction of the TTT reinforcement, as
opposed to the fibre orientation. Figure 5.11(c) presents a cross-sectional view of
the numerically predicted response of the 3D woven composite plate undergoing
an impact of velocity 170 ms™'. Delamination was shown to be supressed by the
presence of the TTT reinforcement. No delamination was noted at locations away
from the immediate location of penetration, corresponding well to the damage
shown via cross-sectional microscopic images of projectile penetration of Half

TTT beam samples presented in Figure 5.7(c).
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| Orthogonal 3D Woven | Fibre tensile 1
(a) (b)  damage initiation
()

Flow of material

High speed tensile wave
allows for initial cone

p .

ormation o

Membrane stretching
and formation of
bending hinge

— e e e e e ———————

Surface
fibre
orientation

(ii1) Fracture of
. TTT-reinforcement

. Brittle cone (c)
() i fracture

Bending wave reinforcement

reflected

Delamination —A

suppressed
Fractured plies deform .
around projectile

Figure 5.11(a) Predicted mechanisms of deformation and penetration of
orthogonal 3D woven composite material undergoing impact vy =170 ms™ : (i)
inward flow of material allowing for initial bulging of plate, (ii) membrane
stretching and formation of travelling bending hinge, (iii) fracture of TTT-
reinforcement under projectile and brittle cone shaped fracture of in-plane fibre
architecture, (iv) localised deformation and damage of in-plane fibre architecture
allowing for projectile penetration, (b) Predicted deformed configuration and
locations of initiation of tensile fibre damage of 3D woven composite material. A
value of 1 indicates the onset of longitudinal tensile damage. (c) Cross-sectional
image of the numerically predicted response of Half TTT 3D woven composite

plate sample subjected to impact velocity vp= 170 ms™.
5.4.4 Fibre damage distribution

Figure 5.12(a) and (b) presents the predicted tensile fibre damage initiation on the

front-face of composite laminate plates undergoing ballistic impact of vy = 110
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ms™ at time after impact ¢ = 225 ps with and without the presence of TTT
reinforcement, respectively. A damage initiation value of 1 indicates the onset of
damage of elements. The time chosen corresponds to the time at which the
damage within the plates has fully developed for both cases. The top surface ply
fibres are orientated along the y-direction (weft). The stress transferal from the in-
plane fibre architecture to the through-thickness reinforcement (as shown in
Figure 5.9) effectively acts to reduce the fibre damage in the plate remote from
the impact location; concentrating damage to the impact location. This has the
effect of resisting the cross-shaped damage mode, reducing plate bending
deformation. The tensile fibre damage was predicted to propagate more
significantly in the direction of the TTT reinforcement for the 3D woven sample,

and along the in-plane fibre orientation for the UD-laminate.

() |Orthogonal 3D Woven I (b)

Front-face Front-face
vy =110 ms-! vp=110 ms-!

= a 20 mm
Fibre 1=225ps Fibre S —
orientation

orientation

X, warp X, warp

Tensile fibre Tensile fibre

y, weft damage initiation y, weft damage initiation
0 1 0 1

Figure 5.12(a) and (b) Predicted tensile fibre damage initiation on the front-face
of composite laminate beams undergoing ballistic impact of vo= 110 ms™ at time
after impact £ = 225 ps for material with and without through-thickness
reinforcement, respectively. Time ¢ = 0 corresponds to the moment of projectile
impact on plate. A damage initiation value of 1 indicates the onset of damage of

elements. Top ply fibres orientated along the y-direction (weft).
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5.5 Multi-hit ballistic impact modelling validation (UD-
laminate)

In order to validate the multi-hit finite element modelling strategy, and provide
confirmation of the efficacy of the in-plane constitutive and contact laws within
the model, simulations of a previously conducted experimental study [162] on the
multi-hit ballistic properties of a carbon fibre reinforced epoxy laminate
composite material were undertaken. Simulations were undertaken with projectile

velocities ranging from 0ms™ <v, <100 ms ' . Figure 5.13(a) presents a sketch of

the meshed geometry of the validation simulations conducted on the UD-laminate

composite material.

The multi-hit finite element simulations presented in this study followed the same
methodology as the numerical study on 304 stainless steel clamped plates by
Russell [163]. Whilst the first projectile was imparted with a velocity V7 at the
beginning of the simulation, the second projectile was set further away from the
plate, and imparted with velocity V. The second projectile followed the same
trajectory as the first. Contact between the two projectiles was removed using the
“exclude surface pair” option within ABAQUS, allowing the second projectile to
pass through the first in order to impact upon the plate. In order to limit the
influence from the reflecting stress waves within the plate due to the first impact,
the second projectile was set far enough back in order for the calculations to
remain a reasonable length. Although it should be noted, due to computational
time constraints, the plate was experiencing stress wave reflections at the moment
of secondary impact. This would potentially modify the response of the plate, and
the influence of the projectile off-set is investigated in more detail later in this

chapter.

The two velocities, V7 and V}; can be used to define a point in 2D space of a binary
event that is either projectile rebound or projectile penetration. Successive
simulations were conducted of increasing projectile velocities, until the ballistic

limit surface was predicted to within an accuracy of 2.5 ms™. The material
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properties utilised for the UD-laminate multi-hit validation simulations followed

those presented by [156] and are presented in
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Table 5.1. The 15 layer 0/90 carbon fibre reinforced epoxy laminate material is
identical to the material used within the multi-hit ballistic impact study presented
by Kandan et al. [162]. The only modification was that of the viscosity
coefficient, which was varied in order to provide a more accurate prediction of
damage propagation during ballistic impact loading throughout the plate. The
material parameters for the cohesive interface between the surfaces of each ply of
the UD-laminate multi-hit validation model are shown in Table 5.2. The cohesive

interface was assumed to be rate insensitive.

175



CHAPTER 5: BALLISTIC IMPACT OF 3D WOVEN COMPOSITES

Table 5.1. The material properties of each uni-directional ply of laminate

composite material employed within the constitutive model of the multi-hit

validation FE model.

Laminate Property Value
Density (g mm™) 0.00157
E; (GPa) 170
E; (GPa) 5.1
G2, Gr3, Goz (GPa) 4.7
Vi2 = V2p 0.15
Xr (MPa) 1960
Xc (MPa) 1260
Y (MPa) 160
Ji /I, (MPa) 13.6
Jic/ 1. (MPa) 5.6
I /l. (MPa) 9.6
Ply thickness (mm) 0.25
Total thickness (mm) 3.75
1 (us) 3

Table 5.2. The material parameters for the cohesive interface between the surfaces

of each ply of laminate model within the multi-hit validation FE calculations.

Inter-laminar

property Value
k, (GPamm™) 5.12
ks (GPa mm™) 4.72
t, (MPa) 160

t; (MPa) 80

Jo (I m?) 5150

For validation, comparisons between the predicted ballistic limit and multi-hit

ballistic limit surface are made between the numerical calculations and
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experimental results. The experimental study conducted by Kandan, Russell [162]
recorded a ballistic limit of 95 ms™, whilst the numerical calculations in this study
predict a ballistic limit of 100 ms™ + 2.5 ms™. A comparison between the
experimental results and numerically predicted ballistic limit surface is presented
in Figure 5.13(b). The characteristic shape of the limit surface is that of a limited
reduction in secondary ballistic limit for lower velocity primary impacts, then a
sharp decrease in secondary ballistic limit as fibre plies become fractured from the
initial impact event. This occurs at initial velocities of approximately 60-65% of

the ballistic limit of the plate.

(@) Clamped boundary .= Plate thickness = 3.75 mm (b) [0°/90°)7/0°]

all layers —4 UD-laminate
FE this study J J
Penetration

15 layers joined
via cohesive
interaction 90

J [0°/90°)5/0°]

UD-laminate
- Experimental'

Projectile (V) |

m=73¢g

o Top ply
Proj ecnl bre orientation 30

Vi

v P,=100 mm 0
centre-centre
projectile offset Shell elements (S4R) 0 30 60 90 120
z X Mesh: 800 pm x 800 um VI (ms-‘)

Figure 5.13(a) Meshed geometry of impact simulations on UD-laminate carbon
fibre composite material. (b) validation of multi-hit modelling strategy via a
comparison of FE predicted ballistic limit surface and experimentally recorded
ballistic limit surface presented in Kandan, Russell [162]" for a carbon fibre
reinforced epoxy matrix 15-ply UD-laminate composite of ply layup
[0°/90°)7/0°].

5.6 Clamped circular plate multi-hit ballistic impact
predictions

The validated FE modelling strategy was employed for the multi-hit simulation of
3D woven composite circular plates. A sketch of the meshed geometry of the

multi-hit simulation methodology is presented in Figure 5.14. Contact between the
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two projectiles is again removed and an off-set of 100 mm between the centre

points is set between them along the z-direction.

Translation and rotati
DoF fixed at edges

Through-the-thickness
reinforcement tied to
in-plane fibre
architecture

17 layers through
thickness

“=3.5mm

Secondary Y e
Projectile ‘e

X

Tows and matrix

Projectile off-set channels homogenised

P,=100 mm

Figure 5.14 Meshed geometry for multi-hit ballistic impact simulations upon 3D

woven composite circular plates.

The geometry of the fibre reinforcement was again based upon that of the “Half
TTT” 3D woven composite material as described in detail within Chapter 3 of this
thesis. Firstly, the predicted multi-hit ballistic limit surface of 3D woven
composite material will be presented. Then a detailed examination of role of the
TTT-reinforcement in the modification of the damage modes and plate
deformation during a multi-hit ballistic event will be given. Finally, an
investigation will be undertaken regarding the off-set distance between the
primary and secondary projectiles during the FE simulation of multi-hit impact

events.

5.6.1 Multi-hit ballistic limit surface

Figure 5.15(a) presents the predicted ballistic limit surface of a 3D woven

composite plate in 7, -V, space. Each individual double-hit impact event is
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recorded within the space as either a circle for plate survival or a cross for
projectile penetration. Dashed lines are included representing a linear interaction
and no interaction between the first and second impacts. Due to the elastic-brittle
nature of the 3D woven composite material, the general characteristic of the limit
surface is expected to similar to of other fibre reinforced composites, such as the
UD-laminate material presented by Kandan, Russell [162]. Figure 5.15(b)
presents the ballistic limit surfaces for the two materials, normalised against the
predicted ballistic limit of each material. It is useful for demonstrating the
difference between the predicted behaviours of the materials, independent of

absolute ballistic limit.

Up to a primary impact velocity of approximately ¥, =0.75V ,, the reduction in
ballistic limit for the secondary impact is linearly reduced to 85% of that of un-
impacted plates. Primary impacts of velocities V', 20.75V, demonstrate a sharp

decrease in the predicted secondary ballistic limit of the plate, i.e. the ballistic
limit of the secondary projectile impact. This transition point corresponds to the
predicted projectile velocity at which causes fracture of the longitudinal fibres

throughout the entire thickness of the plate under the projectile location.

(a) Srgiest (b)
oSurviva oSurvival
180 x Penetration 12 xPenetration
3D-woven
¥~
160 ¥~ ~ X { J 1 3D-woven
140 "o “0\\ XXP int A [
R oin
120 :!j&\ X ‘ x
A Ny
< 100 X X
S " S
80 . X e Il
UD-laminate N

60
40
20

0
0 20 40 60 80 100 120 140 160 180 0 0.2 0.4 _ 0.6 0.8 1 1.2
v, Vi=vi/ vy
Figure 5.15(a) FE prediction of the multi-hit ballistic limit surface of Half TTT

3D woven composite material and equivalent UD-laminate. Point A corresponds

to the multi-hit impact event presented in Figure 5.16. (b) Predicted normalised
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multi-hit ballistic limit surface of Half TTT 3D woven composite material and
equivalent UD-laminate. Values are normalised against the predicted ballistic
limit of each material V;. Point A corresponds to the response shown in Figure

5.16.
5.6.2 Multi-hit damage mechanisms

Figure 5.16(a) and (b) presents a comparison of the damage of composite plates

with and without the presence of the TTT reinforcement for an equi-velocity
impact ¥, =V, =125ms™', respectively. This event is marked as Point A in

Figure 5.15(a). It is at this velocity that the UD-laminate plate was predicted to
have been penetrated, and the 3D woven material predicted to have caused
projectile rebound. The primary impact upon the 3D woven material induces
concentrated damage underneath the projectile strike location, extending more
significantly along the TTT reinforcement orientation. This damage is present
throughout the thickness of the plate. The predominant damage mode was
predicted to be tensile fracture of in-plane fibre architecture. This is combined
with compressive damage of the TTT reinforcement crowns directly under the
projectile strike position, and tensile damage of the through-thickness component
of the TTT reinforcement in the immediate surrounding area. The secondary
impact then causes a propagation of the same damage, following the principal
fibre directions, creating a characteristic “cross-shaped” damage distribution.
During this stage, the TTT reinforcement is shown to prevent excessive
deformation of the plate, resisting projectile penetration. In spite of in-plane fibre
fracture occurring throughout the thickness of the plate, the projectile is

rebounded.

The equivalent UD-laminate presents a differing damage distribution and
penetration mechanism for multi-hit impacts. The primary impact induces fibre
fracture throughout the thickness of the plate. The secondary impact causes the
damage to propagate and the characteristic cross-shaped damage mode becomes

exaggerated. The cross-shaped damage effectively splits the composite plate into
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four quadrants. Without the presence of the TTT reinforcement, bending of these
quadrants is unimpeded, allowing for projectile pass-through. After projectile
pass-through the spring-back effect is demonstrated, with the four quadrants
returning to their original configuration. This spring-back effect is demonstrative
of the bending deformation of the plate. The bending of the plate, and subsequent
pass through of the projectile, causes a reduction of damage underneath the
projectile for the equivalent UD-laminate case, this is demonstrated in the final

images in Figure 5.16.

Vi=V;=125ms! (@ | 3D Woven Composite She%l;ge, ds (®) | UD-laminate Vi=Vy;=125ms!
1=180 pus 0 1 1=180 ps
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y
=925 us
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Figure 5.16. Isometric and cross-sectional views of predicted damage and

deformed configuration of composite plates for an equi-velocity multi-hit event
V, =V, =125ms"" (a) 3D woven composite, (b) Equivalent UD-laminate

material. Contour shows predicted shear damage variable d; with a value of 1
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indicating fully damaged regions. The arrow on the surface of the plate is

indicative of the surface ply fibre orientation.

5.6.3 Projectile off-set

During multi-hit impact simulation there is a transitionary period that occurs
between the primary and secondary impact events. Due to the reflection of stress
waves within the plate during this time, there exists a degree of uncertainty as to
exactly what configuration the plate will be in as the secondary impact takes
place. In order to investigate as to what effect this transitionary period may have
on the response of the plate, simulations of three different projectile off-sets were

conducted.

Figure 5.17 presents a comparison between the deformed configuration of plate at
the moment of secondary impact, and the deformed configurations and damage
distribution immediately prior to penetration of the secondary projectile for
projectile off-set of (a) 50 mm, (b) 100 mm, and (c) 150 mm. Projectile velocities

were V, =V, =145ms'. The projectile off-set P, is defined as the linear distance

between the centre-points of the two projectiles along the z-axis, as visually
depicted in Figure 5.14(a). In the case of an off-set of 50 mm, the secondary
projectile impacts upon the plate before plate restitution occurs. Off-sets of 100
mm and 150 mm allow for complete plate restitution, however, small residual
oscillations and reflected stress waves within the plate result in a different
response during secondary impact. This is demonstrated with the cross sectional
images of the deformed configuration of the plates immediately prior to
penetration presented in Figure 5.17(a), (b) and (c) for off-sets of 50, 100, and 150
mm, respectively. The off-set of 100 mm presents greater bending of the plate,
whilst the 150 mm off-set case presents significantly reduced bending, with more
localised damage under the projectile location. Figure 5.17 also presents a
comparison of the distribution of predicted damage on the front surface of the
plate immediately prior to penetration. In regards to the predicted damage

distribution on the front surface of the plate, there is no significant difference. In
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all cases, the damage on the surface develops more significantly along the binder

direction than the surface fibre orientation.

Moment of secondary impact Immediately prior to penetration Shear
She:
Deformed configuration Deformed configuration Damage distribution damage, d
Front surface
(a) Py=50 mm 1
Projectile 1+2 overlap ~ t=420 us

T_>y 10 mm

(b) Py =100 mm

Projectile 1

Projectile 2

L y 10 mm

T—» X 5 mm

L |
10 mm

L,

Figure 5.17. Numerically predicted deformed configuration of plate at the moment
of secondary impact and deformed configuration and damage distribution within
the front surface of the plate immediately prior to penetration for projectile off-set

of (a) 50 mm, (b) 100 mm, (c) 150 mm. Half TTT material. Impact velocity
V, =V, =145ms" . Damage distribution displays shear damage, d;, with fully

damaged elements deleted and removed from the visualisation.

5.7 Inter-laminar shear strength on the ballistic limit of
UD-laminate composite plates

The study within this chapter has focused exclusively thus far on the influence of
the through-the-thickness weave on the ballistic impact response of composite
materials. However, as indicated by recent experimental studies, matrix shear

strength can cause large modifications to the ballistic limit of composite laminate
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plates [266]. They found that, for identical fibre properties and volume fraction,
composites of lower matrix shear strength exhibited a significantly increased
ballistic limit. No mechanistic mechanisms were given at the time for the
reasoning behind this variation. A numerical parameter study is presented here in
order to investigate the influence of inter-laminar shear strength on the ballistic
limit of UD-laminate composite plates. The material investigated is the 15 layer
0/90° UD-laminate composite as presented earlier in this chapter, using the

material data as presented in
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Table 5.1 and Table 5.2. Simulations of increasing projectile velocities were

undertaken at a range of inter-laminar shear strengths (8 MPa <¢ <4000 MPa) in

order to ascertain the predicted ballistic limit of each case to within 2.5 ms™. The
normal strength remained constant as given in Table 5.2. A simulation was also
undertaken with the cohesive interaction removed. This is referred to as the “Free
Plies” case. In this case, the cohesive interaction between layers was removed,
and the contact between them was reduced to that of the general contact algorithm

within ABAQUS.

5.7.1 Numerically predicted ballistic limit

The predicted ballistic limit as a function of inter-laminar shear strength is

presented in Figure 5.18. Increase of the inter-laminar shear strength gave a
logarithmic decrease in the predicted ballistic limit ¥, of the plate. Also presented
in Figure 5.18 is the ballistic limit of the free plies case. The ballistic limit of the
free plies case was estimated to be approximately 1.45 times higher than that of

the regular composite material (z, =80 MPa) .

It is proposed that the primary mechanism which leads to the modification of the
ballistic limit with varying inter-laminar shear strength is the modification of the
area of delamination. This in turn changes the deformation mode and distribution
of damage throughout the plate. This will be investigated in more detail in the

remaining sections of this chapter.
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Figure 5.18. Predicted ballistic limit as a function of inter-laminar shear strength

for a uni-directional laminate plate.

5.8 Concluding remarks

The impact properties of 3D woven composite and UD-laminate materials were
investigated and compared via the use of a 3D numerical modelling strategy
employed within the explicit version of the commercial software ABAQUS,

simulating rigid-body projectiles within the velocity range
60 ms ' < v, <150 ms~'. The 3D woven ballistic impact numerical modelling

strategy was validated via the deformed configurations and damage modes
exhibited during experimental testing of spherical stainless steel projectiles
impacting upon clamped 3D woven composite beam samples. Ballistic impact
experiments upon 3D woven composite beam samples revealed two distinct
damage modes; medium velocity stretch dominated fracture of in-plane fibre
reinforcement, and higher velocity projectile penetration. The multi-hit impact
simulation methodology for composite materials was validated by the comparison
of a numerically predicted multi-hit ballistic limit surface of a UD-laminate
material of layup [(0°/90°);/0°] to that obtained experimentally by Kandan,
Russell [162].
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For the simulations of ballistic impact upon 3D woven composites, the transferal
of stress from the in-plane fibre architecture to the through-thickness
reinforcement was shown to reduce longitudinal stress within the in-plane fibres.
This stress reduction was shown to be significant throughout the entire plate. The
transferal of stress modifies the distribution of damage within the plate. The 3D
woven composite exhibited more localised damage under the projectile strike
location, whereas the equivalent UD-laminate material exhibited damage remote

to the projectile strike location, with a characteristic “cross-shape” distribution.

The through-the-thickness reinforcement was shown to modify the penetration
mechanisms of the material. For UD-laminate composites, a combination of the
cross-shaped damage distribution and localised in-plane fibre fracture throughout
the thickness of the material at the strike location allowed for large bending
deformations of delaminated plates, leading to the pass-through of the projectile.
The more highly concentrated damage mechanisms demonstrated by the 3D
woven composite material led to a modification of the predicted penetration
mechanism to that of extensive fracturing of in-plane and through-thickness
reinforcement at the strike location. The fractured plies deformed locally,
allowing for projectile pass-through. Delamination was restricted in location from
under the projectile strike position, up until the closest TTT reinforcement tow.
The 3D woven material exhibited asymmetrical damage distribution due to
localised damage within the through-thickness reinforcement, and reduced
propagation of delamination in comparison with the UD-laminate material. Finite
element simulations predict an 8% increase in ballistic limit during singular
impact events exclusively due to the presence of the through-the-thickness

reinforcement.

Multi-hit impact FE simulations were undertaken to define the predicted ballistic
limit surface in v, —v,, space of the 3D woven composite material, following the

methodology introduced by Kandan, Russell [162]. 3D woven composite material

and equivalent UD-laminate composite exhibited similar multi-hit ballistic limit
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surfaces. However, the through-the-thickness reinforcement was shown to supress
the bending deformation demonstrated within the UD-laminate. In regards to
ballistic limit of the plate, this gave rise to enhanced performance of 3D woven
composite compared to an equivalent UD-laminate material for higher velocity
primary impacts, i.e. over 65% of the ballistic limit of the plate for the initial

strike.

A numerical parameter study was undertaken for the projectile off-set for the

simulation of multi-hit events. Varying the off-set from 50 mm to 150 mm for two
successive impacts of ¥, =V, =145 ms' gave rise to different plate

configurations at the moment of secondary impact; 50 mm offset the projectile
strikes whilst the plate is still deformed from the initial impact, and 150 mm oft-
set was shown to exhibit a different deformation mechanism around the projectile
strike location during penetration of the second projectile. The predicted damage
on the front surface of the beams was shown to be similar for the three off-set

values.

Finite element analysis was employed to investigate the influence of inter-laminar
shear strength of a fibre reinforced laminate composite under ballistic impact
loading. In particular, the predicted ballistic limits of the plates were compared as
a function of the inter-laminar shear strength. The resulting modification of the
predicted ballistic limit was then traced back to changes in the damage
distribution, damage modes, and the global deformed configuration of the plates
during impact. For composite laminate plates of regular inter-laminar shear
strength ¢, = 80 MPa, a cross-shaped fibre tensile fracture damage mode was
predicted, showing good agreement with experimental testing presented in the

literature.

Composite laminate plates of inter-laminar shear strengths within the range

simulated within this study (8§ MPa<t? <3000MPa) all exhibit delamination

damage under the projectile strike location. However, increasing the inter-laminar
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shear strength led to an increase in the distribution of damage remote from the

projectile strike location.

5.9 Discussion and recommendations for future work

The numerical modelling of ballistic penetration of composite material with
inherently complex geometries is plagued with difficulties. Some of these issues
will now be discussed. One such example of these difficulties is the maintenance
of numerical stability throughout the impact event. Due to the extensive reduction
of element stiffness due to damage within the material, and large-scale deflections
associated with projectile penetration, the finite element method often does not
maintain numerical stability long enough to finish calculations. This issue is
exacerbated during multi-hit simulations as it is combined with the interaction of
reflected stress waves returning from the edge of the plates. It was determined that
the impact methodology used for soft impact loading (as presented in Chapter 4)
was unsuitable for the multi-hit simulation due to the high aspect ratio of the
matrix elements between tows. This led to numerical instabilities due to excessive
rotation of nodes, or distortion of slender elements. To combat this, the
“Equivalent UD-laminate” modelling strategy, as presented in Chapter 4, was
utilised for multi-hit simulations — this strategy allowed for more regular, stable
elements within the in-plane architecture. Even with this, certain combinations of
velocities were still presented instabilities at later stages of the impact events.
Most commonly, the unstable calculations were when the primary impact was
more than 95% of the ballistic limit of the material. An alternate modelling
strategy for future work may include the conversion of fully damaged, or near
fully-damaged, elements to particles in order to prevent excessive distortions of
the mesh. The modelling strategy relies on calibration in the form of rate
dependency and is therefore not a true predictive tool. The use of the numerical
model here is for analysis purposes as opposed to the increased level of fidelity of

prediction achieved by numerical models of higher detail.
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The current work is limited to only one orthogonal through-the-thickness weave
type. Alternate weave patterns such as angle-interlock or changes to the through-
thickness reinforcement densities may exhibit significantly different multi-hit

performance and are therefore suggested for future research.

The inter-laminar shear strength parameter study is related to interleafed
composites, i.e. the addition of a high toughness resin to a laminate system, as
first introduced by American Cyanamid [283]. The ability of interleafed laminates
to increase the impact resistance of composite material systems by as much as
80% [284] means that the development and optimisation of such techniques could
prove beneficial for the design of protective systems. However, despite its

potential, the open literature has a relatively sparse covering of this topic.

Although the parameter study is limited to the inter-laminar shear strength, it
begins to address the theoretical possibilities of designing new interleafed
composite laminate systems that can be optimised for structural stiffness and
impact damage resistance. Numerical modelling could be used in order to
determine the optimum material interface properties and interleaf layup for
structural stiffness and impact protection. Such studies would be able to expand
upon experimental investigations such as the one undertaken on the interleafing
sequence of a graphite/epoxy laminate [285], comparing the quantity of impact

damage and CAI response.

The 3D woven multi-hit ballistic impact study and the inter-laminar shear strength
parameter study presented in this chapter are related to each other by the damage
modes inherent to fibre reinforced composites under ballistic impact loading. The
distribution of damage and subsequent deformation of plates is the key driver in
their performance. A reduction of the inter-laminar shear strength was shown to
supress the development of the cross-shaped damage mode for UD-laminate
composites, whilst the presence of through-the-thickness reinforcement was
shown to reduce the propagation of this damage and subsequent bending within

the plate, providing an increase to the ballistic limit.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE STUDY

6.1 Conclusions

As defined in Chapter 1, the objectives of the thesis were: (i) to develop the
understanding of the collapse mechanisms of orthogonal 3D woven composites
under quasi-static in-plane tension and compression and out-of-plane bending,
(i1) to characterise the response of orthogonal 3D woven carbon fibre composites
during dynamic soft impact loading, (iii) to understand the influence of fibre
architecture and inter-laminar shear strength on the response of fibre reinforced
composites undergoing singular and multi-hit ballistic impact loading. The
conclusions drawn from the work presented in Chapter 3 through to Chapter 5 in
this thesis are summarised below, with regards to the fulfilment of these

objectives. Afterwards, recommendations are made for future works.

6.1.1 Quasi-static collapse of 3D woven carbon fibre composites

The quasi-static in-plane and out-of-plane properties of orthogonal 3D woven
composites were investigated in detail via a combined experimental and numerical

study. Qualitative comparisons were made with a similar UD-laminate material.

The cantilever beam test was shown to be effective in isolating two distinct
collapse mechanisms of orthogonal 3D woven composite materials: bending
deformation dominated long beam tests, and shear deformation dominated short
beam tests. DIC analysis and post-fracture u-CT scans were used to classify to the

response of the material.

The through-the-thickness reinforcement within orthogonal 3D woven composites
prevents delamination with long cantilever beam tests, and provides containment
and limited change to the post-peak load response of short beam tests. Failure
modes for long beam tests was the propagation of a tensile bending crack and a

combination of delamination and in-plane fibre fracture for short beam tests.
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A full scale embedded-element numerical modelling strategy was shown to be
effective at predicting quasi-static in-plane tension and compression material
coupon tests. The numerical model showed good fidelity for long cantilever beam
tests, and for the prediction of the stiffness and initial peak load of short cantilever
beam tests. It is suggested that the lack of fidelity for the post-peak load response
of the short cantilever beam tests is due to the simplified constitutive model of the
cohesive interaction, and simplification of the contribution of the through-

thickness reinforcement by the element-tie methodology.

Numerical calculations indicate the potential of the through-thickness

reinforcement to provide structural containment to pre-delaminated beams.

A parameter study indicated that the numerical model is insensitive to
superposition effects, i.e. the doubling up of the elastic properties between the
embedded shell and host solid elements for both in-plane and bending

simulations.

The isolation and classification of the two distinct failure mechanisms exhibited
by 3D woven composites under bending loading is a novel contribution to the

literature.
6.1.2 Soft impact of orthogonal 3D woven composites

A combined experimental and numerical modelling study was undertaken in order
to investigate the response of orthogonal 3D woven composite undergoing
dynamic soft impact loading. High speed camera images were used to record the
back-face deflection, and qualitative comparisons of damage modes made with a

similar UD-laminate material.

The presence or density of the through-the-thickness reinforcement was shown to

provide no significant influence to the back-face deflection of beams.

3D woven composite beams demonstrated no visible delamination, even when

impacted at impulses high enough to cause catastrophic fibre fracture. Failure
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mode was that of longitudinal fibre fracture at clamped ends due to stress
concentrations and reflection of the bending wave. This is different to the

extensive delamination exhibited by UD-laminate beams.

Post-impact clamped-clamped beam tests revealed negligible reductions of
strength and small reductions in stiffness of orthogonal 3D woven composite
beam post impact. The composite with a higher density of TTT reinforcement was
seen to undergo a greater reduction of stiffness in comparison with the material

with a lower density of TTT reinforcement.

FE simulations indicated the potential for TTT reinforcement to provide structural

integrity even for pre-delaminated beams.

The soft impact response of orthogonal 3D woven composite materials has not
previously been classified. The experimental and numerical study presented
within Chapter 4 of this thesis provides a comprehensive investigation into the
material’s performance. A modified version of the numerical modelling strategy
presented in Chapter 3 was shown to be suitable for predicting the back-face

deflection and damage modes presented by the beams during soft impact.

6.1.3 Multi-hit ballistic impact characterisation of 3D woven

composites

A study on the multi-hit ballistic impact response of carbon fibre reinforced
composite materials was undertaken via the use of numerical modelling of
singular and multi-hit single-site impact events with and without the presence of
through-the-thickness reinforcement. The finite element modelling strategy was
validated via ballistic impact simulations on orthogonal 3D woven composite

beam samples.

Ballistic impact upon 3D woven composite beams gave rise to three distinct
response types: (i) low velocity projectile reflection, with a combination of matrix

cracking and damage to surface yarns, (ii) intermediate velocity stretch dominated
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tensile fracture of beams at beam centre span, (iii) high velocity projectile
penetration of beams combined with longitudinal fibre fracture at the beam

centre-span position.

A significant reduction of stress within the in-plane fibre architecture remote from
the projectile impact location was predicted due to the presence of the TTT

reinforcement.

TTT reinforcement was predicted to provide an 8% increase to the ballistic limit
of clamped circular plates. This was traced to a variation in predicted penetration
mechanisms; UD-laminate composite plates exhibited bending of delaminated

plies allowing early-onset projectile pass-through, lowering the ballistic limit.

In regards to the predicted multi-hit ballistic limit surface, the 3D woven
composite material was predicted to have enhanced protection for relatively high

velocity multi-hit impact events (¥, >0.75V ).

The single site multi-hit performance of 3D woven composites have has not yet
previously been reported within the open literature. The numerical study
presented in Chapter 5 of this thesis is the first attempt at describing the
mechanisms in which through-the-thickness reinforcement can modify global
damage and penetration mechanisms, ultimately leading to increased performance
during multi-hit impact loading. The modelling strategy presented is ideal for use
for multi-hit impacts due to the length of calculation time required for both

impacts necessitating an efficient strategy.

Inter-laminar shear strength on the ballistic response of carbon fibre reinforced

polymers (CFRPs)

A numerical modelling parameter study was undertaken on the ballistic impact
response of laminate composite circular plates. The matrix properties of the

material were investigated by varying the inter-laminar shear strength of the
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cohesive interaction of the finite element model and examining the influence on

the predicted damage modes and ballistic limit of plates.

All plates were predicted to undergo delaminated damage directly under the
projectile strike location. Decreasing the inter-laminar shear strength of the
composite plates caused an increase in the delamination damage remote from the

impact location.

Increasing the inter-laminar shear strength led to a decrease in the predicted
ballistic limit of plate; up to approximately 1.45 times increase for a 40 times

increase in inter-laminar shear strength.

Fully delaminated regions within the plate after impact strike cause a modification
in the deformed configuration of samples. Fully delaminated plates, i.e.
simulations with no cohesive surface between layers, exhibit a deformation cone
with one singular angle of which can be predicted by simple 1D analytical
formula. Increased the inter-laminar shear strength caused plates to exhibit

bending dominated deformation behaviour.

The increase of inter-laminar shear strength led to a modification of damage
distribution throughout the thickness of the laminate plates; higher shear strengths
led to a greater concentration of damage at the top and bottom surfaces of the

samples, indicative of a bending dominated damage mode.

The work is related to a manufacturing technique referred to as “inter-leafing”.
This is the inclusion of inter-laminar layers between plies of a laminate with
differing properties to the surrounding matrix in order to improve performance
under impact loading. The results presented within Chapter 5 are directly relevant
to the development of this technology. Again, the analysis of the global deformed
configurations of laminate plates is only possible with a full-scale modelling
strategy. The question of the exact mechanistic reasoning behind an increased
ballistic limit with decreasing matrix shear strength has been raised within the

literature, and this work has begun to answer that.
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6.2 Limitation of current study and future works

The following recommendations are suggested for future works:

6.2.1 Quasi-static collapse of 3D woven carbon fibre composites

Out-of-plane bending of other woven architectures

The study presented in Chapter 3 within this thesis is limited to only an
orthogonal through-the-thickness weave architecture. It is suggested for further
development of the characterisation of the out-of-plane collapse properties of 3D
woven composite, and to further demonstrate the efficacy of the numerical
modelling methodology, that alternative weave patterns be studied. This could
prove useful for carbon fibre textile manufacturers for the optimisation of the

future weave designs.

It is suggested that for improvement of the fidelity of simulation of the post peak-
load response of short, shear deformation dominated cantilever beam bending
experiments, the constitutive model of the cohesive contact be modified. An
example of such mixed mode traction-separation constitutive model which may
increase modelling fidelity is the Benzeggagh-Kenane (BK) fracture energy based
criterion [258].

6.2.2 Soft impact of orthogonal 3D woven composites

The numerical modelling strategy employed within this study simplifies the
interaction between the through-the-thickness reinforcement and the in-plane fibre
architecture via the use of the element tie methodology. In reality, it has been
reported that the deterrence of delamination may be due to limited frictional
contact between the through-thickness reinforcement and the in-plane fibre
architecture. It is therefore suggested that future studies be conducted in order to
ascertain precisely the suitability of this simplification for the purpose of the

simulation 3D woven composites undergoing soft impact and other load cases.
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The soft impact experimental study was limited only to orthogonal through-the-
thickness woven composite materials, it is yet to be seen if, for example, an angle-
interlock architecture can provide equally effective damage mitigation. Therefore,

this is also suggested as further research to lead on from this study.

Due to the exceptional damage mitigation properties of the woven composite
demonstrated in Chapter 4, it is suggested that another load case be studied. Soft
body impact, representing that of bird strikes, for example upon turbo fan engine
fan blades and cases, is a critical load case which is integral to engineers for the
design and development of the next generation of fan blades. For future work, it is
suggested that the finite element modelling strategy developed within Chapter 4
be coupled with smooth-particle hydrodynamics to allow for the simulation of
gelatine projectile strike upon the material. This, in conjunction with experimental
testing, would provide comprehensive classification of orthogonal 3D woven

composites under soft impact loading.

6.2.3 Multi-hit ballistic impact characterisation of 3D woven

composites

Again, the limitation of one woven fibre architecture is inherent within the multi-
hit ballistic impact numerical study presented in Chapter 5. Also, in reality, actual
dynamic loading of structures may not include a double rigid impact event at
exactly the same position. It is suggested that further characterisation of the 3D
woven composites under impact load cases may be undertaken by a multi-hit
study where the secondary impact is remote to the first. A study such as this could
provide information regarding the progression of damage within the material and

its influence upon ballistic penetration resistance.

Also, in reference to loading which maybe more representative to that which
would be found in actual systems, the multi-hit investigation could be extended to
include more than one load-case. For example, the combined hard and soft impact

loading experienced by structures resisting buried landmine explosions may well
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be the critical load case for the material selection of mobile vehicle protective
systems. This combined load case was eluded to in the introduction to this thesis,
and is suggested as future work for development of complete characterisation of
3D woven composites materials and the advantages they yield over traditional

UD-laminates.

As computer systems become more powerful, and numerical calculations quicker,
the modelling strategy presented within Chapter 5 could be adapted to yield
greater detail. The use of shell elements for the ballistic impact simulation of 3D
woven composites limits the impact velocities to relatively low, and the projectile
to be spherical in shape. Jagged projectiles, which may well be produced during
FOD on structures, would require a modified modelling strategy to capture the

shear damage modes.

6.3 Published Work

Chapter 4 has been published within ASME: Journal of Applied Mechanics
Paul Turner, Tao Liu, and Xuesen Zeng. "Dynamic Response of Orthogonal
Three-Dimensional Woven Carbon Composite Beams Under Soft Impact."

Journal of Applied Mechanics 82.12 (2015): 121008. DOI: 10.1115/1.4031455

The work within Chapters 3 and 4 has been published at an international
conference on composite materials (ECCM 16):

Paul Turner, Tao Liu and Xuesen Zeng (2014) Bending Characteristics of 3D
woven carbon composites In: I6TH EUROPEAN CONFERENCE ON
COMPOSITE MATERIALS.

Chapter 3 has been published within in Composite Structures journal. “Collapse
of 3D Orthogonal Woven Carbon Fibre Composites Under In-plane
Tension/Compression and Out-of-plane Bending Composite Structures”.

Composite Structures Volume 142 (2016) DOI:10.1016/j.compstruct.2016.01.100
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Appendix

Design of Pressurised Gas Gun System

In order for the objectives of this research project, as set out in Chapter 1, to be
realised, a high-velocity pressurised gas gun system at the University of
Nottingham was developed. The underlying philosophy of the design of the

system was one of flexibility. The gas gun system had three primary functions:

1. Soft impact dynamic impact experiments on composite beam samples,

2. Ballistic impact experiments on composite beam and circular plate
samples,

3. Dynamic compressive tests via the use of an instrumented direct-impact

Kolsky bar apparatus.

It was necessary for the system to be able to alternate between these three
functions with relative ease. This, combined with safety and ease of use, were the

main design criteria.
Frame design

For expandability, the frame supporting the gas gun frame was a Machine
Building Systems (MBS) modular construction. It utilised an aluminium alloy
profile system, with the benefit of ease of expandability. The gas gun system
consisted of two separate frames; one for supporting the sample holder and
polycarbonate shield, and the other to support the pressure vessel and barrel.
Figure.A.1 and Figure.A.2 presents sketches of the frame to support the sample
holder and polycarbonate shield, and the frame to support gas gun barrel and
pressure vessel, respectively. They were designed for the easy access to the
equipment, and to transfer loading during dynamic impact events from the frame
to the ground. The frames are securely bolted to the walls and floor to minimise

vibrations within the system.
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Figure.A.1. Sketch of frame to support the sample holder, polycarbonate shield /
Kolsky bar.
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Figure.A.2 Sketch of frame to support gas gun barrel, pressure vessel, and

velocity measurement system.
Sample supporters

Both beam samples and circular plate samples were to be accommodated for
impact experiments. For beam samples, the two short edges were clamped within
a custom-designed hardened steel sample fixture. This in turn was fixed onto the
gas gun frame via 3 angle pieces by 6 M6 bolts. For circular plate impact
experiments, square samples of 150 x 150 mm2 were cut from composite panels
and fixed into place via a circular-ring clamp. Figure.A.3 and Figure.A.4 present
sketches of the beam sample and plate sample clamping mechanisms,

respectively.
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Figure.A.4. Sketch of sample holder for composite plates

Barrel design

A 3.5 m long barrel constructed from hardened steel was employed to accelerate

aluminium foam projectiles for the soft impact experimental tests presented in
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Chapter 4. The barrel had an external diameter of 40 mm and an internal diameter
of 28 mm. Figure.A.5 presents a sketch of the barrel design employed for soft
impact experiments. Figure.A.6 presents a sketch of the barrel supporters. Simply
supported beam bending calculations revealed that 5 barrels supporters were

sufficient.
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Figure.A.5. Sketch of barrel design for dynamic soft impact experiments.
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Figure.A.6. Barrel Supporter design

For ballistic impact testing, a stainless steel 3.5 m long barrel with a 13 mm

internal diameter was used.
Pressure vessel, pressure release, and velocity measurement

The gas gun utilised two pressured gas systems: pressurised air for lower
pressures (up to 6.5 bar), and pressurised nitrogen for higher pressures (up to 50
bar). An automatic pressure release valve was included within the pressure vessel
in order to avoid over-pressurisation. The valve was set vent at a maximum
pressure of 50 bars. The design of the pressure release system was governed by
the need for minimal pressure release time, ensuing maximum acceleration of
projectile, and reliability. To avoid the continual replacement of burst shims, a

pressure-assisted fast-acting ball valve was chosen for pressure release. Pressure
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was released via a solenoid-controlled fast acting pressure assisted spring-return
ball valve actuator. Solenoid valve was ASCO pilot spool type single solenoid
with aluminium body (serial number SC G551A001 MS). The solenoid was
linked to a pressurised air-line, under a pressure of 6.5 bars. The solenoid was
linked to a HP pneumatic spring return stainless steel ball valve actuator. presents

the data sheet for the HP series fast-acting ball valve.

Description

A combination of HP pneumatic spring return or double acting
G B actuator and 2 way 3-piece stainless steel full ball valve,
giving reliability with economy. The HP range of penumatic
actuators are manufactured from aluminium and have a hard
anodised finish. Position indicator, end of stroke adjustment
(+5 ) and Namur interface are fitted as standard.

The ball valves have stainless steel body and ball with PTFE
seats. They are fully maintainable and have the option for
screwed BSP parallel female ends, NPT Butt Weld or Socket
weld ends.

The valve and actuator fit directly onto each other (valve gas
an ISO mounting pad) so no mounting kits are required, thus
making the package more compact and cost effective.

dard Valve Specifi
- A - Body Ends : |316 Stainless Steel
Seat : |PTFE
Stem seal : |RPTFE
Pressure Rating | : |69 Bar
Ends :_[Screwed BSP
NPT, Butt or Socket Weld

Figure.A.7. HP series fast-acting ball valve data sheet.

Velocity measurement was achieved via two laser-gates positioned at the muzzle
end of the barrel. The lasers, when unbroken by the presence of the projectile,
were directed upon visible light detectors. Imatronic gated cameo 650 nm, 0.8
mW lasers were used with Avago Technologies SFH551/1-1V 650 nm digital
receiver diodes. As the laser gate becomes broken by the projectile travelling
down the barrel, a 5V pulse is generated and recorded on an Instek 50 MHz 2
Channel Digital Oscilloscope. A sketch of the gas gun pressure vessel and setup
of the velocity measurement laser gate system is presented in Figure.A.8.
Figure.A.9 and Figure.A.10 present photographs of the completed gas gun system
and gas gun pressure vessel, respectively. Figure.A.11 presents a photograph of

the sample supporter and the polycarbonate shielding.
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Figure.A.8. Sketch of the gas gun pressure vessel and projectile velocity
measurement system.
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Figure.A.10.Photograph of breech end of gas gun barrel showing pressure vessel.
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Figure.A.11. Photograph showing gas gun polycarbonate shield, sample
supporter, Kolsky bar
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