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Abstract

Lightweight sandwich structures that are composed of high—performance core
and face sheets, have been attracting attention in both civilian and military
applications due to their outstanding mechanical properties. Honeycomb cores
and fibre reinforced composite face sheets have specific advantages for resisting
dynamic impact. For example, honeycomb cores possess higher specific-
strength (ratio of strength to relative density) than the other sandwich cores under
compression, and carbon fibre composites possess high tensile strength and low
density. This thesis focuses on the understanding of the dynamic compressive
response of high-performance honeycombs and the ballistic impact resistance of

stiff/soft hybrid fibre composite laminate beams.

For honeycomb cores, the out-of-plane compressive behaviour of the AISi10Mg
alloy hierarchical honeycombs and commercially available Nomex honeycombs
have been experimentally and numerically investigated. Owing to the complex
in-plane topology, hierarchical honeycombs were fabricated using the Selective
Laser Melting (SLM) technique. The experimental measurement and finite
element (FE) calculation indicate that the two hierarchical honeycombs,
specifically two-scale and three-scale honeycombs, both offer higher wall
compressive strengths than the single-scale honeycombs. With an increase in
relative density, the single-scale honeycomb experiences a transition in terms of
failure mechanism from local plastic buckling of walls to local damage of the
parent material. Alternately, the two-scale and three-scale hierarchical
honeycombs all fail with solely parent material damage. The dynamic



compressive strength enhancement of the hierarchical honeycombs is dominated
by the strain rate sensitivity of the parent material. For Nomex honeycombs, the
dynamic failure mode under out-of-plane compression is different from the
quasi-static failure mode, i.e. the honeycombs fail due to stubbing of cell walls
at the end of specimens under dynamic compression, whereas fail due to local
phenolic resin fracture after elastic buckling of the honeycomb wall under quasi-
static compression. The dynamic compressive strength of Nomex honeycombs
increases linearly, and the strength enhancement is governed by two mechanisms:
the strain rate effect of the phenolic resin and inertial stabilization of honeycomb
unit cell walls. The inertial stabilization of unit cell walls plays a more significant
role in strength enhancement than the strain rate effect of the phenolic resin. In
addition, the effect of key parameters such as impact method and initial
geometrical imperfections on the compressive responses of honeycombs has also

been numerically investigated.

For face sheets, the ballistic resistance of the beams hybridizing stiff and soft
carbon fibre composites has also been experimentally studied, and these results
were compared with those of stiff and soft composite beams with identical areal
mass. The failure modes of composite beams under different velocity impacts
have been identified to be different. For monolithic beams, the hybrid and soft
monolithic beams exhibited similar energy absorption capacity. As for the
sandwich beams, the hybrid sandwich beams behaved better in terms of energy
absorption than soft sandwich beams at high projectile velocities. Both the

hybrid and soft composite beams absorbed more kinetic energy from projectiles



than stiff composite beams. The advantages of the stiff/soft hybrid composites
can be summarized as follows: (i) the soft composite part survives at low velocity
impact; (ii) the stiff composite part of the hybrid monolithic/sandwich beams has
a more uniform stress distribution than the stiff monolithic/sandwich beams

owing to the buffer effect of the soft composite part.

This work identifies the advantages of high performance honeycomb cores as
well as fibre composite face sheets. These findings can be used to develop high
strength, low weight and multi-functional sandwich structures, thereby widening

their applicability to a wider array of fields.
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Chapter 1

Introduction

Background

Over the past 100 years, the manner of war has changed from large-scale
conflicts (e.g. World War | and World War 11) to regional conflicts (e.g. Israel-
Palestine conflict) and civil wars (e.g. Iragi Civil War). In large-scale wars, the
front line of army opponents is in the way of most harm. Hence, heavy
armaments such as battle planes, tanks and missiles are normally used to destroy
enemy military bases, bridges, airports, railways and other important
installations. These armaments cause severe damage to military targets.
However, contemporary wars and attacks mainly arise from internal conflicts of
a country or boundary issues between adjacent countries. The armed forces from
different organizations are intertwined and dispersed in a specific area, thereby
leading to both personnel armour and vehicle armour being potentially under
attack. Such threats can be classified into two categories, i.e. blast impact and
ballistic impact. For blast impact which is also termed as soft impact, there is a
fluid-structure interaction between a shock wave and armour structures due to
bombs, landmines or accidental explosions. The impulse transfers from
explosives to structures through the medium of air [1, 2], water [3, 4] or sand [5,
6]. For ballistic impact which is also termed as hard impact, structures are

penetrated by bullets or fragments at high velocity. Normally, effective
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protection systems should meet the requirements against hard and soft impacts
simultaneously. As the threats are varied and unpredictable, it is important to
improve the passive protection capacity of armour types. This will require not
only high-performance impact resistance, but also lightweight capabilities to

ensure excellent mobility of personnel and vehicles.

Based on these requirements, the sandwich structure which consists of face
sheets and a low-density thick core is a promising multi-functional design to
resist high strain-rate multiple loads. This weight-saving structure has been
recorded to possess better bending resistance and energy absorption capacity
than the monolithic plate in dynamic impact events [7-10]. Consequently, the
performance of the sandwich structure is strongly dependent on the properties of

the core components and face sheets.

1.1 Sandwich cores

By separating two face sheets, the sandwich core significantly enhances the
moment of inertia and stiffness of a plate. Also, the core improves the capacity
of thermal and sound insulation [11, 12], and vibration dampening of the plate
[13]. As the impact energy can be transformed into the compressive strain energy
of the core during impact, the sandwich plate enables a reduction in potentially
harmful momentum transfer in comparison to a monolithic plate [14]. Hence, it
can be concluded that the sandwich core plays a far more effective role in

resisting distributed-force impact (e.g. blast impact) than concentrated-force
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impact (e.g. ballistic impact), with the compressive response of the core being

crucial.

The design of a sandwich core needs to balance mechanical properties, weight
and the overall manufacturing cost. The desired sandwich core should have high
strength and low density. This can be achieved by optimizing the structure of the
core or using lightweight constituent materials. In addition, the manufacturing
methods employed are different for sandwich cores with different structures and
materials [15]. As traditional techniques such as sheet folding/drawing, laser
welding and investment casting are difficult to conduct and cost more for
manufacturing cores with complex geometries, a more convenient and

achievable manufacturing method needs to be developed.

In the present study, the dynamic compressive response of optimized core

structures manufactured by a novel method will be addressed.

1.2 Fibre composite face sheets

The face sheets of a sandwich structure play a far more significant role in
resisting impact than the core [16]. The material selection of the face sheet is a
key point for improving the impact resistance of sandwich structures. Figure 1.1
shows the time line of the development of engineering materials from prehistoric
times to the present day. Obviously, materials have made considerable progress
over the last several thousand years from natural to synthetic types. In recent
decades, polymer composites reinforced by high-performance fibres have been

extensively applied in protection engineering. Examples of this include Ultra
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High Molecular-weight Polyethylene (UHMWPE) fibre (Dyneema®, Spectra®),
aramid fibre (Kevlar®, Twaron®), Poly-p-phenylene benzobisoxazole (PBO)
fibre (Zylon®) and carbon fibre. Among the composites reinforced by these
fibres, carbon fibre composites are the most widely used materials owing to their

low cost and various fabric architectures e.g. unidirectional laminated, 2D and

3D woven.
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Fig. 1.1 The time line of the development of engineering materials from
prehistoric times to the present day [17]. BC and AD in this figure represent

before Christ and anno Domini, respectively.
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Stiff fibre composites are normally used to meet the stiffness requirement of
structures. However, with regards to certain structures, the requirements for
stiffness and ballistic resistance are equally important, e.g. the shell of an
airplane nose subject to bird collision (Fig. 1.2 (a)) and the hood of an
automobile subject to bullets as well as debris impact (Fig. 1.2 (b)). These parts
are not only required to sustain quasi-static loads, but they must also possess
high ballistic resistance for protecting personnel and important internal
components (e.g. the engine). Hence, it is imperative to develop hybrid
composites which can not only guarantee structural stiffness but also resist high-

velocity ballistic impact. The present work will address this issue to fill this gap.

Fig. 1.2 (a) damage of an airplane nose caused by the collision with a flock of

birds (Image reproduced from https://newsavia.com/tag/badr-airlines), (b)

ballistic damage of a vehicle caused by an ISIS (Islamic State of Irag and Syria)-
inspired mass shooting (Image reproduced from

https://www.independent.co.uk/news/world/americas/san-bernardino-surge-

gun-violence-since-2015-mass-shooting-a7235091.html).
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1.3 Thesis objectives

Based on the above statement, the impact resistance of a sandwich structure is
dependent on the properties of both core and face sheet, and the research gaps

can be summarized as follow:

e The efficient cost-saving and time-saving manufacturing methodology
should be developed for fabricating the hierarchical honeycombs with
complicated topologies.

e The compressive response of hierarchical honeycombs under dynamic
impact has not been investigated, and the finite element modelling on the
dynamic compressive response of hierarchical honeycombs has not been
reported.

e The compressive response of Nomex honeycombs under high strain rate
(higher than 300 s) impact has not been investigated, and the validated
finite element modelling on the dynamic compressive response of
Nomex honeycombs has not been developed.

e The hybridization of fibre composites with different matrixes of different
stiffness is expected to possess excellent ballistic resistance. However,
the ballistic impact resposne of this type of hybrid composites has not

been understood well.

There is an urgent need to understand damage modes and improve the impact
performance of each component of sandwich structure for expanding its

applicability. Both metallic hierarchical honeycombs and Nomex fibre
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composite honeycombs will be investigated due to their distinct out-of-plane

specific strengths and application fields.

The objectives of this thesis are presented as follows:

e To characterise the out-of-plane compressive responses of aluminium
alloy hierarchical honeycombs under dynamic impact, and identify the
advantages of hierarchical honeycombs relative to normal honeycombs.

e To examine the dynamic compressive response of Nomex fibre
composite honeycombs at high strain rates.

e To develop novel hybrid fibre composite beams and understand the

dynamic response of the beams under ballistic impact.

In order to achieve the above objectives, the following original investigations
have been conducted. The first objective is achieved through the additive
manufacturing of high-performance AISi10Mg alloy honeycombs (one normal
hexagonal honeycomb and two hierarchical honeycombs), and then conducting
a series of dynamic compression tests on honeycombs using a steel Kolsky bar
setup. A validated elastic-plastic finite element model was created for predicting
the experimental response. The failure mechanisms of the honeycombs with
different in-plane structures under quasi-static and dynamic compressions have
been identified, providing guidance for future high-performance honeycomb
design. The second objective has been achieved by experimentally and
numerically investigating the compressive response of Nomex honeycombs at

strain rates from quasi-static values up to 1500 s. In the experimental
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measurements, a Kolsky bar made from magnesium alloy was used to detect the
low compressive force of Nomex honeycombs while improving the responsive
sensitivity of the measurement setup. To characterise the failure mechanism of
Nomex honeycombs accurately in the finite element simulation, the constituent
materials (i.e. aramid paper and phenolic resin) were modelled separately. The
novelty of this study lies in the investigation of the compressive response of
Nomex honeycombs at high strain rates ranging from 300 to 1500 s. The
effects of key parameters, e.g. impact configuration, strain rate sensitivity and
initial geometrical imperfections, on both the metallic hierarchical honeycombs
and Nomex honeycombs have also been studied. The third objective has been
achieved by hybridizing stiff and soft fibre composites to improve the integrated
performance of beams under ballistic impact. The hybrid composites are
motivated by the shortage of Cunniff velocity [18] and the growing demand for
structures of high impact resistance. The manufacturing process, damage modes
and energy absorption capacity of the hybrid composite beams have also been

discussed.

1.4 Thesis outline

Chapter 2 reviews the present developments in understanding the dynamic
responses of honeycomb cores and fibre composite face sheets. Based on the two
components in a sandwich structure, this review is divided into two sections. The
first section addresses the advantages of honeycomb core relative to other
cellular cores, and the quasi-static as well as dynamic compressive responses of

honeycombs. In the second section, the response of the laminated fibre
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composites under ballistic impact is reviewed, including the effects of fibre

reinforcements, matrix and layer-up sequence.

Chapter 3 gives an insight into the dynamic compressive response of AISi10Mg
alloy hierarchical honeycomb structures. The Selective Laser Melting (SLM)
manufacturing method is detailed and the uniaxial tensile responses of the parent
material in two orthogonal directions are discussed initially. Subsequently, the
dynamic compressive response of hierarchical honeycombs measured by a steel
Kolsky bar setup is compared with that of normal honeycombs. In order to
facilitate interpreting experimental measurements and the effects of key
parameters (e.g. impact method, strain rate dependency and initial geometrical

imperfections), a finite element simulation is also undertaken.

Chapter 4 examines the dynamic compressive response of the other high-
performance honeycombs, namely Nomex honeycombs, using a sensitive
magnesium alloy Kolsky bar setup. The failure mechanisms and strength
enhancement mechanisms of the honeycombs are determined via observation
through SEM and validated finite element calculation, respectively. In addition,
the modelling strategy and key parameter effects are also discussed in this

Chapter.

Chapter 5 investigates the dynamic response of hybrid fibre reinforced
composite beams subject to non-deformable spherical projectile impact. For the
aim of a comprehensive comparison, six types of beams including monolithic,
hybrid and sandwich beams are addressed. The Nomex honeycombs investigated

in Chapter 4 are used as the core of sandwich beams. The different damage

9
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modes, ballistic limits, energy absorption capacities of these beams are presented

to explore the benefits provided by hybrid beams.

Chapter 6 summarizes the conclusions and contributions of this work, and also

proposes potential topics for future work.

10
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Chapter 2

Literature Review

2.1 Introduction

As stated in Chapter 1, the sandwich core and fibre reinforced composite face
sheets play different roles in resisting dynamic impact. Hence, this review
focuses on the dynamic impact responses of honeycomb cores and fibre
composites, and aims to determine the research gap in this field. Based on this,
the review is classified into two parts. The first part gives an overview of the
compressive responses of honeycomb cores. The advantages of honeycomb
structures compared to other cellular solids are identified initially, followed by
the effects of topology on the quasi-static in-plane and out-of-plane compressive
behaviour of honeycombs. Finally, the dynamic out-of-plane compressive
response of honeycombs is also elucidated. The compressive response of high-
performance honeycombs (i.e. hierarchical honeycombs and Nomex
honeycombs) and the fabrication methodology are also reviewed. The second
part provides an overview of the ballistic resistance of fibre composites,
including the strain rate sensitivity of fibre/yarn/composites, the effect of fibre
and matrix on the ballistic performance of composites, and ballistic impact
resistance of hybrid fibre composites. Fig. 2.1 shows the route map that

summarizes the logical sequence of this literature review.

11
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[Literature Reviewj
Honeycomb core Fibre polymer composites
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Fig. 2.1 A route map of the literature review.

- Laminate-stacking sequence

2.2 Honeycomb cores

A vast majority of man-made items are motivated by prototypes in nature [8, 19,
20]. A most typical example of this is the honeycomb structure which is inspired
by macro honeybee combs. With the help of an advanced electron microscopy
technique, honeycomb structures can be replicated within micro and nano
natural materials, like biological tissues [21] and cells [22, 23]. Since the first
use of honeycomb structures by Hofler and Renyi in 1914, this type of structure

has been applied in large-scale engineering designs, e.g. aerospace,

12
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transportation, construction. In the past two decades, further applications have
expanded to the fields of micro and nano fabrications as well as biomedicine

[24].

Periodic honeycombs have been used to create the core of lightweight sandwich
structures with high stiffness/strength-to-density ratios [8]. Compared to a
monolithic plate, the honeycomb core sandwich structure has superior structural
efficiency per unit area mass in terms of mitigating damage. Liu et al. [25]
investigated the multifunctional performance of honeycomb core sandwich
cylinders under simultaneous internal pressure and active cooling. They
demonstrated that sandwich construction was more weight efficient than a
monolithic structure while providing the additional benefit of an active cooling
function. Hutchinson and Xue [4] demonstrated that a well-designed square
honeycomb core sandwich plate could sustain significantly larger blast impulses

than a solid plate of the same mass.

Honeycomb cores are composed of sheets which form the edges of unit cells,
with the unit cells being repeated in two dimensions to create a cellular topology.
These kinds of structures are normally subject to compressive loading along the
out-of-plane direction (or height direction) of unit cells. In some conditions,
honeycombs also need to resist in-plane compression and shear, out-of-plane
shear, heat conduction and sound transfer. In order to meet specific requirements,
the in-plane configurations of honeycomb unit cells are various, typically being
triangular, square, hexagonal and circular in nature. Except for the honeycomb

geometry, the constituent material is another key factor in determining the

13
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mechanical properties of honeycombs. With the development of materials, the
candidate materials used for manufacturing honeycombs have developed from
original beeswax and propolis (a type of plant resin) in bee honeycombs to paper

[26, 27], metal [10, 28], ceramics [29, 30] and composites [31, 32].

This section reviews the mechanical properties of honeycomb structures under
quasi-static and dynamic compression. A review regarding the comparison
between mechanical properties of a honeycomb topology and other cellular
topologies is presented initially, followed by in-plane and out-of-plane
compressive responses of normal honeycombs. The review moves on to out-of-
plane compressive responses of promising hierarchical honeycombs and Nomex
honeycombs, and lastly focuses on the fabrication methodologies of

honeycombs.

2.2.1 Comparison between honeycombs and other cellular topologies

The structures widely used as the cores of lightweight sandwich structures can
be classified into foam core and periodic cellular topology types, as shown in
Fig. 2.2. Foam core (Fig. 2.2 (a)) is a kind of random cellular solid normally
made from polymer [33], metal [34, 35] or ceramic materials [36, 37]. As the
distribution of highly imperfect micro structures within the foams is close to
uniform, the stress state of foams can be regarded as isotropic. The elastic
modulus of the foams is mainly governed by the bending stiffness of cell walls,
and the elastic and plastic collapses are activated by elastic buckling and plastic
hinges of cell walls, respectively [38, 39]. However, in the case of distinct parent

materials, the mechanical properties of foams are different. Take metal foams as
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an example, the elastic modulus scales with ,Bf, with p, being the relative

density of foams [35]. The compressive yield strength of foams has the following

relationship with p;

_52/3 (21)

where o, and o, are the compressive yield strengths of cellular foams and

solid materials, respectively.

Sandwich core

Homogeneous support Non-homogeneous support of face
of face sheets sheets (periodic cellular solid)
(a) (b) O (d)
Foam core Lattice truss | [Corrugated corel [Honeycomb core
open or closed cells core open cells open cells
fully open cells pararrel to perpendicular to
face sheets face sheets
{\ ;
) R

2

Fig. 2.2 Cellular solids used as the cores of sandwich structures.

Unlike foams, periodic cellular topologies, i.e. lattice truss topology (Fig. 2.2
(b)), corrugated topology (Fig. 2.2 (c)) and honeycomb topology (Fig. 2.2 (d)),
exhibit regular configurations. However, they exhibit superior performance than
foams under out-of-plane compression [40]. This is due to the fact that the cell

wall stretching of periodic cellular structures along an in-plane direction plays a
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significant role in resisting loading, especially for honeycombs. Alternately, the

deformation of foams is mainly governed by the bending of cell walls [41].

Lattice truss structures are composed of inclined trusses with three or more
trusses meeting at a common point. Hence, they can be fabricated into a variety
of geometries using different topologies and angles [42, 43]. Wicks and
Hutchinson [44] investigated the structural efficiency of sandwich plates with
truss lattice cores and honeycomb cores under 3-point bending. They
demonstrated that the minimum weight of a hexagonal honeycomb core
sandwich plate was less than that of truss lattice core sandwich plates. However,
as a fully open cell topology, the lattice cores exhibit better heat exchange and
ventilation capacities [45, 46] than honeycombs. The corrugated structures,
which are obtained by rotating honeycomb structures 90° about the horizontal
axis, also exhibit these advantages as the open cells are parallel to face sheets. In
addition, the corrugated structures show high shear strength that is comparable

with honeycomb structures [47].

Among the three competitive cellular topologies, the honeycomb structure has
the highest out-of-plane compressive strength, elastic modulus and energy
absorption capacity under quasi-static loading, followed in succession by
corrugated and lattice truss structures [41, 47]. This is because stress
concentration at the attachment points in a lattice truss and attachment edges in
corrugated structures, leads to a decrease in mechanical properties. On the other
hand, both load-bearing trusses as well as walls in truss and corrugated structures

are inclined. This results in the inability to provide sufficient support along the
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loading direction. However, honeycombs with cells parallel to the loading

direction avoid these disadvantages.

In air and water blast impact events, the sandwich structures with honeycomb or
corrugated cores outperform those with lattice truss cores [10, 48-50]. This is
contributed by the superior in-plane mechanical properties and stretching
resistance offered by honeycomb and corrugated cores. It is interesting that the
corrugated core sandwich structure is able to withstand higher blast impulses
than the honeycomb core sandwich structure, although the mechanical properties
of a corrugated core are inferior to those of a honeycomb core. This can be
explained by the fact that the corrugated core gives rise to larger deformations

and absorbs more energy under impact.

2.2.2 In-plane compressive response of honeycombs

The typical in-plane compressive stress-strain relation of honeycombs includes
the following three regimes [51, 52]: a linear elastic response followed by an
almost plateau stress stage, and finally a densification regime at high
compressive strain. Hence, the first two regimes are close to an elastic-perfectly
plastic response. Due to different in-plane configurations, loading directions and
loading rates, the honeycombs exhibit different in-plane compressive behaviours.
Wang et al. [53] presented a systematic comparison of in-plane compressive
responses between periodic honeycombs with different unit cell types. For the
in-plane configuration of honeycombs, cell walls can be regarded as truss or
beam elements. Based on the distinct in-plane topologies, the honeycombs can

be designed to have either a ‘bending-dominated’ deformation mode under
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macroscopic in-plane stresses, such as hexagonal and square honeycombs, or a
‘stretching-dominated’ deformation mode, such as triangular, Kagome and
diamond honeycombs. For bending dominated honeycombs (Fig. 2.3 (a)),
hexagonal honeycombs are the most commonly used in terms of structural
applications. Hexagonal honeycombs have an in-plane connectivity of three
trusses meeting at each cell wall joint, with the applied load giving rise to

bending moments at joints. The in-plane stiffness and strength of hexagonal

honeycombs scale with 5° and p? [17, 54], respectively, with p being the

relative density of the honeycombs. As a result of the orthogonal in-plane
configuration, hexagonal honeycombs exhibit distinct deformation modes in two
orthogonal loading directions: one is cell wall crushing deformation in the centre
induced by the initial biases (Fig. 2.4 (a)) [55, 56] and the other is shear crushing
deformation along two main bands (X-shape) (Fig. 2.4 (b)) [56]. In addition, the
deformation modes are also different under quasi-static and dynamic
compressions (Fig. 2.4 (c)) [56-58]. For the stretching-dominated honeycombs
(Fig. 2.3 (b)), they have higher in-plane connectivity than bending-dominated
honeycombs, e.g. triangular honeycombs have a connectivity of 6 trusses
meeting at each joint. The collapse load is dominated by the axial strength of cell

walls due to the stretching deformation of cell walls [59], and both the in-plane

stiffness and strength scale linearly with p [17, 54]. Hence, the stretching-

dominated honeycomb structures possess greater in-plane elastic modulus and

yield strength than bending-dominated honeycomb structures. However, the

18



Chapter 2: Literature Review

stretching-dominated honeycombs suffer the disadvantage of post-yield

softening behaviour owing to structural buckling [60].

} }

F F
(a) Bending-dominated (b) Stretching-dominated

Fig. 2.3 Typical in-plane configurations of honeycombs for bending-dominated
and stretching-dominated deformation modes under in-plane compression. ‘F’

represents ‘force’.
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Fig. 2.4 Deformation modes of hexagonal honeycombs under (a) & (b) quasi-
static compressions in two different directions [56], and (¢) under dynamic

compression [58]. ‘F’ represents force.

In addition, the deformation modes of honeycombs under in-plane tension are

identical to those under in-plane compression [61].
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2.2.3 Quasi-static out-of-plane compressive response of honeycombs

Compared to the in-plane compressive performance, the out-of-plane stiffness
and strength of the periodic honeycombs are much greater [17, 62, 63]. For
example, the out-of-plane compressive strength of aluminium hexagonal
honeycombs is 2 times greater than the in-plane compressive strength [63]. This
is because that the cell walls normally fail with bending under in-plane
compression, whereas the cell walls are more likely to fail with parent material

damage under out-of-plane compression.

The out-of-plane compressive stress-strain relation of honeycombs is a key
indicator for evaluating compression resistance and energy absorption capacity.
Typically, the stress versus strain response of honeycombs can be described as
follows: an elastic [64] or elastic-plastic [65] response with a sharp increasing
stress before achieving peak load, followed by the softening response and
plateau crushing stress after peak load. The key factors that influence the out-of-
plane compressive response of honeycombs include parent material, cell
geometry, relative density, out-of-plane thickness and entrapped air. All of these

factors will be reviewed in the following section.

Effect of parent material

Honeycombs can be made from different parent materials, e.g. metal, polymer,
aramid paper, fibre composite and ceramics, exhibiting different specific out-of-
plane compressive strengths. However, literature is sparse on the comparison

between honeycombs with different types of materials. As for the case of
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stainless steel square honeycombs [65] and fibre reinforced composite square
honeycombs [31] which have the same relative density and similar heights, the
out-of-plane compressive strength of stainless steel honeycombs is higher than
that of fibre composite honeycombs. Moreover, the specific strength (the ratio
of out-of-plane compressive strength to relative density of honeycombs) of
stainless-steel honeycombs is higher than that of aluminium alloy square
honeycombs [64]. The honeycombs made from brittle materials, e.g. ceramic
[30], have lower failure strain than the honeycombs made from ductile materials.
Progressive folding is thus observed in aluminium alloy honeycombs due to low
strain hardening but not in stainless steel honeycombs due to high strain

hardening.

Effect of cell geometry

Under out-of-plane compression, the lesser the amount of solid materials used
in honeycombs to enclose the same pore volume, the more weight efficient the
structures that can be obtained. As reviewed in Section 2.2.2, the joint
connectivity of hexagonal cells is 3, whereas the joint connectivity of square and
triangular cells is 4 and 6, respectively. Hence, hexagonal honeycombs are the
most weight saving and stable structures for providing maximum internal space
by using a minimum amount of materials, as demonstrated by Hales [66]. Square
honeycombs have higher compressive strength and superior energy absorption
capacity than triangular honeycombs [67]. Kim and Christensen [68]
investigated the out-of-plane compressive characteristics of starcell honeycombs

(Fig. 2.5) including the joint connectivity of 2 and 4 cell types. They reported
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that starcell honeycombs have an almost equal out-of-plane compressive
strength and shear buckling strength to hexagonal honeycomb ratio, far higher

than even triangular honeycombs.

/\
> <
(X2
) X
()
> <

Starcells

Fig. 2.5 In-plane sketch of starcell honeycombs [68].

For hexagonal honeycombs, the unit cells with a branch angle of 120° can resist
the highest amount of out-of-plane compressive loading in comparison to unit
cells with other branch angles [69]. In addition, the aluminium alloy
honeycombs with too large or too small cell sizes may lead to the decrease of
out-of-plane compressive strength [70], whereas the out-of-plane compressive

strength of stainless steel honeycombs is insensitive to cell size [71].

Effect of relative density

With the increase in relative density, honeycombs exhibit higher compressive
strength and experience distinct failure modes [71], such as elastic buckling to

plastic buckling and finally parent material damage. For example, there is a
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failure mode transition for the stainless steel honeycombs from elastic buckling
to plastic buckling when the relative density of honeycombs is 0.03 [71].
However, rarely have honeycombs investigated in literature failed due to parent
material damage that is an expected failure mode under out-of-plane

compression.

Specifically, honeycombs made from fibre composite fail by macro-buckling at
low relative density, whereas failing by micro-buckling at high relative density
occurs due to the axial compression of fibres. This micro-buckling failure mode
does not occur in honeycombs that are made from homogeneous metallic and

ceramic materials [65].

Effect of out-of-plane thickness

Sometimes, the compressive strength of honeycombs only changes slightly even
though the out-of-plane thickness has changed. This is because honeycombs
with different out-of-plane thicknesses, still maintain the same failure mode. For
example in the case of two Nomex honeycombs with thicknesses 14 mm and 20
mm, both have the same failure mode and similar out-of-plane compressive
strengths [72]. However, the high strain-hardening stainless steel honeycombs
of thickness 30 mm have higher compressive strength and more abrupt softening
than those of thickness 6 mm [65]. Hence, though the out-of-plane thickness of
honeycombs plays an important role in influencing the out-of-plane compressive
strength of honeycombs, it is also dependent on other parameters as discussed

above.
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Entrapped air within cells

The entrapped air within a closed honeycomb cell is also a non-negligible factor
that influences the compressive response of honeycombs. Hu et al. [73]
numerically and theoretically demonstrated that honeycomb cells with and
without internal pressure exhibited different deformation modes, and the plateau
stress of honeycombs with internal pressure was higher than that without internal
pressure. Feng et al. [74] reported that the improvement in energy absorption
capacity of honeycombs was mainly due to the effect of entrapped air within the

cells.

2.2.4 The dynamic out-of-plane compressive response of honeycombs and

strength enhancement mechanisms

Honeycomb cores play a significant role in dissipating impulse and preventing
impulse from transferring to the back face of sandwich structures. Under
dynamic out-of-plane compression, the collapse behaviour of honeycomb cores
iIs more complex than under quasi-static compression owing to shock wave
propagation and the strain rate effect. The axial stress equilibrium of
honeycombs from the impact end to the distal end is hard to achieve at a high
velocity impact [75], and the failure modes of honeycombs observed under
quasi-static compression may even change due to dynamic loading. Wadley et
al. [50] argued that the hardening of stainless steel honeycombs, caused by the
initial stabilization of cell walls under dynamic impulse loading, postpones the
onset of wall buckling. Wall buckling and folding, activated by a plastic wave

propagated from the stationary end of honeycombs, is shown in Fig. 2.6.
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However, alternate findings from literature state that stainless steel honeycombs
fail with torsional plastic buckling in the mid height of walls under quasi-static
out-of-plane compression [71]. Tao et al. [76] investigated the out-of-plane
dynamic behaviour of hexagonal thin-wall aluminium honeycombs using a Split
Hopkinson Pressure Bar (SHPB) at strain rates up to 1350 s*. They found that
the failure mode is plastic buckling with significant compressive strength
enhancement owing to strain rate effect, and that the buckling location and

sequence depends on the applied strain rate and size of honeycomb cells.

Finite element simulation

Fig. 2.6 Experimentally measured and numerically predicted deformation modes

of stainless steel square honeycombs subject to impulsive loading [77].

It has been widely demonstrated that dynamic compressive strength as well as
plateau crushing stress [78, 79] of honeycombs is higher than the value under
quasi-static compression, respectively. Extensive studies on the strength
enhancement mechanisms have been reported in the literature. Although the
strain rate effect of the parent material contributes largely to the macroscopic
strain rate sensitivity of honeycombs, it cannot explain the strength enhancement
of honeycombs alone [80]. Harrigan et al. [81] experimentally investigated the

compressive behaviour of aluminium hexagonal honeycombs with an initial
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impact velocity up to 300 ms™ using a Split Hopkinson Pressure Bar. They
reported that the honeycombs failed with local instabilities and dynamic micro-
buckling of unit cell walls, and the inertial effect of the unit cell walls contributed
to the enhancement of the collapse strength as well as the crushing stress. As
proposed by Su et al. [82, 83], the parent material strain-rate effect and structural
inertial effect play an equally important role in the dynamic enhancement
behaviour of an energy-absorbing structure. However, Tao et al. [84] concluded
that the strain rate effect of the parent material plays a more significant role than
the inertial effect in enhancing the plateau stress of metallic honeycombs. Xue
and Hutchinson [85], using the finite element simulation method, identified that
the dynamic compressive response of stainless-steel square honeycombs was
governed by three distinct mechanisms: material rate sensitivity, inertial
stabilization of the webs against buckling, and plastic wave propagation. This
conclusion was then experimentally verified by Radford et al. [65]. Park et al.
[86] investigated the compressive behaviour of carbon fibre-epoxy composite
square honeycombs at strain rates up to 10* s™*. By using a Kolsky pressure bar
setup, they found that the failure mode of the honeycombs was governed by
plastic buckling, and the strain rate sensitivity of the composites was due to the
matrix. Unlike quasi-static compression, the strength enhancement of
honeycombs caused by entrapped air under dynamic compression is negligible

[80].

Although a large amount of investigations have been conducted to understand

the quasi-static and dynamic mechanical properties of honeycombs, some
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aspects are still unknown in terms of the development of high-performance

honeycombs.
2.2.5 Strain rate sensitivity and thermal properties of aluminium alloy

Aluminium alloy has been broadly used in a variety of fields benefiting from its
excellent physical and mechanical properties, e.g. corrosion resistance, high
ratio of strength to density and high energy absorption capacity. Except for the
quasi-static mechanical response of aluminium alloys at room temperatures, the
mechanical response of aluminium alloy subject to high strain rate and high
temperature is an equally important field of study in terms of widening the sphere
of potential applications. The Johnson-Cook model [87], which takes high strain
rate as well as high temperature into account, can explain the mechanical

response of metallic materials. The model is expressed as follows:

o=(A+Bs")(1+Cln")(1-T™) (2.2)

where o is the flow stress of material, ¢ is the equivalent plastic strain,

& =¢/&, is the dimensionless plastic strain rate with £, =1s™ with £ and &,
as the accumulated strain rate and reference strain rate. T*=(T-T,)/(Ty - T,)

Is the homologous temperature with T, and T,, as the room temperature and

melting temperature of metallic material, respectively. A, B, n, C, m are the

material constants in this regard. This model indicates that the flow stress of the

material is enhanced by the applied high strain rate, whereas it is decreased by
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thermal softening arising from high temperatures. A great number of
experimental measurements [88-92] have demonstrated that the behaviour of
most aluminium alloy materials can be predicted reasonably using the Johnson-
Cook model. However, several types of aluminium alloys like aluminium alloy
AA5083-H116 [93] and 5059-H131 [94] exhibit negative strain rate sensitivity
that has not been understood well. These disagreements need to be further

investigated.

2.2.6 Hierarchical honeycombs

As reviewed in Section 2.2.2, hexagonal honeycombs have a bending-dominated
deformation mode under in-plane compression, with the maximum bending
moment occurring at the cell wall joints. The hierarchical honeycombs are
obtained by replacing the material close to wall joints with smaller-scale
hexagonal honeycombs. Thus, the hierarchical honeycombs, as a new class of
weight efficient structure, are expected to possess superior mechanical properties
than traditional honeycombs. Periodically, hierarchical honeycombs have
emerged by combining in-plane geometrical elements at different length scales,
see [17, 62, 95-97] and Fig. 2.7 (a). Oftadeh et al. [98] investigated the in-plane
mechanical behaviour of hierarchical honeycombs with various hierarchical
levels. They found that increasing the hierarchical level can significantly
increase the in-plane effective elastic modulus of the honeycomb. For example,
two-scale and three-scale (the in-plane structure is the combination of hexagons
at two scales and three scales, respectively) hierarchical honeycombs were 2.0

and 3.5 times respectively, stiffer than the standard hexagonal honeycomb with
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identical relative density [95]. Hierarchical honeycombs also have higher in-
plane collapse strength [62] and energy absorption capacity [99] than standard
hexagonal honeycombs with identical relative density. With increasing
hierarchical level, there is a transition of in-plane deformation mode from
bending dominated to stretching dominated [100], and a transition of the in-plane
failure mode from elastic buckling to plastic buckling [101]. However, increases
in the in-plane collapse strength were only seen to be significant for the first,
second and third levels of hierarchy; higher hierarchical level did not
significantly increase performance [62]. The concept of hierarchy is also
employed in the cellular solid walls as a substitute for monolithic walls, see Fig.
2.7 (b), contributing to the improvement of elastic modulus, collapse strength,

fracture toughness and stability of structures [102, 103].

Based on the in-plane advantages, hierarchical honeycombs have also been seen
in nature and engineering applications. Typical examples of this are the
microscopic structures of bones in a body (Fig. 2.7 (c)) [104] and the Eiffel

Tower (Fig. 2.7 (d)), respectively.
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(b)

N orark ™ crack tip

vertebral body femoral head

2
Cancellous bone

(c)

Fig. 2.7 In-plane sketch of (a) hierarchical honeycomb unit cells with first and
second order hierarchy [70] and of (b) honeycombs with hierarchical walls [102],
(c) macroscopic and microscopic structures of vertebra and femora [104], and
(d) hierarchical structural Eiffel Tower (Image reproduced from

http://www.5857.com/wall/39264.html).

It has been reported that the severe plastic deformation of honeycombs under
out-of-plane compression is mainly concentrated on cell wall joints [67]. Hence,
the energy absorption capacity of honeycombs can be expected to improve by
distributing greater material and more optimized structures around the wall joints.
Understanding the out-of-plane compressive behaviour of metallic hierarchical
honeycombs, however, is still not well established. As the hierarchical
honeycombs with complicated topologies are difficult to be manufactured, most

investigations are conducted using finite element simulation methods.
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Numerical investigations have suggested that hierarchical honeycombs may
possess improved energy absorption capability and greater resistance to out-of-
plane crushing compared to regular honeycombs [70, 105, 106]. However, the
manufacturing issue of hierarchical honeycombs was not considered in the
aforementioned cases. The dynamic out-of-plane compressive responses of
additively manufactured hierarchical honeycombs, by means of
experimental measurement and finite element simulation, will be

investigated in Chapter 3.

2.2.7 Nomex honeycombs

Phenolic resin-impregnated aramid paper honeycombs, commercially known as
Nomex® honeycombs, are promising cores of stiffness-dominated sandwich
structures. They are largely used in aerospace applications due to their high ratios
of stiffness and strength against density, respectively. The typical applications
of Nomex honeycomb core sandwich structures are the doors, floors, overhead
bins and wing flaps of the airplane. Commercial Nomex honeycombs are
composed of aramid paper layer [107] and phenolic resin coating [108-110].
Both components have excellent performance in terms of heat, flame and
corrosion resistance. These honeycombs have weak in-plane strength but
excellent out-of-plane strength under compression [111], which means the out-
of-plane compressive behaviour of the honeycombs plays a dominate role in
obtaining specific benefits. Table 2.1 shows the quasi-static out-of-plane
compressive strengths of Nomex honeycombs at different relative densities,

investigated by several authors [72, 112-116]. The out-of-plane compressive
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properties of the Nomex honeycombs in the present study and Table 2.1, have
been compared with those of other materials in the Ashby material strength
versus density map [117], see Fig. 2.8. In this figure, the solid line marked
‘Analytical’ represents the maximum theoretical strength of the carbon fibre
composite square honeycombs [31]. It indicates that the ratios of compressive
strength to density of Nomex honeycombs are higher than many of the existing
materials and structures as well as the carbon fibre composite square
honeycombs [31, 118]. Marasco et al. [119] also reported that Nomex
honeycombs had higher specific strength per unit mass than composite truss

cores.

Table 2.1 Typical out-of-plane compressive strengths of Nomex honeycombs

under quasi-static loading.

References Density (kg -m?) compressive strength (MPa)
[72] 48 1.72
[112] 48 2.92
[113] 48 2.1
48 1.8
[114] 64 4.0
[115] 48 2.08
26 0.16
34 0.98
34 0.91
[116] 46 1.90
50 2.64
70 5.07
83 412
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Fig. 2.8 A compressive strength versus density map for engineering materials
[117], including the measured properties of Nomex honeycombs in the current
study (see Chapter 4) as well as investigated by several authors [72, 112-116],
these are denoted by a solid hexagon and hollow hexagons. The measured
compressive strengths of the additively manufactured AISil0Mg alloy
hierarchical honeycombs investigated in Chapter 3 are also included, denoted by
stars. The solid line represents the maximum theoretical strength of fibre
composite square honeycombs [31], which falls into a high specific strength gap

at low densities.
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The quasi-static out-of-plane compressive behaviour of Nomex honeycombs has
been extensively investigated. As reported in the literature [72, 116, 120-123],
Nomex honeycombs behave linearly in an elastic manner prior to achieving their
peak compressive strength and fail with a local fracture of the coated phenolic
resin. Liu et al. [72] evaluated the effects of key material parameters on the
compressive strength of Nomex honeycombs using finite element simulations.
They reported that the thickness, elastic modulus as well as the compressive
strength of the phenolic resin coating had positive effects on the compressive
strength of the honeycombs. Liu et al. [122] also numerically demonstrated that
the debonding imperfections of adhesive in the double cell walls affect the out-
of-plane compressive response of the honeycombs significantly, and that
debonding occurs when the strength of the adhesive decreases. Keshavanarayan
and Thotakuri [123] reported that the off-axis angle decreases the out-of-plane
compressive collapse strength as well as the crush stress due to structural

instability.

Limited studies have been carried out on the dynamic out-of-plane compressive
behaviour of Nomex honeycombs at low strain rates. Anagnostopoulos and Kim
[114] experimentally investigated this behaviour using a Pendulum impactor
system at strain rates up to 65 s. They found that the mechanical performance
of the Nomex honeycombs did not significantly improve with increasing strain
rate. Heimbs et al. [111] studied the effect of loading rate on the out-of-plane
compressive response of Nomex honeycombs with a drop weight tester. They

reported that the compressive strength of the honeycombs had a 30%
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enhancement for the strain rates increasing from quasi-static value to 300 s™.
However, no investigation thus far has been able to provide insight into the high
strain rate (more than 300 s*) compressive response of Nomex honeycombs.

This issue will be addressed in Chapter 4.

As the mechanical properties of the constituent materials are different, i.e. low-
strength aramid paper is ductile but coated high-strength phenolic resin is stiff;
Nomex honeycombs exhibit more complex failure modes than homogeneous
metallic honeycomb structures. It is difficult to capture the failure modes of
Nomex honeycombs using exclusively either experimental or numerical

methods.

2.2.8 Manufacturing methodology of honeycombs

Periodic honeycombs with simple topologies can be obtained using conventional

fabrication methodologies [15, 41, 124]. Hexagonal honeycombs of low relative

density ( o <0.1) are normally fabricated via the expanded manufacturing

process, see Fig. 2.9 (a) for details. In this process, thin metal sheets or aramid
paper sheets are cut into panels initially, then are bonded by adhesive at intervals
and finally stretched perpendicular to the adhesive strips to create a hexagonal
structure. When the relative density of the honeycombs increases, the adhesion
provided by adhesive strips is insufficient to resist thick sheet stretching. Hence,
alternate methodologies are required to fabricate honeycombs of high relative
density. The corrugated fabrication methodology technique (Fig. 2.9 (b)), which

first corrugates the sheets and then stacks them together, is suitable for
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manufacturing high relative-density honeycomb structures. The stacked
corrugated sheets are finally adhered to each other by strips or any welding
technique. In this way, the sheet stretching process is avoided, which prevents
the premature damage of honeycombs at the bonded location. For honeycombs
fabricated by expanded and corrugated manufacturing processes respectively,
the wall thickness along the sheet stacking direction is twice as thick as the
thickness in the other direction. Alternately in comparison to hexagonal
honeycombs, triangular and square honeycombs [65, 71, 125] are fabricated
using the strip slotting method, as shown in Fig. 2.9 (c). As there is no bending
moment that occurs during manufacturing, both honeycombs made from ductile

and brittle materials [31, 126] can be produced by this approach.

w1 < block of sheets
- (HOBE), laser weld or
e

stack & resistance weld

=i Square honcycomb

Triangular honcycomb

Fig. 2.9 The different methodologies and processes for manufacturing
honeycomb structures [41]. (a) Expanded manufacturing process and (b)
corrugated manufacturing process for fabricating hexagonal honeycombs, and

(c) trip slotting methodology for fabricating triangular and square honeycombs.
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However, complicated topologies such as hierarchical honeycombs, lattice
structures as well as irregular topologies, are difficult to obtain by means of
conventional manufacturing approaches mentioned above. This difficulty can be
overcome by the additive manufacturing (AM) technique that is also commonly
known as 3D printing. This technique was initially developed by Hull [127] in
1986 to be known as stereo lithography, subsequently followed by powder bed
fusion [128-130] (selective laser melting (SLM) and selective laser sintering
(SLS)), fused deposition modelling (FDM) [131, 132], inkjet printing [133, 134],
contour crafting [135] and direct energy deposition [136]. Table 2.2 summarizes
the main manufacturing methods and the corresponding parent materials,
applications, advantages, disadvantages and resolution range. Additive
manufacturing enables the fabrication of complex structures continuously from
the microscale to the macroscale level, through stacking parent materials layer
by layer. Meanwhile, it has many other advantages including freedom of design,
flexibility of parent materials, parent material saving, automation and high
precision. Based on these advantages, the additive manufacturing technique has
promising applications in the fields of aerospace, automotive, architecture,

biomedicine and art.

Depending on the parent materials used, honeycomb structures can be produced
by different additive manufacturing techniques. For example, selective laser
melting (SLM) and selective laser sintering (SLS) techniques, which use high-
intensity laser to melt or sinter powders, are suitable for manufacturing metallic

[137-139] and ceramic [140, 141] honeycombs whose parent materials have high
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melting points. It should be noted that SLM manufactured structures have
superior mechanical properties than SLS manufactured structures as powders
can be fused fully by SLM but not by SLS [142]. Due to the low melting point,
fibre reinforced polymers and pure thermoplastic polymer honeycombs can be
obtained by means of fused deposition modelling or inkjet printing [96, 143].
Hence, it is possible to manufacture the desired, complex honeycombs using
various parent materials. However, some disadvantages limit additive
manufacturing to a wider range of applications. The distinct microstructures
inside and between printed layers lead to anisotropic behaviour of structures, and
the void formation between printed layers leads to poorer mechanical properties
[144]. Moreover, additive manufacturing takes more time and consumes more

energy than conventional manufacturing methods. Thus, it is hard to produce

large-scale structures efficiently.

Table 2.2 A summary of additive manufacturing methodologies [145].

Methods Materials Applications Benefits Drawbacks Resolution range (ym)
Fused deposition modelling  Continues filaments of Rapid prototyping Low cost Weak mechanical properties 50-200 um [13]
thermoplastic polymers Toys High speed Limited materials (only
Continuous fibre reinforced advanced composite Simplicity thermoplastics)
polymers parts Layer-by-layer finish
Powder bed fusion (SLS, Compacted fine powders Biomedical Fine resolution Slow printing 80-250 ym [13]
SLM, 3DP) Metals, alloys and limited Flectronics High quality Expensive
polymers (SLS or SIM) Aerospace High porosity in the binder

ceramic and polymers (3DP)  Lightweight structures

(lattices)

method (3DF)

Inkjet printing and contour
crafting

Stereolithography

Direct energy deposition

Laminated object
manufacturing

A concentrated dispersion of
particles in a liquid (ink or
paste)

Ceramic, concrete and soil

A resin with photo-active
monomers

Hybrid polymer-ceramics
Metals and alloys in the form of
powder or wire

Ceramics and polymers

Polymer composites
Ceramics

Paper

Metal-filled tapes
Metal rolls

Heat exchangers
Biomedical
Targe structures
Buildings

Biomedical
Prototyping

Aerospace
Retrofitting
Repair
Cladding
Biomedical

Paper manufacturing
Foundry industries
Electronics

Smart structures

Ability to print large
structures
Quick printing

Fine resolution
High quality

Reduced manufacturing
time and cost

Excellent mechanical
properties

Controlled microstructure
Accurate composition
control

Excellent for repair and
retrofitting

Reduced tooling and
manufacturing time

A vast range of materials
Low cost

Excellent for manufacturing
of larger structures

Maintaining workability
Coarse resolution

Lack of adhesion between
layers

Layer-by-layer finish
Very limited materials
Slow printing

Expensive

Low accuracy

Low surface quality

Need for a dense support
structure

Limitation in printing complex
shapes with fine details

Inferior surface quality and
dimensional accuracy
Limitation in manufacturing
of complex shapes

Inkjet: 5-200 ym.
Contour crafting:
25-40 mm [32]

10yum [13]

250pm [23]

Depends on the
thickness of the
laminates
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2.3 Ballistic impact on laminated fibre composites

High performance fibre reinforced composite is a promising material as a face
sheet for the sandwich structure in terms of resisting ballistic impact. The
ballistic performance of fibre composites is influenced by the properties of fibre,
matrix and fibre-matrix interface. Possible damage mechanisms and energy
absorbing mechanisms for fibre composites are tensile failure of primary yarns,
deformation of secondary yarns, formation of cone at the back face, interlaminar
delamination, matrix cracking and friction between projectile and composites
during penetration [146, 147]. Among these mechanisms, more energy is
absorbed by the deformation of secondary yarns than absorbed by the tensile
failure of primary yarns [146]. This is because the volume fraction of the
secondary yarns is considerably higher than primary yarns. Figure 2.10 shows
the cone formation at the back face of fibre composites in the ballistic impact

event.
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Fig. 2.10 Cone formation at the back face of fibre composites during ballistic

impact [146].

Composites can be divided into cross-ply laminate and woven fabric based on
the architecture of the fibre layer. Although woven fabric reduces the propensity
of fibre splitting in the event of impact, it has the following adverse effects as a

result of wavy fibre tows [148]:

(1) The volume fraction of fibres is lower than that for unidirectional fibre

laminates;

(2) Due to the existence of crimps in woven fibre fabric, the velocity of
longitudinal waves propagating along the fibres is reduced, thus preventing the
dissipation of shock waves and leading to a smaller range of composite

deformation during impact;

(3) The strain of fibres near the impact site is amplified by shock wave reflection

at the crossovers [149, 150];

(4) The woven architecture is locked up under significant shear strain, resisting

further scissoring in the fabric.

Some studies have reported that unidirectional cross-ply fibre laminates exhibit
more excellent ballistic resistance than woven fabrics [151, 152]. Moreover,
cross-ply fibre laminates cost less than 2D and 3D woven fabrics [153-155] due

to a simpler manufacturing process.
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The focus of the review in this section is on the ballistic impact response of non-
woven laminated composites. The effects of fibre, matrix, hybrid composites,
lay-up orientation and sequence on the ballistic resistance of composites will be

discussed.

2.3.1 Strain rate dependency of fibre/yarn/composites

Generally, the quasi-static tensile response of single fibre/yarn and fibre
composites is linear elastic up to failure, dominated by the elastic modulus,
failure strength and failure strain [156-160]. Under ballistic impact, fibre
composites undergo dynamic tension with the movement of projectiles, and the
deformation rate is in the order of 10° s™*. Hence tensile strength, failure strain
and Young’s modulus of the constituent materials in composites might be

influenced by the strain rate.

The axial tensile responses of fibres/yarns/composites at high strain rates are
normally measured by the modified Split Hopkinson Tensile Bar (SHTB). It is
reported that the mechanical properties of carbon fibre composites are strain rate
sensitive [157, 161]. Carbon fibre reinforcements are insensitive to the strain rate
[157, 162, 163], whereas the polymer matrix showcases behaviour that is
dependent upon the strain rate [164]. As the composites in +45° layer-up are
matrix shearing governed [161, 165], the tensile response of composite laminate
in this orientation under dynamic tension is identical to the shear response of the
matrix, which is strain rate dependent [166]. This strain rate effect on carbon
fibre is different from other high performance fibres, e.g. E-glass fibre [167],

aramid fibre [168] and UHMWPE fibre [169], which exhibit strain rate
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sensitivity. The strain rate effects on the dynamic tensile strength of selected

fibre bundles have been shown in Fig. 2.11.
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Fig. 2.11 Strain rate effect on the ultimate tensile stress of fibre bundles,
including M40 J carbon fibre, T300 carbon fibre, E-glass fibre and Kevlar 49

fibre [162].

Koh et al. [170] argued that external grips in the SHTB setup used for clamping
fibres introduced an impendence mismatch between grips and bars (input and
output bars). This resulted in the change of the stress wave profile when the wave
propagated to the interfaces of bars and grips. The error with respect to the strain
obtained from the experimental measurement is therefore produced and affects
the veracity of the measured Young’s modulus for the fibres. Also, the fibres are
prone to slip from the grips during dynamic tension. Based on these
disadvantages, Russell et al. [156] developed an improved setup to investigate

the dynamic tensile behaviour of UHMWPE yarn, as shown in Fig. 2.12. The
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force of the yarn was detected by the force sensors, and strain of the yarn was
obtained via post processing high speed photographic images using digital image
correlation (DIC). This test methodology gave rise to an error only within 0.1%
regarding the strain of the yarn. The proposed setup can be used for correcting

the published data for other fibres.
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Fig. 2.12 Improved experimental setup for measuring the high strain-rate tensile

response of ultra high molecular-weight polyethylene (UHMWPE) yarn [156].

2.3.2 Ballistic performance of yarn/single fibre ply

The performance of individual fibre/yarn against ballistic impact plays an
important role in the global performance of fibre composites. When the two-end
clamped fibre/yarn is transversely impacted at the centre by a projectile, two
types of stress wave can be obtained, i.e. longitudinal wave and transverse wave

[171]. The longitudinal wave propagates symmetrically outward along the fibre
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axis from the impact point, and the tensile strain is zero before the propagation

of this wave. The longitudinal wave speed C; can be calculated as follows:

Ci= |— (2.3)

where E, and p, are the elastic modulus and density of the fibre, respectively.

With the propagation of the longitudinal wave, the fibre material flows to the

impact point giving rise to a tensile strain in the fibre.

The transverse wave is behind the longitudinal wave, propagating at

approximately one order of magnitude lower speed than the longitudinal wave.
The velocity of the transverse wave u is calculated based on the following

relation

u=c, \/gfﬂlgf (1+£f)—8f (2.4)

where &, is the failure strain of fibres. It can be concluded that a higher

longitudinal wave speed of the fibre contributes to higher transverse wave speed,;
this has also been confirmed by Song et al. [172]. Hence, a fibre of high elastic

modulus and low density can benefit the ballistic resistance of fibre yarn.

Two different types of failure mode are identified in polymeric yarns, i.e. a
transverse stress wave mode at low impact velocity and a shear mode at high

impact velocity [173], as shown in Fig. 2.13. There is a critical impact energy
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for the transition between the two failure modes, and the value for UHMWPE
yarn (higher elastic modulus and lower density) is higher than that for aramid

yarn, verifying the conclusion from Eq. (2.4).

(a) Transverse stress wave failure mode

(b) Shear failure mode

Fig. 2.13 Two distinct failure modes observed in polymeric fibres under

projectile ballistic impact [173].

For the single fibre ply, the theoretical speed of the longitudinal wave calculated
by Eg. (2.3) only considers the role of fibre, and is higher than the experimental
value [174, 175]. This is due to the fact that the matrix applied in the ply
decreases the wave speed. The matrix influence can be taken into account using

the following equation

(2.5)
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where c,, is the longitudinal wave speed in the fibre composites ply, M, is the
mass per unit length (in kg/m), F; and ¢, are the tensile force (in N) and strain
of fibre ply, respectively. d F;/d &, of the fibre ply is the same as that of the

fibre/yarn, whereas the M, of the fibre ply is more than that of the fibre/yarn

due to the addition of the matrix. Hence, the wave speed propagating in the fibre

ply is slower than that in the fibre/yarn.
2.3.3 Effect of fibres

In ballistic impact events, the energy absorption capacity of composites is
dominated by the mechanical properties of the fibres. It is commonly accepted
that there are two fibre properties affecting the ballistic protection of composites.
One property is the specific strain energy of fibres, which is related to the tensile
strength and ductility of the fibre [176, 177]. Higher ballistic resistance of
composites can be achieved by increasing the fibre toughness, rather than the
tensile strength or failure strain alone. The other fibre property is the longitudinal
wave speed propagating in the fibres, which is related to the Young’s modulus
and density of fibres [172]. Higher fibre elastic modulus and lower fibre density
give rise to higher fibre wave speed, contributing to a wider range of energy
transmissibility and composite deformation. Figure 2.14 shows a map of specific
energy absorption as a function of longitudinal wave speed for different fibres

in term of ballistic protection [178].
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Cunniff [18] reported that the ballistic limit of fibre composites scales linearly

with the Cunniff velocity c* of the fibre filament and can be defined as follows:

1/3
o:&¢ |E;

2p; \ Py

*

Cc =

(2.6)

where o is the tensile strength of fibres. Thus, the Cunniff velocity c” is

O &5

governed by two material properties, i.e. specific strain energy and

P

E
longitudinal wave speed |—- of fibres. The contours of the theoretical Cunniff
P

velocity have been plotted in Fig. 2.14. This approach provides guidance to
determine fibre composites of high ballistic limits. However, it fails to predict

the ballistic limit velocity of UHMWPE fibre composites.
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Fig. 2.14 A map showing specific energy absorption as a function of longitudinal
wave speed of fibres and other high-performance materials [178]. The contours
of Cunniff velocity c¢* are also included in the map. ‘PBO’ and ‘PIPD’ in this
figure represent Poly-p-phenylene benzobisoxazole and polyhydroquinone-

diimidazopyridine, respectively.

2.3.4 Effect of matrix

Based on the review in Section 2.3.3, Cunniff velocity ¢* only considers the

effect of fibres on the ballistic resistance of composites, but does not provide an
insight into the effect of the matrix. The matrix has the responsibility of bonding
fibre reinforcements together and transferring stress between them [179]. It can
also protect fibres against abrasion as well as adverse environmental impacts.
Though the matrix itself is unable to dissipate a large amount of energy, it has
an indirect effect on the energy absorption of fibre composites by influencing
the number of broken fibres. Lee et al. [180] argued that, in ballistic impact
events, the yarns in dry fabric fracture individually along the periphery of the
projectile, whereas the yarns in fibre composites fracture under the constraint of
the matrix which reduces the mobility of yarns. In addition, the properties of the
matrix also influences the bond strength between fibres and matrix, further
influencing the ballistic protection of composites [177]. The high-strength
matrix enhances the bonding of the fibre-matrix interface which results in brittle
failure and weak energy absorption capacity of composites during ballistic
impact. The low-strength matrix leads to significant delamination between layers

but better energy absorption capacity of composites. The medium-strength
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matrix behaves best in composites that give rise to progressive failure under
ballistic impact. The matrix of medium strength not only ensures excellent
integrity of fibre composites but also contributes to the relatively high energy

absorption capacity of composites.

Normally, matrices of most fibre composites, e.g. carbon fibre, glass fibre and
aramid fibre composites, become stiff after curing. However, the matrices of a
small portion of composites, such as UHMWPE fibre composites [181], are
made from soft materials that have low stiffness and shear strength. Each layer
of soft matrix composites can be folded with a high curvature [182], and fibres
microbuckle without matrix failure. This behaviour is different from that of stiff
matrix composites where fibre microbucking occurs in combination with matrix

facture [86, 183, 184].

It has been proven that when compared to a soft matrix, a stiff matrix results in
a smaller range of deformation and more significant stress concentration in
composites, leading to less fibre failure [180]. Ruijter et al. [185] analysed the
effect of matrix stiffness, at a range of 10 to 4 GPa, on the ballistic impact
protection of Twaron® fabric composites via a series of experimental
measurements. They found that the ballistic limit of the composites strongly
depended on the matrix stiffness, and the highest ballistic limit was achieved
when the matrix stiffness was in the range of 0.01 to 1 GPa. Beyond this stiffness
range, the matrix restricted the deformation of fibres and was unable to provide
enough adhesion for bonding the fibres together below this range. Karthikeyan

etal. [178, 186] investigated the effect of shear strength on the ballistic response
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of laminated composites, including cured and prepreg carbon fibre composites,
and polyethylene fibre composites (Dyneema®) with two different matrices.
They reported that the Cunniff velocity fails to characterise the ballistic
resistance of fibre composites, and the ballistic limit of the composites increases
with a decrease in shear strength of the matrix. The matrix with a lower shear
strength was able to relieve a larger stress gradient for the cross-ply laminates
through interlaminar shearing [187], thus a wider range of membrane stretching

in each layer was achieved, ensuring higher impact force resistance.

Under high-velocity impact (the initial velocity of a projectile is greater than 10
m/s), the ballistic response of composites is governed by the stress wave
propagation relation [188]. As the response time of stiff composites is short
during ballistic impact, the localised damage in stiff composites is significant.
However, due to the flexible contact between projectile and soft composites, the
response time may increase and stress concentration may reduce. The failure
mechanisms of the two types of composites are different [178, 189]. For stiff
composites, the projectile first comminutes the fibres within the front face, then
penetrates the composite plate. Significant bending of the plate around the
impact site leads to the tensile fracture of fibres. For soft composites, the material
fails progressively due to the tensile rupture of fibres; the sketch of this

penetration mechanism is shown in Fig. 2.15.

50



Chapter 2: Literature Review
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Fig. 2.15 The penetration mechanism of the edge clamped ultra high molecular-

weight polyethylene (UHMWPE) fibre composite laminate [189].

2.3.5 Ballistic resistance of hybrid fibre composite laminates

Although composites with a soft matrix exhibit higher ballistic limits than those
with stiff matrices, they have a limited ability to resist the out-of-plane bending
force as well as in-plane compression. The concept of a hybrid material, which
is the combination of two or more different materials and superimposes the
properties of each material to be multifunctional in nature, was first proposed by
Ashby and Brechet [117]. Figure 2.16 shows the possible outcomes of
hybridizing two component materials, M: and M2. The hybrid design provides a
property optimization that cannot be achieved with a single material, and is
expected to retain the desirable attributes of both materials. Hybrid A, combining
the best properties and diminishing the disadvantages of both components, is
highly desired, e.g. steel coated by zinc has the capacity to resist loads as well
as corrosion. Hybrid B, the arithmetic average of the properties of two
constituent components, is most commonly obtained. The authors [117] argue
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that the axial elastic modulus of unidirectional fibre composites is close to the

rule of mixtures.

Family 1

Property P,

Family 2
Property P,

Fig. 2.16 The possible outcomes of hybridization based on two component
materials [117]. M1 and M2 represent the original materials, A, B, C and D

represent the possible outcomes after the hybridization of A and B.

Hybrid fibre composites are the combinations of two or more fibre reinforced
composites. Fibres of different scales and properties can toughen the hybrid
composite system, delaying and stabilizing the development of matrix cracks
[190]. The quasi-static mechanical properties of the hybrid composites depend
on many factors, e.g. fibre properties, matrix properties, volume fraction of
fibres, ply-stacking orientation (see Section 2.3.6) and ply-stacking sequence
(see Section 2.3.7). For example, kapok-glass hybrid fibre polymer composites
exhibit higher flexural and compressive strengths than sisal/glass and

kapok/sisal fibre composites. In addition, the inter-laminar shear strength of
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kapok/glass hybrid composites decreases as the ratio of kapok fibres to glass

fibres increases [191].

It has been demonstrated that hybrid composite laminates reinforced by two or
more types of fibres can offer better ballistic performance than laminates
reinforced by only one type of fibre. As reported by Pandya et al. [192], ballistic
limit can be increased by adding E-glass fibre layers to carbon fibre composites
when compared to single carbon fibre composites with the same thickness.
Bandaru et al. [193] investigated the different combinations of fibre reinforced
composites, namely glass fibre, carbon fibre and Kevlar fibre composites. They
found that Kevlar composite laminate hybridized with carbon fibre layer
possesses the better ballistic resistance than the other combinations, and the
ballistic performance can be improved by increasing the toughness of
composites. Similar results were reported by Dorey et al. [194]. They proved
that carbon/Kevlar hybrid fibre composites had better ballistic resistance and
higher residual strengths (i.e. tensile, flexural and inter-laminar shear strengths)
than composites reinforced by carbon fibres or Kevlar fibres alone, though the
quasi-static mechanical properties of the hybrid composites were not as good as

those of the carbon fibre composites.

Except for the above investigations into thermoset matrix hybrid composites,
thermoplastic matrix hybrid composites have also been studied in terms of
ballistic resistance. The investigation into the penetration behaviour of the
hybrid laminate, which is a combination of two different types of UHMWPE

fibre composites with a soft matrix (Dyneema®), was conducted by O’Masta et

53



Chapter 2: Literature Review

al. [189]. It was reported that the interaction between the two composite
components was negligible for ballistic impact events, i.e. the ballistic resistance
of the hybrid composites was dominated by the properties of the front-face and
back-face composites independently before and after penetration of the front-

face composites, respectively.

The existing hybrid fibre composite materials are mainly due to the hybridization
of two types of fibre reinforcements while maintaining the same matrix
properties. There are rare reports about hybrid fibre composites with two
different types of matrices. Larsson et al. [195] gave an insight into ballistic
protection and post-impact mechanical properties of the hybrid system
combining carbon fibre composites with soft polyethylene fibre composites via
a series of tests. They concluded that the choice of fibres is the primary focus in
order to obtain expected characteristics of composites. Wang et al. [196]
investigated the effect of a ductile matrix as well as a brittle matrix on the impact
toughness of fibre composites using a low-velocity drop weight setup. They
found that the ductile thermoplastic polyphenylene sulphide (PPS) matrix
enhanced the impact toughness of composites compared to the brittle epoxy
matrix. In addition, the weak interface between the PPS matrix laminate and
epoxy matrix laminate resulted in debonding that dissipated considerable energy.
As the energy absorbed by laminate debonding has not been quantified yet, it is
a future topic of research within this field. Also, the failure modes as well as
energy absorption capacity of the hybrid materials containing soft and stiff

composites are still unclear. We will address the issue in Chapter 5.

54



Chapter 2: Literature Review

2.3.6 Effect of ply-stacking orientation

Stacking orientation of unidirectional fibre plies in polymer composites plays an
important role in resisting ballistic impact. Changing the layer stacking
orientation is an effective way to improve the impact resistance while keeping
the same areal density of composites. It should be noted that different stacking
orientations result in different in-plane mechanical properties for composites

[178, 197].

Within the family of stiff matrix composite laminates, quasi-isotropic
([(0°/90°)/(£45°)]n) fibre composites laminates exhibit higher peak force and
smaller back face deformation than cross-ply ([0°/90°]) and angle-ply ([£45°]n)
laminates subject to low-velocity drop weight impact [198]. Moreover, lower
angle mismatch between adjacent plies contributes towards less significant inter-
laminar and localized damage in composites. In all composite laminates which
do not exhibit a quasi-isotropic stacking architecture, the [0°/90°]n cross-ply

laminates provide the best impact resistance [199].

For soft matrix composites, the effect of layer-up orientation ([0°/90°]» cross-
ply, traditional [(0°/90°)/(x45°)]» quasi-isotropic and helicoidal quasi-isotropic)
on the impact resistance of UHMWPE fibre composites, was investigated by
Hazzard et al. [197] using the similar drop weight test setup. The helicoidal
quasi-isotropic fibre orientation had smaller angle mismatch than the traditional
quasi-isotropic fibre orientation, as shown in Fig. 2.17. They highlighted that the
quasi-isotropic architectures reduce on average a 43% back face deflection

compared to cross-ply architectures. However, the ballistic limit of the cross-ply
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architectures was higher than those of the quasi-isotropic architectures [148].
The quasi-isotropic laminates involved a wider range of deformed area than the
cross-ply laminates [200]. The deformation of the cross-ply laminates was
governed by a large amount of in-plane shear, whereas the deformation of the
quasi-isotropic laminates was dominated by a large amount of panel buckling
that was initiated from the impact site. In addition, the angle mismatch of the

quasi-isotropic laminates is insignificant in terms of impact resistance.

Laminate 25-HC2
ISOTROPIC VIEW TOP DOWN VIEW

HB2S (07 90°)
sub-laminates

Fig. 2.17 A schematic of helicoidal quasi-isotropic stacking architecture with an

angle mismatch of 11.25° [197].

2.3.7 Effect of ply-stacking sequence and laminate-stacking sequence

As there are distinct types of fibre composites in a hybrid composite laminate, it
is necessary to determine which type of ply or laminate should be used as the
front impact face. Similar to ply-stacking orientation as reviewed in Section
2.3.6, the optimization of ply-stacking sequences can also improve the ballistic
protection of laminated composites effectively [201].
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Bandaru et al. [202] studied the effect of the stacking sequence of layers on the
ballistic performance of hybrid composite armors reinforced by Kevlar and
basalt fibres. They argued that composites with a symmetrically alternated ply-
stacking sequence (see Fig. 2.18) had a higher ballistic limit than those with a
non-symmetric ply-stacking sequence. The ply-stacking sequence did not
significantly affect the damage modes of the front face, however, it changed the
damage modes of the back face. Amico et al. [203] obtained the opposite
conclusion by investigating the impact strength of glass/sisal hybrid composites,
i.e. the non-symmetric ply-stacking composites exhibited higher impact strength
than the symmetric ply-stacking composites. The different conclusions may be
attributed to the different fibre reinforcements used, and this needs to be further

studied.
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Fig. 2.18 Two types of ply-stacking sequence in Kevlar/basalt hybrid composite

armors [202].
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Regarding laminate-stacking sequence, no reference can be found for hybrid
fibre composites combining stiff matrix and soft matrix composites. However,
for hybrid composites only with a stiff matrix, the ballistic performance is
improved by placing stiff fibre (say carbon fibre) laminate and tough fibre (say
Kevlar fibre) laminate at the front face and rear face, respectively [193, 204].
For hybrid composites only with a soft matrix, the penetration resistance might
benefit from the optimized stacking sequence of laminates, i.e. the laminate with
higher compressive strength and lower impendence as a front face, and the

laminate with higher tensile strength as a back face [189].

During ballistic impact, the stiff plate prevents ductile deformation and failure
of the soft plate when the soft plate is located at the front face. This may lead to
a plugging failure of the front soft plate rather than ductile failure. Hence, less
plastic deformation occurs and a lower ballistic limit is achieved for this type of
laminate-stacking sequence in hybrid composites [205, 206]. In addition, the
front-face soft laminate in hybrid composites can be regarded as back supported
by the back-face stiff plate. Attwood et al. [207] reported that both critical
velocities to initiate failure and complete penetration of the back supported fibre
composites were lower than that for free standing composites, as shown in Fig.
2.19. This is due to the fact that the interfacial pressure is determined by the
relative velocity between projectile and composites, and a higher relative

velocity gives rise to a higher pressure.
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Fig. 2.19 Summary of the measured critical velocity v, to initiate failure and
ballistic limit v of the UHMWPE fibre composites for back supported and
free standing cases [207].
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Chapter 3

Compressive Response of AlSi10Mg Alloy Hierarchical

Honeycombs

Abstract

Periodic honeycombs have been used for their high strength, low weight and
multifunctionality. The quasi-static and dynamic compressive responses of three
types of additively manufactured AlSi10Mg honeycomb structures, specifically
a single-scale honeycomb and two hierarchical honeycombs with two and three
levels of hierarchy, respectively, have been investigated using experimental
measurement and finite element (FE) simulation. The validated FE simulation
has been employed to investigate the effects of relative density of the
honeycombs and the key experimental parameters. The following failure modes
of the three types of honeycombs have been observed both under quasi-static
and dynamic compression: (1) the single-scale honeycomb experienced a
transition of failure mechanism from local plastic buckling of walls to local
damage of the parent material without buckling with the increase of the relative
density of the honeycomb; (2) the hierarchical honeycombs all failed with parent
material damage without buckling at different relative densities. For both quasi-
static and dynamic compression, the hierarchical honeycombs offer higher peak

nominal wall stresses compared to the single-scale honeycomb at low relative

density of p =0.19; the difference is diminished as relative density increases,
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i.e. the three types of honeycombs can achieve similar peak wall stresses when

p >0.26. Numerical results have suggested the hierarchical honeycombs can

offer better energy absorption capacity than the single-scale honeycomb. The
two-scale and three-scale hierarchical honeycombs achieved similar peak
nominal wall stresses for both quasi-static and dynamic compression, which may
suggest that the structural performance under out-of-plane compression is not
sensitive to the hierarchical architecture. This work suggests that the structural
advantage of hierarchical honeycombs can be utilised to develop high

performance lightweight structural components.

3.1 Introduction

With the increase in terrorist attacks and regional conflicts, it is an urgent need
to design high-performance honeycomb cores to improve the impact resistance
of sandwich structures. The hierarchical honeycombs, as optimized structures
based on traditional honeycombs in nature, exhibit exceptional out-of-plane
mechanical performance [105, 106, 138, 208, 209]. Though only a limited
amount of studies on the out-of-plane compressive response of hierarchical
honeycombs have been done numerically under dynamic impact, experimental

measurements are rarely available in the literature.

Honeycombs with simple topologies can be obtained via conventional
manufacturing techniques [41]. However, conventional manufacturing
approaches may encounter difficulty in manufacturing hierarchical honeycombs

owing to their complex 3D geometries. The Selective Laser Melting (SLM)
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manufacturing technique can be employed to overcome this difficulty. In
addition, due to the anisotropic feature of SLM manufactured structures [210],
an effective finite element methodology is also required to predict the
compressive response of hierarchical honeycombs manufactured by the SLM

manufacturing method.

The aim of this chapter is to gain insight into the behaviour of SLM
manufactured metallic hierarchical honeycombs under static and high strain rate
out-of-plane compressions, through both experimental measurements and
numerical simulations. The failure modes of honeycombs with different relative
densities are also characterized to identify the advantages of hierarchical
honeycombs. The outcome will provide the basis for the development of high
performance, SLM manufactured, hierarchical honeycomb core sandwich
structures. The outline of the chapter is as follows. First, the geometries and
manufacturing methodology for three types of honeycombs, and the mechanical
properties of parent materials are presented. Second, the quasi-static and
dynamic experimental protocols are explained, and the methodology for finite
element simulation is also described. Finally, the experimental and simulation
results are discussed, including the dynamic compressive strengths and failure
modes of hierarchical honeycombs, and also the influence of key parameters on

the compressive response of honeycombs.
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3.2 Material and manufacturing

3.2.1 The honeycomb specimens

Three types of cylindrical honeycomb specimens were manufactured using
Selective Laser Melting (SLM): single-scale, two-scale and three-scale. The
schematics and photographs of the honeycombs are shown in Figs. 3.1 (a) and
(b), respectively. They were made from AISilOMg alloy. Throughout this
chapter, the global coordinates are defined with the 3-axis aligned with the out-
of-plane direction of the honeycombs, and the 1-axis and 2-axis representing the

in-plane directions of the honeycombs. Each specimen has an out-of-plane (3-

axis direction) thickness of H =40 mm and an in-plane (1-2 plane) maximum

diameter of D =27 mm. The single-scale honeycomb specimen consists of 7

identical curved hexagonal unit cells with average wall thickness 0.675 mm,
radius of each curved side 4.8 mm and central angle 60°. The design is motivated
by Bauer, et al. [211], which demonstrates that it can offer higher specific

compressive strength than typical, straight-walled honeycomb geometry.

Hierarchical honeycombs have been reported to have good in-plane mechanical
behaviour, as reviewed in Chapter 2. To examine their out-of-plane compressive
behaviour, the two-scale and three-scale honeycombs were designed with in-
plane hierarchical structures, i.e. combination of hexagons at two length scales
for the two-scale honeycomb, and at three length scales for the three-scale
honeycomb. The two-scale honeycomb consists of 7 large hexagons, each

containing 6 smaller hexagons. The average wall thickness of the specimens is
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0.66 mm, and the lengths of each side of the larger and smaller hexagons are
4.64 mm and 1.66 mm, respectively. The three-scale honeycomb consists of 7
large hexagons, each containing 6 medium-sized hexagons, which in turn
contains 3 small hexagons. The average wall thickness of the sample is 0.55 mm,
and the lengths of each side of the largest, medium-sized and smallest hexagons
are 4.34 mm, 1.27 mm and 0.77 mm, respectively. The geometrical parameters

of these honeycombs are mainly determined by the limitation of the

manufacturing facility. The relative density p of the honeycombs is defined as
p=plp,, where p and p, denote the densities of the honeycombs and the

AlSi10Mg alloy parent material, respectively. The measured relative densities
of the honeycombs were 0.19, 0.26 and 0.35 for single-scale, two-scale and

three-scale honeycombs, respectively.
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3D view

Cross-sectional view

Single-scale

( a) Two-scale

Three-scale

(b)

Fig. 3.1 (a) Sketch and (b) photograph of the Selective Laser Melting (SLM)

manufactured single-scale,

dimensions are in mm.

two-scale and three-scale honeycombs.
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3.2.2 Manufacturing

A Renishaw AM250 SLM machine (Fig. 3.2 (a)) was used to fabricate the
specimens. This machine has a build volume of 250*250*300 mm?, and enables
to provide fast additive manufacturing for metal components by melting the
flexible fine metal powder such as AISilOMg, AIlSil12, commercially pure
titanium (cp-Ti), Ti-6Al-4V, Ti-6Al-7Nb, H13 tool steel, cobalt-chrome alloy
and Inconel 718 alloy. The external powder hopper with valve interlock system
allows additional powder to be added during fabrication. The hopper can also be
removed for cleaning or be replaced by another hopper with different powder

materials. Hence, flexible materials can be interchanged on the platform.

The fabricated specimens include dog-bone shaped coupons and the
honeycombs. The principal chemical composition of the constituent material of
AlSi10Mg powder (supplied by TLS Technik GmbH) contains Al 88.9 wt%, Si
10.7 wt%, Mg 0.5 wt%, and the powder particle size ranges from 15 pm to 110
um. The optimised manufacturing process described in [212, 213] was adopted
to produce parent material with minimal porosity. The Renishaw AM250 SLM
machine was equipped with an Yb fibre laser of power 200 W and wavelength
1070 nm. The laser scan strategy was chessboard and a scan speed of
approximately 570 mm/s was achieved by employing 80 pm point distance and
140 ps exposure time. The hatch spacing was 130 pum. During processing, the
AlSi110Mg powder was deposited in 25 um layers with the temperature of the
build platform being held at 180 °C. The specimens were manufactured under

argon atmosphere with an oxygen content less than 0.09%. The microstructure
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of the SLM manufactured AISi10Mg alloy is shown in Fig. 3.2 (b) [214]. This
SLM manufactured material with fine microstructure and characteristic melt
pools is transformed into a coarser-grained material, where the Si has
agglomerated into equiaxed particles. Both the honeycombs and dog-bone
shaped coupons were manufactured with their 3-axis along the SLM build
direction. The mechanical behaviour of the AISi10Mg alloy parent material was

characterised via coupon tensile tests, as described next.

LN (B MY o e pesi] 4 ]

(a)t

micro-_{REs
pores

melt pool
interior

melt pool
boundary

Fig. 3.2 (a) The Renishaw AM250 SLM machine used for manufacturing
AlSi10Mg alloy dog-bone coupons and honeycombs, (b) the microstructure of

the SLM manufactured AlSi10Mg alloy material [214].

3.2.3 Quasi-static tensile coupon tests of parent material

In order to characterise the mechanical behaviour of the AlSi10Mg alloy parent
material, quasi-static uniaxial tensile tests were conducted using dog-bone
shaped coupons and the method described by ASTM standard E8/E8M [215].
The SLM manufactured test coupons had dimensions of gauge length 45 mm

and diameter 9 mm, as schematically shown in the insert of Fig. 3.3. The coupons
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were manufactured with the longitudinal direction of the coupons aligned with
either the 3-axis or 1-axis (2-axis). The uniaxial tensile stress was measured
using an Instron 5581 screw-driven testing machine at a constant extension rate
of 0.5 mm/min with three repeats. A single Stingray F146B Firewire Camera
video gauge was used to measure the corresponding nominal strain. Figure 3.3
shows the measured nominal stress-strain relationship using the coupons with
longitudinal direction aligned with either 3-axis or 1-axis (which was shown
experimentally to be nearly identical to the 2-axis). Only one stress-strain curve
in each loading direction is shown in this figure for clarity. The key tensile
properties of the SLM manufactured AISi10Mg alloy material both in and 3-axis
and 1-axis (or 2-axis) loading directions are summarized in Table 3.1. It indicates
that the deviation is in the range of 10% for each tensile property, the
repeatability of measurements can be therefore guaranteed. For both alignments,

the coupons exhibit the same linear elastic behaviour of average Young’s

modulus E,, =69.3GPa and yield strength o' =160 MPa . However, the

coupon aligned with the 1-axis (or 2-axis) has higher tensile strength and greater
ductility than that aligned with the 3-axis. Similar anisotropy has been seen in
previous work and ascribed to microstructural anisotropy stemming from the
asymmetric heat flux during laser irradiation and cooling and from the

preference for flaws to align in this direction [216].

68



Chapter 3: Compressive Response of AlSi1l0Mg Alloy Hierarchical Honeycombs

500 . T T T T T T T ¥ T
—— Experimental
- - - Numerical === 1000",
- "_———‘ - - 7" = A 7]
400 =77 100 - ~~ 5000
-~ - ‘o

300

200

1(or 2)

Nominal stress (MPa)

100 direction N ]
1 "'\;:.
1 '-.. \;
0 1 i L 4' 1 P
0.00 . 0.04 0.06 0.08 0.10 0.12

Nominal strain

Fig. 3.3 The uniaxial tensile stress - strain relation of AISi10Mg alloy at selected
strain rates. The insert shows the geometry of the dog-bone coupon employed in

the quasi-static test.

Table 3. 1 Tensile properties of the SLM manufactured AISi10Mg alloy material

in different loading directions.

Mechanical Ultimate tensile Young’s )
_ Elongation (%)
properties strength (MPa) modulus (GPa)
1 (or 2) direction 345 +12 69.3+5 8+0.7
3 direction 298 + 8 69.8 £ 4 2%0.2

The experimental results shown in Fig. 3.3 are comparable to those of the SLM

manufactured AISi1l0Mg alloy reported by Kempen et al. [217]. The tensile

69



Chapter 3: Compressive Response of AlSi1l0Mg Alloy Hierarchical Honeycombs

behaviour in the 1-axis or 2-axis direction was nearly identical to that of the cast
AlSi10Mg alloy as reported by Manfredi et al. [218] and Joseph et al. [219]. In
Section 3.4, the uniaxial tensile test results are used as the input of the

constitutive model employed in the finite element simulations.
3.3 Experimental protocols for honeycombs under compression

3.3.1 Quasi-static compression testing

Quasi-static out-of-plane compression tests were conducted using an Instron®

5581 screw-driven testing machine with a constant displacement rate of 2

mm/min in the out-of-plane direction, see Fig. 3.4 (a). The compressive force F

and the vertical displacement & of the crosshead were both directly measured

from the testing machine. The nominal compressive strain and stress of the
honeycomb specimens were calculated as ¢=06/H and o=F/A ,
respectively, where H is the original height of the honeycomb specimens and

the original cross-sectional area of the honeycomb specimens, =7zD?14.
A g y p

The averaged wall stress & of the honeycomb specimens can be related to
nominal compressive stress o and relative density p via 6=c/p . A

Phantom Mercury HS V12.1 high-speed camera was used to record the

compressive deformation histories of the honeycombs.
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A

(a) Quasi-static experimental setup

(b) Dynamic experimental setup
Fig. 3.4 (a) Quasi-static and (b) dynamic experimental setups for determining
the compressive response of additively manufactured AISilOMg alloy

honeycombs.
3.3.2 Dynamic compressive testing

Figure 3.4 (b) shows the photograph of the experimental setup under dynamic
compression. The dynamic out-of-plane compressive response of the SLM
manufactured honeycombs was measured via a set of direct impact tests with a
strain-gauged Kolsky pressure bar setup [65, 220, 221], as shown in Fig. 3.5.
Two types of impact test were employed: back face and front face impact. For
back face impact, a striker was accelerated through the gun barrel to impact a
sample adhered to the impact end of the Kolsky bar with a low strength adhesive
material, see Fig. 3.5 (a). For front face impact, a sample adhered to a striker was
fired from the gun barrel to impact on the Kolsky bar, see Fig. 3.5 (b). The two
impact tests result in different plastic shock wave propagation within a sample

with the directions of the plastic shock wave propagation being opposite. As
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demonstrated in Section 3.7.1, the compressive strengths of honeycomb

specimens achieved in both back face impact and front face impact are nearly

identical for lower velocity impact (v, <20 ms™) and higher velocity impact
(v, >80 ms™). The Kolsky bar was positioned 110 mm from the open end of the

gas gun, and had a diameter identical to that of the strikers, D, =27.5 mm, and

a length of 1.8 m. Both the Kolsky bar and the strikers were made from M300

maraging steel with elastic modulus of E, =210 GPa and yield strength of &, =

1900 MPa. The Kolsky bar was supported by four knife-edge friction-reducing
Nylatron bearings and momentum was resisted at the distal end by an ACE MA
4757M self-adjusting shock absorber. Two diametrically opposite 120 Q TML
foil strain gauges of gauge length 1 mm in a half-Wheatstone bridge were located
at the centre point. The stress history was recorded as a voltage change from the
strain gauges, which was amplified by a Vishay 2310B signal conditioning
amplifier system before being recorded on an Instek GDS-1052-U 50 MHz 2-
channel Digital Oscilloscope. During signal capture, the two strain gauges on
diametrically opposite sides allowed for a simple check of any bending in the
Kolsky bar. Bending will produce sinusoidal oscillations with a © phase-
difference between the two channels. If negligible bending was recorded during
the testing, the results were accepted and the average value of the two gauges

was taken.
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Fig. 3.5 Sketches of Kolsky bar setup employed in the experiment, (a) back face

and (b) front face impact. All dimensions are in mm.

Three cylindrical strikers of different masses were employed in the impact tests

in order to achieve different striker velocities: a small striker of length

=0.02m and mass M =0.0927 kg was used at velocity range of
80<v,<120ms™ , an intermediate striker of length 1=0.1m and mass
M =0.463kg for velocity range 20<v,<80ms™, and a larger striker of
length 1=05m and mass M =23kg for lower velocity range

2.5<v, <20 ms™. The effect of the striker mass on the compressive response

of the honeycombs has been examined in Section 3.7.2. It is demonstrated that
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(i) the striker is subjected to significant deceleration during the lower velocity

impact events, e.g. v, <20 ms™, and the deceleration is negligible for the higher

velocity impact events, e.g. v, >80 ms™, and (ii) striker mass has a small effect

on the compressive response of honeycombs under the higher velocity impact.
The striker was accelerated using a pressurised gas gun of barrel length 3.5 m,
internal diameter of 28 mm and outer diameter of 40 mm. Either compressed air

(for lower velocity) or pressurised nitrogen (for higher velocity) was used to

propel the striker to velocities in the range 2.5<v, <120 ms™*. The velocities of

strikers with different masses related to the applied pressurised gas are
summarized in Table 3.2. Striker velocity was measured using two laser gates
located at the open end of the gas gun barrel and confirmed with the high speed
camera. High-speed photography was also employed to measure the response
of the honeycomb specimens; the frame rate was typically 70,000 fps and the
exposure time was 8 pus. As indicated in Section 3.6.1, the force equilibrium in
honeycomb specimen was achieved wthin the time scale of the dynamic

compression.
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Table 3. 2 Summary of the pressurised gas used in the tests.

Striker mass Pressure Approximate velocity of striker
(ka) (Bar) (m/s)
2.3 2 10
2.3 5 20
0.463 25 80
0.0927 4 80
0.0927 10 120

Calibration of the Kolsky pressure bar was conducted via direct impact of a

striker (without a specimen) to trigger a stress wave within the bar. Fig. 3.6

shows the measured time history of stress with a striker velocity of v, =4.1ms™

. The measurement is compared with the predicted stress based on 1D elastic

wave theory, which states that the axial stress within the steel bar can be

calculated as o, = p,C,v, / 2=77.1 MPa with p_and C, as the steel bar density

and longitudinal elastic wave speed, respectively. The average stress throughout

the calibration test was measured as 78.5 MPa, within 2% of the prediction. The

longitudinal elastic wave speed, C,, was measured experimentally as the time

taken for the reflection of the compressive wave from the distal end of the
Kolsky bar returning to the strain gauges as a tensile wave. It was measured as
4865 ms™, giving a time taken for reflection and thus complication of the stress
measurement as 370 ps.
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Fig. 3.6 Time history of stress measured by the Kolsky pressure bar setup during

a calibration test.

3.4 Finite element simulation

3.4.1 The finite element model

Numerical simulation was conducted to simulate both the quasi-static and
dynamic compressive response of the honeycombs in order to (i) verify the
experimental measurements, and (ii) develop further understanding of the effects
of the key experimental parameters. The explicit version of the commercially
available finite-element (FE) package ABAQUS® was employed in the FE
calculations. The webs of the honeycomb specimens were modelled with 8-node
linear 3D solid elements (ABAQUS element C3D8R). Numerical study

confirmed that a maximum element edge length of half the wall thickness was
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required to achieve converged results which have been discussed in Section
3.5.1. The FE model of a honeycomb was sandwiched between two rigid plates
(discretised with the 4-node rigid elements, R3D4) in the 3-axis direction: one
of the rigid plates was fully clamped, and the other rigid plate was restricted to

translation in the 3-axis direction.

For quasi-static compression, the movable rigid plate imposed compressive
loading on the sample with a constant velocity. To ensure the simulation was
quasi-static, the velocity was controlled so that the kinetic energy was under 5%
of the total energy in the system. In the dynamic simulation, the movable rigid
plate was associated with a point mass and an initial velocity that were identical
to those of the strikers employed in the experiment. For front face impact, the
honeycombs were tied to the movable rigid plate and moved with the rigid plate
to impact on the clamped rigid surface. For back face impact, the honeycombs
were tied to the clamped rigid plate and crushed by the movable rigid plate.
High-speed photographs of the experiments showed that negligible sliding
occurred at the interfaces between the honeycomb, the striker and Kolsky bar.
Hence, the tie constraint is appropriate. For all calculations, a penalty contact
approach was employed to simulate the interaction between all the surfaces, with
friction coefficient 0.5. This was sufficient as tests showed that the simulation
results were not sensitive to the value of the friction coefficient employed in the

calculations.
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3.4.2 The constitutive model and material parameters

The constitutive model for the parent material of the honeycombs, AlSi10Mg
alloy, should include elasticity, rate dependent plasticity, and damage. The

elastic response was modelled using a linear elasticity model for an isotropic

solid with Young’s modulus Eg ,, and Poisson’s ratio Vg, . and vy

SLM ESLM

were measured via a uniaxial coupon tensile test, see Section 3.2.3. For the quasi-
static simulation, the J2 yield criterion in conjunction with isotropic hardening
was employed to model plasticity of the material. The experimental data
obtained from coupon uniaxial tension along both 3-axis and 1-axis/2-axis (Fig.
3.3) were used as the inputs to the constitutive model to specify the yield stress—
plastic strain relationship. However, the data from 1-axis/2-axis uniaxial tension
gave the best agreement between numerical simulations and experimental
measurements for the quasi-static compressive response of honeycombs, see
Section 3.7.4. Numerical studies of the honeycombs under high strain-rate
compression suggested that the development of plasticity in the parent material
was strain rate dependent. The following model was used to capture the rate

dependency in the simulations.

k,=1+CqnIn(£,/4,) (3.1)

where C,,, and ¢, are a material constant and the reference strain rate for

SLM
quasi-static testing, respectively; &, is the von Mises equivalent plastic strain

rate, and k, isthe strength enhancement ratio of the yield stress at ¢, to the yield
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stress at &, . In the simulations, ¢, was chosen to be the same as the strain rate

used in quasi-static testing, i.e. & =10"s". The value of C determined to

SLM !

be 0.02, was obtained via calibration against dynamic testing of the honeycombs.
The accuracy of this value can be explained as follow. In the quasi-static
compression modelling, the finite element predictions in Section 3.5.1 were
validated to have a good agreement with the experimental measurements by
inputting the experimental data. Compared to the quasi-static compression
modelling, the dynamic compression modelling only considered one more

effect, i.e. strain rate effect where c_ ., was the key parameter. The finite

SLM

element calculation indicated that the best fitting (under 5% deviation) can be

achieved when c_,,, =0.02. Moreover, Johnson and Cook [87] experimentally

SLM

measured that the value of C_ ,, was in the range of 0.06-0.6 for metal material,

SLM

and was 0.10 and 0.15, respectively, for two types of aluminium material. Hence,

the value of 0.02 is reasonable and accurate for AISi10Mg alloy in this study.

Damage initiation in the AISi1l0Mg was assumed to occur when the von Mises

equivalent plastic strain reached a critical value, &, . After initiation of damage,
a damage variable, d (OSd Sl.O), was assumed to develop based on the

following relation

oL
d =%ép (3.2)
f
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where G, is the fracture energy, L, the characteristic element size and o, the

yield stress at the initiation of damage. The fracture energy G, is defined as
G, = j " Lo,de, (3.3)

where ¢ is the von Mises equivalent plastic strain and ¢, is the equivalent

plastic strain when failure occur [222]. The material parameters, &, and &,

were obtained from the 1-axis/2-axis uniaxial tension of SLM manufactured

coupons, see Section 3.2.3. o, is the yield stress of parent material. The damage

variable was set to zero at the initiation of the damage, and reduced the yield

stress of the material according to the relation (1—d ) o, . When the value of d in

an element reached the maximum value 1.0, the element was removed from the
mesh. Even if not considering element deletion, the stiffness of the elements was
very low when the value of damage variable reached 1.0. By numerically
comparing the compressive stress-strain response of the honeycombs with and
without considering element deletion, it showed that the element deletion has a

negligible effect on the finite element calculation.

The material properties used for finite element simulations are shown in Table

3.3. Figure 3.3 shows the predicted 1-axis/2-axis tensile stress-strain relations at
strain rates ranging from 107s™ to 5000 s*. The strain rate effect enhances the

strength and increases the ultimate elongation of the parent material.
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Table 3. 3 Material properties for the SLM manufactured AISi10Mg alloy.

V. .
Property Esim SLM Po &, € trac &

Value 69.3GPa 0.3 267g.cm® 0.02 103%s! 0.08 0.0075

3.5 Quasi-static compressive response of honeycombs

3.5.1 Experimental measurement and numerical prediction

Figures 3.7 (a)-(c) show representative stress—strain relations for the three types
of honeycomb under quasi-static compression. The experimentally observed and
numerically simulated failure modes are shown in Figs. 3.7 (d)-(f) at selected
compressive strains post failure. The contours shown in the simulation results

(Figs. 3.7 (d)-(f)) represent values of the damage variable d.

The single-scale honeycomb had an average compressive strength

Os max =91 MPa at relative density p=0.19, which corresponds to a peak
nominal wall stress (compressive strength/relative density) o, =268 MPa .

Higher peak nominal wall stresses were achieved by the hierarchical

honeycombs, &, =358 MPa for the two-scale honeycomb with compressive
strength oy ., =93 MPa at relative density p=0.26, and &, =337 MPa
for the three-scale honeycomb with compressive strength o ., =118 MPa at

relative density p=0.35. It is notable from this that both hierarchical
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honeycombs showed similar peak nominal wall stresses that were significantly
higher than seen with the single-scale honeycomb. The compressive strength
versus density relations of the three types of honeycombs have been plotted in
the map of Fig. 2.8 in Chapter 2. It is shown that the specific strengths of the two
hierarchical honeycombs in this map are above those of the natural materials and
engineering polymers, whereas the single-scale honeycomb is located in the
range of specific strength of natural materials. This means that the two
AlSi10Mg alloy hierarchical honeycombs are promising structures which fill the

gap of high-performance structures.

The single-scale honeycomb failed by local plastic buckling of walls followed
by damage close to the base. The finite element simulation successfully captured
this failure mechanism. The peak compressive stress of the honeycomb was
achieved at the onset of damage. Further development of damage within the
honeycomb walls led to a significant decrease of the compressive stress (Fig. 3.7
(@)). The two-scale honeycomb failed with damage close to the bottom support,
see Fig. 3.7 (e), and no wall buckling was observed throughout the experiment.
The three-scale honeycomb specimen failed catastrophically through global
plastic buckling, which may have been triggered by the damage of the parent
material. Local plastic buckling was not observed in the experiment for either of
the hierarchical honeycombs. This may be ascribed to the in-plane structures of

the hierarchical honeycombs possessing higher structural stability.
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Fig. 3.7 Honeycombs under quasi-static compression. (a)-(c) Compressive
stress-strain  relations of the three types of honeycombs, and (d)-(f)
experimentally measured (left) and FE predicted (right) damage mechanisms at
Point A in (a), Point B in (b), and Point C in (c), respectively. The white dash
lines in (e) and (f) show the damage locations of the single-scale and two-scale

honeycombs, respectively.

The predicted compressive stress-strain relationships and failure mechanisms
agree well with those obtained from the experiments for the single-scale and
two-scale honeycombs. However, there is certain discrepancy in prediction of
the global plastic buckling mode in comparison with the experimental
measurements for the three-scale honeycomb, as shown in Fig. 3.7 (f). This
discrepancy may be attributed to the asymmetrical flaws induced by damage of
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the parent material, which was not accurately captured in the finite element

simulations.

Figure 3.8 shows the effect of mesh size on the finite element predictions of the
honeycombs, taking the two-scale honeycomb for example. It indicates that the
compressive strength of the honeycomb with one element in wall thickness is
lower than that with two elements in wall thickness. However, the effect of mesh
size on the compressive response of the honeycomb is negligible when there are

no less than 2 elements along web wall thickness.

100 : . , . . . :

1 element along wall thickness
—— 2 elements along wall thickness| ]
—— 4 elements along wall thickness| |
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Fig. 3.8 The effect of mesh size on the compressive response of two-scale

honeycomb
3.5.2 Effect of relative density on quasi-static compression

As mentioned in Section 3.2.1, the geometrical parameters of honeycomb

samples were limited by the manufacturing resolution of the SLM manufacturing

84



Chapter 3: Compressive Response of AlSi1l0Mg Alloy Hierarchical Honeycombs

facility, and the three types of honeycombs have different relative densities. To
evaluate the effect of relative density, the verified FE simulation is employed to
examine the quasi-static compressive response of the three types of honeycombs
with identical density. The cross-sectional views of each type of honeycomb are
presented in Figs. 3.1 and 3.8. The predicted quasi-static compressive stress-
strain relations and the failure mechanisms of selected honeycombs are shown
in Fig. 3.9. The failure mechanism of the single-scale honeycomb is sensitive to

relative density, i.e. the failure mechanism changed from plastic buckling of

walls at lower relative density ( o =0.19 ) to the local damage of parent material

without buckling at the bottom support at higher relative density ( o >0.26 ).

However, the failure mechanism of the two hierarchical honeycombs is not
sensitive to relative density, i.e. parent material damage at the bottom support
without buckling. This may be ascribed to the in-plane structures of the
hierarchical honeycombs possessing higher structural stability. The nominal
compressive strengths of both the two-scale and three-scale honeycombs are

higher than that of the single-scale honeycomb at low relative density of

p =0.19 owing to the different failure mechanisms. For higher relative density

(,0>0.26), the nominal compressive strengths of the three types of honeycombs

are nearly identical as all of the honeycombs failed with parent material damage

at the bottom support.
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Fig. 3.9 The cross-sectional views of the single-scale, two-scale and three-scale

honeycombs for finite element prediction. All dimensions are in mm.
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Fig. 3.10 Finite element predictions for honeycombs under quasi-static
compression, including the compressive stress-strain relations and the damage
mechanisms of the three types of honeycombs at relative density of (a) p =0.19,
(b) p=0.26, (c) p=0.35. The damage mechanisms of honeycombs which

have been shown in Fig. 3.7 are not included in this figure.
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3.6 Dynamic compressive response of the honeycombs

3.6.1 Back face impact

In this section, we first examine the dynamic response of the honeycombs shown

in Fig. 3.1. Figure 3.11 shows the nominal compressive stress of the honeycomb

structures as a function of normalised time v,t/H for three selected impact

velocities in the back face impact test, with t = 0 corresponding to the beginning

of the impact. As the Young’s elastic modulus and density of the A1Si10Mg alloy

parent material are measured as Eg,, =69.3GPa and p,=2670kg.m>,

respectively, the longitudinal elastic wave speed propagated in the honeycombs

can be calculated through cg,, = Bt =5095ms™ . According to the
Po

experimental results shown in Fig. 3.11, the compressive strengths of the

honeycombs were achieved at t ~ 24 ps for impact velocity of v, =120 ms™.

Hence, around three elastic-wave reflections took place in the honeycomb

specimen of H =40 mm before the peak strength of the honeycombs achieved.
At lower impact velocities, i.e. 10 <v, <80 ms™, there were more elastic-wave

reflections because the time increased before achieving peak compressive stress
of honeycombs. Thus, the force equilibrium has been achieved when measuring
the compressive strength of honeycombs [223]. As shown in Section 3.7.1, the
dynamic compressive strengths of honeycomb specimens are not sensitive to

which of the two dynamic test methods investigated, i.e. the back face impact
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and the front face impact. Hence, only the results from the back face impact test
are presented here. Both the finite element simulations and experimental
measurements are shown in the figure for comparison. As shown in Section 3.7.2,
numerical simulations demonstrated that the striker decelerated significantly

during lower velocity impact events, e.g. 10%-20% deceleration for

v, =20 ms™, and the deceleration is negligible for higher velocity impact events,
e.g. v, >80 ms™. Hence, the normalised time v,t/H is equivalent to nominal
compressive strain for the velocities v, =80 ms™ and v, =120 ms™ but not for

the lower velocities v, <20 ms™. Compared with the quasi-static compressive

response (Figs. 3.7 (a)-(c)), dynamic compression enhanced the compressive
strengths of the honeycombs. In contrast to catastrophic failure under quasi-
static compression, the dynamic compressive stresses decreased steadily after
the peak values were achieved. The agreement for peak strengths of honeycombs
between finite element simulations and experimental measurements is
reasonably good, however, the element deletion technique employed in the
numerical simulations altered the mass matrix when elements were removed
from the FE meshes, potentially making the simulation results more oscillatory
than the experimental measurements for post-failure response. In addition, the
geometrical flaws induced by additively manufactured process may increase the
discrepancy between experimental measurements and FE simulations, as the

flaws were not modelled in the FE simulations.
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Fig. 3.11 Compressive stress as a function of normalised time v,t/H obtained
by the back face impact test at low (v, =20 ms™), medium (v, =80 ms™) and

high velocities (v, =120 ms™). The hollow circle “0”marks the stresses at the

selected time instants in Fig. 3.12 — Fig. 3.15.

The failure modes of the honeycombs are revealed from montages of high-speed
photographic images recorded at selected time instants (Points a, b, c and d in
Fig. 3.11) during the impact events, as shown in Figs. 3.11 through 3.14. In these
figures, the high-speed photographic images are compared to FE predictions.

Figures 3.11 and 3.12 show montages of single-scale honeycombs under the

impact of the striker with v, =20ms™ and v, =80ms™, respectively. The

failure mechanism of the honeycomb under dynamic impact is similar to that
under quasi-static compression, i.e. the honeycomb failed with plastic buckling
of walls followed by damage close to the end attached to the Kolsky bar, at
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impact velocity of v,=20ms™ (Fig. 3.12). However, at the velocity of

vV, =80 ms™ (Fig. 3.13), the plastic buckling damage in single-scale honeycomb

was less significant owing to the micro inertial effects. Finite element

simulations captured the failure mechanisms accurately, with element deletion

activated when the peak stress was achieved (d =1).
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Fig. 3.12 Montage of the single-scale honeycomb under back face impact at the
velocity of 20 ms™ obtained from experiment and numerical simulations. Time

t=0 corresponds to the time instant when the steel striker impacted on the
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honeycomb. The images were taken at (a) t=50 us, (b) t=100 us, (c) t=200 us,

(d) t=350 us, respectively.
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Fig. 3.13 Montage of the single-scale honeycomb under back face impact at the

velocity of 80ms™ obtained from experiment and numerical simulations. Time

t=0 corresponds to the time instant when the steel striker impacted on the

honeycomb. The images were taken at (a) t=20 us, (b) t=40 us, (c) t=60 us, (d)

t=80 us, respectively.
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As the response under the lower velocity impact (v, =20 ms™) is essentially

quasi-static, Figs. 3.13 and 3.14 only show the montages of the two-scale

honeycomb and the three-scale honeycomb under higher speed impact

(v, >80ms™), respectively. For both hierarchical honeycombs, the montages

taken from experiments suggest the damage started to develop at the impacted
end. The specimens failed with significant plastic deformation and cracking. No
wall buckling was observed throughout the experiments on hierarchical
honeycombs. The FE simulation captured the failure mechanism for the two-
scale honeycomb specimen; the element deletion being activated at the impacted
end. However, there is some discrepancy in prediction of the failure mechanism
for the three-scale honeycomb sample; although the damage initially developed
at the impacted end, the element deletion was first activated at the distal end of

the specimen.
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Fig. 3.14 Montage of the two-scale honeycomb under back face impact at the
velocity of 120ms™ obtained from experiment and numerical simulations. Time
t=0 corresponds to the time instant when the steel striker impacted on the
honeycomb. The images were taken at (a) t=13.3 us, (b) t=26.7 us, (c) t=39.9

us, (d) t=66.5 us, respectively.

94



Chapter 3: Compressive Response of AlSi10Mg Alloy Hierarchical Honeycombs

. Damage
i variable

Cracking

Original configuration

Fig. 3.15 Montage of the three-scale honeycomb under back face impact at the
velocity of 80ms™ obtained from experiment and numerical simulations. Time
t=0 corresponds to the time instant when the steel striker impacted on the
honeycomb. The images were taken at (a) t=20 us, (b) t=40 us, (c) t=60 us, (d)

t=80 us, respectively.

To examine the effect of the relative density of the honeycomb structures,

numerical simulations were conducted based on the geometries shown in Figs.
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3.1 and 3.8. The outcomes are shown in Fig. 3.16 for peak wall stress &,
normalised by the quasi-static 1(2)-direction tensile strength o, of the
AlSi10Mg parent material as a function of v,/H , and Fig. 3.17 for the nominal

compressive stress as a function of normalised time v,t/H . The measured

normalised peak wall stress for selected samples as well as the rate dependency
of the parent material predicted using Eq. (3.1) are also included in Fig. 3.16 for
comparison. The finite element predictions are in good agreement with the
experimental measurements. The two hierarchical honeycombs have similar
peak wall stresses throughout the densities considered as the failure mechanism
is governed by damage of the parent material (Fig. 3.16). The measured and
predicted trends of the strength enhancement of the two hierarchical
honeycombs are similar to that predicted using the rate dependent material model
(Eq. (3.1)), indicating that the strength enhancements at higher impact velocities

may mainly be governed by the strain rate sensitivity of the parent material. At

low relative densities, i.e. p =0.19, the single-scale honeycomb failed with wall

plastic buckling as the peak wall stress is significantly less than those of the two
hierarchical honeycombs. With increase of relative density, say o >0.26, the
failure mechanism of single-scale honeycomb is governed by damage of the

parent material without wall plastic buckling. Hence, the difference in the peak

wall stress is diminished, i.e. the three types of honeycombs have similar peak

wall stresses when p >0.26. The time history of the dynamic response shown
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in Fig.3.16 indicates that the two hierarchical honeycombs can absorb more

energy than the single-scale honeycomb with identical relative density.
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Fig. 3.16 The peak nominal wall stresses o, of the honeycombs normalized

by the quasi-static 1(2)-axis tensile strength o of the AISi1l0Mg alloy parent

material as a function of v,/H . The (a) experimental measurements and

numerical predictions of the honeycombs at the relative density of (b) p=0.19,

(c) p=0.26, (d) p=0.35 are presented.
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Fig. 3.17 Finite element predicted dynamic compressive responses of the three

types of honeycombs at three different relative densities.
3.6.2 Effect of strain rate sensitivity of the parent material

As mentioned in Section 3.6.1, the strain rate dependency of the parent material
is a key factor for dynamic strength enhancement of the honeycombs. To further
understand this, Fig. 3.18 presents the predicted compressive responses of
selected honeycombs with and without the parent material strain rate

dependency for both back face and front face impact at low velocity impact

(v, =20 ms™) and high velocity impact (v, =80 ms™). For low velocity impact
(v, =20 ms™), the dynamic response is similar to that obtained under quasi-

static compression, see analysis presented in Section 3.6.1. Hence, the effect of
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the parent material strain rate dependency is not significant. However, for high

velocity impact (v, =80 ms™), the effect becomes significant.
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Fig. 3.18 Numerical study on the effect of strain rate sensitivity of the parent
material. (a) The single-scale honeycomb impacted at the velocity 20 ms™ and

(b) the two-scale honeycomb impacted at the velocity 80 ms™.

3.7 Effect of key parameters on the compressive response of

honeycombs

3.7.1 Effect of experimental method

The plastic shock wave propagation within honeycomb specimen resulting from
the front face impact is different from that by the back face impact test. Hence,
the dynamic compressive response of the honeycombs under front face impact
is different from that under the back face impact test, as shown in Fig. 3.19 which
includes four representative cases. However, the difference is not significant: the

peak strengths achieved by both back face impact and front face impact are

nearly identical at lower velocity impact (v, =20ms™) as well as higher
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velocity impact (v, >80 ms™). The finite element simulations were conducted

for the selected cases, as shown in Fig. 3.19. The agreement between

experimental measurement and numerical simulations is reasonably good.
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Fig. 3.19 Nominal compressive stress as a function of vt/H for selected

honeycombs at selected striker velocities obtained by both back face and front

face experimental measurements as well as FE simulations.

3.7.2 Effect of mass of striker

As mentioned in Section 3.3.2, strikers with different masses have been
employed in the experiment to achieve different impact velocities. Fig. 3.20

shows FE predictions of the normalized striker velocity as a function of v,t/H

for the back face impact. The striker is subjected to significant deceleration in
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the lower velocity impact events, e.g. v, <20 ms™. However, the deceleration is

negligible for higher velocity impact events, e.g. v, >80 ms™. To examine the

effect of striker mass in higher velocity impact events, Fig. 3.21 shows the

measured and predicted compressive response of the three-scale honeycomb

under the back face impact by two striker masses, M =0.0927 kg and

M =0.463 kg, respectively, at initial striker velocity v, =80 ms™. Both the

experimental measurement and numerical prediction suggest striker mass has a

small effect on the compressive response under the higher velocity impact.
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Fig. 3.20 FE predictions of the normalized striker velocity as a function of vt/H

for the back face impact on honeycombs.
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Fig. 3.21 Nominal compressive stress as a function of v,t/H for the three-scale

honeycomb under back face impact with striker velocity 80 ms™ and striker mass

M =0.0927 kg and M =0.463 kg .

3.7.3 Effect of initial geometrical imperfections

Geometrical imperfections may play an important role in compressive response
of honeycomb samples as it may have a significant influence on buckling
behaviour. The effect of initial imperfections are examined via FE simulations.
Quasi-static buckling eigenvalue analysis of the honeycombs was conducted.
The first eigenmode was employed to introduce perturbation to the FE mesh of
the honeycombs, with maximum perturbation 5% or 10% of the thickness of the
honeycomb webs. The finite element predictions for quasi-static and dynamic
compression are shown in Fig. 3.22 (a) and (b), respectively, for the single-scale
honeycomb. It is shown that the effect of initial imperfections on the
compressive response of the single-scale honeycomb is negligible as with and

without initial imperfections result in almost identical compressive response.
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The effect of initial imperfections on the hierarchical honeycombs has also been
investigated. For brevity, only the two-scale honeycomb is presented in Fig. 3.22

(c) for quasi-static compression and Fig. 3.22 (d) for dynamic compression at

Vv, =80 ms™. Similar to the single-scale honeycomb, the imperfections have a

negligible effect on the compressive response of the hierarchical honeycomb.
Therefore, it is concluded that the simulation results are not sensitive to initial

imperfections in the honeycomb specimens.
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Fig. 3.22 FE predictions of the honeycombs with initial imperfections, the
single-scale honeycomb for (a) quasi-static and (b) back face dynamic
compression at the velocity 80 ms™, the two-scale honeycomb for (c) quasi-static

and (d) back face dynamic compression at the velocity 80 ms™.
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3.7.4 Quasi-static compressive responses of the honeycombs based on the 3-

axis or 1l-axis (2-axis) uniaxial tension test data

Due to the fabrication methodology, the SLM manufactured materials exhibit
anisotropic behaviour. Hence, the mechanical properties of parent materials in
different manufacturing directions may lead to the different simulation results
when they are used as the input of the constitutive model. Figure 3.23 shows the
comparison of the quasi-static out-of-plane compressive responses for the three
types of honeycombs using the uniaxial tension test data in 3-axis and 1-axis (2-
axis) directions. It is concluded that the compressive response of honeycombs
obtained using 1-axis (2-axis) input have a better agreement with the

experimental measurements than using 3-axis input.
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Fig. 3.23 Predicted quasi-static compressive responses of the honeycombs based
on the 3-axis or 1-axis (2-axis) uniaxial tension test data of the AISi10Mg alloy

parent material.

3.8 Concluding Remarks

The out-of-plane quasi-static and high strain rate dynamic compressive

responses of Selective Laser Melting (SLM) manufactured hierarchical
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honeycombs have been reported. Three types of honeycombs, i.e. single-scale,
two-scale and three-scale, were manufactured from an AISilOMg alloy. A

Kolsky pressure bar was employed for the dynamic test with a striker velocity

up tov, =120 ms. Validated finite element (FE) simulations were conducted to

facilitate interpretation of the experimental measurements. Different failure
mechanisms among these honeycombs have been identified for quasi-static and
dynamic compression, i.e. transition of the plastic buckling of walls to the local
damage of the parent material without buckling for the single-scale honeycomb
when the relative density of the honeycomb increased, and damage of the parent
material without buckling for both the two-scale and three-scale honeycombs at
different relative densities of the honeycombs. The strength enhancement of the
hierarchical honeycombs under dynamic compression is dominated by the strain

rate sensitivity of the parent material. The micro-inertial effects under higher

velocity impact ( v,/H >500s") also enhance the dynamic compressive

strength of the single-scale honeycomb. The two-scale and three-scale

hierarchical honeycombs can offer higher peak nominal wall stresses compared

to the single-scale honeycomb at the low relative density ( o =0.19); The

difference is diminished as relative density increases, i.e. the three types of

honeycombs can achieve similar peak wall stresses when p >0.26. Numerical

results have suggested the hierarchical honeycombs can offer better energy
absorption capacity than the single-scale honeycomb. The two-scale and three-

scale hierarchical honeycombs have achieved similar peak nominal wall stresses

106



Chapter 3: Compressive Response of AlSi1l0Mg Alloy Hierarchical Honeycombs

for both quasi-static and dynamic compression, which may suggest that the
structural performance under out-of-plane compression is not sensitive to the
hierarchical architecture. The structural advantage of the hierarchical
honeycombs can be utilised to develop high performance metallic lightweight

structural components.

In order to capture the constitutive response of the SLM AISi1l0Mg alloy, a
uniaxial tension coupon test was conducted, which has shown that the parent
material had anisotropic plasticity and damage. The constitutive model for the
parent material employed in the simulations included elasticity, rate dependent
plasticity and damage. However, the anisotropic plasticity and damage of the
parent material was not included. FE simulations were seen, in general, to be in
good agreement with experimental measurements. The failure modes of the

honeycombs have been captured reasonably by FE predictions.
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Chapter 4

Dynamic Compressive Response of Nomex Honeycombs

Abstract

In Chapter 3, the compressive response of AISilOMg alloy hierarchical
honeycombs was investigated. In this chapter, the lightweight phenolic resin-
impregnated aramid paper honeycombs, commercially known as Nomex®
honeycombs, will be studied. Nomex honeycombs are promising cores for
sandwich structures in aerospace applications due to their high ratios of stiffness
and strength to density. The out-of-plane compressive properties of the Nomex
honeycombs have been widely investigated under quasi-static and low strain
rates (up to 300 s1). There is a need to understand the behaviour of this structure
under higher strain rate compression. This will widen the applicability of these
structures to more areas such as debris impact and other impacts which induce
high strain rates. This chapter reports the out-of-plane compressive responses of
Nomex honeycombs subject to quasi-static loading and high strain rate dynamic
loading up to 1500 s. The work involves experimental measurements and
numerical modelling and validation. The compressive responses of the
honeycombs were measured using a sensitive magnesium alloy Kolsky bar setup
with front and back face impacts. The failure modes of the Nomex honeycombs
were identified to be different under quasi-static and dynamic compressions.
Under quasi-static compression, the honeycombs failed with local phenolic resin

fracture after the elastic buckling of the honeycomb walls. For the dynamic
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compression, the honeycombs failed with the stubbing of cell walls at the ends
of specimens. A finite element (FE) numerical model was devised and validated
with the experimental data. The FE model considered the strain rate effect of
phenolic resin material. The model predictions were in good agreement with the
experimental measurements and facilitated interpreting the out-of-plane
compressive response of the Nomex honeycombs. It was shown that there was a
linear compressive strength enhancement up to 30% from quasi-static to strain
rate of 1500 sX. The strength enhancement was governed by two mechanisms:
the strain rate effect of the phenolic resin and inertial stabilization of the
honeycomb unit cell walls, where 61%-74% of the enhancement was contributed
by the inertial stabilization of the unit cell walls. In addition, it was shown that
the impact method and initial imperfections had negligible effect on the

compressive response of the Nomex honeycombs.

4.1 Introduction

Due to terrorist attacks, wars and other uncontrollable factors, there is a great
need to model impact from fragments, ballistic elements, debris and other
projectiles that induce high strain rates. Hence, there is an urgent need to
understand the performance of Nomex honeycombs under such high strain rates.
The dynamic compressive response of Nomex honeycombs under strain rates
higher than 300 s™ has not yet been reported. Also, as neither the Pendulum
impactor technique [114] nor drop weight measurements [111] with a load cell
will be able to detect the compressive response of low-strength honeycombs

under high strain rate impact, novel experimental methodology needs to be
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developed for measuring the compressive response of Nomex honeycombs

under high strain rates.

Although the studies on strength enhancement mechanisms of similar types of
honeycomb structures have been performed, as reviewed in Section 2.2.4 of
Chapter 2, there exists no related investigation on Nomex honeycombs under
dynamic compression. Finite element simulation is an effective method to
reproduce the compressive response and identify the enhancement mechanisms
of Nomex honeycombs. Such simulations at high strain rates, however, have not

yet been reported.

The aim of the present study is to experimentally investigate the out-of-plane
dynamic compressive behaviour at high strain rates (up to 1500 s) and develop
a validated FE model of the Nomex honeycombs. The outline of this chapter is
as follows. First, the configuration of the Nomex honeycomb specimen as well
as the experimental protocols are described. Then the finite element simulation
methodology for Nomex honeycombs under quasi-static and dynamic
compressions is developed. Finally, the experimental measurements and finite
element predictions are discussed to determine the compressive failure modes

and the strength enhancement mechanisms of Nomex honeycombs.

4.2 Nomex honeycomb specimen

This study investigates the Nomex honeycomb specimen, with density and out-

of-plane thickness of p=54 kgm= and H=10 mm, respectively. The

manufacturing process of the honeycombs is described as follow: the Nomex
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aramid paper layers made from random aramid fibres are stacked on top of each
other and adhered by strips of thermoset epoxy adhesive at intervals. The
hexagonal unit cells are formed by expanding the honeycombs along the stacking
direction of the paper layers. Finally, the expanded geometry is impregnated into
phenolic resin until the specific density of the honeycombs achieved [224].
Figures 4.1 (a) and (b) show the three-dimensional geometry of the Nomex
honeycombs and the in-plane structure of its hexagonal unit cell, respectively.
The scanning electron microscopic (SEM) image of the wall joints between the
unit cells is shown in Fig. 4.1 (c). The wall joints are defined as the wall

intersections of three adjacent unit cells. In addition, the axes of 1, 2 and 3

represent the directions of width L, , length L, and out-of-plane thickness H of

the Nomex honeycomb specimen, respectively. The cell walls of the Nomex
honeycombs are three-layer structures, i.e. an aramid paper layer is sandwiched
by two phenolic resin layers on each surface of the aramid paper layer. The

thicknesses of the single aramid paper layer and phenolic resin layer are t, =70
pum and t, =12 pum, respectively, which are determined by the SEM image
analysis. The characteristic cell size of the honeycombs is defined as L. = x/§lc

=4.8 mm, with |. as the edge length of the hexagonal unit cell, see Fig. 4.1 (b).

The dimensionless relative density of the honeycombs can be defined as a

function of cell wall thickness and edge length of the unit cell [8, 225]

5oL _ (o 1241 +1c /1 2)ty 8ty
P (NB12)lo (I /2+1c 1241, 12) 33,

(4.1)
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where p, is the density of the cell walls of the Nomex honeycombs. t,

(t, =t, +2t ) is the single-wall thickness of the unit cell geometry.

Aramid paper layer
(b) ()

Fig. 4.1 (a) Three-dimensional sketch of the Nomex honeycombs and (b) the in-
plane sketch of a unit cell. (¢) The scanning electron microscopic (SEM)

photograph at the wall joint.

4.3 Experimental protocols

4.3.1 Quasi-static compression testing

Figure 4.2 shows the quasi-static out-of-plane compression test setup for Nomex

honeycombs. The quasi-static tests were conducted using an Instron® 5581

112



Chapter 4: Dynamic Compressive Response of Nomex Honeycombs

screw driven testing machine with a 50 KN load cell. Two Linear Variable
Differential Transformers (LVDT) installed symmetrically were employed for

measuring the transverse deformation & of honeycomb specimen, and the
transverse force F of the honeycombs was determined by the load cell. The

sources of LVDT errors are mainly from the following three factors. First, the
LVDT has linearity error. Second, the surface of specimen is not flat. Third,
LVDT is not set straightly. In this study, the linearity error of the LVDTs used
was £ 0.25% of full range output, which can be neglected. The errors caused by
the last two factors can be eliminated via applying pre-stress on the honeycombs
and setting the LVVDTs straightly. Hence, the errors of the LVDTSs are negligible
in this test, and the accuracy of the LVDTs is much higher than that of the

crosshead.

To ensure the compression was guasi-static, the honeycomb specimens were

compressed in 3 direction at a constant displacement rate of 0.5 mm/min. The

Nomex honeycomb specimens of in-plane length L, =65 mm, width L, = 65

mm and 175 unit cells are used. The nominal compressive stress and strain of

the honeycomb specimens were taken as o=F/A, and ¢=6/H ,

respectively, with A, =65x65mm?® as the original cross-sectional area of the

honeycomb specimen. The average wall stress & of the honeycombs can be

defined in terms of nominal compressive stress & and relative density p, i.e.

c=clp.
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» Load cell

Moveable
~ crosshead

LVDTs

Honeycomb
specimen

Loading platen

Fig. 4.2 Quasi-static experimental setup for determining the compressive

response of Nomex honeycomb.

4.3.2 Dynamic compression testing

The honeycomb specimens of in-plane length L, =18 mm, width L, = 18 mm

and 14 unit cells were used for dynamic out-of-plane compression tests. The
dynamic out-of-plane compressive characteristics of the Nomex honeycombs
were investigated in a series of direct impact tests using a strain-gauged
magnesium alloy Kolsky bar setup [33, 226] which was similar to the maraging
steel Kolsky bar setup used in Chapter 3. The transient forces on the distal end
and impacted end of the honeycomb specimens were measured using back face
and front face impact tests, respectively. For the back face impact, a specimen
attached to the impact end of the Kolsky bar was impacted centrally by a striker
that was fired from a gun barrel, see Fig. 4.3 (a). For the front face impact, a

specimen was adhered to the impact end of a striker that was fired from the gun
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barrel and impacted on the Kolsky bar, see Fig. 4.3 (b). The sketch of the three-
dimensional honeycomb specimen at the point of impact is shown in Fig. 4.3 (c).
In order to be able to measure the low compressive force of the Nomex
honeycomb specimen and improve the response sensitivity of the measurement

apparatus, the Kolsky bar made from magnesium alloy [226] (grade AZ61A)

with low elastic modulus of E_=45 GPa and compressive yield strength of o

=130 MPa was employed. The mechanical properties of magnesium AZ61A

alloy is summarized in Table 4.1. The Kolsky bar had a length of 1 m and a

diameter of D_=25.5 mm. The Kolsky bar was in alignment with the gas gun

and supported by four knife-edge friction-reducing Nylatron bearings. The
impact end of the Kolsky bar was positioned 110 mm from the muzzle of the gas
gun, and the bar was resisted at the distal end by an ACE MA 4757M self-
adjusting shock absorber. The stress history of the specimen was measured by
two diametrically opposite 120 Q TML foil strain gauges, which were placed
200 mm from the impact end of the Kolsky bar, of gauge length 1 mm in a half-
Wheatstone bridge. The stress history, recorded as a voltage change, was
amplified by a Vishay 2310B signal conditioning amplifier system and then

output onto an Instek DPO3014 100 MHz 4-channel Digital Oscilloscope.
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Table 4.1 The mechanical properties of magnesium AZ61A alloy.

Properties Value
Density 1800 kgm3
Poisson’s ratio 0.35
Elastic modulus 45 GPa
Tensile strength 310 MPa
Compressive yield strength 130 MPa
Shear strength 140 MPa
Elongation at break 16%
Hardness, Brinell 60

Same as the striker used for impacting AlISi1l0OMg alloy hierarchical honeycombs,

the strikers used to impact Nomex honeycombs were made from M300 maraging

steel with elastic modulus of E, =210 GPa and yield strength of &, =1900 MPa,
and had a diameter of D_=27.5 mm. To ensure that the magnesium alloy Kolsky

bar is elastically deformed under direct impact of the strikers (without specimen
being placed between the striker and the Kolsky bar), the maximum impact

velocity of the steel strikers, v can be calculated based on the elastic wave

s—max ?

theory as follows:

— O-m('%pscs + Aﬂpmcm)
AnPsCsPrCrn

V.

S—max

(4.2)
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E . .
where p =1800kgm™, c,= |- and A are the density, elastic wave
P

velocity and cross sectional area of the magnesium alloy bar, respectively;

E . . .
p, =7800kgm=, ¢, = [— and A are the density, elastic wave velocity and

S

cross sectional area of the steel strikers, respectively.

It is calculated that the steel strikers of impact velocity more than 20 ms™ can
lead to the yield of the magnesium alloy Kolsky bar when there is no specimen
between the striker and the Kolsky bar. In the present study, the initial velocity
of the steel striker is no more than 15 ms™ when impacting specimens. Two
cylindrical strikers of different masses were employed in the impact tests in order
to achieve the required striker velocities and provide constant velocity during the

dynamic compression: a small striker of length 0.1 m and mass 0.463 kg was

used for velocity range of 9<v, <15ms™, and a larger striker of length 0.5 m
and mass 2.3 kg was used for velocity range of 4.5<v, <9 ms™. The strikers

were accelerated by a pressurised gas gun, in which strikers were propelled by
compressed air. The gas gun had a barrel length of 3.5 m, outer diameter of 40
mm and internal diameter of 28 mm. The initial velocity of the striker was
measured at the open end of the gun barrel via two laser gates and confirmed
with a Phantom Mercury HS v12.1 high-speed camera. Typically, the frame rate
and exposure time were 40,000 fps and 20 ps, respectively. As analysed in
Section 4.6.1, the force equilibrium in Nomex honeycomb specimen has been
achieved during the time scale in the dynamic compression tests.
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(a)

Magnesium alloy Kolsky bar

Two strain gauges on diametrically opposite sides
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()

Honeycomb specimen
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Fig. 4.3 Sketch of the Magnesium alloy Kolsky bar setup in (a) back face and (b) front face impact tests, and (c) the three-dimensional

sketch at the impact point. All dimensions are in mm.
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4.4 Finite element simulation

4.4.1 Finite element model

Numerical simulations were conducted to simulate the quasi-static and dynamic
compressive responses of the Nomex honeycombs using the explicit solver of
the commercial finite element package ABAQUS® [222]. The primary aims of

the numerical investigation are:

e To develop an accurate three-dimensional finite element model to predict
the compressive response of Nomex honeycomb structure under quasi-
static and dynamic loading.

e To facilitate interpreting the role of the strain rate effect and inertial
effect on enhancing the dynamic compressive strength of Nomex
honeycomb structure.

e To understand the effects of the key parameters on the out-of-plane

compressive response of the Nomex honeycombs.

Figure. 4.4 shows the finite element model of Nomex honeycombs. In order to
capture the wall buckling and failure of the honeycomb specimen, the aramid
paper layer and phenolic resin layer were modelled separately. Both the aramid
paper layer and phenolic resin layer were modelled with 8-node 3D linear solid
elements (C3D8R in ABAQUS notation) with reduced integration. Under
uniaxial out-of-plane compression, the Nomex honeycombs mainly resisted
force in loading direction, whereas the in-plane stress of the phenolic resin layers
is low. Although there was only one element along each of the single aramid
paper layer and phenolic resin layer thickness, the honeycombs of layers

modelled with 8-node 3D solid elements, which had more nodes and degrees of
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freedom in each element than each shell element, have had a good convergence.
In addition, it takes huge time and memory if there are two or more elements
along the layer thickness. Hence, the convergence of single layer mesh can be
guaranteed. The interaction of the interfaces between the aramid fibre layer and
the phenolic resin layers was modelled as tie in ABAQUS notation, i.e. there is
no relative displacement between the aramid fibre layer and the phenolic resin
layers. To achieve converged solution, a mesh sensitivity analysis was carried
out which determined that the element size of the honeycombs needed to be less
than 0.15 mm. The FE model of the honeycomb specimen was sandwiched by
two rigid plates with 4-node discrete rigid elements (R3D4 in ABAQUS notation)
in 3 direction. One of the rigid plates was fully constrained (all translational and
rotational directions), and the other rigid plate was restricted to translate in 3

direction only.

Rigid plates
(4-node discrete rigid
elements-R3D4)

8-node linear solid
elements-C3D8R

Aramid paper layer

(b) (©

Fig. 4.4 Finite element (FE) model of (a) Nomex honeycombs sandwiched by

two rigid plates, (b) a honeycomb unit cell and (c) wall joint.
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For the quasi-static compression simulation, the movable rigid plate imposed
loading on the honeycomb specimen with a constant velocity. To ensure the
simulation was quasi-static, the kinetic energy was controlled to be under 5% of
the total energy in the system. For the dynamic compression simulation, the
movable rigid plate was associated with a mass point and an initial impact
velocity that were identical to those of the strikers employed in the impact tests.
In the back face impact, the honeycombs were tied to the fixed rigid plate and
crushed by the movable rigid plate. In the front face impact, the honeycombs
were tied to the movable rigid plate and moved together with the plate to impact
on the fixed rigid plate. A general contact option with a friction coefficient of
0.05 was employed in all finite element calculations to simulate the interaction.
A total of 134,000 elements were meshed for aramid paper layers, and 213,000

elements were meshed for phenolic resin layers.
4.4.2 Constitutive model for aramid paper layer

The constitutive model for the aramid paper layer included elasticity and rate
independent plasticity. The elastic response of aramid paper layer was modelled

using linear elasticity model for an isotropic solid with density

pap:1075kgm’3, elastic modulus E, =2.36GPa and Poisson’s ratio

v,, =0.3. The J2 yield criterion in conjunction with isotropic hardening was

used as the plasticity model of aramid paper layer.

There is a significant shortage of experimental study on the compressive

behaviour of the aramid paper layer. Available research mainly focuses on the
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tensile behaviour. In the present study, the compressive behaviour of the aramid
paper layer is assumed to be identical to the tensile behaviour [72] . As the
compressive strength of aramid fibre is normally lower than the ultimate tensile
strength [227], the assumption may overestimate the compressive strength of the
aramid paper layer. Figure 4.5 (a) shows the tensile responses of the aramid
paper layer in 0° (paper roll direction), 90° (transverse direction) and 45°,
respectively, reported by Roy et al. [120]. The tensile strengths of the aramid
paper layer in the three directions were much lower than the compressive
strength of the phenolic resin layers. Therefore, the mechanical properties of
aramid paper layer have limited effect on the compressive response of Nomex
honeycombs. The numerical simulation conducted in this study using the
experimental data in 45° from Roy et al. [120] suggested this data gave the best
fit for the experimental measurements of the Nomex honeycombs. Thus, the
experimental data in 45° obtained by Roy et al. [120] was used as the input to
the constitutive model to specify the yield stress-plastic strain relation of the
aramid paper layer. Here, we assume that the aramid paper layer is strain rate
independent. The effect of strain rate dependency of aramid paper layer on the
dynamic compressive response of Nomex honeycombs will be discussed in

Section 4.6.5.
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Fig. 45 (a) The stress-strain relations of aramid paper layer [121] and
compressive response of phenolic resin layer [228]. (b) The yield ratio rate-

dependent model of phenolic resin layer.
4.4.3 Constitutive model for phenolic resin

The constitutive model for the phenolic resin layer included elasticity and rate
dependent plasticity [86]. Similar to the aramid paper layer, the elastic response

of phenolic resin layer was modelled using linear elasticity model for an

isotropic solid with density of p =1100kg-m~ , elastic modulus of
E, =4.94 GPa and Poisson’s ratio of v, =0.3. The J2 yield criterion combined

with isotropic hardening was employed to model the plasticity. The compressive
behaviour of the phenolic resin can be modelled as elastic-perfectly plastic
before failure [228], as shown in Fig. 4.5 (a). The experimental data reported by
Kilchert [228] was used as the input to the constitutive model to define the yield
stress-plastic strain relation of the phenolic resin. The following yield ratio rate-
dependent model [229] was employed to capture the rate dependency of the

phenolic resin material.
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(4.3)

where £, is the von Mises equivalent plastic strain rate ; k, is the ratio of yield
stress; o,, and o, are the compressive yield stresses of phenolic resin layer

under quasi-static compression and dynamic compression, respectively; C,, is

the material constant that was obtained via calibration against dynamic testing

of the Nomex honeycombs, and was determined to be C, =9.33x10™* s. Based
on Eq. (4.3), the ratio of yield stress k, as a function of strain rate £, at strain

rates ranging from quasi-static value to 1500 s is shown in Fig. 4.5 (b).

4.5 Quasi-static compressive response of Nomex honeycombs

The experimentally measured and FE predicted out-of-plane quasi-static
compressive responses of the Nomex honeycomb specimen are shown in Fig.
4.6 for nominal stress-strain curve. The FE predictions show a good agreement
with the experimental measurements. The specimen showed a linear elastic
mechanical behaviour before achieving the peak compressive stress and had an

abrupt softening after achieving the peak stress, then displayed hardening
followed by the densification at a nominal compressive strain of £ =0.75. The
compressive strength of the Nomex honeycomb specimen was measured to be
Os.mx = 3-09 MPa at relative density p =0.051, corresponding to the average

peak wall stress &, =60.6 MPa . The compressive strength of the honeycomb
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sample was achieved at compressive strain £ =0.03. This is the strain that the

compressive strength of the phenolic resin layer was achieved, see Fig. 4.5 (a).
The compressive strength of phenolic resin was significantly higher than the
strength of aramid paper layer. Hence, the compressive response of phenolic

resin layer played a dominate role in the failure of the Nomex honeycombs under

compression.
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Fig. 4.6 Experimental measured and FE predicted stress-strain relationships of
the Nomex honeycombs of density p =54 kg-m™ and out-of-plane thickness

H=10 mm under quasi-static compression.

The FE predicted contours of von Mises stress within the specimen at selected
strain levels, both with and without showing the phenolic resin layer, are shown
in Fig. 4.7. The selected strain levels can be related to Fig. 4.6 (Points A, B, C
and D), which range from elastic behaviour to post peak compressive stress
behaviour. The numerical simulation suggested that the Nomex honeycomb

125



Chapter 4: Dynamic Compressive Response of Nomex Honeycombs

walls first elastically buckled before achieving the compressive strength, as
shown in Fig. 4.7 (a) at strain level A. At strain level B, the fracture of the
phenolic resin layer was observed to be initiated at the mid-height area of the
specimen. The fractured area was shown via the SEM image in Fig. 4.8 (a). For
clarity, the three dimensional view of a unit cell taken from the middle of the
specimen is shown in Fig. 4.7 (b). It can be seen that the stress at the junctions
of the cell webs is higher than that in the middle of the cell webs owing to higher
structural stability. At the hardening stage (strain levels C and D), the aramid
paper layers of the specimen folded at the location of the fractured phenolic resin
layer. The SEM images of the top view of the honeycomb unit cell at the strain
level D (Fig. 4.8 (b)) suggested that there was no significant damage at the

junctions of unit cell webs.

It is should be noted, according to the manufacturing process, that the structure
of Nomex honeycomb wall is similar to the typical sandwich structures: the weak
aramid paper layer is the core of sandwich and the stiff phenolic resin layer is
the face sheet of sandwich. Although the stiffness and strength of sandwich core
is negligible relative to those of face sheets under in-plane compression, the core
improve the stability of the face sheets and prevent the face sheet from premature
buckling. The sandwich structures typically failed with face buckling, crushing
and debonding, depending on the span length, face sheet thickness as well as
core thickness [230, 231]. However, there is no debonding occurs [72, 120]
between aramid paper layer and phenolic resin layer ascribed to the good

integrity under out-of-plane compression.
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Fig. 4.7 (a) Montage of the Nomex honeycombs under quasi-static compression obtained from experimental measurements and numerical

simulations, and (b) three-dimensional view of the unit cell taken from the middle of the FE honeycomb model at strain level B. The strain

levels A-D refer to the Points A-D in Fig. 4.6.
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Fig. 4.8 Scanning electron microscopic (SEM) photographs of (a) the Nomex
honeycomb wall at strain level B, and (b) top view of the honeycomb unit cell
after quasi-static compression at strain level D, respectively. It is noted that the
left image in (a) was taken by normal camera. The strain levels B and D refer to

the Points B and D in Fig. 4.6, respectively.
4.6 Dynamic compressive response of Nomex honeycombs

4.6.1. Back face impact

The dynamic compressive response of the honeycomb specimen under back face

impact is discussed next. The experimentally measured and FE predicted

nominal compressive stresses versus the normalised time v,t/ H at four

selected impact velocities are shown in Fig. 4.9. Both experimental measurement
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and FE prediction confirmed that the strikers had constant velocity during the
impact events. Hence, the compressive strain rates within the samples for the
four selected impact velocities can be calculated as 150 s (Fig. 4.9 (a)), 900 s*
(Fig. 4.9 (b)), 1050 s (Fig. 4.9 (c)) and 1500 s* (Fig. 4.9 (d)). To ensure the
accuracy of the measured compressive response of the honeycomb specimen, it
is necessary to confirm the force equilibrium during the dynamic impact events.
Using the elastic modulus and density of the aramid paper layer as well as the

phenolic resin layer in Section 4.4.2 and Section 4.4.3, we determined the

ap

- . E
longitudinal elastic wave speeds to be c = /ﬁ =1482ms™* and
pap

Cc= /5=2119 ms™ for the aramid paper layer and phenolic resin layer,
Pr

respectively. The measured compressive strength of the specimen was achieved

at 76 us<t<111ps after impact. Hence, there were about 13 elastic wave

reflections took place in the aramid paper layer and 19 elastic wave reflections
took place in the phenolic resin layer when the compressive strength of the
honeycombs achieved. Hence, it is concluded that the axial force equilibrium of

the specimen was established when measuring the compressive strength.

As shown in Fig. 4.9, the dynamic compressive strengths under different strain
rates are higher than that under quasi-static compression. Unlike the catastrophic
failure under quasi-static compression, the dynamic compressive stress
decreased smoothly after achieving the peak values. The compressive strengths

of the honeycomb specimens obtained from the FE simulations agreed well with
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the experimental measurements. Due to the response time of the Kolsky bar

setup [221], the normalised time v,t/H was different between experimental

measurements and numerical simulations.
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Fig. 4.9 Nominal compressive stress of Nomex honeycombs as a function of

normalised time v,t / H obtained from the back face impact tests at different

strain rates of (a) 450 s, (b) 900 s, (c) 1050 s and (d) 1500 s, respectively.

The montages of high-speed photographic images as well as the FE predictions
at strain rates of 450 st and 1500 s* are shown in Figs. 4.10 and 4.11,

respectively, for selected time instants A, B ,C, D ( see Fig. 4.9) .

The walls of honeycomb specimen buckled before the peak compressive strength
achieved in the impact events, as shown in Fig. 4.10 (a) and Fig. 4.11 (a). When

the peak compressive strength achieved, the concentrated stress transferred to
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the ends of the honeycomb specimens, as shown in Fig. 4.10 (b) and Fig. 4.11
(b). Then the unit cell walls stubbed against the faces of the Kolsky bar as well
as the strikers. The folded locations of honeycomb walls were close to the ends
of the specimen. The FE predictions showed that the maximum stress increased
with the increase of impact velocity due to the strain rate sensitivity of the

phenolic resin layer.

£=450s"(4.5ms")

Impact direction of striker
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+2.298e+03

Vot/H=0.02

Fig. 4.10 Montage of high speed photographs showing the deformation patterns
of the Nomex honeycombs under back face impact at strain rate of 450 s’
obtained from experiment and numerical simulations. The time instants A-D

refer to the Points A-D in Fig. 4.9 ().
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Fig. 4.11 Montage of high speed photographs showing the deformation patterns
of the Nomex honeycombs under back face impact strain rate of 1500 s*
obtained from experiment and numerical simulations. The time instants A-D

refer to the Points A-D in Fig. 4.9 (d).

Figure 4.12 (a) shows the dependence of the dynamic peak compressive stress
under back face impact normalised by the measured quasi-static peak

O-D—max

compressive stress oy, 0f honeycomb specimen upon the imposed strain rate

& . The peak compressive strengths of the honeycomb specimens increased

linearly by approximately 30% from quasi-static to strain rate of 1500 s.
According to the FE calculations under dynamic compression, the strength

enhancement is achieved from the inertial stabilization of the honeycomb cell
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walls and the strain rate sensitivity of the phenolic resin layer. The FE model

predicts the effects of these two enhancement mechanisms on the dynamic

strength enhancement, as given in Fig. 4.12 (b). P, (%) and P, (%) are the

percentages of strain rate effect of phenolic resin layer and inertial effect of unit
cell walls in enhancing the dynamic compressive strength of the honeycombs,

respectively. They are defined as

o
N
ST AUEN
(4.4)
o
p —_ I
IN AO_EN

where Aoy, is the enhanced compressive strength of Nomex honeycombs

compared to the quasi-static compressive strength, defined as

ACL\ =0p ex — Os.mex » O @Nd o are the enhanced compressive strengths

caused by the strain rate effect of phenolic resin layer and inertial effect of the

unit cell walls, respectively.

The relationship between the two factors, Py, and P, is Ps; +P, =100%.

The effect of the two factors on enhancing the dynamic compressive strength of
Nomex honeycombs can be evaluated with and without considering the strain
rate effect of phenolic resin in the FE calculations. It indicates that the inertial
stabilization of cell walls, providing 61%-74% enhancement, plays a more
significant role than the strain rate effect of phenolic resin material in enhancing

the dynamic compressive strength of the Nomex honeycombs.
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Fig. 4.12 (a) The dynamic peak compressive stress of the Nomex honeycombs
under back face impact normalised by the experimentally measured quasi-static
peak compressive stress as a function of strain rate ¢, and (b) the contributions
of two key factors, strain rate effect of phenolic resin and inertial stabilization of
unit cell walls, to the compressive strength enhancement of the Nomex

honeycombs under dynamic compression.
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4.6.2 Effect of the experimental method

For the two impact configurations of back face and front face dynamic
compressions, the plastic shock wave propagated oppositely within a
honeycomb specimen. Hence, the dynamic compressive response of the
honeycombs in back face impact configuration may be different from that in
front face impact configuration. Figure 4.13 demonstrates that the compressive
responses of the honeycombs with two impact methods are almost identical both
at low impact velocity (Fig. 4.13 (a)) and high impact velocity (Fig. 4.13 (b)).
The similar compressive responses under back face and front face compressions
suggest that the specimens are in stress equilibrium over the deformation history.
In addition, the finite element predictions conducted on the front face impact

agreed well with the experimental measurements.
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Fig. 4.13 Nominal compressive stress of the Nomex honeycombs as a function

of vt/ H at selected impact velocities obtained from back face and front face

experimental measurements as well as FE simulations.
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4.6.3 Effect of strain rate sensitivity

As discussed in Section 4.6.1, the strain rate sensitivity of the phenolic resin is
one of the important factors in enhancing the compressive strength of the
honeycomb specimen under dynamic compression. Figure 4.14 shows the
comparison of the FE predicted dynamic compressive responses of the
honeycomb specimens, with and without material rate dependency, under back
face impact at strain rates of 450 s and 1500 s%. Though the phenolic resin has
mild strain rate sensitivity, the peak compressive strengths of the honeycombs
in rate dependent cases are just about 3% and 10% higher than those in rate
independent cases at strain rates of 450 s (Fig. 4.14 (a)) and 1500 s* (Fig. 4.14
(b)), respectively. This is due to the fact that the phenolic resin layer was thin
and the aramid paper layer made from random aramid fibre [224, 228] was

treated as a rate independent material.
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Fig. 4.14 FE study on the effect of strain rate sensitivity of the phenolic resin

material at strain rates (a) 450 s™* and (b) 1500 s™.
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4.6.4 Effect of initial geometrical imperfections

In order to investigate the effect of the initial geometrical imperfections on the
compressive response of the Nomex honeycombs, quasi-static buckling
eigenvalue analysis of honeycombs was conducted via FE predictions to obtain
the eigenmode. As the aramid paper layers had voids among random fibres [228]
and were far thicker than the phenolic resin layers, we assumed the initial
imperfections were mainly from the aramid paper layers. The effect of the
magnitude of the initial imperfections on the compressive response of Nomex
honeycombs was investigated, and only the lowest eigenmode was considered
in the FE calculations. The lowest eigenmode was employed to introduce
perturbation to the mesh of the aramid paper layer, with maximum imperfection
amplitude 10% and 20% of the single-layer thickness of the aramid paper layer.
Figure 4.15 shows the FE predictions for quasi-static and dynamic compressions.
It suggests that the initial imperfections slightly decrease the peak compressive
strength of honeycomb specimen but have a limited effect on the compressive
response. Hence, the FE predicted compressive responses of the Nomex
honeycombs are insensitive to the initial imperfections of amplitudes in the range

10%-20%.
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Fig. 4.15 FE predictions of the Nomex honeycombs with initial imperfections

under (a) quasi-static compression and (b) back face impact at strain rate 1500 s

1

4.6.5 Effect of strain rate independency of aramid paper layer

As discussed in Section 4.5, the compressive strain for the compressive strength
of Nomex honeycombs was identical to that for the compressive strength of the
phenolic resin layer, whereas the aramid paper layer didn’t reach the peak
strength of the material when the honeycombs failed. Hence, the failure of the
aramid paper layer was governed by the failure of the phenolic resin layer.
Moreover, the strength of the aramid paper layer used in the present FE
prediction is significantly lower than the strength of the phenolic resin layer.
Hence, the strain rate effect of the aramid paper layer on enhancing the
compressive strength of Nomex honeycombs was weak. Warrior et al. [184]
reported that the failure of random fibre reinforced composite was governed by
the matrix failure under high strain rate compression. Park et al. [86] also

reported that the strain rate dependency of the matrix contributed to the strain
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rate sensitivity of the carbon fibre composite square honeycombs. Thus the strain
rate sensitivity of the phenolic resin layer played the dominate role in the strength
enhancement contributed by the strain rate effect of material, and it was

reasonable to assume that the aramid paper layer was strain rate independent.

4.7 Conclusion remarks

The out-of-plane compressive responses of the Nomex honeycombs of density
54 kg.m™ and out-of-plane thickness 10 mm at strain rates ranging from quasi-
static value to 1500 s have been investigated. A series of dynamic impact tests
were conducted with a magnesium alloy Kolsky bar setup. Finite element (FE)
simulations were validated and used for facilitating the interpretation of the
experimental measurements. The aramid paper layer and phenolic resin layer

were modelled separately with different constitutive models.

Under quasi-static compression, the honeycomb specimen failed with
catastrophic local fracture of phenolic resin layer after the elastic buckling of the
honeycomb walls, which was followed by the aramid fibre layer folding at the
location of the phenolic resin fracture. In addition, there was no significant
damage at the wall joints as corroborated by the SEM image analysis. The
compressive loading of the honeycombs before failure was principally carried
by the coated phenolic resin layer. However, the aramid paper layer contributed
to the high flexural rigidity of honeycomb walls that avoided the premature

buckling of phenolic resin layer.
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In the dynamic compression events, the honeycombs failed with stubbing of the
cell walls at the ends of the specimens. Over the range of the strain rates applied
from quasi-static to 1500 s, the peak compressive strength of the honeycombs
increased linearly by approximately 30%. The FE simulations demonstrated that
two mechanisms enhanced the out-of-plane dynamic compressive strength:
strain rate effect of the phenolic resin material and inertial stabilization effect of
the honeycomb walls. The inertial stabilization of unit cell walls, contributing
61%-74% to the compressive strength enhancement of the Nomex honeycombs,
played a more significant role. In addition, similar compressive responses of the
honeycombs were obtained from two different impact tests, back face impact

and front face impact.

Validated finite element simulation captured the experimental measurements
reasonably. It demonstrated that the dynamic impact method as well as initial
geometrical imperfections were insensitive to the out-of-plane compressive

response of the Nomex honeycombs.
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Chapter 5

Ballistic Resistance of Hybrid Carbon Fibre Laminate

Beams

Abstract

In Chapter 3 and Chapter 4, the out-of-plane compressive responses of different
honeycomb cores have been investigated. The current chapter will present the
ballistic impact response of hybrid fibre composite beams that can be used as the
face sheets of sandwich structures. The hybrid composites combining stiff
composites with soft composites are developed to improve the ballistic impact
resistance of fibre composite beams while maintaining good quasi-static loading
bearing capacity. The failure modes and energy absorption capacity of the

stiff/soft hybrid beams have been investigated experimentally under ballistic

impact at a projectile velocity range of 50 ms™ <v, <300 ms™, and were

compared with those of the stiff and soft composite beams with identical areal
mass. Both the monolithic and sandwich beams have been studied on the ballistic
resistance. For each type of monolithic beams, i.e. stiff, soft and hybrid
monolithic beams, three categories of failure modes have been identified: minor
damage with rebound of projectile at low impact velocity, fracture of beam at
medium impact velocity and perforation of beam at high impact velocity. The
critical velocity of hybrid monolithic beam was similar to that of soft monolithic

beam for the same failure mode, and higher than that of stiff monolithic beam.
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This was attributed to the flexible matrix that dispersed the applied stress and
increased the wave propagation time within the composites. For the sandwich
beams with stiff, soft and hybrid face sheets, the failure modes were similar to
those of the monolithic beams. Among the monolithic beams, the hybrid and soft
monolithic beams exhibited better energy absorption capacity than the stiff
monolithic beams. As for the sandwich beams, the hybrid-face sandwich beams
absorbed more kinetic energy of projectile than the soft-face sandwich beams at
higher projectile velocity, and the stiff-face sandwich beams behaved worst in
energy absorption. The beams failed with fully fracture had better energy
absorption capacity than those failed with perforation as more fibres fractured.
The advantages of the stiff/soft hybrid construction include: (i) at lower impact
velocity, the soft composite part survived with negligible damage under impact;
(ii) due to the buffer effect of the soft part at the front face, stress within the stiff
part of the hybrid monolithic/sandwich beams can have a more uniform
distribution than that of the stiff monolithic/sandwich beams. The current
investigation provides a new concept for designing the high-performance fibre

composites against ballistic impact.

5.1 Introduction

Fibre reinforced composites have received increasing attention in military and
civilian applications due to their outstanding mechanical properties. It has been
demonstrated that lightweight structures made from fibre composites possess
excellent performance to resist ballistic impact when the composites laminate is

in [0°/90°] cross-ply lay-up [18, 232]. The hybrid fibre reinforced composites,
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proposed based on the concept of hybridization, are promising choices against
ballistic impact. As discussed in the literature review, the existing hybrid fibre
composites mainly focus on the hybridization of different types of fibre
reinforcements, whereas only one type of matrix is used in hybrid composites,
I.e. stiff or soft matrix. This results in similar failure modes for the different fibre
composite parts in hybrid composites under ballistic impact. It also leads to high
stiffness but poor ballistic resistance for hybrid composites with solely a stiff
matrix [194], or high ballistic resistance but poor stiffness for hybrid composites
with solely a soft matrix [189]. However, limited investigations have been
conducted on hybrid composites which combine stiff composites and soft
composites. The fibre composites hybridizing stiff /soft matrices within single
composites which may achieve good ballistic resistance from soft parts as well
as good quasi-static loading bearing capacity from stiff parts. As the failure
modes of these two types of fibre composites are different, the understanding of
the interaction between these two composites has not been well established.
Although Larsson et al. [195] gave an insight into the ballistic performance of
the hybrid composites which combined stiff carbon fibre composites with soft
polyethylene fibre composites, the failure modes as well as energy absorption
capacity of the hybrid material containing soft and stiff composites are still

unclear.

Sandwich structures with fibre composite face sheets and a honeycomb core are
multi-functional lightweight structures due to their excellent bending resistance

and energy absorption capacity [8, 15, 233]. In order to improve the ballistic
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resistance of sandwich structures, Gustin et al. [234] proposed a hybrid fibre
composite sandwich structure. They reported that replacing carbon fibre
composites with hybrid Kevlar/carbon fibre composites as face sheets, improved
the energy absorption capacity of sandwich structures. However, the data on the

ballistic performance of hybrid sandwich structures is still limited.

This chapter aims to experimentally investigate the ballistic impact response of
a novel hybrid composite beam with stiff composites and soft composites,
including the failure modes, energy absorption capacity and the interaction
between the different composite parts. The outline of this chapter is as follows.
First, the experimental materials and manufacturing process of different types of
fibre composite beams are described, and the mechanical properties of the
constituent materials are investigated. Then the methodology for the ballistic
impact on hybrid fibre composite beams is developed. Finally, the advantages of
the hybrid fibre reinforced composites are characterised by comparing the

experimental measurements between stiff, soft and hybrid composite beams.

5.2 Materials and manufacturing

5.2.1 Materials

The laminated composite sheets, used as the monolithic beams and face sheets
of sandwich beams, were reinforced by Pyrofil TR50S 15K carbon fibres
(diameter is 7 um). The thickness of each unidirectional fibre layer was 0.1 mm.
The slow IN2 epoxy infusion resin and EF80 flexible epoxy resin, both supplied

by Easy Composites Ltd, were used as the matrix materials for manufacturing
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different types of fibre composites. Both of them are two part (resin and hardener)
epoxy resin system. The IN2 epoxy resin with low mixed viscosity (200-450
mPa-s) is able to infuse through fibre reinforcements quickly, and becomes hard
and brittle after full cure. Hence, it is suitable for manufacturing resin infusion
composites. As for the EF80 flexible epoxy resin, it exhibits higher mixed
viscosity (500-1200 mPa-s) than the IN2 epoxy resin. In addition, it has the
capacity of maintaining flexibility after full cure, and is therefore suitable for the
applications where the flexibility of fibre reinforced composite parts is required.
Throughout the chapter, the fibre composites with IN2 epoxy infusion resin are
termed stiff composites and the ones with EF80 flexible epoxy resin are termed

soft composites.

The cores used in the sandwich beams are the Nomex honeycombs that are same

as the ones investigated in Chapter 4, i.e. the density and out-of-plane thickness

of the Nomex honeycomb core were p =54 kgm=and H =10 mm, respectively.

The in-plane sketch of the Nomex honeycomb core has been shown in Fig. 5.1

@).
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Fig. 5.1 (a) The in-plane sketch of the honeycomb core unit cell in sandwich

beams, (b) the layer-up orientation of the laminated fibre composites and the
types of face sheets. The sketch of the assembled sandwich beam is shown in (c).
The co-ordinate systems associated with the beam and core are included in the

figure. All dimensions are in mm.

5.2.2 Manufacturing

In this study, both the stiff and soft fibre reinforced composite panels were
manufactured using a vacuum assisted resin transfer moulding (VA-RTM)
system. Figures 5.2 (a) and (b) show the photographs of this system before and
after assembly, respectively. The sketches for the top and bottom plates of the
mild steel mould have been shown in Appendix Fig. Al and Fig. A2,

respectively, and the sketch of picture frame that is used for determining the
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thickness of fibre laminate has been shown in Appendix Fig. A3. The
unidirectional dry fibre layers were arranged in a [0°/90°]n lay-up inside the steel
mould, i.e. orthogonally stacking, as shown in Fig. 5.1 (b) and Fig. 5.2 (a). The
steel mould had one outlet port located at the centre and four inlet ports located
at the four corners, both of diameter 2.5 mm. The O rings were inserted into the
grooves of top and bottom plates to ensure good air tightness of steel mould.
Eight bolts at the edges of the mould were tightened to provide sufficient seal.
Degassing of resin and gas tightness checking of VA-RTM system were
conducted before resin injection. A vacuum pump connected with the outlet port
created a vacuum environment in the mould to infuse the resin through the dry
fibre layers. For soft matrix, the compressed air of pressure 8 bars within a catch-
pot was imposed to facilitate the infusion of liquid resin. The ratios of resin to
hardener by weight were 100 : 30 and 100 : 145 for manufacturing stiff
composite panels and soft composite panels, respectively. The infused
composite panels were then cured for 7 h at 65 °C. To reduce the flaws caused
by cutting dry fibre layers, approximately 10 mm was removed from each edge

of the panels after demoulding.

The vacuum assisted resin transfer moulding (VA-RTM) is a mature method for
manufacturing fibre reinforced composites. It has been widely used in laboratory
and industry fabrication. The degassing of resin has been conducted before resin
injection and the system was sealed well during the resin injection. There were
few bubbles only occurred at the edges which have been removed before testing.

Hence, the high-quality fibre composite specimens can be obtained.
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v 0.1 mm single unidirectional
', carbon fibre layer

Fig. 5.2 The vacuum assisted resin transfer moulding system (VA-RTM) (a)
before and (b) after assembly. The sketch in (a) shows the unidirectional carbon
fibre layers with orthogonal stacking.

Figure 5.1 (c) shows the sketch of a Nomex honeycomb core sandwich beam
specimen used for ballistic impact. Throughout this chapter, the global
coordinates are defined with the 3-axis aligned with the out-of-plane direction
of beams, and with the 1-axis and 2-axis representing the in-plane directions of
beams. Different types of face sheets used in sandwich beam specimens are listed

in Fig. 5.1 (b). All the face sheets and monolithic beams of total length

L =240 mm and width w=40 mm were cut from the cured laminated panels

using a diamond saw, and the Nomex honeycomb core was cut by a sharp blade
to be the same dimension as the laminated beams. The details of monolithic fibre

composite beams (i.e. stiff monolithic beam, soft monolithic beam and hybrid
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monolithic beam) and sandwich beams (i.e. stiff-face sandwich beam, soft-face
sandwich beam and hybrid-face sandwich beam) are summarized in Table 5.1.
According to this Table, the stiff and soft composite beams of different

thicknesses were used to assemble to form six types of beams with similar areal

mass. N in the [0°/90°], lay-up architecture is determined to be 10, 5, 4 and 2,

respectively, corresponding to the panel thickness of t=3.9 mm, 1.9 mm, 1.6
mm and 0.8 mm, respectively. The thicknesses of the stiff and soft monolithic

beams were both t =3.9 mm, and the thickness of each face sheet of the stiff-

face and soft-face sandwich beams were both t =1.6 mm. For the hybrid beams

which comprised of stiff and soft composite parts with equal thickness, the

thicknesses of each composite part of the hybrid monolithic beam and hybrid-
face sandwich beam were t=1.9 mm and t =0.8 mm, respectively. Hence, the

number of fibre layer in sandwich beams was 4 less than that in monolithic

beams. The fibre volume fraction and density of each laminated composite part

were approximately 50% and p =1380 kgm™ , respectively.

Some additional steps were taken for assembling beams. The stiff and soft
composite parts of hybrid monolithic beams, and the face sheets of hybrid-face
sandwich beams were glued together, respectively, using the Loctite EA 9461®
epoxy adhesive. This epoxy resin is a thixotropic, two component epoxy
adhesive coupling high peel strength and excellent shear strength. The face

sheets and honeycomb cores of sandwich beams were glued together also using
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the Loctite EA 9461® epoxy adhesive. In hybrid-face sandwich beams, the part
contacted with the each side of the Nomex honeycomb core was stiff part and
soft part, respectively, as sketched in Table 1. In addition, to ensure the ends of
the sandwich beams can be end-clamped sufficiently, the Nomex honeycomb
core was filled with fast IN 2 epoxy resin, supplied by Easy Composites Ltd,
over the clamped portion of each length 40 mm. The assembled hybrid
monolithic beams and sandwich beams were then cured in the oven for 5 h at

60 ‘C with 25 KN transverse loading applied on the beams to achieve better

bonding. The areal mass of the epoxy adhesive per layer was measured to be
0.14 kgm2, and all the assembled composite beams had similar areal mass in the

range of 5.12 - 5.40 kgm2.

Table 5.1 Constituent details of the monolithic and sandwich beams.

Monolithic beams Sandwich beams
Composite Stiff Soft Hybrid
P Stiff Soft Hybrid face face face
sheets
sheet sheet sheet
Sﬁztﬂff ) e (T [ [
Number of
layers for 20 20 10*2 8*2 8*2 4*4
sheet

Areal density
of face sheets 5.38 5.38 5.30 4.30 4.30 4.30
(kg/m?)

Areal mass of
honeycomb 0 0 0 0.54 0.54 0.54
core(kg/m?)

Areal mass of

glue (kg/m?) 0 0 0.14 0.28 0.28 0.56

Total areal
mass of beams 5.38 5.38 5.44 5.12 5.12 5.40
(kg/m?)
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5.3 Mechanical properties of constituent materials

The quasi-static uniaxial tensile and compressive responses of the fibre
reinforced composites, and the quasi-static out-of-plane compressive response
of Nomex honeycomb core were measured using an Instron screw-driven testing
machine at an applied nominal strain rate 10 s. There were five repeats for

each type of test.

The tension and compression tests on the stiff and soft fibre composite materials
were conducted using the methods described by the EN I1SO 527-4 and ASTM
D3410/B, respectively. The aluminium tabs were adhered to the clamped ends
of the rectangular specimens for friction gripping during test. The uniaxial forces
of the specimens were determined by the load cell of the screw-driven testing
machine, and the uniaxial strain of the specimens were measured by a single
Stingray F-146B Firewire camera video gauge. In tension, the stiff and soft
laminates both in [0°/90°] and £45° orientations were tested. However, only the
compressive response of the stiff laminate in [0°/90°] orientation was measured
as the compressive response of the soft laminate in [0°/90°] orientations was too
weak to be measured using the standard method. The specimens had a gauge
length of 50 mm for tension test, whereas had a gauge length of 12 mm for

compression test in order to prevent Euler buckling.

Figure 5.3 (a) shows the measured nominal tensile and compressive stress versus
strain relations of the composite laminates in [0°/90°] orientations. In the tension

tests, the stiff and soft composite laminates displayed identical linear elastic
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responses, with the tensile strength of 535 MPa and elastic modulus of 34 GPa.
It was observed that the stiff and soft composite laminates had the same failure
mechanism in tension, i.e. tensile fracture of fibre reinforcements. In the
compressive tests, the stiff composites displayed elastic-brittle response, with

the compressive strength was 221 MPa at nominal strain of 0.011.

In contrast, as the tensile response of the laminates in £45° orientations was
governed by the shear of matrix, the laminates in this orientation were more
ductile and had lower strengths than those in [0°/90°] orientations, see Fig. 5.3
(b). The stiff composites exhibit elastic-plastic hardening response with the
tensile strength of 187 MPa and nominal failure strain of 0.225. However, the
soft composites have significantly lower tensile strength and higher nominal
failure strain, which are 36 MPa and 0.36, respectively in £45° orientations. The
slight hardening response of the soft composites after initial yield is governed by
the fibre rotation towards the tensile axis [178]. In addition, both the stiff and
soft composites in +45° orientations failed with matrix cracking without fibre

rupture.

For the Nomex honeycomb core, the out-of-plane compressive responses under
quasi-static and dynamic loading have been investigated, see Chapter 4 for
details. The measured quasi-static compressive stress versus strain curve of the

Nomex honeycomb core is plotted in Fig. 5.3 (c) again for clarity.
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Fig. 5.3 Quasi-static stress-strain relationships of the stiff and soft fibre
composites under uniaxial compression and tension tests for (a) 0°/90° and (b)

+45° lay-up architecture. The measured quasi-static out-of-plane compressive

response of the Nomex honeycomb core of density p =54 kg-m? is shown in

().
5.4 Ballistic impact test protocol

Ballistic impact tests were conducted to investigate the failure modes and energy
absorption capacity of the monolithic and sandwich composite beams, and find
out the advantages of the hybrid beams. The sketch of the experimental setup
developed by Turner et al. [153] is shown in Fig. 5.4. A steel fixture with four

M6 bolts at each end was used for fully clamping the beams. The free span
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lengths of the beams were 170 mm and the front faces of beams were positioned
200 mm from the muzzle of the gas gun. The gas gun of barrel length 3.5 m,

outer diameter 16 mm and internal diameter 13 mm was employed for

accelerating a non-deforming steel spherical projectile of diameter d =12.7 mm

and mass M =8.3g. Either compressed air or pressurised liquid nitrogen was

used to propel the projectile to various velocities in the range of

50 ms™ <v, <300 ms™, producing the initial kinetic energy of projectile in the
range of 104J<E, ,<373.5J. Figure 5.5 indicates the relation of initial

projectile velocity versus the applied gas pressure. The initial velocity of
projectile was measured using two laser gates located at the open end of the gas
gun barrel and confirmed with a Phantom Mercury HS v 12.1 high speed camera.
The high speed camera was also used to capture the failure modes of beams and
residual velocity of projectile during ballistic impact. Typically, the frame rate
and exposure time were 38,000 fps and 10 ps, respectively, and the resolution
was 320x344. It should be noted that we suppose the soft composite parts, which
are in hybrid monolithic and hybrid-face sandwich beams, act as a cushion that
avoids the direct stiff contact between non-deforming projectile and stiff
composite part. Based on this assumption, we set the projectile firstly impact the

soft composites part of the hybrid beams.
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Fig. 5.4 Sketch of the experimental setup for ballistic impact on monolithic and

sandwich beams. All dimensions are in mm.
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Fig. 5.5 The initial projectile velocity as a function of applied gas pressure.
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5.5 Ballistic impact responses of beams

The experimental measurements for the six types of composite beams have been
summarized in Table 5.2, including the initial projectile velocity, residual
projectile velocity, kinetic energy of projectile transmitted to beams, and failure

modes of beams.

Table 5.2 A summary of the experimental measurements for six types of
composite beams.

Kinetic
Initial Residual energy
Beams velocity, velocity, transmitted Failure modes
V, (m/s) v, (m/s) to beams,
AEabs (‘])
56 -16 11.95 Rebound
Three-point
) 67 -18 17.28
Stiff fracture
monolithic Three-point
100 69 21.74
beam fracture
133 111 22.28 Perforation
160 136 26.75 Perforation
72 -6 20.19 Rebound
One-point
96 26 35.44
fracture
Soft _
o One-point
monolithic 140 85 51.36
fracture
beam )
Three-point
207 153 80.67
fracture
258 220 75.37 Perforation
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72 -8 21.25 Rebound
One-point
100 40 34.86
_ fracture
Hybrid _
I One-point
monolithic 145 86 56.56
fracture
beam )
One-point
198 153 65.55
fracture
272 246 55.90 Perforation
72 -14 21.70 Rebound
Stiff-face Back face
) 107 61 32.07
sandwich fracture
beam Back face
145 124 23.44 )
perforation
72 -8 21.25 Rebound
Soft-face Back face
) 107 43 39.84
sandwich fracture
beam Back face
145 148 38.85
fracture
Projectile
75 0 23.34
) trapped
Hybrid-face
_ Back face
sandwich 100 42 34.18
fracture
beam
Back face
143 98 45.01
fracture

5.5.1 Impact responses of monolithic beams

In this section, the responses of three types of monolithic composite beams under
a series of ballistic impact tests were investigated, and the failure modes of these
beams at various velocities are identified. The fracture mode discussed below is

defined as the complete fracture of beams, and the perforation mode as the beams
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perforated without complete fracture. The critical velocity between two failure
modes was calculated as the average value of the maximum velocity that
triggered the low-velocity failure mode and the minimum velocity that triggered
the high-velocity failure mode. Take the stiff monolithic beam for example, the
measured maximum velocity for rebound mode was 56 ms™, and the measured
minimum velocity for fracture mode was 67 ms™. Hence, the critical velocity
between the rebound and fracture modes of the stiff monolithic beam was 61.5

ms,
5.5.1.1 Stiff monolithic beam

The back-face deflections of the stiff monolithic beams before failure as a
function of time at selected impact velocities are plotted in Fig. 5.6. The
montages of high-speed photographic images for three different failure modes

are shown in Fig. 5.7 and discussed below

Rebound (v, <61.5ms™): The spherical projectile is rebounded by the

deformed beam at impact velocity of 56 ms™, as shown in Fig. 5.7 (a).

Three-point fracture (61.5ms™ <v, <116.5ms™): The beams fail with fibre

fracture at three positions in this range of impact velocity. Figure 5.7 (b) shows
that the fracture in the middle develops from the back face of the beam, thus the
fracture mechanism is stretch governed. The fracture at the clamped ends is also
stretch governed, as indicated in the photograph of Fig. 5.6. At impact velocity

of 67 ms, the fracture mainly focuses on the middle of the beam while a part of
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fracture also occurs at the clamped ends (Fig. 5.6). At higher impact velocity of
100 ms™, the beam fully fractures at three points, i.e. middle and two clamped
ends. The back-face deflection of the beam before fracture decreases with the

increase of impact velocity.

Perforation (v, >116.5ms™): The beams fail with perforation when the initial

impact velocity of projectile reaches to the perforation limit. As reported by
Karthikeyan et al. [178], the projectile with high kinetic energy first comminutes
the fibres at the impacted point, and then results in the local bending of back face.
The significant bending of the back face leads to the tensile fracture of fibres
(Fig. 5.7 (c)) and consequently the peroration of beam. The back face view of
the perforated beam is diamond-shape damage at the impact point, as shown in

Fig. 5.7 (c). The beams have been perforated before a large deflection achieves.

The failure modes and critical velocities of the stiff monolithic beams are similar

to those of the three-dimensional woven carbon fibre resin composites [153].
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Fig. 5.6 The history of back face deflection of the stiff monolithic beams at
selected impact velocities. Time t=0 corresponds to the time instant when the
projectile impacted on the beams. The photographic image shows the part

fracture of clamped end when the impact velocity was 67 ms™,
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Fig. 5.7 Montage of the high speed photographs of the stiff monolithic beams
under ballistic impact. Three different failure modes of the beams are shown in

the figure. The back face view of the beam failed with perforation at the impact

point is also shown in (c).

161



Chapter 5: Ballistic Resistance of Hybrid Carbon Fibre Laminate Beams

5.5.1.2 Soft monolithic beam

The back-face deflections of soft monolithic beams before failure as a function
of time history at selected impact velocities are plotted in Fig. 5.8, and the
montages of high-speed photographic images for three different failure modes
are shown in Fig. 5.9. As the beam has a long response history at low impact
velocity of 72 ms™, the response history at this velocity (Fig. 5.8 (a)) is separated
from others at higher velocities (Fig. 5.8 (b)) for clarity. The ballistic behaviour

is described as follow

Rebound (v, <84 ms™): At the velocity of 72 ms™, the projectile is rebounded
along with a part of beam fracture in the width direction, as shown in Fig. 5.9
(@).

One-point fracture (84 ms™<v, < 232.5 ms™): In this range of applied projectile

velocity, the soft monolithic beam only fractures in the middle. This is different
from the three-point fracture mode of the stiff monolithic beam. As shown in
Figs. 5.9 (b) and (c), the beam is first partly perforated by the projectile and then
fully fractures in the middle. Fibre fracture along with matrix cracking develops

from the back face of the beam due to the significant bending at the impact point.

Perforation (v, >232.5 ms™): The beam is perforated without full fracture when

the impact velocity is high enough, as shown in Fig. 5.9. The back-face
deflection history of the beam for this failure mode is not plotted in Fig. 5.8 as

the deflection is negligible before perforation.
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Fig. 5.8 The history of back face deflection of the soft monolithic beams at (a)

impact velocities of 72 ms? and (b) higher impact velocities. Time t=0

corresponds to the time instant when the projectile impacts on the beams.
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Fig. 5.9 Montage of the high speed photographs of the soft monolithic beams
under ballistic impact. Three different failure modes of the beams are shown in

the figure.
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5.5.1.3 Hybrid monolithic beam

For the hybrid monolithic beam, the debonding occurs between the stiff and soft
composite parts during ballistic impact. The back-face deflections of both stiff
part and soft part before failure as a function of time are plotted in Fig. 5.10. As
discussed in Section 5.4, the projectile impacts the soft part firstly, then the stiff
part in the back of the beam. The montages of high-speed photographic images

for three different failure modes are shown in Fig. 5.11.

Rebound (v, <86 ms™): The projectile was rebounded by the beam under low

velocity impact, see Fig. 5.11 (a). Although the stiff composite part at the back
face fractures, there is only slight cracking on the impacted surface of the soft
composite part, as the micro photographs shown in Fig. 5.11 (a). The hybrid
monolithic beam can therefore still resisting load after impact. Under the same
impact velocity, however, the stiff and soft monolithic beams have fractured

fully and partly, respectively, as discussed in Sections 5.5.1.1 and 5.5.1.2.

One-point fracture (86 ms™<v, <235 ms™): Both the stiff and soft parts failed

with beam fracture in the middle, and the debonding developed from the impact
point to the clamped ends. During the ballistic impact, the fibre fracture is
observed at the back face of the stiff part, see Fig. 5.11 (b).

Perforation (v, >235ms™): When the impact velocity is high enough, the

projectile perforates the beam with a negligible deflection. As shown in Fig. 5.11

(c), the debonding is not observed before perforation, but develops after that. It
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is concluded that the debonding is due to the wave propagation rather than the
different stiffness of the stiff part and soft part. Unlike the stiff monolithic beam
in Fig. 5.7 (c), the back face view of the perforated beam at the impact point is
circle-shape damage. This is due to the transition effect of soft composites at the
front face, which results in more uniform stress distribution of the stiff composite

sheet around the projectile.

25 . . . T
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é 201 Fracture |
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E 15T Fracture Rebound =
8 f A part part
ke ‘ *:i-' — 72 mls
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Fig. 5.10 The back face deflection history of the stiff part and soft part in hybrid
monolithic beams at selected impact velocities. Time t=0 corresponds to the time

instant when the projectile impacted on the beams.
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Fig. 5.11 Montage of the high speed photographs of the hybrid monolithic beams
under ballistic impact. Three different damage modes of the beams are shown in
the figure. (a) also shows the micro damage of the stiff composites and soft
composites after impact, and (c) also shows the back face view of the beam failed

with perforation at the impact point.
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5.5.1.4 Discussion

Figure 5.12 shows the comparison of critical velocities with respect to the failure
modes of stiff, soft and hybrid monolithic beams. The soft and hybrid monolithic
beams have similar critical velocities regarding to the same failure mode, and
both higher than the stiff monolithic beams, particularly for the failure mode of

perforation.

Stiff
monolithic

Soft
monolithic

Hybrid
monolithic

0 50 100 150 200 250 300
Initial projectile velocity (m/s)

Fig. 5.12 The different ranges of impact velocity regarding to the different

damage modes of the stiff, soft and hybrid monolithic beams.

The difference in critical velocities between the stiff and soft monolithic beams
can be explained as follow. The flexible and ductile EF80 epoxy matrix makes
the soft monolithic beam more deformable and less brittle than the stiff

composite beam, which contributes to longer interaction time between the
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projectile and composite beam. Hence, the plastic wave can keep propagating in
the soft monolithic beam for the failure mode of fracture, even though the
projectile has perforated the beam. With the increase of impact velocity, the
interaction time and wave propagation time become shorter, the beam finally
fails with perforation when the perforation limit velocity reaches. Compared to
the soft monolithic beam, the wave propagation time in stiff monolithic beam is
shorter due to the stiffer interaction, and the projectile impacts on stiff monolithic
beam is more likely to give rise to stress concentration. Thus, the stiff monolithic
beam can be perforated at lower impact velocity than the soft monolithic beam.
Throughout the impacts on stiff and soft monolithic beams, there is no damage

in terms of delamination observed in the plies.

Compared to the soft monolithic beam, the hybrid monolithic beam provides
higher stiffness. The debonding between the stiff and soft parts of the hybrid

monolithic beam can always be observed in the range of applied velocities, i.e.

72ms™<v, <272ms™. Due to the high viscosity of the epoxy adhesive, the

adhesive was unable to be degassed or vacuum infused, which resulted in more
imperfections introduced in the adhesive. Hence, the debonding between the stiff
and soft parts is easier to occur during impact. Based on the above analysis to
the perforation mode of hybrid monolithic beams, the development of debonding
is mainly governed by the wave propagation time in the beam, which is inversely
scale with the initial velocity of projectile. Hence, at low and medium velocities,
the long interaction time between the projectile and beam results in long wave

propagation time and significant debonding (Figs. 5.11 (a) and (b)).
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5.5.2 Impact responses of sandwich beams

The responses of sandwich beams with three types of face sheets, i.e. stiff face,
soft face and hybrid face, respectively, under ballistic impact are investigated.
The montages of high-speed photographic images at three impact velocity levels

are shown in Fig. 5.13, Fig. 5.15 and Fig. 5.16.

At low impact velocity of approximately 73 ms™, the projectiles are rebounded
by the stiff-face and soft-face sandwich beams, as shown in Figs. 5.13 (a) and
(b). However, the projectile penetrates the front face sheet of the hybrid-face
sandwich beam and reaches to the back face sheet, leading to the debonding
between back face sheet and honeycomb core, and finally trapped into the beam

(Fig. 5.13 (c)). This may due to the fact that the initial kinetic energy of the

projectile (v, =75ms™) for hybrid-face sandwich beam is 7.8% higher than

those of the projectiles (v, =72ms™) for stiff-face and soft-face sandwich

beams. In addition, there is debonding around the impact point occurred between
front face sheet and honeycomb core of the soft-face sandwich beam owing to
the flexibility of soft composite sheet. As stated in Section 5.2.2, though the
number of fibre layer in sandwich beams is 4 less than that in monolithic beams,
all the sandwich beams are able to resist the projectiles and behave better than
the stiff and soft monolithic beams at this low velocity level. Figure 5.14 shows
the back-face deflections of monolithic and sandwich beams as a function of
time at initial projectile velocity of approximately 73 ms. For clarity, only the

deformation response of the soft composite part in hybrid monolithic beam
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before the fracture of stiff composite part is plotted. It indicates that the
projectiles are rebounded by all the beams except for the stiff monolithic beam.
The stiff monolithic beam fails with fully fracture, and the maximum deflection
is 31 mm that is significantly higher than those (ho more than 20 mm) of other
beams. The sandwich beams normally have smaller deflections than the

monolithic beams due to the higher stiffness.

At medium impact velocity of around 105 ms™, the front face sheets of all
sandwich beams are perforated and the back face sheets fully fracture during
impact, as shown in Fig. 5.15. The debonding between back face sheet and
honeycomb core is also observed in all sandwich beams. Similar to the hybrid
monolithic beam, the sheet-sheet debonding occurs in the back face sheet of the

hybrid-face sandwich beam, see Fig. 5.15 (c).

Figure 5.16 shows the montages of high-speed photographic images at higher
impact velocity of around 144 ms™. For the stiff-face sandwich beam, both the
front face sheet and back face sheet are perforated without full fracture. The
explanation to this is identical to that to the stiff monolithic beam, i.e. owing to
the short interaction time between projectile and stiff composites. For the soft-
face as well as hybrid-face sandwich beams, the failure modes are similar to

those under the impact velocity of around 105 ms™.
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Fig. 5.13 Montage of the high speed photographs of the (a) stiff-face, (b) soft-

face and (c) hybrid-face sandwich beams impacted by the spherical projectile at

velocity around 73 ms™. The two red curves in (c) represent the edges of back

face sheet and honeycomb core, and the front face view of hybrid-face sandwich

beam at impact point are also shown in (c).
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Fig. 5.14 Back-face deflection history of monolithic and sandwich beams at
impact velocity of around 73 ms™. It should be noted that the stiff monolithic
beam and hybrid-face sandwich beam are impacted at the velocity of 67 ms™ and

75m ms™?, respectively.

173



Chapter 5: Ballistic Resistance of Hybrid Carbon Fibre Laminate Beams

105 Ms 210 Ms
a) 107 ms™_Stiff-face sandwich

TYTS
i i

Ous 105 s 21 Ops 368 us 579 us 842 us—
b) 107 ms™_Soft-face sandwich

b

debon¢

L-k = L-k- N | Wil | PR | SSEEEY
0 s 105 ps 210 ps 290 ps 368 us 553 s

(c) 100 ms™_Hybrid-face sandwich

Fig. 5.15 Montage of the high speed photographs of the (a) stiff-face, (b) soft-
face and (c) hybrid-face sandwich beams impacted by the projectile at velocity

around 105 ms™.
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Fig. 5.16 Montage of the high speed photographs of the (a) stiff-face, (b) soft-

face and (c) hybrid-face sandwich beams impacted by the projectile at velocity

around 144 ms™,
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5.5.3 Ballistic resistance of beams characterised by the initial-residual

velocity relation of the projectile

Figure 5.17 shows the initial projectile velocity v, as a function of residual

projectile velocity v, . Here, v, is assumed to be O when the projectile is trapped

into the beam. The ballistic impact resistance of the beams can be reflected by
the slopes and intercepts of the fitting lines, i.e. higher slope and intercept
correspond to better impact resistance of beams. This figure indicates that the
lowest intercept and slope of fitting lines are from the stiff monolithic beam and
stiff-face sandwich beam, respectively. In addition, the slopes of the stiff, soft
and hybrid monolithic beams are higher than those of the corresponding stiff-
face, soft-face and hybrid-face sandwich beams, respectively. This is because
the number of fibre layer for monolithic beams is more than that for sandwich
beams in order to achieve identical areal mass, and carbon fibre laminated
composites play a far more significant role than the Nomex honeycomb core in

resisting ballistic impact.
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Fig. 5.17 Initial projectile velocity v, as a function of residual projectile velocity

v, . The projectile embedded in the hybrid-face sandwich beam has been

highlighted in Fig. 5.13 (c). The straight dash lines are reference lines. The

impact direction of projectile is along 3-axis of the coordinate system.
5.5.4 Energy absorption capacity of beams

The kinetic energy of the projectile transmitted to the beams can be calculated

as follow

1

AEabs:Ek_O - Ek_r = E M (VO2 - Vrz) (51)

where E,, and E, , are the initial and residual kinetic energy of projectile,

respectively. AE,. is the energy transmitted from the projectile to fibre
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composite beams. This transmitted energy converted to the kinetic energy of
beams and energy absorbed by beams. Based on Fig. 5.17, the kinetic energy of
projectile transmitted to beams as a function of initial kinetic energy of projectile

is summarized in Fig. 5.18. The initial kinetic energy of projectile is in the range

of 13J<E,,<307J. Due to the different architectures, the monolithic and

sandwich beams may acquire different kinetic energy during the impact events.
Assuming that the kinetic energy acquired is identical for the beams with the
same architecture, i.e. monolithic or sandwich, during impact. Hence, the energy
absorbed by beams with the same architecture can be compared using the kinetic

energy of projectile transmitted to beams.

For the monolithic beams, the soft and hybrid monolithic beams have the best
energy absorption capacity, whereas the soft monolithic beam behaves better in
energy absorption than the hybrid monolithic beam when the initial projectile
velocity is higher than 160 ms™, as highlighted in Fig. 5.18. The stiff monolithic
beam behaves worst in energy absorption. For the sandwich beams, as the failure

mode of the soft-face sandwich beams is same in the impact velocity range of

107 ms™'<v, <145 ms™, the energy absorption capacity of these beams reaches

a plateau. However, within this velocity range, the energy absorbed by hybrid-
face sandwich beams still increasing. The hybrid-face sandwich beam has better
energy absorption capacity than soft-face sandwich beam at impact velocity of
145 mst. This may due to the interaction between the soft and hard parts of
hybrid face sheets. The other reason may be the debonding between back face
sheet and honeycomb core, which absorbs a part of kinetic energy of projectile.
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Except for the soft-face and hybrid-face sandwich beams, the measured
maximum initial Kinetic energy of projectile regarding to the mode of fracture is
marked in Fig. 5.18 using an upward dash arrow. This Kinetic energy can be
regarded as the critical value that results in the transition of failure modes from
fracture to perforation. It indicates that the energy absorption capacity of these
beams normally decreases during the transition of these two failure modes. It can
be explained as follow. Along the width direction of the beams, there are less
fibres fracture for the failure mode of perforation than those for the failure mode
of fracture. As the energy absorption capacity of composites is proportional to
the failed fibres [180], the beams failed with perforation therefore absorb less
kinetic energy of projectile than the beams failed with fracture. However, there
is a slight increase for the energy absorbed by the stiff monolithic beam during
the transition of failure modes. This is due to the fact that the stiff monolithic
beam failed with perforation has wider range of fibre deformation and damage
(e.g. fracture and comminution) than that failed with fracture. It can be
demonstrated by comparing the high-speed photographic images in Figs. 5.7 (b)
and (c), and also by Karthikeyan et al. [178]. This explanation is not suitable for
the stiff-sheet sandwich beams as the beam failed with fracture of back face sheet

also has significant fibre deformation and damage, as shown in Fig. 5.15 (a).
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Fig. 5.18 Kinetic energy of projectile absorbed by the beams as a function of

initial kinetic energy of projectile.
5.5.5 The effect of epoxy adhesive

Except for the failure of carbon fibre reinforcements, the epoxy adhesive also
failed due to the debonding between stiff and soft composite parts as well as face
sheet and honeycomb core. There are more debondings observed in hybrid
monolithic and hybrid-face sandwich beams than the other types of beams. In
the present study, the tensile strength of the adhesive is 30 MPa [235], much
lower than that of the carbon fibre. Russell et al. [32] numerically demonstrated
that no more than 5% of the initial kinetic energy of projectile is dissipated by
the delamination of fibre layers in the soft impact events. Kirthikeyan and Russel

[187] reported that the ballistic limit of the pre-delaminated fibre laminate was
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10% higher than that of the laminate with same areal mass but without pre-
delamination. This was due to the benefit of delamination that promoted an
earlier transition from fibre fracture to stretching. The debonding, between the
stiff and soft composite parts of hybrid beams, governed by the low-strength
adhesive can also be regarded as ‘pre-delamination’. Hence, the weak adhesive
interface may play an important role in indirectly dissipating impact energy of a

projectile.

5.6 Concluding remarks

The ballistic responses of six types of carbon fibre composite beams, i.e. three
monolithic beams and three sandwich beams, have been investigated to identify
the advantages of hybrid beams. For each type of monolithic beam, three distinct
failure modes, which were minor damage with projectile rebound, fracture and
perforation, respectively, have been identified. The failure modes of fracture and
perforation were mainly governed by the fracture of fibre reinforcements, and
the development of these two damage modes depended on the wave propagation
time in beams. The hybrid and soft monolithic beam had similar critical
velocities for each failure mode, and both higher than the stiff monolithic beam.
In addition, the hybrid monolithic beam had benefits under low velocity impact
as the failure only occurred in the stiff composite part of beam and the soft part
could still resisting loading. The back face damage mode of the hybrid
monolithic beam that failed with perforation was different from that of stiff
monolithic beam ascribed to the buffer effect of the soft composite part at the

front face. For the stiff-sheet, soft-sheet and hybrid-sheet sandwich beams, the
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failure modes were similar to those of the corresponding monolithic beams, i.e.
the projectiles were rebounded by or trapped into sandwich beams at low impact
velocity, and the back face sheet fully fractured and were perforated at medium

and high impact velocities, respectively.

The energy absorption capacity of the monolithic and sandwich beams have also
been studied. For the monolithic beams, the energy absorption capacity of the
hybrid and soft monolithic beams were better than that of the stiff monolithic
beams, whereas the stiff monolithic and stiff-face sandwich beams behaved
worst. In addition, as more fibre reinforcements fractured, the beams failed with
fracture had better energy absorption capacity than those failed with perforation.
For the sandwich beams, the hybrid-face sandwich beams exhibited better
energy absorption capacity than the soft-face sandwich beams at high impact

velocity.

The weak adhesive interface between the stiff and soft composite parts in hybrid
monolithic/sandwich beams may have a positive effect on the energy absorption
capacity of beams. The strength and flexibility of adhesive may influence the
development of debonding, their effects on the ballistic impact resistance of

hybrid laminated composites is a future topic.
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Chapter 6

Conclusions and Future Works

This thesis aims to investigate the dynamic response of high-performance
components, i.e. honeycomb cores and fibre composite face sheets in sandwich
structures. The objectives include: (i) to characterise the out-of-plane
compressive response of hierarchical honeycombs under dynamic impact and
identify the advantages of hierarchical honeycombs relative to normal
honeycombs; (ii) to examine the dynamic compressive response of Nomex fibre
composite honeycombs at high strain rates; (iii) to develop novel hybrid fibre
composites for improving the ballistic resistance of beams. To achieve these
objectives, the related work has been presented in Chapter 3 through to Chapter
5, and the conclusions are summarized below. Afterwards, the future works are

discussed based on the conclusions of the current study.
6.1 Conclusions

6.1.1 Compressive response of additively manufactured AISil0Mg alloy

hierarchical honeycomb structures

The quasi-static and dynamic out-of-plane compressive performance of the
Selective Laser Melting (SLM) manufactured AISilOMg alloy hierarchical
honeycomb has been investigated via experiments and finite element simulations.
The dynamic compression tests were conducted using a steel Kolsky bar setup.

To identify the advantages of hierarchical honeycombs, the compressive
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response of three types of honeycombs with different in-plane configurations

and relative densities, i.e. single-scale, two-scale and three-scale honeycombs of

relative density 0.19 < p <0.35, were compared.

The failure mechanisms of these metallic honeycombs were characterised to
be different under quasi-static compression. With the increase in relative
density of honeycombs, the failure mechanism of single-scale honeycomb
changed from plastic buckling of walls to local damage of parent materials
without buckling. However, the two-scale and three-scale honeycombs failed
with the damage of the parent material in the same range of relative densities.
Due to the different failure mechanisms, the two hierarchical honeycombs

offered higher peak nominal wall stresses than the single-scale honeycomb

at a low relative density (p =0.19). The difference was diminished when

the relative density of honeycombs increased, i.e. the single-scale
honeycomb can achieve similar peak wall stress in comparison to
hierarchical honeycombs. In addition, a similar peak wall stress achieved by
two-scale and three-scale honeycombs may suggest that the structural
performance under out-of-plane compression is not sensitive to hierarchical
architecture.

The dynamic compressive strength enhancement of the honeycombs was
governed by the strain rate sensitivity of the parent material. The hierarchical
honeycombs exhibited better energy absorption capacity than the single-

scale honeycomb under dynamic compression.
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The developed finite element (FE) simulation methodology can predict the
compressive response of the SLM manufactured honeycombs reasonably
well. The effects of the impact method as well as initial geometrical
imperfections on the compressive performance of honeycombs were both

predicted to be negligible.

6.1.2 Dynamic compressive response of Nomex honeycombs

The out-of-plane compressive responses of Nomex honeycombs under quasi-
static loading and high strain rates up to 1500 s™* were measured via experiments,
and predicted by validating finite element calculations. In order to detect the low
stress of Nomex honeycombs, dynamic compression tests were performed using

the sensitive magnesium alloy Kolsky bar setup.

Different failure modes of Nomex honeycombs were achieved under quasi-
static and dynamic compression. For quasi-static compression, the Nomex
honeycombs failed with local phenolic resin fracture after the elastic
buckling of honeycomb walls. However, for dynamic compression, the
honeycombs failed with the stubbing of cell walls at the ends of specimens.
The Nomex honeycombs exhibited a linear compressive strength
enhancement up to 30% from a quasi-static state up to a strain rate of 1500
s’ The strength enhancement was governed by two mechanisms: the strain
rate effect of the phenolic resin and inertial stabilization of honeycomb unit
cell walls. The inertial stabilization of unit cell walls which contributed 61%-

74% to the strength enhancement, played a more significant role.
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The validated finite element simulation, which modelled an aramid paper
layer and phenolic resin layer separately, had a good agreement with
experimental measurements. Predictions indicated that the impact method
and the initial geometrical imperfections were insensitive to the out-of-plane

compressive response of Nomex honeycombs.

6.1.3 Dynamic response of hybrid carbon fibre laminate beams under

ballistic impact

The fibre composites hybridizing stiff composites and soft composites are
developed to improve the dynamic performance of composite beams under
ballistic impact. The ballistic impact responses of six types of carbon fibre

composite beams, three monolithic beams and three sandwich beams at a

projectile velocity range of 50 ms™ <v, <300 ms™*, have been characterised to

identify the advantages of stiff/soft hybrid composite beams.

i.  Three different failure modes were observed for each type of monolithic
beam at different projectile velocities, i.e. minor damage with rebound
of projectile at low impact velocity, fracture of beam at medium impact
velocity and perforation of beam at high impact velocity. For the
sandwich beams with stiff, soft and hybrid face sheets, the failure modes
were similar to those of the corresponding monolithic beams, i.e. the
projectiles were rebounded or embedded into the sandwich beams at low
impact velocity, and the back face sheet completely fractured and were

perforated at medium and high impact velocities.
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For monolithic beams, the hybrid and soft monolithic beams exhibited
better energy absorption capacity than the stiff monolithic beams. As for
sandwich beams, the hybrid-face sandwich beams absorbed more kinetic
energy from the projectile than the soft-face sandwich beams at higher
projectile velocity, and the stiff-face sandwich beams behaved the most
poorly in terms of energy absorption. As more fibres were fractured
during ballistic impact, the beams failed with full fracture absorbed more
kinetic energy than those failed due to perforation.

The advantages of the developed stiff/soft hybrid composite beam are
obvious. Under low velocity impact, the stiff part fractured whereas the
soft composite part survived with negligible damage. Hence, the hybrid
beams can still resist loading after low-velocity impact. In addition,
owing to the buffer effect of the soft part at the front face, the stress
within the stiff part of hybrid monolithic/sandwich beams can be
distributed more uniformly than that of the stiff monolithic/sandwich
beams.

In hybrid monolithic and sandwich beams, the weak adhesive interface
between stiff and soft composite parts may play an important role in

improving the energy absorption capacity of beams indirectly.
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6.2 Future work

6.2.1 Compressive response of additively manufactured hierarchical

honeycombs

i.  Investigation of high-performance structures

Additive manufacturing methodology is promising for fabricating accurate and
complex structural components which cannot be achieved via traditional
manufacturing methods. More high-performance structures should be
investigated for specific applications in the future. For example, the debonding
between sandwich core and face sheets is easy to develop under dynamic impact.
The adhesion between core and face sheets can be improved using additive

manufacturing methods that ensure the good integrity of sandwich structures.

ii.  The effect of hierarchical order

Chapter 3 only investigated the compressive response of two types of
hierarchical honeycombs, i.e. two-scale and three-scale honeycombs. The effect
of higher hierarchical order on the mechanical properties of honeycombs is an
avenue for further research. Moreover, the honeycombs were only fabricated
along the out-of-plane direction in this study whereas the compressive response

of honeycombs fabricated along in-plane direction should also be investigated.

iii.  Effect of relative density on failure mode

Due to the limitation of the manufacturing facility employed in this study, the
relative densities of the SLM manufactured honeycombs were in the range of
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0.19< p<0.35. The high relative density may result in the same failure

mechanism for hierarchical honeycombs, i.e. parent material damage. As we
know, the honeycombs that failed with parent material were capable of resisting
higher stress than those that failed with buckling. It is still unclear if hierarchical
honeycombs fail with elastic or plastic buckling of cell walls when the relative
density is low enough. Hence, in order to avoid wall buckling (if it exists), it is
important to determine the critical relative density of hierarchical honeycombs

between the failure mechanisms of wall buckling and parent material damage.

iv.  Anisotropic model for finite element simulation

The homogeneous finite element model was used to predict the compressive
response of additively manufactured honeycombs. However, the flaws between
the stacking layers, stemming from the asymmetric heat flux during laser
irradiation and cooling, were not considered. A further study is required using
the anisotropic model to predict the mechanical response of additively
manufactured structures. Also, the flaws between layers are more likely to give
rise to damage. Hence, the additive manufactured technique should also be

improved.

6.2.2 Dynamic compressive response of Nomex honeycombs

i.  Optimization of in-plane topology

Under quasi-static out-of-plane compression, Nomex honeycomb walls gave rise

to elastic buckling before the catastrophic local fracture of the phenolic resin.
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Hence some measures such as optimizing the in-plane topology or the wall
thickness ratio of phenolic resin layer to aramid paper layer, should be taken to

prevent the walls from buckling.

ii.  Compressive response under higher strain rate impact

In the present study, the magnesium alloy Kolsky bar and maraging steel striker
were used to investigate the dynamic compressive response of Nomex
honeycombs. In case of the yield of the magnesium alloy bar, the maximum
imposed strain rate on the Nomex honeycombs was 1500 s™. However, the
compressive response of Nomex honeycombs under higher strain rate loading is

still needed to be studied.

iii.  Mesoscopic model for finite element simulation

In the finite element simulation of Nomex honeycombs, the aramid paper layer
was modelled as homogeneous. However, the aramid paper layer was made from
random aramid fibre, as stated in Chapter 4. The mesoscopic model of aramid

paper layer is desired to be modelled for further investigation.

6.2.3 Ballistic impact on hybrid fibre composites

i.  The effect of projectile shape

In ballistic impact events, only a spherical projectile was used to impact the
composite materials. The effect of other projectile nose shapes (e.g. conical,
hemispherical and blunt) on the ballistic resistance of composites, in particular

stiff/soft hybrid composites, still needs to be further investigated.
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ii.  Multi-hit impact

Rare protective systems are designed for resisting single impact in a specific
period, they are mostly subject to multiple impacts at different sites. For example,
there are on average 156 damage sites observed on the Discovery’s space
transportation system flights [236]. Hence, the investigation of a multi-hit impact
on hybrid composites should be conducted to determine the damage
characterisation of materials. In order to widen the applicability of hybrid
composites, the response of hybrid composites impacted by other types of

dynamic loading such as ballast impact, also needs to be understood.

iii.  Effect of adhesive

Although the weak adhesive interface in stiff/soft hybrid composites absorbs a
negligible amount of impact energy of a projectile during debonding, it may
indirectly dissipate a large amount of impact energy. The effect of adhesive
strength and flexibility on debonding and impact resistance of hybrid composite

beams, is still unclear.
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Fig. Al Sketch showing the dimensions of top plate of mild steel mould. All

dimensions are in mm.
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Fig. A2 Sketch showing the dimensions of bottom plate of mild steel mould.

All dimensions are in mm.
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Fig. A3 Sketch showing the dimensions of picture frame in vacuum assisted resin transfer moulding (VA-RTM) system. All dimensions
are in mm.
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