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Abstract

The challenge faced by structural designers is hewp increasingly difficult as the
imposed design criteria of energy absorbing strestuequires weight reduction of
structures without compromising cost and crushieadggvmance. The current research is
thus aimed at investigating the energy absorptibrfilve reinforced composites

measured as a function of geometry and scale witkight-critical structures.

At the first stage, an innovative structure complosé four intersecting composite
plates was tested. It was found that the strucstedility played a crucial role in this
intersecting structure. In order to avoid genetabmckling failure before turning to a
progressive crushing regime, Finite Element MetiileEM) was used on composite

structures as a technical tool.

At the second stage, three geometric structuregaicmng corrugated composite
laminates and possessing better structural stabildre designed and examined. To
increase the interlaminar fracture toughness ptigseof composite materials, through-
thickness stitching methods were introduced. Fradtoughness (Mode-I and Mode-II)
and flexure tests were performed on composite madgerfor comparing the
effectiveness of different crushing mechanismscttra toughness results presented a
significant improvement of using stitching methams Mode-1 properties, while slight
reduction on Mode-Il properties was also deteclguky also indicated the flexural
properties of structural composites can signifigamtffect their energy absorption
capabilities.

At the final stage, six different factors includingsin type, fibre architecture, crushing
speed and stitching parameters were scaled inaeesels in a modified geometric
structure. An optimization approach based on Tagonathods was utilised in order to
statistically determine the relationship and agssistvaluating the contribution of each
factor on crushing properties. It showed that becag the combinations of these
factors with correct levels, the energy absorbed & improved remarkably. It found
that the crushing performance of this structurahposite was mainly dominated by
resin and fibre architecture, which contributed 7d&pability of energy absorption. The
other 29% capability was dominated by trigger, b&ab length, edge stitching density

and the crushing speed.
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Chapter 1. Introduction

1.1. Background and motivation

Composite materials and structures have gained natteimtion over the last three
decades. In addition to their excellent performandt high specific strength and
specific stiffness, they possess good energy atsorpapability [1]. Well-designed

composites generally absorb more specific energyy tonventional metals.

Unlike metals, which absorb energy by bending aottirig mechanisms, the
improvement in energy absorption for compositecstnes occurs through a series of
processes involving central crack propagation ttepdi of fronds, delaminations, fibre
fracturing and tearing, and friction in the lammaind with the crushing platen as well
as bending of fronds [2].

The energy absorbing process in composite strucsuratiated through a trigger. If a
composite structure crushes without a trigger erttlgger is not incorporated into the
structure, failure can be catastrophic and britfietrigger is typically machined to a
specific geometry, such as a chamfer, at one ofetltges of the crush structure to
provide a stress concentration that will initiatéoealised failure area. Consequently,
this failure guides the composite structure intgtable and high efficient crushing

mode.

As one may anticipate, the energy absorption cépalof composite materials and
structural components is affected by a number cibfa. These factors can be broadly
classified into material properties, fabricatiomdiions, test conditions, also geometry
and dimensions of the structures [1]. Fibre-reiodalr plastic (FRP) composite materials
are governed by the fibre, matrix, fibore/matrixeiriace, and fibre volume fraction. In
terms of laminate structure, the fibre stackingusege and fibre orientation are also
important factors. Testing conditions involves ttesting environment, boundary
conditions of samples, and strain rate, dependimthe strain sensitivity of materials.

Geometry may include the triggering system, thessigectional shape and construction
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variance, such as sandwich configurations.

After more than three decades in development, afthoa complete set of energy
absorbing systems based on composite materialbd®asbuilt up, the vast majority of
those investigations are restricted to specifiacstiral forms. As a result, most energy
absorbing composites for practical applicationsesttger in tubular or conical forms.

Nowadays, the global trend in materials techno®gsemoving towards light-weight
and yet high-performance, because this saves enérgly and while contributing
positively to the low carbon agenda, reduces casts leads to higher performance.
This trend has been an essential factor in aerespad defence industries, and also has
become a new challenge for other sectors suchtamative/vehicles and construction
industries. Therefore, to satisfy an increasing a®n for light-weight and high
stifffmodulus protection structures, energy absggbtomposite materials need to be

organized in some kind of large and continuous &renich as the sandwich panel.

Based on the crushing behaviour of sandwich pacetsposed of thin-walled steel
tubes [3], it was determined that the energy aligorproperties are dependent upon
tube layout within the panel, number of tubes, tgbemetry as well as the response of

sandwich skins. The design of energy absorbinglpam¢herefore quite complex.

In comparison with metals, only a few energy absgrlcomposite materials so far
have been developed into the sandwich panelsxample, NomeX, egg-box panel
[4, 5] and hollow three-dimensional (3-D) integdhtmre [6, 7]. But none of them was
built on those progressive crushing mechanisms Were discussed in previously
sections. It is mainly because, when a number dividual structures are placed
together in a large panel, the interaction betwéese individuals as well as the joints
between them will remarkably affect the energy ghison capability of entire structure.
In contrast to the metals that fail in local buonglimode, the composite materials have
to undergo a highly stable, sustained fracture d¢biewe an effective crush. Any
unexpected cracking, bending, buckling or tearifighe laminate can dramatically
reduce the energy absorption of composite materfaisl those unexpected failures

could easily occur around the junctions betweeividdal elements of the panel.



1.2. Aim and objectives

The project therefore seeks to combine existingwhedge on simple plate crushing
with geometric shapes that could be utilised tenfahe internal core of an advanced
composite panel optimised for energy absorptiortsurior example, blast resistant
constructions. The objective was to identify howalbgeometry influences basic crush
behaviour and to seek a route of optimizing theifigeenergy absorption for such core

material.

Therefore, a series of structural composites whagnesent the minimum repeat unit in
a large panel are created. On the one hand, thestusal composites consist of most
well-understood individual structures that are fi&dtes and tubes. On the other hand
these flat plates and tubes are reorganized imtarémsition geometries with the forms
of circular, rectangular, hexangular, or combinmatiof these forms with a certain

proportion.

Due to the anisotropic properties of composite nlte it is also necessary to evaluate
the influence from other factors which includes tiyges of fabric and resin, stacking
sequence and fibre orientations. A range of expartal approaches are also required
for optimizing the effectiveness of different cruglh mechanisms within these
transition geometries. Robust design is appliedhis research as a cost-effective
method to improve the performance of products lmuceng its variability in energy

absorbing performance [8].



Chapter 2. Literature Review

This chapter has two objectives, firstly to expltie principles of energy absorption in
composites materials and structures and secondarglescribe the optimization
methodologies that have been used in this workh Bdtthese will be explained in

terms of relevant literature.

2.1. Crushing mechanisms of composites

To evaluate the suitability of a composite struetfor energy absorbing applications,
the most widely used practice is to understandctimshing behaviour of composite
structure subjected to axial compressive load. llcoapression can be carried out into
two different ways: quasi-static crushing tests ayghamic impact tests. Most

researchers tend to use the former as it is easynuct.

2.1.1. Structural instability and buckling

Composites can crush in a number of ways undeapbpécation of a compressive load.
Their crushing mechanisms and energy absorptioabiily are primarily determined
by structural stability and crushing failure modéen in-plane loads are compressive,
the composite laminates not only undergo in-plaspldcements, but also may undergo
lateral displacements. Thus, there does occur aliogubetween in-plane loads and

lateral displacements. This phenomenon is callastic instabilityor buckling[9].

Global buckling on composite structure during crmaghnormally causes unexpected
failure, and consequently terminates stable anitieft crushing. Therefore, in the
design of the energy absorbing composite, struiciiadility must be considered as a
crucial factor. Under most situations, the critibatkling load P, is applied to analyse
structural stability. It is defined as the smallesad at which the equilibrium of the

structure fails to be stable as the load is slamtyeased from zero [10].

The critical buckling load is significantly affeckeby boundary conditions and the

structural geometry. In classical laminate theosge( Appendix 1), three basic
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boundary conditions are normally considered forkbng analysis, which are i) free
edge, ii) simply-supported, and iii) clamped. Tak@ample for a column, the result for
the critical load of a clamped column at both emgl$our times that of a simply-
supported column at both ends [10]. In practice, ibundary conditions of structures

are very complicated.

In Price and Hull's investigation [11], the failummode was found to depend on
specimen profile, wall thickness and sample heighey tested composite tubes made
of random orientation E-glass mat and polyestenrdse range of geometries tested is
illustrated in Figure 2.1 (left). Four tube pro§ilevere tested, three square tubes with
various corner radii, 10, 20, and 30mm, and rourzks. All round tubes failed by
progressive crushing regardless of wall thickneskeight, and square tubes with wall
thickness ) that greater than 2mm failed also by progressmesh. But the failure
mode of square tubes with- 2mm depended on corner radi® &nd specimen height
(h) [11]. IncreasingR resulted in progressive crush, while increasmdgavoured
catastrophic shell failure that caused by bucklifigese trends are shown in Figure 2.1

(right).
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Figure 2.1 Sketches of different cross-sectional pfile of tubes (left) and variation of failure

mode with height and corner radius (right) [11]

Therefore, to avoid buckling in an ideal energyasbsig composite material, its critical
buckling load should be larger than its crushingergith. Buckling analysis for
anisotropic composite materials is much more corapdd than isotropic materials. A
solution for an all edges simply-supported crosspihotropic plate can be found in

5



Appendix 1 or in Vinson and Chou’s book [9]. Moretailed analysis about boundary
conditions, critical buckling stress, and geometfy composite structures will be
discussed in Chapter 4.

2.1.2. Composite failure modes

Composites can fail in a number of ways, as meatidnefore, these can be separated
into two groups: catastrophic and progressive failmodes [12, 13]. Figure 2.2
illustrates the typical load-displacement curves oth catastrophic and progressive

axial compressive failure of tubular composite ctes.

Under axial compressive load, a composite crusictire without trigger is likely to

fail either by compressive shear or axial splittofgcomposite structure [12]. Its load-
displacement curve (Figure 2.2 left) shows thatltfael increases to a very high peak
value followed by a low post failure load. Therefoa composite structure that fails in a
catastrophic failure mode is not suitable for absw energy due to its low energy

absorbing level and sudden failure mechanism.

Catastrophic Failure Progressive Failure

Load Load

WMM_A <
Displacement Displacement
Figure 2.2 Energy absorption in two different crusling failure modes [13]



Depending on the sequence of microfracture evdraslead to the formation of the
progressive crush zone, the progressive crushirdemas grouped by Farley [14] into
four failure modes (Figure 2.3):

1) Transverse shearing;
2) Lamina bending;
3) Brittle fracturing;

4) Local buckling.

Crushin
Fracturing of Initiat org Plastic deformation
lamina bundles of fibres/matrix
Inter Antralaminar Friction
crack growth

Transverse Lamina Local

Shearing Ql @ Buckling
Brittle

Iﬁ Fracturing M il

@ Unstable crack
growth

Interlaminar crac ks Catastro phi c HNo huc_kla

constrained Failure formation

Figure 2.3 Crushing modes of continuous fibre-reirdrced composite tubes [14]

QZ.

2.1.2.1. Transverse shearing (fragmentation)

The transverse shearing crushing mode is charaetebyy a wedge-shaped laminate
cross section with one or multiple short interlaaniand longitudinal cracks [14]. The
characteristic of transverse shearing mode is timatlength of the interlaminar and
longitudinal cracks is less than the thicknesshef laminate [14]. Interlaminar crack
propagation and lamina bundle fracture controlehergy absorption mechanism. Not
only the mechanical properties of matrix and fiasewell as their interface, but also the
fibre orientation in the laminate can affect théertaminar crack propagation. The
fracture strength of a lamina bundle is principaljunction of the stiffness and failure
strain of the fibre [14].



2.1.2.2. Lamina bending (splaying)

The lamina bending crushing mode is developed by laterlaminar, intralaminar and
parallel-to-fibore cracks [14]. The lamina bundlexhibit significant bending
deformation, but they do not fracture [14]. Thenpipal energy absorption mechanism
for this mode is the matrix crack growth [14]. Adalnally, friction between adjacent
lamina bundles and between composite and crushirfgce also the increase energy

absorbing level of composite materials [14].

2.1.2.3. Birittle fracturing

The brittle fracturing crushing mode is a combioatiof the transverse shearing and
lamina bending modes [14]. Typically, the lengthistlee interlaminar cracks are
between 1 and 10 lamina thickness in this mode. [ldina bundles in the brittle
fracturing mode exhibit some bending and can frachear the base of the lamina
bundle [14]. When a lamina bundle fractures, thadlas redistribute within the
specimen, and the cyclic process of interlaminaclcpropagation and lamina bundle

bending and fracturing is repeated [14].

2.1.2.4. Local buckling (folding)

The local buckling crushing mode can occur in dmitile and ductile FRP composites.
This crushing mode is similar to that exhibited dhyctile metals [14]. The plastic
deformation of the fibre and/or matrix controls #wergy absorption mechanism [14].
Ductile-fibre-reinforced composite materials, swe=hKevlaf and Dyneenty deform
along the compression side of the buckled fibredbrlittle-fibre-reinforced composite
materials, the local buckling crushing mode onlgwovhen i) the interlaminar stresses
are small relative to the strength of the matiixthe matrix has a higher failure strain
than the fibre, and iii) the matrix exhibits plasteformation under high stress [14].

Local buckling crushing mode is an inefficient dringy mode for composite structures.

The highest energy absorption of composite matetas been observed in brittle
fracturing and lamina bending crushing modes [B}, Hence, the crushing mechanism
of composite structures investigated in presendysis designed towards a balance
between the brittle fracturing and lamina bendirafes.



2.1.3. Trigger mechanisms

The design of trigger geometry can have a largeceffin the sustained crushing load.
The purpose of the trigger is to initiate sustairedshing in an efficient energy
absorbing mode, rather than to have a catastrdpliice of the composite structure
with little or without post failure energy absomti [17]. In most cases, trigger
configurations consist of machining a special geoyen one of the edges of the

composite structure [13].

Various trigger configurations have been develojpedubes [13, 18-20], I-beams [13,
21] and plates [17, 22]. Due to its ease of maagirand suitability for the purposes of
laboratory evaluation, mainly angle and steeplendhes were preferred for most

energy absorbing composites, previously.
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Figure 2.4 Schematic representation of formation ofprogressive failure mode (splaying

mode) crush zone based on microscopic examinatiofiolished sections [15]

The development of a stable crush zone in a chaafénbe wall is illustrated
schematically in Figure 2.4. Progressive crushmgaites at the trigger that has been
machined into the crush structure. At the triggbe stresses are higher than those
within the rest of the structure, hence microfraeetmitiates at that point (Figure 2.4a).
The inside layers of the crushing tube eventuatigasate from the central layers as
buckling progresses in both central and inside riay&igure 2.4b). The fractured

material henceforth spreads inwards thereby caubmgnner layers to collapse. This
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results in the formation of a well defined zonecnished material that acts as a wedge
(w in Figure 2.4c). Eventually, the wedge causestierofractures to grow into a
central crack within the thickness, creating alstaibush zone which progresses along
the structure at the speed of the loading (Figudiel)2[15]. Laminates with a steeple

trigger exhibits a very similar crushing behaviour.

-
~
n
-

2

Steeple (Side view) Notch (Side & front views)

Figure 2.5 Schematic sketch of typical crushing tggers: Steeple and notch [17, 22]

sublaminate Carbon/Epoxy

sublaminate Hybrid/Epoxy

sublaminate Carbon/PEEK

ply-level Carbon/Epoxy

ply-level Hybrid/Epoxy

ply-level Carbon/PEEK m Steeple

m Notch

baseline Carbon/Epoxy

baseline Hybrid/Epoxy

baseline Carbon/PEEK

0O 20 40 60 80 100 120 140 160 180
SEA [kJ/kg]

Figure 2.6 Comparison of crushing results betweenatch and steeple triggers [17]
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Lavoieet al [17, 22] compared notch trigger with steeplegeigon composite plates.
Their geometric sketches are shown in Figure 218 their crushing result can be found
in Figure 2.6. Notch trigger achieved slightly heghsustained crushing load, while
steeple trigger exhibited higher crushing efficieriban notch trigger. The crushing
efficiency,7, can be defined as the average |dag, divided by the peak load;

[23]:

F
_ Fa 2.1
= (2.1)

max

If the peak load is too high compared with the @ansid crushing force, the efficiency of
the crush will be reduced thereby reducing the alv@nergy absorption capacity, as
well as introducing high deceleration curves. Iggahe crushing efficiency should

equal to one.

Although triggers are typically machined into austure, it would be ideal to
incorporate the trigger as the component is madetHts purpose, Thuis and Metz [18]
examined five different trigger configurations arbés. These trigger configurations

and their crushing results are shown in Figure 2.7.
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e

No tigger Trigger 1 Trigger 2 Trigger 3 Trigger 4 Trigger § No'rigger Trigger 1 Trigger 2 Tigger 3 Trigger 4 Trigger 5

8 Lam.1: [Faus, Fao, Fassls || = I ..
Lam. 2: [Fays, Fao, 3(UDo), Fao, Fays)s gl l I T2
B Lam.3: [2(Fays), 3(UDo), 2(Faus)]
B Lam.4: [2(Fay), 3(UDo), 2(Fap)]

UD refers to Carbon/Epoxy unidirectional pre-preg M Trigger 4 §:§ Triggers
Fa refers to carborvKeviarfepoxy woven pre-preg
Figure 2.7 Effect of trigger configuration and lamnate lay-up on the energy absorption

capability and crushing efficiency [18]
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Considering both crushing efficiency and speciinergy absorption, the best triggers
manufactured in this way include the shorteningtied central unidirectional (UD)
layers by ply drop-off in every 2mm (Trigger 1) arsthortening of the central
unidirectional layers by 10mm but filling the spaeigh 90° lateral fibres (Trigger 4). In
addition, an out-of-plane trigger by the additiohaoflange to one end of the tube

(Trigger 5), crushed in a very low energy absorptievel, but it exhibited a good
crushing efficiency [18].

Therefore, when selecting the trigger geometryaiorenergy absorption element, it is
not only important to take into account an ability exhibit a sustained load during
crushing, but also the peak load level which i€hed during this sustained crush [13].

2.1.4. Energy absorption in progressive crushing mode

2.1.4.1. Crushing process

The progressive crushing process of simply-supdopiate with steeple trigger was
divided into four distinct stages in Cauchi-Savand Hogg'’s work [16]. A typical load

vs. displacement curve is plotted in Figure 2.8.
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Figure 2.8 Typical plot of splaying crushing mode \th steeple trigger: (1) first peak; (2)

second peak; (3) drop after initial split; and (4)specific sustained crushing stress [16]
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D a first peak resulting from the collapse of thiggering (steeple chamfer) tip;

@ a second peak resulting from the split of the diearto produce two fronds for

crushing;

(3 a drop in stress, the magnitude of which is detsethby the distance that the split

extends into the laminate; and

@ a region of sustained crushing with the splayemds tearing along side-support

rigs.

2.1.4.2. Evaluation of crushing energy

The energy absorbed or total work done during éngshJ, is represented as the area
under the load-displacement curve. Thus, usingitimeenclature in Figure 2.8 the total

energy absorbed for this progressive crush is:
U=[ FdS=F,(s,-S,) (2.2)

whereF; is the sustained (steady or average) crush loadtl($ - S) is the region of
sustained crush. In order to be able to compageeluketiveen different materials [12], the
specific energy absorbed in crushing, or the alesbdamergy per unit mass of material,

is typically defined as thgpecific energy absorption (SEAyhich is given by:

SEA:BZ Fs(sn _Sa) FS(SD _Sa) (23)

m Vp AlLp

wherem andp are the mass and density of the material, resfagtl, A andL are the
volume, cross-sectional area and length of crughadion of the crush structure,
respectively. In some references the SEA is alsscrdeed asspecific sustained
crushing stres¢SSCS)If S, >> S,, then, (S — Q) = S. And if the debris is dispersed
during crushing, then ideallyg = L. Hence, the specific absorbed energy during

crushing can be written as:

SEA- = T (2.4)

P

where o is the average crushing stress. In some refergtiees, is also described as

sustained crushing stre¢SCS.
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2.1.4.3. Energy absorbing mechanisms

During progressive crushing, the composite laminaidergoes many forms of fracture.
Depending on the observations from micrographs revipus research [15, 16], a
schematic sketch of these energy absorbing mechanis presented in Figure 2.9,

which illustrates the cross section area of a @dstomposite laminate.

Central crack

Delamination & Splitting

Radius of \
curvature_ r

Fibre fracture

Friction

SR

Bending of fronds

Figure 2.9 schematic sketch of cross-sectional ardéar the typical composite laminate during

crushing and different energy absorption mechanismg24]

In previous studies [24, 25], the total energy apson () in progressive crushing, has
been defined and categorized into seven partsallpjtthe composite splits along the
central crack of laminate, and this is presumebdaelated to the Mode-I properties
(Uic). And then, the torn splayed fronds split{) and delaminateUge) through Mode-

Il shearing deformation. Bending of the frondd,) fibre fracture () as well as
friction (Ug) within crushed fronds and at the platen surfadesorb further energy
during crushing. In addition, other formSq.e) include Mode-lll tearing effects also
help to absorb energy. The schematic sketches mafe ttmentioned interlaminar
displacement modes, Mode-I, Mode-Il and Mode-ldncbe found in Figure 2.24.
Therefore, the energy absorption amouhtis expressed as:
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U:USp+Ude+U,C+Uﬁ+Ufr+UC,+UOthers (2.5)

With increasing crushing displacement, the debrsgge forces the laminate to bend to
either side of it, while the radius of curvaturetbé fronds forces them to delaminate
and split into a number of thin beams. The mageitoicthe bending stresses that the
fronds experience on either side depends on thesrad curvaturer(), the thicknessty)
and elastic modulu£] of the beams. This is expressed as:
E

o= 2—} (2.6)
It is important to note that the smaller the raditisurvature, the higher bending stress,
and consequently, the energy higher absorptionishathieved. Steady central crack
growth linked to Mode-I properties tends to gererat small radius of curvature.
Stitching to control central crack growth was thused in the latter part of this study.
Furthermore, in order to understand and evaluaeantuence from different crushing
mechanisms, Mode-I, Mode-IlI and flexure tests adgomed on different composite

materials in the present study.
2.2. Factors of controlling energy absorption capab ility of composites

2.2.1. Effect of material properties

The crushing characteristics of composite are digretnon various internal and external
factors. The material properties can significaitffiect the energy absorbing capability.
These properties include type of fibores and madriceterface, volume fraction, fibre
orientation and stacking sequence [26].

2.2.1.1. Fibre types

Many researchers have investigated the compositedving fibres of carbon, glass or
aramid (Kevlaf) in a thermosetting resin. In general, the carlaonl glass fibre
reinforced thermoset tubes progressively crushahbyiria bending and brittle fracturing
modes. The tubes manufactured with carbon fibreg ateo fail catastrophically [14],
because the carbon fibres are so brittle that therlaminar cracks before lamina

bundles bend or fracture.

In general, the carbon fibre reinforced tube digpleher specific energy than the glass
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fibre reinforced tube. This is attributed to thevéy density of carbon fibres compared
with glass fibres. In Ramakrishna’s work [12], carae tubes reinforced with three
different types of fibre, which are AS4 carbon &piM7 carbon fibre and S2 glass
fibre, were investigated. AS4 carbon fibre has &igkensile strain than IM7. The

thermoplastic resin, polyetheretherketone (PEEK$ wsed as their matrix. In Figure
2.10, the results shows that glass reinforced tylossess approximately 20% lower
SEA than the carbon reinforced tubes. It was alsond both AS4/PEEK and

IM7/PEEK tubes displayed similar specific energgspite AS4 being more ductile than
IM7.

0 50 100 150 200 250
i 1 1 1 1
S2(Glass)/PEEK % SCS (MPa)
IM7(Carbon)/PEEK
i SEA (kJ/kg)
AS4(Carbon)/PEEK %
\
0 50 100 150 200 250 300 350
Figure 2.10 Specific energies and crushing stres®roparisons of PEEK matrix composite

tubes with different fibres [12]

However, within through-thickness stitched lamisgig], glass fibres seem to produce
more consistent results in comparison to carboregiband seem to be less sensitive to
the distortions and misalignment caused by thehst#. Furthermore, the glass fibres
are compatible with different resins which makentheore suited for a lower-cost

production process [2].

Compared with carbon and glass fibre, the aranbdefreinforced composite tubes
crush by a local buckling crushing mode. The arafibicts fail at a rather higher strain
which is approximately 8%, compared with the carlamil glass fibres which fail at
approximately 1% and 5% strain, respectively [I}e aramid fibres present lower
SEA levels than carbon in general. The compariszinenergy absorbing capability
between carbon fibres and aramid fibres can bedauirigure 2.11.
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Figure 2.11 Effect of stacking sequence on energpsorbing capability of [+45] tubes [14]

Hybrid fibres have been developed in an attemgbtobine the best energy absorption
characteristics of different fibres into a singlaterial. Hybrid braided tubes containing
carbon, glass and Kevfafibres would crush in a stable manner.
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Figure 2.12 Comparison of SEA as a function of prefm architecture [27]

Harbhari and Haller [27] investigated crush perfante of braided and hybrid
composite tubes under quasi-static speeds. It wasdfthat the best performance was
that of the hybrid glass-Kevf&rcarbon architecture with the carbon tows in thialax

(or crushing) direction. This result is shown iigiie 2.12. In a triaxial architecture, the
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use of tailored hybridization can result in enhah&EA levels with combination of
nearly all types of progressive crushing modes wead mentioned previously. It also
can be found in that the triaxial architectures 2G&T3) show better performance than
the biaxial architectures (GB3, GB4). More discossiabout the effects of fibre

architecture can be found in Section 2.2.1.3.

2.2.1.2. Matrix systems

In general, thermoplastic composite materials digpligher energy absorption than the
thermoset based composite materials. This is at&ibto the higher fracture toughness
of thermoplastic matrix based composite materid®].[ Although the thermoplastic
composites exhibit higher energy absorbing levidleymosetting matrices were still
more popular than thermoplastic in previous anderurapplications as thermosetting

composites have relatively lower processing cost.

Polyester, epoxy and vinyl ester resins are theettmost widely used thermosetting
matrices. Polyester resins are widely used in pamsapplications. Their properties
vary strongly with chemical formulation but genérahey offer a high performance per
cost ratio. Compared with polyester, most epoxjneesffer better moisture resistance,
higher modulus, lower shrinkage and larger straifatlure, but costs are around five
times that of polyester. Vinyl ester resins havenga popularity as they have more
remarkable adhesion and fatigue properties thagept#r while costing less than

epoxy. Typically the costs of vinyl ester resine around twice that of polyester.

Warrior et al. [28] investigated the effects of resin propertsa®l resin processing
parameters on the crush behaviour of thermoset asiteptubes. At the first stage of
their study, three thermosetting resins, polye@terpol® 420-100), vinyl ester (Didh
9500), and epoxy (CrysficD5316) were considered. Composite tubes were rrade

a continuous filament random mat (Uniflley751-375) with a fibre volume fraction of
23%. Their crush test results are shown in Figuid.2lt reveals that epoxy absorbed

slightly more energy than vinyl ester, and polyestéibits poorest performance.

The processing conditions including cure tempeegtyost-cure duration and resin
composition also change resin properties and comsely can affect energy absorbing
capability of composites. Warriagt al. testified this result at their second stage of
experiment (see Figure 2.14). Besides filament gamanat (Unifilo U750-450), BTi

0/90° warp knitted fabric (Stitchmat) was also ussdtheir second stage. It is
18



interesting to note that the cure temperature dusschange the energy absorbing
properties, while the post-cure duration was shdwirresult in a large increase in

composite mechanical properties [28].

|
— Epoxy resin: Crystic® D5316

_+_‘ Vinyl ester resin: Dion® 9500
y

| I ] ] Polyester resin: Norpo|® 420-100

0 20 40 60 80 100
SEA (kJ/kg)

Figure 2.13 Energy absorption of composite tubes mgforced by random fibre mat in three

different thermosetting resins [28]
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Figure 2.14 Effects of processing conditions on SE&f composite tubes [28]

However, different resins seem to have little iaflae on composite plates that were
made of multiaxial Non-Crimp Fabrics (NCFs) [16hélplates were tested at varying
unsupported widths to identify the stability of tddferent orientations. Figure 2.15

shows that for the resins selected, there was appygamo performance gain when using

19



epoxy resins over polyester resins. The reasothfsrcould be that the different resins
do not have significantly differing mechanical peojes. It is also possible that the two
different laminates underwent a change in theirerlaminar fracture toughness

properties when the matrix was altered [16].
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various fibre orientations: closed symbols represdrpolyester matrix laminates, while open symbols

Energy absorption perform on differentdimensions for composite plates with

represent the equivalent laminate with an epoxy maitx [16]

For the comparison between thermoset and thermaptaatrices, Ramakrishna in his
previous study [12] investigated the energy absamptharacteristics of carbon fibre
reinforced epoxy (thermoset) and PEEK (thermopiasttomposite tubes. The
carbon/PEEK tubes absorbed 180 kJ/kg specific orgshenergy, while the
carbon/epoxy tubes absorbed 53 kJ/kg specific argsénergy. This is attributed by
Ramakrishna to the higher interlaminar fracturegtmess of thermoplastic PEEK
composite materials compared with that of epoxy posite materials. PEEK matrix
offers a high resistance to crack growth betweenfitbres and prevents failure by this
mode until the onset of stable progressive crush8ame very similar results can be
found in Lavoieet al’s study [17] (see Figure 2.18) and Hamatlal’s study [29].

Furthermore, during the same study, Ramakrishnestiyated carbon fibre reinforced

composite with different kinds of thermoplastic nmads: polyetherimide (PEI),
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polyimide (PIl), and polyarylsulfone (PAS). It wasufd that the specific energy of
thermoplastic tubes follows the order PAS < Pl 4 RIPEEK. In Figure 2.16, plots of

their specific energy levels are shown.

AS4 | PAS

AS4 [ PI

AS4 | PEI

AS4 | PEEK

0 50 100 150 200 250
SEA (kJ/kg)

Figure 2.16 Specific energies of carbon fibre reinfced thermoplastic composite tubes [12]

2.2.1.3. Fibre architecture

The energy absorption characteristics of compaosggerials are sensitive to the fibre
architecture. In this section, three main forms duanting on fibre architecture are
discussed: stacking sequence, fibre orientation tanslgh-thickness stitching. Most
previous investigations concerning fibre architeetwere studied on composite tubes

and plates.

e Stacking sequence

Laminate stacking sequence is used to tailor ingland bending stiffnesses and
damage tolerance of a structure. In general, positg 0° fibre plies on the exterior of
the stacking sequence increases bending stifféédgore plies would be positioned in

the interior of the stacking sequence if the dantatgEance is more important [14].

Farley [14] in his first set of samples compareel ¢émergy absorption capability of the
[£45] composite tubes which were fabricated usiaghon/epoxy and Kevlar/epoxy. It
was found that changes in stacking sequence ragsutiriation in energy absorption

between 5% and 25%. These results have alreadysietenl previously in Figure 2.11.

The second set of tubes in his study consists [e#5] /0, /- 45 ]

and[OS(TSr /+45° /0 °1, whereH, F, Gr, andT refer to hybrid, fabric, carbon, and

5T
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unidirectional tape, respectively. It was foundttpkacing the 0 layers oriented along
the crushing direction on the exterior of the talbidample decreases the capability of
energy absorption by 20% when compared with onehtha the 0 plies on the interior.
This is attributed to the interior°(olies which crush in a transverse shearing mode.
Transverse shearing mode exhibited as a moreafiticrushing mode than the lamina

bending mode when thé (ayers were on the exterior.

Ply-level Sublaminate
Baseline full-scale full-scale

0° plies

45° plies

Figure 2.17 Schematic cross section of baseline, yfével, and sublaminate-level scaled

composite plates with steeple trigger [17]

Lavoieet al. investigated composite plates consist of symme#&/0 plies within three
different stacking sequences. They chose [:4BB]s as the baseline lay-up. Then
full-scale lay-ups were created by doubling th@lawme dimensions and thickness of the
baseline plates. The chosen laminate stacking segqaewere [(x45)0g/(x45),]s for
ply-level, and [+45/Q/+45]s for sublaminate-level. The cross section of basehAnd

full-scale samples were schematically shown in FEdul7.

They found the SEA levels for baseline and sublateitevel scaled plates were close.
However, energy absorption of ply-level scaledgdatas much below that of baseline
and sublaminate-level scaled plates. This can ba seFigure 2.18. For this reason,
laminates made of thinner fabric plies seems tosgess better energy absorbing

capability than one with thicker plies.
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Figure 2.18 Comparison of specific sustained crushd stress for composite plates made of

Carbon/PEEK, Carbon/Epoxy, and Carbon/Kevlar® Epoxy with different triggers [17]

e  Fibre orientation

It has been proved that the energy absorption dayalaries with ply orientation. In
particular, it is very sensitive to the proportioh 0° layers. Many researchers have
investigated the influence &b ° tows on energy absorption. Herein, the anglés the
angle between the fibre direction and the longitatliaxis of the composite structure,

which normally is the same as crushing direction.

Ramakrishna [12] obtained different results in cafBPEEK tubes witl# in the range of
0°-30°. The specific energy initially increased with ieasingd up to £1% and then
decreased with further increasefofAll tubes crushed progressively by lamina bending
crushing mode except the tubes wth= £3(°, which failed catastrophically by
transverse shearing mode. Ramakrishna attributeddhniation in specific energy to the

changes in the microfracture processes in the zose.

Hull [15] investigated the energy absorption bebavi of filament wound
glass/polyester circular tubes within the range of £3590° under quasi-static crush.
Showing in Figure 2.19, the specific energy inceglawith increasing up to +65.
Morphologically, tubes with9 in the range £35to £55° crushed by lamina bending
mode. Tubes with¥ higher than +65 crushed by fragmentation mode, thus, their
specific energy are decreased. Very similar resuéiee found in Songt al’s study
[30] in which circular glass/epoxy tubes were tdstés the winding anglé increases

from 15 to 90, the macroscopic collapse mode of the tube chafrges lamina
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bending to local buckling and then to transverseashg. Both Hull and Song’s

crushing results on tubes are compared in Figure. 2.

1004 --0-- Tubes - glass/polyester - 0.2mm/s - by Hull
—O— Tubes - glass/epoxy - 0.083mm/s - by Song et al.
=« Ass  Plates - glass/polyester - 0.5mm/s - by Daniel et al.

Speclfic Energy (J/g)
8 3

- 'n.. A o] -.IAIIIA
50 - .--I a® - .R"'-
E n‘n" .‘D.'"-
40 o O.g
30 o’
20 Y T T y T ¥
0 15 30 45 €0 75 20

Fiber Orientation 0 (* )

Figure 2.19 Effect of fibre orientations (#) on SEA for tubes and plates [15, 30, 31]

Daniel et al. [31] tested simply-supported plate samples whi@rewfabricated using
Uni-directional (UD) E-glass fibres and polyestesin with different orientations: +15
+35°, #45, +65°, and +75. Compared with Hull’s circular tubes, there was no
significant trend within the crush results of thplates. In Figure 2.19, the literature
data presented by Daniel are also plotted. Ittey@sting to note, there are no transverse
forces acting on the flat plate during crushingydeeit is unlikely that 90° or other near
horizontal fibres within flat plates will offer befit as same as the hoop-wound fibres
do in tubular structures [24]. More discussionsuwlaates will be presented in Section
2.2.4.4.

Farley [32] carried out quasi-static tests on @/<ircular tubes made out of
carbon/epoxy, glass/epoxy and aramid/epoxy. Therggnabsorbing capability of
carbon/epoxy tubes was decreasing ascreased fop) between 0 and 45. However,
little variation was observed in glass/epoxy andnad/epoxy circular tubes fof
between © and 45. The energy absorbing capability of either glgsstg or
aramid/epoxy tubes was increasing with increaifgy ¢ larger than 4% More details

can be seen in Figure 2.20.
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Figure 2.20 Effect of fibre orientation [0/4] on SEA for circular tubes [32]

Solaimurugan and Velmurugan [33] also studied aadmoxy, glass/epoxy and
aramid/epoxy circular tubes with similar architeet0,/+d], dynamic tests were
carried out instead. In their report, specific gyesbsorption of specimens all generally

increase with increasing

Composite tubes with a large hoop constraint tendatl in a fragmentation mode
whereas tubes with less hoop constraint fail byihanbending mode [12]. Hull [15]
investigated woven glass/polyester tubes with faiige of hoop-to-axial (H:A) ratios
from 8.5:1 to 1:8.5. Under quasi-static crush, aisviound that specific energy increased
with increasing H:A ratio from 8.5:1 to 1:4. In ethwords, the specific energy
increases with increasing the proportion of axlalels. Higher proportion of axial fibres
can improve compressive strength and succeedirghioiy stress. The hoop constraints
led to a sharp radius of curvature at the crushtfamd successive fracture of the axial
fibres into short lengths. However, the tubes Witl ratio of 1:7 and 1:8.5 showed a
high initial strength, the specific energy thenpped to a very low value. It revealed
that extra high amount of axial fibres may reswlonly axial splitting and delamination

in the wall of tube, instead of generating fibractures and fibre shear cracks [15].

2.2.1.4. Fibre volume fraction

The fibre volume fraction is still an important pareter whose influence on mechanical

response must be taken into account during congoesilictural design [14]. Studies
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on the effect of fibre volume fraction [12, 14, 2ZB}] suggested an increase in fibre
content would not always, as one would normallpkhimprove the energy absorption

capability of a composite material.

Tao et al [34] varied the fibre volume fraction between d0d 60% in glass/epoxy
composite material. They found that the specifiergg improves with increasing fibre
volume fraction and it reaches saturation at fibomtent above 50%. As the fibre
density is generally higher than resin density, dbmposite material density increases
as the fibre content increases. When the increafigei crush load does not exceed the
increase in the material density, the specific gn&rould be saturated or decreased (see
equation 2.4).

Farley [14] tested composite tubes which were &talveid from carbon/epoxy.
Specimens had fibre volume fractions between 40% 8B%, and three fibre
orientations that were [£4§][0/£15], and [0/£75)}. Shown in Figure 2.21, the crushing
results of these specimens with [+%3nd [0/+15]) lay-ups exhibited a decrease in
energy absorption capability with increasing fim@ume fraction. Herein, specimens
with [0/£15], lay-up failed predominately by a lamina bendingdeauring crushing,
and specimens with [t45]ay-up exhibit a combination of lamina bending dnitle
fracturing. It has been found that crush in eitther lamina bending or brittle fracturing
mode is significantly influenced by the interlamis&rength of the material [14]. As the
fibre volume fraction increases, the fibre spactlegreases. The close fibre spacing
results in higher interlaminar stresses within thatrix. Therefore, the interlaminar

strength is reduced [14].

The specimens with [@875], lay-ups crushed in a brittle fracturing mode argpldyed

a slight increase in energy absorption capabiliihwncreasing fibre volume fraction
[14]. One the one hand, tubes with{{0%], have more circumferential fibres which
proved lateral support to stabilise the 0° fibrestéad of the matrix and control
interlaminar crack growth. Therefore, there islditinfluence from changes of fibre
volume fraction. On the other hand, the approximéie decrease in the laminate
density due to the increase in fibre volume fracticesulted in a slight increase in

energy absorption capability [14].
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Figure 2.21 Influence of fibre volume fraction on aergy absorption capability of carbon/epoxy

composite tubes [14]

In the same way, Jaca al. [26] tested composite plates manufactured fronppkd
carbon fibre and epoxy resin with two differentrébsolume fractions: 40% and 50%.
They found that an increase in fibre volume fractc@used a decrease in the specific
energy absorption for chopped carbon fibre compogilates with fibre length of 2
inches. In contrast, for those plates with fibragth of 1 inch, the specific energy
absorption displayed an increase with increasibgefvolume fraction. They concluded
this difference was also caused by changing ofrlarténar strength and composite

density.

2.2.2. Effect of fracture toughness

Fracture toughness is a measure of a materialistaese to brittle fracture when a
crack is present. It can be expressed by the aristress intensity factoKc, or the
critical strain energy release ra€g;, both of which are based on fracture mechanisms.
The most common approach is to assume that therialatbehave in a linear elastic

fashion so that linear elastic fracture mechari€d-M) can be employed.

2.2.2.1. Energy analysis

Elastic strain energy is stored in the body whas deformed elastically. As the crack
grows through the body, this energy is release@. rEfeased strain energy is used to

create the new surfaces that are formed as thk prapagates.
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Figure 2.22 General loading on a body of thickned® and crack lengtha [35]

If a loadP is applied to an elastic body having a thickn@ssd containing a crack of
length, a, and the body deforms elastically, and then aalinead-deflection curve
(Figure 2.22) is obtained. The complianCewhich is also determined as the inverse of

the stiffness, is defined as:
C=— (2.7)

where u is the deflection.

Consider the energy involved as the load changedPhyand the deflection by du. The
released energy, dU, can be defined as [35]:

du =U1+U 2—U3=%Pu+(P+d—;jdu—%(P+dP)(u+du)

o, dU= %(Pdu—udP) (2.8)

whereU1 = Initial energy stored, i.e. the area under il dine in Figure 2.22 (right) ;
U2 = External work done;
U3 = Final energy stored, i.e. the area under thb tias in Figure 2.22 (right).

If the crack grows an amoumta then the crack area increase Byda Thus, by
neglecting the product of small quantities, theaiatrenergy release rat&, can be

1duU du
expressedas [35]: G==——=—(P—-u— 2.9
p [35] B 4 2B( ” ) (2.9)
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According to equation 2.7, the complian€g,can be differentiated with respect af
[35]:

p2dC_,du_ dpP (2.10)
da da da

Substituting equation 2.10 into equation2@®, can be expressed in the terms of

compliance as:

_Pldc_ v dC
2B da 2BC? da

(2.11)

FurthermoreG equal toGc at fracture; wher&c is known as theritical strain energy
release ratelf both P and u are measured at fracture, theh é#G/daandGc can be

thus determined.

2.2.2.2. Local stresses

For metals and polymers, the fracture toughnessften expressed in terms of the
critical stress intensity factoKc, which can be computed by analysing the locakseg
around the crack tip. The crack acts as a stresseotrator giving high stresses at the

crack tip as shown in Figure 2.23.

\e Oapp-----mmmmmmmmmo o
X r
a ;\

3 Crack tip
(@) (b)
Figure 2.23 Schematic sketch of local stresses aetcrack tip: (a) the coordinate system used;

(b) the stresss as a function ofr at the crack tip [35]

According to elasticity theory, the stresses at oint (r, 6) in the vicinity of the crack
tip can be expressed as [35]:
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Oy = LMCOSEQ(]ﬁ sinlﬁsin§0)
(27r) 2 2 2

o - #co%ea—sinéﬁsing 0) (212)
r

Oy = Lm(coslﬁsiniﬁcos§ 0)
(27r) 2 2 2

whereK is thestress intensity factoifhe crack propagates whkrreache¥c, which is

termed thecritical stress intensity factorFor linear elastic isotropic materials, the

relationship oK¢ andG¢ can be shown as:

K. =EG. (for plane stress conditions) (2.13)
EG. . "
c = —— (for plane strain conditions) (2.14)
@-v7)

E is the modulus of elasticity. For an infinite gatontaining a central crack of length

2a under a uniaxial load, we obtain:

2
o~ a

E

K?=zc%a and G-=

(2.15)

At fracture, o is the fracture stressc and G = G¢ when the crack propagates.

Additionally, for a completely brittle materiagc can be shown to be equal to twice the

surface energy per unit area,
Gec=2 (2.16)

Hence, the above fracture stress can be rewrigien a

o, =(27 E] (2.17)

T a

This is the well known Griffith equatiom. is the calibration factor for the infinite plate.
But often the crack is not small in comparison wiltle specimen, then a different

calibration factor needs to be used:
Ke =Yo V7 -a (2.18)

where Y is a calibration factor that depends on the crémkgth and specimen

dimensions.
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2.2.2.3. Modes of crack surface displacement

As shown in Figure 2.24, the interlaminar crackpagation can occur under opening
(Mode-I), sliding (Mode-Il) and tearing (Mode-lll)or a combination thereof. In

composite materials, delamination fracture toughnesormally characterized by the
critical strain energy release rat®,

Mode-I Mode-II Mode-llI

Figure 2.24 the three modes of crack surface disptament

As mentioned before, the ideal progressive crushmeghanism in composite is a
combination of many fracture forms, including deiaation, splitting and central crack
of laminate. Thus, the interlaminar fracture touggsis an important property in crush
of composite structures. Generally, the compos#genals which have higher fractures
toughness exhibit higher energy absorption capggbili

Cauchi-Savona and Hogg [24] studied the relatigndi@tween energy absorption of
glass fibre reinforced plastic (GFRP) compositagdawith their Mode-I and Mode-II

fracture toughness properties. According to thesults that show in Figure 2.25,
materials that possess low Mode-lI and Mode-II valerehibited low crushing energies.
Mode-I properties are required to be high to préviea central crack from growing too
fast once the crushing is initiated. Mode-Il prdpge showed a very strong correlation
with the absorbed energies, which indicated thatstiear cracking is a very important

factor during crushing.

Similar work has been done recently by Hadaviniad &hasemnejad [36]. They
investigated the effects of fibre orientation ondéd, Mode-1l and SEA of carbon fibre
reinforced plastic (CFRP) twill/weave composite ks®ections. Their results indicated
that interlaminar crack propagation in Mode-I anddd-Il contributed significantly to

the type of the progressive crushing mode and SBA.interfaces of 0/45 and 0/0 have

higher Mode-I and Mode-Il interlaminar fracture gbwmess and as a result the
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crushed box with these lay-ups showed a higherggnabsorption capability in

comparison with crush box lay-up of 45/45.
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Figure 2.25 Effects of Mode-I (left) and Mode-II (iight) fracture toughness properties on the
SEA of composite plates. Square and triangle symi®refer to quadriaxial and triaxial laminates,

respectively [24].

There are a few different ways to increase thelert@nar fracture toughness properties
in composite material, but not all of them will ¢obute to its energy absorption
capability. Warrioret al[37] studied the influence of toughened resinspulh-
thickness stitching, thermoplastic resin additieesl thermoplastic interleaving on the
interlaminar fracture toughnesS ) and the SEA for continuous filament random mat
(CoFRM) and 0/90 NCF E-glass reinforced polyestanposite tubes. They reported
that all above mentioned factors incre&%e, but only toughened resin and through-

thickness stitching can increase energy absorlapghility of composite materials.

2.2.2.4. Effect of stitching

Most traditional FRP laminates, which have a laget@o-dimensional (2D) fibre
architecture, have relatively poor through-thiclsnesechanical properties because the
load applied in the translaminar direction is pradwately carried by the resin matrix.
During last two decades, a considerable amounteséarch has been devoted to
improving the through-thickness mechanical propsertof composite laminate by

developing the 3-D fibre architecture [38].

The stitching process involves sewing a high tensttength yarn through the laminate

structure using an industrial sewing machine [29]ot stitching variables, such as
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thread material, stitching density, stitching typed thread tension, can affect the
mechanical properties of a composite structure elsag the quality and proficiency of

the stitching process [40].

L ALY

(a) lock (b) modified lock (c) chain

Figure 2.26 lllustrations of the various stitch types used to reinforce laminates [39]

There are three most common types of stitches tgeckinforce composites, as
illustrated in Figure 2.26: lock stitch, modifiedck stitch and chain stitch [39].
Regarding to the fibre architectures of the textdmforcement and the appearance of
the stitch formation within the textile patternseafthe sewing process, modified lock
stitch offers the most suitable stitch type forfeliént performing aspects. In modified
lock stitch, the knots linking the needle and bolthireads are formed at one surface of

the laminate to minimise the in-plane fibre distort(Figure 2.26 b) [39].

A problem with stitching is that localised damagews where the sewing needle and
yarn penetrate the materials. This damage incliides breakage at the stitch hole,
misalignment and spreading of the fibres arountthstiand formation of resin-rich
region generated by fibre-free region at stitcheH@8]. Hence, many studies reported
some degradation of strength and stiffness whherostudies found that stitching does
not affect or slightly improves the same properf8.

The main aim for stitching is to improve the ingenlinar fracture toughness of
composites. The interlaminar delamination resisgtapicFRP laminates under Mode-I
loading has the most significant improvement fraitcising. Depending on stitching

density and type, the interlaminar fracture tougsn€&,c) could be increased by a

factor of 1.5 - 2.8 in GFRP [41, 42], and up totib¥es in CFRP [43]. Scanning electron
micrographs (see Figure 2.27) were taken by Wa#l. [41] show the stitches bridge

the crack for a short distance behind the cradktfoefore breaking. In general, some of
the threads are pulled from the surface, whichtaudilly increasing the toughness [41,
43].
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Figure 2.27 Scanning electron micrographs showing stitch bridging an interlaminar crack

(left) and a broken Kevlar® thread partially pulled from a Mode-I fracture sur face [41]

The number of papers on the effects of stitchingh@enMode-Il fracture toughness of
FRP composites is very few [44]. In general, thadié from the addition of stitches
has been stated very little in Mode-Il fracturegboess [2, 44-46]. However, Jahal.
[45] and Sankart al. [44] both found a significant improvement on theodé-II
fracture toughness of carbon/epoxy composites.hEurtore, they observed the crack
propagation in stitched laminates was more steaudly gradual, unlike in unstitched

laminates where it was unstable and sudden [44, 45]

Cauchi-Savona [2] investigated stitched plates r@veéaled that stitching can improve
the energy absorption capability of composite nialer The higher Mode-I fracture
toughness of the stitched laminate was believedotdribute the stability and higher
SEA, but there is a limit to how much an improvemenMode-I can stabilize a crush.
They found the main benefit of the stitching fordée splayed fronds into a tighter
radius of curvature which was resisted by the ftaksgtiffness of the fronds and the

energy dissipated in fracturing the fibres.

It is also interesting to note that the unstitcheterial has SEA values equal to most of
the other stitched composites, though the crusaffigency of the stitched laminate is
better. This implied that varying the variablesstifching, such as stitching density,

materials and types, can actually reduce the anggberformance of materials.

2.2.3. Effects of crushing strain rate

Since most energy absorbing systems are appliegrtamic loading, the influence of

strain rate, and therefore crushing speed, muanterstood on the crushing process.

34



Because of the complexity and diversity of compositaterials and testing conditions,
it is difficult to have a consistent conclusion thie effects of strain rate for composite
materials, according to previous data [24, 27, 3]/-Bloreover, other parameters
including geometry, failure mode, friction coefBat and the speed range, also can
easily change strain rate sensitivities of composiaterials. Therefore, this section

mainly focuses on these arguments.

2.2.3.1. Higher strain rates increase energy absorption cagdy

The strength and stiffness of composite materiatshe a function of strain rate. Some
scientists believe that quasi-static testing is sofficient to predict the energy
absorption capabilities in most crash situationsless the matrix could retain its
properties at high speeds [24]. As mentioned preshoin Figure 2.12, the crush results
of braided tubes indicated that the SEA slightlgréased in most cases with the strain

rate increased from 25.4mm/min to 254mm/min [27].

Similarly, Thornton [50] tested pultruded glassrditreinforced plastic tubes, which
were made with either polyester or vinyl estermgat quasi-static and dynamic crush.
The strain rate sensitivities of the specific egefgy the polyester GFRP tubes was
positive, with increases of up to 20% greater tthenquasi-static values for crush rate
of 12m/s. But those for some vinyl ester pultrusiavere found negative, depending
upon the crush modes dominated under dynamic ciilsls, it is necessary to mention

that the mechanical properties of some materigstain rate insensitive.

Farley and Jones [48] crushed Kevlar/epoxy andorddpoxy tubes with different
stacking sequences and fibre orientations at angskpeeds between 0.01m/s and
13m/s (see Figure 2.28 and Figure 2.29). All KéVtaibes exhibited the characteristic
local buckling crushing mode [48]. The energy apson capability of all [0/8], and
[+6]5 Kevlar® tubes evaluated was a function of crushing speeshich the percentage
change was most significant between speeds of &ndsl2m/s. The energy absorption
capability increased most as a function of cruslsipged for tubes have ply orientation
0 = 15. The crushing speed effect on the energy phbearcapability of Kevlar/epoxy
tubes was attributed to the mechanical propertidgenlar® fibre, which are strain rate
sensitive. The Kevlar fiber is a polymer-basedildde mechanical properties of most

polymers are strain rate sensitive [48].
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However, the mechanical properties of the britttrels are generally insensitive to
strain rate [49]. Though the energy absorption logipa of both Kevlar/epoxy and
carbon/epoxy [#]s; tubes was shown to be strain rate sensitive, datne strain rate
insensitive if 0° fibres were included i fubes. Kevldt fibre behaves more brittle at

higher speed. As a result, KeWaubes might not fail by local buckling crushing deo

any more at higher crushing speed.

On the one hand, the mechanical properties of itiresf control the crushing process
within [0/+0], tubes. The 0° fibres undertake the axial crusthaagling while the off-
axis fibres provide foundation support for the laaibundles and control the

36



interlaminar crack growth. Since the 0° fibres ao# strain rate sensitive, the energy

absorption capability of [0M, tubes were hardly affected by the crushing speed.

On the other hand, within ¢} the mechanical properties of the matrix contra th
crushing process. The matrix provides significaahtdbutions to the longitudinal
stiffness of the lamina bundles and controls iaterhar crack growth, thus, the energy

absorption capability of B3 tubes were affected by the crushing speed.

The evidence that absorbed energy increases watlintirease of strain rate was also
stated on 3-D braided composites by Gu and Chahfj [Bhese composite samples
were constructed from E-glass and epoxy resin uses@ transfer moulding (RTM)

process, and tested on a split Hopkinson pressuréSitiPB) apparatus.

2.2.3.2. Higher strain rates decrease energy absorption daifity

In contrast, composite materials were also foursthtp energy absorption capability at
high crushing strain rate in many other studiesoi@and Kellas [47] reported that the
energy absorption capability of the laminated cositgoplates made of thermoplastic
matrices might drop significantly in high speedstimg due to a transition to a less
efficient crushing mode. They attributed this réstd the reduced toughness of
thermoplastic matrices at high strain rates. Tlesyed carbon/PEEK and carbon/epoxy
plates with orientations of [£45/@45].s, [45,/-45,/05/45,/-45;]s and [£45/Q/£45],s,

which were referred to as baseline, ply-level amolaaninate scaling, respectively; and

two types of trigger geometries, notch and stegggde Figure 2.5 and Figure 2.17).
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Figure 2.30 Comparison of specific energies of quiastatic and dynamic tested plates:

carbon/PEEK (left) and carbon/epoxy (right), with dfferent triggers [47]
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All plates tested lost some energy absorption aépakt high crush rates (5m/s to
7m/s), but in particular, carbon/PEEK plates exbithia dramatic reduction in the
energy absorption capability. These results cafobed in Figure 2.30. The important
difference for carbon/PEEK was that, at the qutsiesrate, the crushing proceeded by
efficient energy absorption mode of brittle fraodgr and fragmentation, while it

transited to an lamina bending mode at the dynaatéc[47].

Although the carbon/epoxy plates also showed &tstegpduction of energy absorption at
the dynamic crush rate, the change was much lasstliat of carbon/PEEK plates. This
was because the lamina bending crushing mode wadot at both crush rates for
carbon/epoxy plates [47].

Similar observations were reported by SchmueserVdiokliffe [52], and Mamaliset

al. [563]. Schmueser and Wickliffe investigated/##5]s circular tubes made of epoxy
resin and carbon, glass and KeVléibres, respectively. They indicated that the gger
absorbed under quasi-static crushing was highen the energy absorbed under
dynamic crushing for all materials. Mamatdisal. reported that the absorbed energy was
reduced during dynamic crushing for the glass/mibecircular tubes and frusta, due to

different energy absorbing mechanisms.

2.2.4. Effects of structural geometries

As important as material properties, the structgedmetries significantly influence
crushing behaviour and energy absorbing performariceomposite materials. This
section is aimed at evaluating the crushing resgoo$ different structural geometries.
As a trend on composite structural design, sand¥gicdubjected to energy absorption

are also presented in the end of this section.

2.2.4.1. Cones

The nose cone of the formula one racing car wasonbt chosen for aerodynamic
purpose, but also was designed as an effectiveggnabsorber. A cone is a
compromised solution to increase the collapse Igtakiithout significant penalties on

the absorbed energy per unit mass [54]. The argle the narrow end of the cone
makes with the normal is called tbene vertex angland it can have a significant effect
on the crushing characteristics.
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Mamaliset al [55] investigated the failure mechanisms of thicdled circular conical
shells, which were made of chopped strand glassomatndom fibre orientation pre-
impregnated with a polyester resin. A conical sbhellier compressive loading may falil
by different deformation modes, which depends snwall thickness and the cone
vertex angle. They reported all conical shells vatltone vertex angle less than 25°
crushed in a progressive mode, but cones with greaigles exhibited catastrophic

splitting after a short distance of progressivesbmg.

Alkateb et al. [56] in their research confirmed Mamalég al’s conclusion. They

crushed composite cones made of [90/0] woven roglags fibre with a range of cone
vertex angle between 0° and 24°. Similarly, thesbing behaviour of the cones is very
sensitive to the change in the vertex angle. Treynd the average crushing load

increases as the vertex angle increases, whilertishing peak load decreases.

2.2.4.2. Tubes

Composite tubes have been intensively investigatetthie energy absorbing research
field, because tubular specimens provide idealli®since they have no free edges, and
can be tested easily under laboratory conditioypicRlly, tubes crushed between two
flat platens instead of a complicated rig. The gpebsorption capability of composite
tubes is significantly affected by their cross-sm@l dimensions [11, 57-59].

Farley tested circular tubes [57] manufactured fr¢##5], carbon/epoxy and
Kevlar/epoxy, with a range of tube inside diamétewall thickness (D/t) ratios. It was
indicated that the energy absorption capabilitysfabnlinearly as D/t ratio increases
(see Figure 2.31). He concluded that the increasenergy absorption as D/t ratio
decreases is related to a reduction in interlamanacking. The nonlinear response
suggests that care must be taken in selectingrapacgeometry for energy absorption
characterization studies. In Farley’'s other pap8i fhe same results were obtained for
square tubes, which were made out of same matefialthe tube inside width to wall

thickness (w/t) ratio increases, the energy abswrmiapability falls (see Figure 2.32).

In addition, it was interesting to note that theerggy absorption capability of [+45]

Kevlar/epoxy tubes was geometrically scalable m#&rgy absorption of carbon/epoxy
was not geometrically scalable. In other words, geemetrically scalable specimens
(Kevlar/epoxy) exhibited similar energy absorptwapacities for the same D/t and wi/t

ratio, although different diameters and wall thieks. It is important to know that
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carbon/epoxy specimens crushed via a brittle framjumode mixed with lamina
bending, while the Kevlar/epoxy specimens exhibigeductile buckling and folding

crushing manner [57, 58].
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Figure 2.31 Effects of D/t (inner diameter/wall thckness) ratio on the energy absorption of

[£45],, carbon/epoxy (left) and Kevlar/epoxy (right) circuar tubes [57]
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Figure 2.32 Effects of w/t (tube width/wall thickness) ratio on the energy absorption of [+45]
carbon/epoxy (left) and Kevlar/epoxy (right) squaretubes [84].

According to the crushing results of circular tubesquare tubes shown in Figure 2.31
and Figure 2.32, it also can be seen that cirdulaes had greater crushing capability

over square tubes. Price and Hull [11] compared dffects of corner radius of
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composite tubes, and got the same conclusion. Theses have been described

previously in Section 2.1.1 and Figure 2.1.

It shows that increasing the corner radius incredise energy absorption capability of
the tubes (see Figure 2.33). In these tubes walpstorners, the flat sections failed in a
local plate strip buckling mode, thereby decreasihg overall energy absorption
capability of the section. It was concluded [114ttthe overall crushing capacity of a
‘complex rounded corner section’ is the sum of tdapacities of the individual

segments.
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Figure 2.33 Effects of corner radius of compositaubes on energy absorption [85].

-t @ =

W
Square cross Circular cross ~ Hexagonal cross Hourglass Hourglass Hourglass
sectional sectional sectional type - A type-B type - Y
Figure 2.34 Pictures of finished composite tube spienens with triggering [60]

41



]

2 Triggering type 2 (tulip profiles)

[ Triggering type 1 (45 chamfering)

(63/ry) uondiosqe ABiaua

ayoadg

=1mm

Thickness

o

- k1agH
-Z1aQvH

- LAVH

[/ Triggering type 1 (45 chamfering)
22 Triggering type 2 (tulip profiles)

¢1aH

s et

i+ 2100

g2l

21as

- 11as

(6x/ry) uondiosqe Abiaua

39 ] (2] -

oy1oadg

o

e
S —
P Em—

I —

=2mm

Thickness

Specific energy absorption of compositeibes with different geometrical shapes:

Figure 2.35
top) thickness of tubes

2mm [60]

1mm; bottom) thickness dfibes =

42



Recently, Palanivelet al [60] investigated the crushing performance oferdifferent
geometrical shapes of small scale composite tulies pictures of these tubes and their
specific energy absorption are shown in Figure 213d Figure 2.35, respectively. From
this research, it was found that the crushing dtarstics and the corresponding
energy absorption of the special geometrical shapedetter than the standard tubes
with square and hexagonal cross sections. Furthetrtize tulip triggering attributed to
a lower peak crush load followed by a steady meashcload compared with the 45°
chamfering triggering profile which resulted intdv@her energy absorption in most of

the geometrical shapes of the composite tubes.

2.2.4.3. Beams

While tubes can be tested under well controlleddd@mns, under axial compression
tubes are yet an abstraction and may not alway®sept realistic energy absorbing
structures [61]. Thus, a few types of compositenteehave been developed as they are
closer to practical structures.

As a representative crashworthy structure usinthénsubfloor of helicopter fuselage,
sine wave beams were initially designed to dissippaé kinetic energy in a helicopter
crash without compromising the integrity of thedlage. Hanagudt al.[61] discussed
the effects of various geometric parameters ofsine wave beam specimens. It was
found that only a small variation in energy absorpperformance with reduction in the
included angle of the sine web from 180° to 90°widweer, because of local buckling,
the energy absorption performance dropped drantigticathe specimens which had
included angle smaller than 90°. Furthermore, tile of width (wave count) in sine

wave beams was shown to be only a secondary irdféutam the specimen geometries.

At almost the same time, Farley [62] tested sin@emaeam and found that the sine
wave beams composed of included angle of 180° d@rdilthe same energy absorption
as circular tube. Furthermore, he investigated utarc tube stiffened beams and
rectangular stiffened beams, which consist of taleenents and web elements. As a
result, it was found the energy absorption perfarceaof entire beam structures could
be accurately predicted by summing up the energoration performance of all

characteristic elements that compose the strugtumdsch can be expressed as

following:
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i=1

SEAE - ZN“(A% SEeﬁ-E-j (2.19)

The termsAS S and A% are the cross-sectional areas of ithecharacteristic element
(C.E) and the structural elemer.E) respectively. The corresponding meaning also
applies to the termsSEA® andSEA® . This procedure can thus minimize the

complicity of designing a large range of energycabmsg structures, only if the
crushing modes of the beam characteristic elemaetsimilar to the modes exhibited

by the tube specimens [62].

2.2.4.4. Plates

The composite plate crush testing was pursued gllast two decades because it is less
expensive and easier to fabricate than tubes engave beams [22, 63]. However, due
to the free edges, the plates would fail under lldnackling rather than required
progressive crushing mode. Thus some specialistds, such as knife-edge rig [16],
were designed to stabilise the plate specimen gurmishing process and promote
crushing. Stability is very important for the engrgbsorption capability of flat plate
specimens, and it is determined by the geometfiptate [63].

Cauchi-Savona and Hogg [16] identified the enetggogbing capabilities of composite
plates which have been mentioned previously ini&ec2.2.1.2. Their results (see
Figure 2.15) revealed that the quadriaxial lamisdiad better crushing efficiencies and
more consistent than that for the triaxial orieota. They concluded that it was more
likely because of the lower amount of fibres in quadriaxial laminates. In the triaxial
laminates, due to higher ratio of fibres, the crushing stress requires a long sttoke

stabilize due to the longer central crack formetgrathe peak stress. A long central
crack can possibly destabilise the laminate ifMwo&le-1 propagation properties are not
large enough to arrest the crack propagation B®&j.optimizing the Mode-I, therefore,

stitching mechanisms were applied into their latterk [2].

2.2.4.5. Energy absorption in sandwich panels

In many industrial applications, there is a fastving trend towards lightweight
materials and structures for military vehicles, anoar, railway, aircraft, building and

construction. The challenge faced by structuralighess is thus becoming
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increasingly difficult as the imposed design créerequire to reduce the weight of

products without compromising performance and iasirgg cost.

Compared with the monolithic constructions, santhesc can significantly reduce the
weight of entire structures but meanwhile keeptinedly high flexural rigidity. The
flexural rigidity of sandwich beanDge,) is expressed as [64]:

E.bt> E;btd®> E_bc?
= + +

= 2.20
flex 6 2 12 ( )

where,E; , E.= moduli of elasticity of faces (inddxand core (indexk), respectively;
b = width of sandwich beam;
d = thickness of sandwich beam;
t = thickness of faces
¢ = thickness of core

Dimensions mentioned above are showing in Figu3é.af d >> t andE. is low [65],

equation 2.20 can be expression as:

E, btd®
flex — (221)
2
PN .
\/ Facing
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‘ 4
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Figure 2.36 Dimensions of a typical sandwich beam

Additionally, a number of new core topologies fandwiches that have emerged,
showing structural advantages over monolithic aoicsbns. The capability of energy

absorption or dissipation of sandwich panels isi@bt depending on the configuration

of cores. Thus, according to different core topmsgthe energy absorbing sandwich
systems can be classified into four categoriesnfozorrugated, honeycomb and truss
(see Figure 2.37)
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(a) Foam core (b) Corrugated core (b) Honeycomb core (c) Truss core

Figure 2.37 Core types in sandwich sacrificial paie

Foam cores which include polymers and metallic feaane usually homogenous
materials. Balsa wood can be also grouped into ¢ategory, but balsa wood is an
anisotropic material. In general, they are thetleapensive and offer some advantages
in machineability and sandwich manufacturing. Meatafoams are usually very
outstanding energy absorbing systems, not onlyusecaf their lightweight, but also
their homogenous properties, less moisture-depénded potential use at high

temperatures.

Corrugated core materials include a large variétgemmetries, often providing highly
directional core stiffness for certain applicationsa general, clamped plates are
representative of the structures used in the desig;ommercial and military vehicles
[66]. The advantage of using corrugated core isthiasistant sandwich panel is that
they provide high longitudinal shear and stretchatrgngths.

Figure 2.38 The perspective view of a typical eggel [4]

Recently, researchers [4, 5, 67] have investig#tedcrushing and energy absorbing
performance of a novel corrugated core structutechvis often called "egg-box". The

perspective view of this core structure is showrkFigure 2.38. However, it has been
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found that this egg-box core achieves much lowerggnabsorbing performance than

composite plates and tubular structures, whicletasben 1 and 7 kJ/kg [67].

Honeycomb core sandwich structures are widely usélde aerospace industry. Unlike
corrugated cores, which have cell openings in tlelane direction, honeycomb cores
have only openings in the thickness direction aravide a bi-directional support for
the skins. Honeycomb cores also possess relatingher stiffness to weight ratio due
to its large space in cells. Though the hexagoelts are the most commonly used core
in composite structures, in the honeycomb termigplid also includes other types of
core, for example, triangular honeycomb [68], squaoneycomb [69-71], sinusoidal
honeycomb [72], Ox-Cofe Flex-Cor€ and Double-FleX The latter three special
honeycomb cores are produced by Hexcel Corporati@). Wu and Jiang [74]
measured the crushing performance of aluminium Yymomabs with different

dimensions. Those honeycombs achieved SEA valuegbe 22 and 39kJ/kg.

Having a fully open structure is the main charaster of truss cores. Although they
have negligible longitudinal strength, truss coresmally have a relatively high
specific crushing strength and energy absorptiopaci#y. Truss cores also have
additional potential by virtue of their opening ustture for multi-functional
applications. For example, sandwich panels witidsskins and truss cores can serve as
heat transfer elements simultaneously carrying doddhe cavity between the skins

could be used for storage of a liquid or pressdrig&s in other applications [75].

It the previous studies, it has been revealedtieallic sandwich panels have structural
advantages over monolithic plates of equal masdaist resistant structural applications
[76, 77]. However, it is important to note that maexisting sandwich structures

subjected to energy absorption are made out oflsnata foams.

In the literature discussed above, it is also irtgrdrto note that these energy absorbing
systems made of sandwiches or panel type struchossess lower SEA levels than
those individual systems, such as cones and tdlbesmain reason is that the existing
sandwich cores crush by relatively low efficientsiiing mechanisms. If the sandwich
cores crush by lamina bending mode, then the enabgyprption of whole sandwich

panel could be increased significantly.
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2.3.  Robust design experiments

In order to evaluate the energy absorbing capadfitglifferent structural composites,
many factors need to be measured. At the lattgrestd this study, an optimization
process, called Robust Design, was used. Robugindissan engineering methodology
for improving productivity during research and depenent so that high-quality
products can be produced quickly and at low co8} [Robust design is also known as
Taguchi method because it is the result of a rebesffort of a team led by Dr. Genichi

Taguchi.

Robust engineering methods are from traditionalliguacontrol procedures and
industrial experimentation in various respects.sThiethod uses small, statistically
planned experiments to vary the settings of keytrobnparameters. For each
combination of control parameter settings in theegknent, product or process
performance characteristics are measured to refleet effects of manufacturing

variation.

2.3.1. Classification of factors

A number of parameterpdrameteris equivalent to the worfactor in Robust Design)
can influence the quality characteristic or respow$ the product. Mainly, these
parameters can be divided into three classes:

1. Control factors (Z): These design or process parameters can be gicmitrolled
by designer. They normally possess the 'best’ iwhath designer concerns. The major
parameters in an experiment such as temperatuessyre and time are all control

factors.

2. Signal factors (M). These factors influence the average values of qihality
characteristic but not the variability of the gtyalcharacteristic. They are normally set
by the designer to express the intended valueegpanse of the experimental results.
They are so-called 'target-control' factors.

3. Noise (error) factors (X). These factors have uncontrollable and unpredietab
influences over the quality characteristic. Onlg Htatistical characteristics, such as the
mean and variance, of noise factors can be knowadiual values in specific situations
cannot be known. The optimal control factors shamlake the quality characteristic

insensitive to noise.
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A parameter diagram (P-diagram) which is drawnigufe 2.39 illustrates the various
factors that affect the quality characteristic loe response variablé&)( It shows the
latter is a function of noise factorX)( signal factorsNl), and control factorsZlj. A
robust product or a robust process is one whogmonsg is least sensitive to all noise
factors [78].

Noise Factors (X)

Signal Factors (M) Response (Y)
- Product / Process -

Control Factors (Z2)

Figure 2.39 Block diagram of a product / process: Biagram

2.3.2. The design of experiments process

Thedesign of an experimefiDOE) is a series of steps which follow a certsgguence
for the experiment to yield an improved understagdiof product or process
performance [79]. The DOE process is divided ihte¢ main phases which encompass
all experimentation approaches. Moreover, the tpleeses can be extended into eight

steps [78]. The structure of phases and stepoisrsin Figure 2.40.

The planning phase is the most important phasetierexperiment to provide the
expected information. Generally, an experimentatrar obtains either positive or
negative information from experiment. Positive mh@tion is an indication of which
factors and which levels lead to improved producpmcess performance. Negative
information is an indication of which factors dotie@ad to improvement, no indication
of which factors do. The experiment will tend tcelgi positive information, if the

experiment includes the real, influential factansl appropriate levels, and vice versa.

The second most important phase is the conductiageduring which the test results
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are actually collected. If experiments are wellnpled and conducted, the analysis will
become much easier and more likely to yield pasiivformation about factors and

levels.

The analysis phase is least important in terms bkther the experiment will
successfully yield positive results. However, thimse is the most statistical in nature

of the three phases of the DOE approach.

Step 1. Ildentify the main function, side effects and
failure modes.

Y

Step 2. Identify noise factors and testing conditions for
evaluating the quality loss.

I. the planning phases

| Step 3. Identify the quality characteristic to be observed
and the objective function to be optimised.

_ | Step 4. Identify the control factors and their alternated
levels.

Step 5. Design the matrix experiment and define the

1. the conducting phase - -
gp data analysis procedure.

Y

Step 6. Conduct the matrix experiment.

Step 7. Analyse the data, determine optimum levels for
l1. the analysis phase = the control factors, and predict performance under
these levels

Step 8. Conduct the confirmation experiment and plan
future actions.

Y

Figure 2.40 Phases and steps in Robust design

2.3.3. Orthogonal array, loss function and signal-to-noise ratio

By analysing and minimizing these effects, Robusfirreering methods can remarkably
reduce variation by reducing the influence of searof variation instead of by

controlling variations.

Therefore, Taguchi robust design methods are aeffesttive technique for improving
product or process performance. Three major tosksduin Taguchi methods are:
orthogonal arrays, quality loss functions, and algn-noise ratios. These basic aspects
of robust design methods will be discussed in thlewing sections.
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2.3.3.1. Orthogonal arrays

Robust engineering methods are based on a matrexmériments calledrthogonal
arrays (OA). These are a set of experiments where thfaand levels used as the
setting of various parameters are changed accotditige matrix. Orthogonal arrays are
matrices containing numbers arranged in columns vk, where the columns
represent a specific factor that can be changed éxperiment to experiment, while the
rows represent the state of the factors per exgerif80]. They are called orthogonal
because the levels of the various factors are bathand can be separated from the

effects of the other factors within the experimaliawing key effects to be identified.

Table 2.1 Standard orthogonal arrays

2 levels 3 levels 4 levels 5 levels Mixed Levels
Ly(2)) Lo(3%) L16(4°) L2s(5°) L1g(2'x3")
Ls(2) L2+(37) Loa(4”) / Lsa(2'x4°)
L1z(2") Lex(3") / / Las(2"%3%)
L1(2") / / / Lss(2°x3%)
Ls2(2”) / / / Lsa(2'x3%)
Lea(2%) / / / Lso(2'¥5™)

Taguchi has tabulated eighteen orthogonal arragsate calledstandard orthogonal
arrays[81]. These arrays can be used most of the tiwgkier it is possible to modify
these arrays to increase the amount of factordetbeit can be studied per array. These

eighteen arrays are shown in Table 2.1.

In the mixed level15(2'x3") experimental array, there are eight columns laded to

H represent the eight factors that can be assigmélis array. Each of these columns
has numbers that represent the levels of the fadtat are assigned to the column.
Therefore, experiment number 1 would have all fisctd level 1, i.e. experiment 1 is
studied with the factor levels Atl, B1, C1, D1, E1, F1, Gl andH1.

The arrays are designed such that interactiondeastudied between factors, at a cost
of the amount of factors that can be studied inattnay. An interaction occurs when the
effect of one factor depends on the level of anofhetor. If an interaction effect is
significant, the prediction of the effect of a szl factor becomes more difficult.
Therefore, it is desirable to select factors thatild not have interaction effects. If a
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column that can be used to study interactions €&l us study another factor, then the

results of the factor could be confounded withitlieraction of the other factors.

Table 2.2 Orthogonal array for L 15(2'x3")

Factors

Expt. No.

© 00 N[O U1 W N P

N NNNNNNNNPRRPRRRPRERRIRREPR|IE
W WWNNNPRPRPRPWWWNNNRPRPEPR|E
W NRPWNRPWNRPRWNRPWOWONERWOWDNRIO
N R WF WNNPRP ®RFPWRNWONDRWwN RO
P WRNNPFP ONERE ®OWN RFPONDWNRm
N FP WOWNR[FPWWNNPEP WP OND®NR|T
W NERPINEFP W®WRFP WNEFEP WOWNNREOQWN RPIO
P WNPFPON®NRERNPEPE ®OQINE QWN BRI

2.3.3.2. Quality loss functions

Taguchi emphasizes the quality variation is thennesiemy of quality engineering. The
best quality is achieved when the deviation froarget is reduced to the minimum
value [80]. Accordingly, he introduces the lossdiion. If the quality characteristic of a
product isy, and the target value foris m, the (quadratic) quality losis(y) can be
expressed as:

L(y) = k(y—m)’ (2.22)

wherek is a constant called quality loss coefficient, ethcan be determined when L(y)
is known for a particular value of. The three most common characteristics of the

(quadratic) loss function are:

¢ Nominal-is-best: the nominal value is best because the one that satisfies the

user-defined target value. The characteristic valway on either side of the target
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value is undesirable. The values may be positivaegative, such as the stitching

density or vacuum pressure.

e Smaller-the-better: a smaller value is better agtidr values are undesirable, such

as surface defects or leakage of vacuum bag.

e Larger-the-better: a larger value is better andllem@alues are undesirable, such as

bond strength of adhesive or absorbed energy duripgct.

Take the nominal-is-best type for example, ety represent the deviation at which
functional failure of the product (or process) asgland let the loss a4y be Ao.
Then by substitution in equation 2.22, we have:

ke Do (2.23)

Thus the loss function for the nominal-is-best tgpa be written as [78]:

kN :A_g(y_m)z
0 (2.24)
A
ko =—2 2.25
2 1
k. = A)AOF (2.26)

Bad Bad o
m-Ao m m+d, Y =
Figure 2.41 Quadratic loss functions: 1) nominal-ibest; 2) smaller-the-better; 3) larger-the-

better
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According to above expression, the nominal-is-b@s$ function is plotted in Figure

2.41 (1). It shows the loss L(y) decreases slowigmvthe quality y goes close to m, but
as it goes further from m the loss L(y) increasemenrapidly. Equation 2.25 and

equation 2.26 present the smaller-the-better aedldhger-the-better loss functions,
respectively. They are also plotted in Figure Z283) [78]

2.3.3.3. Signal-to-noise (S/N) ratio

The signal-to-noise ratio is an index of robustresst measures the quality of energy
transformation that occurs within a design. Theliuaf its energy transformation is
expressed as the ratio of the level of performaotehe desired function to the
variability of the desired function [82]. In RobuBkesign, thesignal-to-noise(S/N)

ratio, », is defined as:

_ power of signal _ u*

power of noise o7

(2.27)

The S/N ratio is used as the objective functiobéamaximized, i.e. the higher the S/N
ratio, the higher the quality. For improved aciivaf the control factor effects, it is
common practice to take logarithmic transform @i4?) and express the S/N ratio in
decibel (dB) scale:

2

n= 1OI0910% (2.28)

Suppose we have a set of characteristicssyys, ..., ¥, the S/N ratios for each of three

types of quality characteristic can be defined7&s 80]:

e Nominal-is-best:

n :10|0910ﬂ_2’ )
o
l n
H :_Z Yi > (2.29)
ni=
2
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e Smaller-the-better:

1 n
s = _10|0910[Ez yiz} (2.30)

i=1

e Larger-the-better:

S|

—2} (2.31)

n = _10|Oglo{
Yi

n
i=1

The optimization strategy consists of the followfogr steps [78]:

1) Evaluate the effects of control factors under cagrsition onn, and on the mean

function.
2) For factors that have a significant effectiprselect levels that maximizg

3) Select any factor that has no effect @rbut a significant effect on the mean
function as an adjustment factor. Use it to brimg mean function on target. This
is a main quality control procedure in Robust Desigis more important to find

the right adjustment factor than to find the actaaél of the adjustment factor.

4) For factors that have no effect qras well as the mean function, e.g. the cost, then

any level that is convenient from other consideratican be selected.

2.4. Analysis methods used in Robust Design

There are two methods for calculating the resulbslpced through an orthogonal array;
these are the analysis of the means method andnégsis of the S/N ratio method.
The former is simply calculated from the mean vabfighe experiments, while the
analysis of the S/N ratio method relies on the eérpenter calculating the S/N ratio
(see 2.3.3.3). In this study, the main purposesafgiRobust Design is to maximize the
SEA level of structural composites. Therefore, omhlg tLarger-the-better" of quality

characteristics type is applied onto analysis.

The analysis of the means method only requires aheevfrom each experiment to be
successfully calculated, while the analysis of $&Btio method requires a series of
experiments. In addition, each method can be caiedlin two ways, either simply by a
response table, or by the more complicated anatysiariance method.
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2.4.1. The Response Table

After the experimental results are obtained, thamealue {/,) and the S/N ratios can

thus be calculated. In addition, the effects otlswf each factor also can be compared
by taking the average of each result in those éxmamts. Take the factor A in
L1g(2'x3") orthogonal array (see Table 2.2) for example, nfean effects (or S/N

ratios) of its level 1 and level 2 can be expressed

y »= mean effect (or S/N ratio) of experiments 1 to 9

Y., = mean effect (or S/N ratio) of experiments 1080

Similarly, for three levels (or S/N ratio) of factB:

Ve = mean effect (or S/N ratio) of experiments 13,210, 11 and 12
Vs, = mean effect (or S/N ratio) of experiments 46,513, 14 and 15

Yss = mean effect (or S/N ratio) of experiments 7,816, 17 and 18

Table 2.3 The Response Table of factor effects fan L,g(2'x3") array

Factors
A B C D E F G H

yAl yBl yCl yDl yEl yFl yGl yH 1

yA2 yBZ yC2 VDZ yEZ yF2 yGZ yH 2

Level 1

Level 2

Level 3 - Yes3 Yes Vo3 Yes Ye3 Ye3 Yhs

Difference

Rank

Optimum

Table 2.3 shows a typical response table forlth€2'x3") array. The difference is
obtained from the subtraction of the highest andekt values for each factor.
According to the required quality characteristiay. darger-the-better or smaller-the-
better, then the optimum factors can be selectad the response table. Depending on
the chosen criterion, the largest or smallest sablign then be picked and the optimum
condition created according to the ranking ordéersHould be noted that while the
ranking gives the order of importance of a facibrdoes not indicate the relative

magnitude of that importance.
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2.4.2. Analysis of Variance (ANOVA)

Different factors affect the quality of product process to a different degree. The
relative magnitude of the factor effects can bdwatad from Table 2.3. Another better
approach for the relative effect of the differeattbrs can also be obtained by the
decomposition of variance. Or commonly, this alsine approach is calleinalysis of
Variance(ANOVA).

2.4.2.1. Equations for calculating ANOVA

An important purpose of ANOVA is to determine tledative importance of the various
factors. ANOVA is also required to estimate theexariance for the factor effects and
variance of the prediction error [78]. The followiaguations are the basic equations for
calculating ANOVA:

e The overall mean (averagey,

n

ZYi

i=1

n (2.32)

wherey; is a particular number in a set ofnumbers

y=

e The square of the sum gfin a set oh numbers, SS
n 2
SS:{Zyi} = (Y + Y, + Y+ +Y, ) (2.33)
i=1
e The grand total sum of squaresypin a set oh numbersSST;and
SSTana =2 Y =Y + Y5 +Y5 ++Vn (2.34)
i=1

The grand total sum of squares can be decomposedivim parts: sum of
squares due to mean and total sum of squares [78].
e The sum of squares due to mean, SSM. It is oftdacctieCorrection Factor

5 (8
SSM= ny? = nx~= == (2.35)

n? n

e The total sum of squares wyfin a set oh numbersSST
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n

SST=2 (v, -y) (2.36)

i=1
which by combining equation 2.32 becomes:

SST=Y (y2 +y* - 2y,y)=0 ¥’ + y* -2y -y
= = (2.37)

2 =2

yi —ny

n
i=1
Therefore, equation 2.37 can be also expressed as:

SST=SST,uy — SSM (2.38)

The sum of squares for factor 8,, following equation 2.37:
SA — (nAl X yAl)2 + (nAZ X yAZ)2 I (nAm X yAm)2 —SSM

nAl nA2 nAn

Ref: [83] (2.39)
Or alternatively, following equation 2.36 $an also be expressed as:
Sp= nAl(yAl - 7)2 TNy (yAZ - 37)2 toeet nAm(yAm - 7)2

Ref: [78] (2.40)
wherem represent the number of levels for factor A. Aduagly, n,., is the

number of observations for a particular level (ngnevel m) for factor A.
The sum of squares due to error, SSE

The sum of squares due to error is also knowrhasesidual sum of squares
The orthogonality of the matrix experiment implig® following relationship
among the various sums of squares [78]:

(Total sum of squares) = (sum of the sums of sgudwe to various factors)
+ (sum of squares due to error) (2.41)
Alternatively, for thel15(2'x3") array, theSSEcan be written as:

SSE=SST-(S,+S; +S. +--+S,) (2.42)

The degrees of freedoiD,

The number of independent parameters associatddawi entity like a matrix
experiment, or a factor, or a sum of squares lledats degrees of freedom
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[78]. The overall mean always has one degree @diven Dy = 1) and so

does the sum of squares due to m&a\= 1).

The total degrees of freedom equals to the taiaiber of observations in the
data set for the method of ANOVA [79]. The tota&gdees of freedom equals
to the total number of observations in the datafmethe ANOVA [79]. Thus

if a full Lig(2'x3") array with eighteen rows experiments and eachrerpat
has five observations, then the total degreesegfdtom equals has 18 x 5 = 90
degrees of freedom and so does the grand totab$snuaressstgrans= 90).

Similar to equation 2.38, the degrees of freeddnthe total sum of squares
(Dssy is equal to the degrees of freedom of the gramdl tsum of squares
(Dsstgrang Minus the degrees of freedom of the sum of sgutyethe mean
(Dssy- Thus in above example, the degrees of freedosocaed with the
total sum of squares are:

Dsst= Dsstgrand— Dssm=90 — 1 = 89 (2.43)

In general, one starts with n degrees of freedom lwses one degree of
freedom for every sample mean calculated. The irengadegrees of freedom
are used to make the independent fair comparisdosordingly, the degrees
of freedom associated with a factor are also ess than the number of levels.
For example, in theig(2'x3") array, the factor A has two levels. Hence factor
A has only one independent parameters, and oneeled freedom. Similarly,
the rest factors B to H have two degrees of freedach.

Furthermore, following the equation 2.41, we cdmtam the relationship
among the various degrees of freedom:

(Degrees of freedom for the total sum of squddesy)

= (sum of the degrees of freedom for the variagsofs, D\+ Dg+...+ Dy)

+ (degrees of freedom for error,cp (2.44)
e The error mean squaeMS (orerror varianceVe)

The error mean square, which is equal to the evetance,V,, can be
estimated as follows:

EMS = \{ = (sum of squares due to error) / (degrees ofdoee for error)

_ SSE
D

e

(2.45)
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e The variance for factor A/a

The variance is also known as timean squarg¢78, 80] The varianceyV,, for
factor A is defined as the sum of squares of atadiems for factor A divided by
the degrees of freedom of factor A; in this exampl

V, =2 (2.46)

2.4.2.2. F-ratio and F-test

Statistically, there is a method by calculatigatio, which provides a decision at some
confidence level as to whether the two sample nada are significantly different. This
method is calledF-test named after Sir Ronald Fisher, a British stafigti who
invented the ANOVA method [84]. In this study, tReratio is used to calculate the
ratio of a variance for a particular factor to #reor varianceVe. The F-ratio for factor

A, Fa, is thus expressed as:

v
Fa=if (2.47)

e

If the variance about the sample mean square vauest significantly different from
the individual variance, then the F-ratio becongaraximately equal to one. But if this
ratio (Fa in this case) becomes large enough, then theample variances are accepted
as being unequal at somenfidence levelln order to determine whether an F-ratio of
sample variances is large enough, three points toeleel considered:

1) confidence levelCL, can be expressed as:
CL=1-a (2.48)
wherea is the risk. It is often expressed as a percentbgacally, a = 5%.
2) degrees of freedom associated with the samplanagiin the numeratdd,;
3) degrees of freedom associated with the samplanagiin the denominatdD;.

In the case of this stud, is the degrees of freedom for errbg, Each combination of
risk, numerator degrees of freedom and denomirdegrees of freedom has an F-ratio
associated with it. The format for representings thixplicit value is expressed as
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Fo.p1p2. Tables which list the required F-ratios to ackhieome confidence level are
provided in Appendix 2. Alternatively, the,Fi1p> also can be calculated by using

embedded functiorkINV(), of Microsoft Office Excel programme.

2.4.2.3. Percent contribution, P%

The portion of the total variation observed in axpeximent attributed to each
significant factor is reflected in the percent cimition, P%. The percent contribution
indicates the relative power of a factor to reduaeation [79].
e The percent contribution for factors 8%

The contribution of factor A to the total sum glsre is defined as [83]:

Pa = (sum of squares for factor A) -
(degree of freedom for factor A)x (erraean square)
=S\ — Dax EMS (2.49)
Hence, the percent contribution for factor A istien as [83]:

I:)A

b 0p— S, —D,xEMS
A SS1

SS1

x100= x100 (2.50)

The percents of contribution for other factorgy(dactors B to H irLig array)
are determined similarly.

e The percent contribution due to errBg%o
The contribution of error to the total sum of sguis defined as [83]:
Pe = (sum of squares due to error) +

(sum of the degrees of freedom for the variousfag x (error mean square)
=SSE + (Q+ Dg+...+ Dy) X EMS (2.51)

Hence, the percent contribution due to error istemias [83]:

Pe

P 0p— SSE+ (D, +Dg +...+4 D, ) x EMS><
© SS1

SS1

x100= 100 (2.52)

Since the total percentage contribution must addtaud00 percent, percentage
contribution due to error can alternatively caltedh by subtracting all the
accountable sources from 100 percent.

The percentage contribution due to error providessimate of the adequacy of the
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experiment. If the percentage contribution duertores lower than 15%, then it is
assumed that no important factors were omitted forenexperiment. If it higher

than 50%, then some important factors were defintaeitted, conditions were not
precisely controlled, or measurement error was sstee [79]. However, if the

percentage contribution due to error is high, sioatan be a good opportunity for
further improvement and more experimentation may@beneficial.

2.4.2.4. The ANOVA summary table and pooling techniques

The results of ANOVA calculations are normally meted in a typical ANOVA
summary table, which is shown in Table 2.5. In ttaible, SSqdenotes the sum of

squares and.o.F denotes the degrees of freedom.

In the ANOVA of S/N ratio, the combining of colunaifects to better estimate error
variance is referred to gsooling'[79]. The purpose of pooling is that any effecttls
not statistically significant can be eliminated.efén are two pooling strategies: pooling-

up and pooling-down.

The pooling-up strategy entails F-test the smatteBimn effect against the next larger
one to see if significance exists. If no signific&aratio exists, these two effects are
pooled together to test the next larger columncefii@tii some significant F-ratio exists
[79]. In most cases, around half the number ofdi@care pooled. This is because the
more factors that are pooled, the more degreeseetldm of pooled erroDpooled-e
would have; and thus the estimate of the error slisguares would be better.

The pooling-down strategy entails pooling all biog targest column effect and F-test
the largest against the remainder pooled togethénat column effect is significant,
then the next largest is removed from the pooltande two column effects are F-tested
against all others pooled until some insignificBntio is obtained [79].

The Table 2.5 is thus modified such that an extlron Pool, and an extra row
'Pooled Errof are added. If a particular factor is pooled itite error, then the symbol
"Y' is assigned into the correspondiipol’ column. The sum of squares for pooled
error SSkooed is calculated by adding tH8SEto the sum of squares of the pooled
factors. This is similarly done to calculate theyees of freedom of the pooled error,
Dpooled-e The F'-ratios andF', p1 p2 Of non-pooled factors are then re-calculated using

the variances these non-pooled factor divided byptholed error.
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Table 2.4 The ANOVA table for anlL,¢(2'x3’) array
. . Fp1,02 hition o
Source SSq D.o.F Variance F-ratio Contribution %
(a=5%)
Factor A Sa Da Va Fa Fo.p1,02 Pa
Factor B* Sg Dg Ve Fs Fo.p1,02 Ps
Factor H SH Dc Vi Fu Fo.D1,02 Pu
Error SSE De Ve 1.00 Pe
Mean SSM 1 - - - -
Total SST n-1 - - - 100%
Table 2.5 Modified ANOVA table for an L18(21><37) array by using Pooling techniques
. F'-ratio F'p1,02 Contribution
Source Pool SSq D.o.F  Variance (non-pooled) (c=5%) %
Factor A - Sa Da Va F'A-pooled F'.p1,D2 Pa
Factor B* Y Se Ds VB - - Ps
Factor H - SH Dc VH F'aA-pooled F'.p1,D2 Pu
Error - SSE De Ve - Pe
Pooled Error - SSEpooled Dpooled-e Vpooled-e 1.00 - Prooled-e
Mean - SSM 1 - - - -
Total - SST n-1 - - - 100%

* assume Factor B is pooled

2.4.2.5. Alpha and beta mistakes

When making the decision of whether to use a nesigdebased on test data, there are
four possible outcomes, as shown in Table 2.6. Wiséng the pooling-up strategy and

judging many columns to be significant, the deciswill be to use these factors for

further experimentation and perhaps product orgeedaesign. The tendency will be to

make the alpha mistake more often, thinking thamesofactor will cause an

improvement, when, in truth, that factor will nelp.

When using the pooling-down strategy and judging é®lumns to be significant, the
decision will be to ignore many factors and useyanfew for future experimentation
and perhaps product or process design. The tendeifidye to make the beta mistake

more often, thinking that some factor makes no owpment, when, in truth, that factor
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will help.

Once a factor has been judged to be insignifictr@t factor will probably not be
included in further rounds of experimentation ameé teta mistake will never be
exposed. However, if an alpha mistake is made, fdwor will be included in further
experimentation and the alpha mistake will potdiytidoe exposed. Since it is
impossible to make both the alpha and beta mistakesltaneously, the pooling-up

strategy should be used, which will tend to prevbatbeta mistake of ignoring helpful

factors.
Table 2.6 Decision Risks [79]
The truth about the product
There is no improvement There is some improvement
Do not use
o ) OK Beta mistake
Decision based new design
on test data Do use
) Alpha mistake OK
new design

2.4.3. Estimated mean and confidence intervals in confirmation experiment

A confirmation experiment is usually carried outla final step of the Robust Design
process. A confirmation experiment is performedcbyducting a test using a specific
combination of the factors and levels previouslyaleated. The purpose of the
confirmation experiment is to validate the conamsdrawn during the analysis phase.

The steps in conducting a confirmation experimangs[79]:

(a) Determine the preferred combination of the levdlshe factors and interactions
indicated to be significant (and insignificant) tye analysis;

(b) Calculate the estimated mean (and estimated av&@geatio) for the preferred

combination of significant factors and interactipns
(c) Calculate the confidence interval value;
(d) Calculate the confidence interval for the true maaund the estimated mean;

(e) Determine the sample size for the confirmation expent;
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(H Conduct tests under specified conditions;

(g) Compare the confirmation test average result withdonfidence interval for the

true mean;
(h) Determine the next course of action if it is neeegs

In the step (b), the estimated meadn, can be calculated by (assumibg array is

applied):
§=y+(Va - )+ 5o - y)++ (7 - ) (2.53)
or, 9:(V'A+V'B+-~-+%)+(n'—1)><7 (2.54)

where, y is the mean of entire experimental resuits,is the mean of preferred level of
factor A. By using pooled techniques, the poolectdizss should not be included in
above equations. Thus the number of quality meainsgs equal to the number of non-

pooled factors.

The estimate of the meap is only a point estimate based on the averagessufits

obtained from the experiment. The experimenter ddehd to have a range of values
within which the true average would be expectedatbwith some confidence [79].

Confidence, in the statistical sense, means tresoine chance of a mistake. In the
robust design process, the confidence intervals)(@ie used for different average

values, includingy . The confidence interval is the maximum and mimmualue
between which the true average should fall at speneentage of confidence.

There are three different types of confidence watksr (Cls) described by Taguchi,
depending on the purpose of the estimate [79]:

1. Around the average for a particular treatment domdliin the existing experiment,

which can be written as:

Fa,Dl,DZVe
n

C

Cl, = (2.55)

The F ratio is determined from the same F tables (sgeeAgdix 2). TheD1 is always
equal to 1 as it represents the degree of freedorthé numerator associated with the
mean. The degree of the freedom for the denominB@ris the degree of freedoBe

associated with the pooled error varianéeof the experiment [79]. Thecns the
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number of tests under the specific condition.

2. Around the estimated average of a treatment camdifpredicted from the

experiment, which can be written as:

F \Y/
Cl, = |—&DPz’e (2.56)
neff
N
wheren, =—— 2.57
eff 1+ D ( )

pooled

The N is the number of entire experiment runs, ie.@nLg array, N = 18. Th®pooled
is the total degree of freedom associated with steised iny, i.e. the total degree of
freedom of pooled factors.

3. Around the estimated average of a treatment camditised in a confirmation

experiment to verify predictions, which can be tentas:

ol - JFa WV{AA} 2.58)
' n

eff r

Ther is the sample size for the confirmation experiment
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Chapter 3. Experimental

Techniques

All specimens tested in this study were manufackimgusing quick and relatively low-
cost resin infusion processes called SCRINPwhich is the shortened form of
"Seemann Composites Resin Infusion Moulding Prdd&8d. To identify and evaluate
the key parameters that could affect the crushiegiopmance of the structural
composites, a large number of experiments are giiypaeeded. Glass fibres were thus

chosen as the reinforcement, which is to keep natsts low.

As the primary method, a crushing test is introdunethis chapter, but the variable
parameters of each structural composite samplebeililescribed in the latter chapters.
Mode-I, Mode-II and flexure tests were performedommposite materials in order to
understand the effects of different crushing meidmas. For predicting the critical

buckling load, tensile tests were also carriedtowgvaluate the elastic properties of the

composite materials.

3.1. Experimental stages

This work is divided into three stages. In an afieto transfer previous crushing results
based on composite plates to a practical applicatm intersecting square cell was
adopted in the initial stage. An experimental pamgme compared the critical buckling
predictions using finite element methods to meastmectural stability and observed

failure.

At the second stage, three modified composite ttres with different shapes of cross
section were developed. A number of fibre orieotai were also compared. In a
departure from the first stage, through-thicknesghing technique was used to
improve the interlaminar properties. Fracture towegs and flexural properties were
investigated to evaluate the link between crusmmaghanisms and stitching-enhanced

toughening mechanisms in structural composites.
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Based on the conclusions of the previous stages,thiird stage concentrated on
investigating a modified structural cell with a noen of factors including stitching,

resin types, geometric sizes, and fibre orientatidrhe Robust Design was applied at
the last stage for the design of experiments ainiingptimise the energy absorption

capability. The outline of these three stagedustitated in Figure 3.1.

—_— -

s Crushing tests of N

N\
intersecting square cell \

Buckling analysis
Abaqus FEM

—_—

/

Ve
) 4 Crushing tests of Crushing tests of Crushing tests of
// circular cell hexagonal cell rectangular cell
l————“———‘I
\\ Characterization 7 | Stage Two :
\ ‘ T T T

N Mode-| test
AN Mode-II test

Crushing tests of the

modified geometric cells

Robust design |
I I I

Factor A, FactorB, FactorC...... Factor F

I\ level al level b1 level cl level f1 I
I
\\ level a2 level b2 level c2 levelf2 | ______ L
\ | Stage Threel
AN Optimization e
N 7
N y s
N 7
~N 7
S~ [ Confirmation ] _-7
Figure 3.1 Outline of experimental work of presentesearch
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3.2. Materials

Due to the size of experiments required for thigestigation, E-glass fibres were
chosen to be the fibre types in order to reducesn@tcosts and allow identification of
key parameters. The range of fabrics used includ@seave, biaxial and plain woven
fabrics. Three thermosetting resins were used, lwkiere polyester, vinyl ester and

epoxy.

3.2.1. Fabrics

All types of fabrics used are shown in Table 3.the Variety of fabrics was chosen to
allow an assessment of the role of fabric conswostused in the laminates on the

crushing behaviour.

During the first stage, the fabrics used were plaaven glass fabrics (GWR400P and
GWRG600P) produced by Carr Reinforcements Ltd, anidirtectional, biaxial NCFs
produced by Saint-Gobain BTI. The unidirectional A $CELPb-567, are in reality 90%
UD fibres held together with 10% UD fibres at an@erse orientation.

During the second and third stage, the UD fabrig®®D, supplied by Sigmatex (UK)
Ltd., were used instead of fabrics ELPb-567. ThéBefabrics DV060 consist of 100%
glass fibres at longitudinal orientation and fusiblnder in the transverse direction. The
+45° biaxial fabrics of first stage, EBX-602, weaakso replaced by another very similar
+45° fabrics, FGE104 ST, which were produced byt (UK) Ltd. Moreover, only
the plain woven fabrics GWR400P were used for #et two stages, which place
600tex fibres in both warp and weft yarns. The stigon of fabrics in stage two and
three was prompted by supply problem and not bgsarel to change the materials for

performan ce reasons.

3.2.2. Resins

The resins used to make the laminates are list@ate 3.2. Concentrating on isolating
a few parameters, only polyester resin (Crys#89PA) was used at the first two
stages. This Crysffc489PA is an unsaturated isophthalic polyestenrasid supplied
by Scott Bader Co. Ltd. It was generally cured wit% ButanoX M50 under room
temperature for 24 hours followed by 3 hours at8pbdst-curing.

At the third stage, vinyl ester (Dir8102-500) supplied by Reichhold (UK) Ltd., and
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epoxy resin (Araldit® LY564) supplied by Huntsman Corporation., were duser
evaluating the influence of resins on the crushimaviour. Diofi 9102-500 is a
preaccelerated and low-viscosity epoxy based vasger resin. It has slightly higher

mechanical properties than the epoxy resin, wisghown in Table 3.3.

In this study, it was mixed with 2% catalyst M.BX(supplied by Jacobson Chemicals
Ltd.) followed by the same curing schedule as pibteresin. Compared with the other
two resins, the warm-curing epoxy system which asdal on Araldit® LY564 and
Hardener XB 3487 possesses a very long pot lifectwban potentially facilitate the
production of very large composite structures. Tiveye cured and post-cured at 80°C

for 8 hours after a resin infusion process.

The Hysol EA9460 is also listed in Table 3.2 andl&e3.3. It acts as an adhesive to
bond two parts of the structural cell into one uMbre details will be presented in the

latter chapter.

Table 3.1 Fabric types used in whole project
Fabric Description Supplier Dry t?rincrl‘;r)]ess V\,ﬁié];|t?jér;1:i?;h (Z)/(LS];)”
Stage One
Non-crimp Fabrics 0° -45° 90 +45
ELPb-567 (unidirectional) Saint-Gobain BTI 0.50 567 50
ELT-566 (biaxial 0,90) Saint-Gobain BTI 0.50 283 283
EBX-602 (biaxial +45) Saint-Gobain BTI 0.45 301 301
Woven Fabrics
GWRA400P (plain weave) Carr Reinforcements 0.25 400
GWRG600P (plain weave) Carr Reinforcements 0.40 600

Stage Two & Stage Three

Non-crimp Fabrics 0° -45° 90 +45
DV060 (unidirectional) Sigmatex 0.40* 480
FGE104 ST (biaxial £45) Formax 0.40* 300 300

Woven Fabrics

GWRA400P (plain weave) Carr Reinforcements 0.25 400

* value is not available on datasheet, but measwittdvernier
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Table 3.2 Resin types used in whole project

Resin Description Curing agent Mix ratio pf A:B Supplier
(Part A) (Part B) (by weight)
Stage One & Stage Two
Crystic® 489PA (polyester) Catalyst M 1:1.5% Scott Bader
EA9460, white (adhesive) EA9460, black 1:1 Hysol
Stage Three
Crystic®489PA (polyester) Catalyst M 1:1.5% Scott Bader
Dion® 9102-500 (vinyl ester) M.E.K.P 1:2% Reichhold
Araldite® LY564 (epoxy) Hardener XB 3487 100: 34 Huntsman
Table 3.3 Mechanical properties of cured resins asbtained from datasheets of material
supplier [86-89]
Resin Strength Modulus Strain to failure
(MPa) (GPa) (%)
Crystic®489PA (polyester) 75 3.20 35
Dion® 9102-500 (vinyl ester) 79 3.40 45
Araldite® LY564 (epoxy) 72-76 2.94-3.10 8.0-85
EA9460 (adhesive) 30 2.76 3.5

3.2.3. Description of laminate orientations

The orientation of the laminates is written in anmer to distinguish between laminates
made from separate layers and one complete fairen an NCF consists of layers
with different orientations, a comma ‘,” is usedsteparate the different orientations of
each layer, while when separate layers or pliesistesl, a forward slash */’ is used. The
subscript, §, implies that a laminate is of a symmetric oraran, while a subscripted

number signifies the number of times that orieptatis repeated in each half of the

laminate. In addition, plain woven fabric and baXabric in orientation of +45° and -

45° are abbreviated ‘PW’ and45’, respectively.

As an example, laminates [(#45)/(9043)]implies the use of a +45° biaxial NCF
together with another 90°, 0° biaxial NCF which #wmbination included twice per

symmetry plane. And [PW40QJQ represents a laminate of symmetric orientation tha

71



consists of two outer layers of plain woven fabagcsl four inner layers of UD fabrics.

3.3.  Manufacture of composite panels

Low-cost manufacturing processes have evolved taat be used to manufacture
structural composites at fractions of the costubelave moulding, while resulting at
the same time in high quality lamination. Seemammpmosites resin injection moulding
process (SCRIMP) is one such process. In SCRIMBywamedium is inserted between
the vacuum bag and the fabrics. This lifts the Blghtly away from the fabrics

allowing resin to rapidly travel across the surfamfethe part. Impregnation then
involves permeation through the thickness of thea. pehis process is much quicker
than conventional vacuum infusion in which the mebas to permeate through the
thickness of the reinforcement stack and then mbdewards the end of the part. In

this investigation, all specimens are manufactuidg this SCRIMP technique.

For flat panels, the SCRIMP is performed over aspeld steel mould with dimension
of 550mmx550mm, around which a dam had been created wilty teape. The area

inside of the dam is coated with three layers @kbté release agent. The required
amount of pre-cut sheets of fabric are weighed aates and laid up according to the

orientation desired.

Outlet spring

Peel-ply

Fabrics

T Steel mould
Tacky tape

Flow medium i i
Bagging material Inlet tube

\ S
—

Figure 3.2 Schematic sketch of SCRIMP setup
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Then, a sheet of peel-ply which facilitates the oeat of the cured laminate is draped
over the top after placing the fabric onto the @la spring is connected to a tube that
acts as the resin reservoir during infusion pracébey are laid over one end of the
mould and wrapped up with one layer of peel-plydémnthe vacuum condition, the

resin inlet reservoir would suck the resin andvalkbhe resin rapidly to travel to the

opposite end of the inlet. In the same way, théebutade of a spring and a tube is laid
over the other end. After this, a flow media whishused to distribute the resin is

placed over the top of the inlet spring and overgbkel-ply. A sheet of bagging material
is finally laid over the tacky tape to seal the hdohe whole setup of resin infusion

process can be seen from Figure 3.2.

Before infusing resin, the whole set up system nwugte tested if it is properly sealed
and vacuum. The resin is infused through inlet tialewed by transferring to the flow
medium and starts to saturate the fabric layergunahth with resin. At the end, fabric
layers are fully wet out by resin and resin flowsough the outlet tube into the resin
trap. After the whole infusion procedure finishtbg&e composite laminate should not be
demoulded until it has been completely cured anst-pored. For those corrugated
structural composites which were developed inshisly, their manufacturing processes
and mould geometries will be introduced in the Geap and Chapter 8.

3.4. Experimental methods and their specimens

A range of test methods was conducted in this stDeyails of these test methods are
summarized in the sections below. Five specimensq@a&iguration were tested for all
experimental methods mentioned in the followingtises. All samples which were
investigated in this study were tested under roemperature. Humidity was not
controlled for the mechanical tests, but relatiuenidity in the mechanical testing room
was usually about 50+5%. Most samples were expaseder a very similar

environment condition before the tests.

3.4.1. Crushing test

3.4.1.1. Crushing test for plates

The crushing test for composite plates was cawigdn a fixture designed by QinetiQ
Group (see Figure 3.3) and was previously used daoc@ii-Savona's work [2]. This
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fixture consists of four movable knife-edges th#emthe simply-supported boundary
condition on plate samples. The top parts of theekedges clamp the plate and prevent
the plate sample from opening as the test progsetsading is achieved through a rod
attached to the load cell. The loading block isspret to ensure that the load is spread
over the whole top of the specimen [2]. A similixtidre was also developed by Jackson
et al.[22]. The crushing test was performed at 20mm/imian Instron universal testing
machine (5584).

/ Applied load

Knife-edges

Plate specimen

— 10mm

Figure 3.3 lllustration of the crushing test for smply-supported plates [2]

3.4.1.2. Crushing test for composite structures

There was no crushing standard method availablettiose particular composite

structures designed in this research. The Instrovetsal testing machine (5584) with

150kN load cell was also used to carry out quagiestcrushing test on structural

composite cells. The crush rig consists of two lelrateel platens, which is illustrated

in Figure 3.4. Whereas a 1000kN servo hydraulit neschine were also used for the
samples that excesses the loading capacity of 150Bkhis study, crushing tests were
performed at speed of 20mm/min at the first andiséstages, while this was changed
to a range from 1mm/min to 400mm/min to evaluating effect of test speed at the
third stage. Specimen preparations of each congesiicture will be detailed later on

in Chapter 4, Chapter 5 and Chapter 8, respectively
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@ Crush loading

Circular platens

Figure 3.4 Image of the crush rig as used in thisesearch

3.4.2. Fracture toughness test

Laminated fibre-reinforced composites made of Hgength fibres in a relatively weak
matrix material are susceptible to delamination].[20d delamination is an important
mechanism in the sustained crushing of composilteis. section describes methods for
measuring the interlaminar fracture toughness irddband Mode-Il testing. Mode-I
and Mode-II testing were by the double-cantilevesiin method (DCB) and 4-point end
notch flexure method (4-ENF), respectively.

3.4.2.1. Mode-I testing — Double cantilever beam (DCB)

For the Mode-I interlaminar fracture toughnessstetite ASTM D5528-01 standard
[91] was followed. An insert of a Lfn thick releases film (Aerovac A6000) was
inserted at the midplane of laminate during laytapform an initiation site for the

delamination. This was selected as its opaque diiour allowed easy identification in

the cured glass fibre composite

Specimens were cut from flat composite panels $ettion of 142mm long and 20mm
wide. According to the standard, the length ofitteect film was approximately 63mm.
This distance corresponds to an initial delamimalemgth éo) of approximately 50mm,

plus the extra length required for the piano hitadpes.

The sides of the specimens were then coated whimdayer of white spray paint, and
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thin ticks were marked by pencil on the white laysarting from the insert edge. The
lines were drawn every 1mm and totally marked lengt 40mm. After this, piano
hinge tabs were bonded to the both faces of specinidne dimensions and

configuration of a DCB specimen is show in Figure 3

Insert film

/ f2E
V / 2 1h
¥
7 y
1 /
Specimen under Stiffener made

le— a —» investigation of UD fabric
(if applicable)

Piano hinge tabs

™~
R\

Figure 3.5 Dimensions and configuration of the DCBpecimen

The use of thin DCB specimens was not only to redilne specimen cost; it also
allowed for the study of thin laminates under testditions similar to practical cases
[92]. In order to keep the fibre architecture of BEpecimens as close as that used in
crushing specimens, thicknesses of DCB specimerikisnstudy were thus between
2.2mm and 3.6mm. At the latter part of this stualfjew DCB specimens stiffened by

UD materials were also tested as a comparisoregetthin DCB specimens.

A Hounsfield H25KS screw-driven universal testingahine equipped with a 100N
load cell was used to perform DCB tests. Each sp&tiwas pre-cracked at 1Imm/min
for the first 5mm of crack extension and, provided crack grew in a stable manner,
and then the same loading rate was applied foraimaining length. The specimen was
unloaded at 10mm/min. Each time the crack propdgdtes load and displacement
were captured by pressing a PC hot-key linkeddoséom written programme to record
this particular crack length. Meanwhile, the craekgth was detected by using a live

web-camera and recorded continuously.

The ASTM standard gives three methods for calaujathe Mode-l strain energy
release rateGic. These methods are: a compliance calibration (GC)nodified

compliance calibration (MCC) and a modified beareotty (MBT). TheGc values
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determined by the different methods differed by®%o, however, the ASTM standard
points out that the MBT method yielded the mostseowative values db,c for 80% of
the specimens tested and recommends the use ahd#tieod [91]. The expression of

MBT method forGc is as follows:

3PS

G = 20fa+a] (3.1)

where P = load,
o = displacement,
b = specimen width,
a = delamination length,
A| = correction factor for delamination length

The delamination length is the sum of the initielasnination length plus the increment
of growth determined from the tick marks. In ordiercorrect for the rotation that may
occur at the delamination froms is introduced to treat the DCB as if it contaireed
slightly longer delamination, (a A|) [91]. A can be determined experimentally by
generating a least-squares plot of the cube roabooifpliance,C*3, as a function of
delamination length (see Figure 3.6 left). The chamge, C, is the ration of the
displacement to the applied loadp.

Due to the stitching applied to most DCB specimet® ratio of the opening
displacement at the delamination ongegtio the delamination lengtla, was greater
than 0.4. Therefore, large displacement correctioere applied to the calculated values
of Mode-l strain energy release rat8,c especially for the thin specimens. This

procedure can be found in the standard [91].

>’ ' 3
4 [ 4
) & :]'
e ¢ . C . [ 3 oC
0’ ’ .6 oa
.6
”
P
g
A a a
Figure 3.6 Determination ofA (left) for DCB test, and dC/da (right) for ENF test
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3.4.2.2. Methods of identifying delamination initiation

It is important to mention here that the precisenidication of delamination initiation
by visual inspection is usually difficult and highbperator dependent. In order to
obtain some degree of repeatability, the ASTM stathgproposes three approaches of
relating points on the load-displacement curvadentifying delamination initiation.

I.  Visual observation (VIS)

A visually observed initiation value fdgc should be recorded corresponding to the
load and displacement for the first point at whicl delamination is seen to grow from

the insert on either edge of the specimen.

ii. Deviation from linearity (NL)

The initiation value foiG,c can be typically calculated from the load and dispment

at the point of deviation from linearity, or onsgtnonlinearity (NL). This calculation
assumes that the delamination starts to grow frbenihsert in the interior of the
specimen at this point [91]. The NL value representower bound value fd@gc. For
brittle matrix composites, the NL value is gengréiie same point as the VIS value (see
Figure 3.7 a). However, for tough matrix compositeson-linear region may precede
the visual observation of the initiation of delaation at the specimen edges (see
Figure 3.7 b).

iii. 5% offset/maximum load (5%/Max)

According to the ASTM standard, the value &t also can be calculated from the
intersection of the load-deflection curve with @elidrawn from the origin and offset by
a 5% increase in compliance from the original Imesgion of the load-displacement
curve. If the intersection occurs after the maximoad point, then the maximum load

should be used to calculate the initiation value3g.

3.4.2.3. Mode-ll testing — 4-point bend end-notched flexu(4-ENF)

For the Mode-II fracture toughness testing, theekpoint bend end-notched flexure (3-
ENF) test is perhaps the most commonly used tesidtermining the Mode-Il strain
energy release rate, & of laminate composites [93]. However, as a resiulhe three-
point bend configuration, a vertical shear forcengcwithin the delaminated
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Figure 3.7 The load-displacement trace from DCB tés can follow three typical patterns: a)

brittle matrix, b) tough matrix, and c¢) unstable crack growth [90]
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regions and at the delamination tip causes frictibhis friction may result in an

unstable delamination growth [94].

The four-point bend end-notched flexure (4-ENF)t thas been proposed as an
alternative method for Mode-Il testing. Unlike tBeENF, in the 4-ENF test, crack
growth is stable under displacement control. Irs thiudy, the same 4-ENF testing

procedure detailed in previous studies [2, 93-9&§ Vollowed.

The dimensions and configuration of a 4-ENF spenine show in Figure 3.8.
Specimens were cut from composite panels, 140mmm & 20mm wide, leaving an
insert film length of 50mm. The spans for the logdiollers and the supporting rollers
were 60mm and 100mm, respectively, which preseateéffective initial delamination
length @g) of 30mm. The sides of the specimens were prepasddr DCB specimens.

The lines were drawn also every 1mm with a totalkea length of 40mm.

Load applied _
through hemisphere Loading rollers

Stiffener made
of UD fabric 90°

4 = _~_ |
72 b
/ 100mm /7 \ |
Insert film — ap —» Specimen under

Supporting rollers investigation

Figure 3.8 Dimensions and configuration of the 4-EN specimen

In a like manner as the DCB specimens, 4-ENF spatsnwere produced using the
same lay-up as crushing specimens. Since thisteesir laminates that are not thick
and stiff enough to be tested without excessivaliogy laminates were equipped with
six layers of UD glass fabric bonded on each sidentrease the bending stiffness of

the 4-ENF specimens.

The 4-ENF tests were performed in Hounsfield tgstimachine with a 5kN load cell.

The loading rate for the pre-crack of approximatelgm and remaining length was

0.5mm/min. The crosshead also returned at 10mmrham the delamination length
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was around 40mm. The strain energy release rate,v&as calculated by the following
equation:

_P?oC

= o8 2a (3.2)

where P = load,
b = specimen width,
C = compliance
a = delamination length,
0Cloa = slope of the compliance to the delamination tenip the Compliance
Calibration (CC) chart (see Figure 3.6 right).

3.4.3. Flexure test

Flexure tests were performed in three-point bendiogprding to the ASTM D790-02

standard [96]. Instron machine (5584) with 1kN la®tl was used. Figure 3.9 shows a
schematic sketch of this test. As recommended bystAndard, the span-to-thickness
ratio was set at 40:1 for all flexure specimenghis study. The specimen width was
fixed to 20mm. The length was kept up to approxetyatwo times of support span, so
that the specimen had long enough extent outselsupporting rollers during bending

test.

Loading roller

Specimen

\ N
/ ‘ [5 h
| E / ki
I 1 i ’A'
-« L2 — |
<~—— Support span: L . Supporting rollers
Figure 3.9 Schematic sketch of the flexure test

The test was terminated when the maximum strejnin the outer surface of the
specimen reached 0.05. The rate of crosshead mutasn calculated by following
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equation:

_z?

R=""
6h

(3.3)

where R = rate of crosshead motion,
L = support span,
h = thickness of specimen,
Z = rate of straining of the outer surface (0.0f/in this study).

The results of the flexural strength and bendinglahgs, as well as the area that is
below stress-strain curve and before yielding aported. Flexural stress and bending

modulus were calculated by following equations:

2
&, =—PL 1+(Ej _a (3.9)
2bh h 3
L*m
5~ Aph? (3-5)

where P, b, L and h have already been mentior®dqursly in equation 3.1 and 3.3.,
or = stress in the outer fibres at midpoint,
r = maximum strain, (0.05 in this study),
B = modulus of elasticity in bending (flexural modsi),
m = slope of the linear portion of the load-defilea curve.

3.4.4. Tensile specimen

Tensile tests were carried out in order to obthadlastic properties of the UD lamina
that consist of fabric DV060 and polyester resigdfic® 489PA. The results including
tensile modulus and Poisson’s ratio are considesed reference in the analysis and
prediction of buckling stress, though the precisiminthe values of those elastic
properties is not crucial compared with structigabmetry and boundary conditions.
The geometries of the tensile specimens are listédble 3.4.

Instron machine (5584) with 30kN load cell was ysadd the ASTM standard
D3039/D3039M-00 [97] was followed for tensile test® increase the gripping force,
1.5mm thick tabs with bevel angle of 90° were bahde both ends of tensile specimen.

During the test, strain was measured by a 2-elegrest strain gauge FCA-5-11-1L
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produced by Tokyo Sokki Kenkyujo Co., Ltd. Tens#pecimens were pulled at a
constant crosshead speed of 2mm/min. Figure 3Hénsatically shows the positions of

tabs and strain gauge on the specimen.

Table 3.4 Geometries of tensile specimens
] ) ) Width Thickness Overall Length Tab length
Fibre Orientation
(mm) (mm) (mm) (mm)
Unidirectional [0]z 20.45+0.04 1.162 +£0.055 250 56
Unidirectional [90]s 25.45 +0.02 2.204 £0.020 175 25

values behind the + are standard deviations

Loading direction /t

Specimen

Strain gauge — |

\’I |

Figure 3.10 Schematic sketch of the tensile test

3.4.5. Finite element method (FEM)

In order to compare the critical buckling stresshw different composite structures,
analysis of numerical models were required. In #tigly, the finite element method

was used as a technical tool rather than a preaiselation for the real structure. The
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finite element models were created and analysedthi®y commercial software
ABAQUS/Standard version 6.6.

The simulation processes described in referenck 488 Abaqus Example Problems
Manual [99] are followed. The critical buckling &N, of the laminate structures are
calculated by the eigenvalue buckling analysis enmnted in the ABAQUS

programme. In finite element analysis, the lamingtteictures are modelled by four-
node general-purpose shell elements (S4). The fation of this shell element allows
transverse shear deformation and it is suitablé&h thin and thick composite shells
[100].

In this study, only the elastic behaviour of matksriwas taken into account, lamination
or other section failures were not considered. liiear elastic properties of the UD
GFRP lamina were the basis of the classical thana}ysis, and it is also necessary for
materials property to be input in FEMs. The linekastic properties used in this study
are listed in Table 3.5.

Table 3.5 Elastic property of typical unidirectiond GFRP lamina
Type of En E2 G2 Gis Ga3 Cured
. Vi2 Va1 . VF%
Lamina (GPa) (GPa) (GPa) (GPa) (GPa) Thickness (mm)
UD GFRP 36.70 13.10 0.30 0.11 1690 16.90 8.45 0.38 53.8%

The 1-direction is along the fibres, the 2-directis transverse to the fibres in the surface ofléingina, and the 3-

direction is normal to the lamina. VF% is the élwolume fraction.

E11 andE,; represent the elastic modulus of single layer @liha in the longitudinal
and the transverse direction, respectively. is the major Poisson’s ratio. The
definitions of the suffix of moduli are shown in pgndix 1. Most data in the list were
obtained from the tensile test of {Gdnd [90} (see Table 3.4). The shear modulis
and G;3 were deduced via classic laminate theory (see Agligel). The out-of-plane
shear modulus,s, was not measured in experiment. For UD GFRP &R it was
found that the gis normally smaller thai,, (or Gi3) [101, 102]. However, in the
prediction of critical buckling stress because éffflect of G,3 is very small (predicted
critical buckling stress increases by 2% i;®@as assumed as 16.90 GRal>,3; was

assumed as the half of tg, (or G12).
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3.4.6. Density measurement

In order to obtain SEA values out of crushing ressuhe densities of materials crushing
specimens must be measured. This measurement ve&srnped by Archimedes’

principle using a Density Determination Kit made ®ftaus Corporation. In addition,
the densities of cured resins (see Table 3.6) waksi® measure for calculating the fibre

volume fractions.

Table 3.6 Densities of composite components for tlvalculation of fibre volume fractions
Component Density [g/cm 3]
Resin
Crystic®489PA (polyester) 1.20
Dion® 9102-500 (vinyl ester) 1.15
Araldite® LY564 (epoxy) 1.14
Fibre
E-glass fibre 2.56°2
Kevlar® yarn 256"

a: obtained from reference [103]
b: The density of Kevl&was assumed as same as glass fibre due to thetgoéikevlar® yarns is neglectable
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Chapter 4. Intersecting Square

Cell and Buckling

This chapter is concerned with the investigatiommfintersecting structural composite
made of flat FRP laminates, as well as the impream@nof structural stability basing on
critical buckling analysis.

4.1. Intersecting square cell

The first stage of transferring previous result thiere obtained from plate crushing [2,
16] into an realistic energy absorbing structumolved the investigation of an
transition geometry consisting of intersecting ggatPolyester resin was selected as the
only resin system. In total six types of fabricgSeable 3.1) were used at this stage. A

steeple chamfer was chosen as the trigger type girceasily machined on flat plate.

4.1.1. Specimen preparation

FRP laminates were manufactured by following thecess introduced in the previous
chapter. The flat panels were then weighed andntatsmaller plates to the required
dimensions by a water-cooled diamond saw. Two slet® also cut on each plate by a
milling machine.

Slotted plate specimens were then clamped agaimeimilling machine equipped with
45° angle-cutting bit and a steeple chamfer washmad. Square cell specimens were
scaled in a range of dimensions, as well as diffel@minate thicknesses by varying
lay-ups.

To simplify the scaling process, the length {o width ©) ratio was restricted to the

range 1.5-1.7. And the distance from slot to theé ehplate was fixed to half of the

separation width between two slots. Table 4.1 tistsdimensions and fibre orientations
for the intersecting square cells test. The schiens&etch of machined plate and the
photograph of the intersecting square cell are shioWrigure 4.1.
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Figure 4.1 Schematic sketch of machined plate anndtersecting square cell
Table 4.1 Properties of intersecting square cellsnd their crushing results
SD/h D/h Crushing result
Reference Orientation h (mm) L (mm) ) ) VF%
ratio ratio
SEA (kJ/kg) CV %
F1536_ISC [PW400]s 2.47+0.059 44.35 12.14 26.6 49.0 34.31+2.66 7.76
F1537_ISC [PW400]10 3.03+0.081 44.52 9.90 21.7 47.9 43.79+1.58 3.60
F1538_ISC [PW400]:2 3.62+0.068 44.41 7.99 18.1 49.2 35.86+4.24 11.83
F1540a_ISC  [PW600]s 2.60+0.081 39.26 9.62 21.2 53.9 34.45+0.65 1.88
F1540b_ISC  [PW600]s 2.62+0.048 51.25 1299 283 53.9 29.58+1.47 4.95
F1541a_ISC [PW600]s 3.65+0.125 45.31 7.93 17.9 50.6 37.07+1.11 3.00
F1541b_ISC  [PW600]s 3.67+0.181 60.45 9.79 21.9 50.6 35.97+1.78 4.94
F1534_ISC [+45/(90,0)]2s 3.94+0.089 44.35 7.10 16.3 46.3 44.47x1.07 2.40
F1535_ISC [+45/(90,0)]2s 3.99+0.126 64.57 10.80 23.6 46.4 32.12+1.55 4.84
F1564 ISC  [+45/03]2s 3.5510.107 4522  8.35 18.9 56.8 32.29+3.99 12.34
F1567_ISC [+45/PW600],s 3.51+0.089 46.10 8.49 19.1 54.8 36.05%+2.26 6.26
SD: Separation width; D: Real width; L: Length; h: Thickness

VF: Fibre volume fraction
CV: Coefficient of variation = (standard deviatib8EA average value) x 100.

values behind the + are standard deviations
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It is important to note that red arrows on righttloé photo in Figure 4.1, indicate the

sliding directions of plates during crushing. Undemushing load, stresses were

concentrated on the triggered front and at theobotf the slots. The crushing stoke

would not be able to progress further, unlessntersecting plates tore each other at the
bottom of slots. Because of this intersecting asggnthe tearing mechanism reduced

the integrity of specimen and indirectly destaledizhe structure during crushing as a
result of laminate cracking.

4.1.2. Comparison between single-cell and multi-cell specimens

One single unit geometric cell was chosen as tmpkato be investigated. The
crushing stress — displacement curves of a multispecimen and its constituent single
cell structure, a single-cell [PW4Q@Jare plotted in Figure 4.2. It can be seen that the
difference between the multi-cell and the singlk-samples is almost negligible. In
other words, the single-cell samples can be cormidas a representative of a final
assembly that contains multiple cells made of sdeting laminates. Therefore, to
minimize the material cost and labour cost, thisdgtwill be only focused on the
single-cell structure.

200 +
180 |
160 -
140 -
120 -

------- Multi-cell

Single-cell

100 -

Crushing Stress /MPa

O "l T T T T T 1
0 5 10 15 20 25 30

Displacement /mm

Figure 4.2 Comparison of crushing stress vs. dispt@ment curve between single-cell tube and

multi-cell specimens

88



4.1.3. Crushing response of intersecting square cells

Figure 4.3 illustrates that a typical crushing gssof ISC sample can be divided into 4

stages:
100
80 - F1537_ISC - - - .Sustained crushing stress I
2 60 I
2
5 Wbt YUY
n 40 \FRfe - - - - - - = W
20 ~
0 T T T T T T T
0 5 10 15 20 25 30 35 40
Displacement /mm
Figure 4.3 Typical stages in the crushing procesd$ mtersecting square cell

Stage 1) Initiation of crushing (Figure 4.4a): wherrompressive load is applied to the
chamfered end of the composite structure, the sgsesoncentrated at the tip of the
trigger are much higher than stresses impartetiarobdy of the structure. As a result,
the chamfered tip rapidly generates microfractuaed forms a debris wedge [15].
Eventually a stable crush zone is created &tevhich is shown in Figure 4.3.

Stage Il) Progressive crushing (Figure 4.4b): afteshing of the composite structure is
triggered, the load reaches a steady equilibriuachHaminate plate is split into two
splaying fronds by the debris wedge. The load gaiguncreases and saturates at a
mean crushing load that has small fluctuationsaitaristic of stable crushing.

Stage Ill) Reduction of crushing load (Figure 4:4ajninates bend and crack at freely-
supported boundaries in some parts of intersee®euhhtes. The load starts dropping
after the sample reaches about 17mm in Figure 4.3.

Stage IV) Compaction of debris (Figure 4.4d): Tregents of the laminate formed at
the crushing fronds gradually accumulate insid¢heftubular cell. When the quantity
of the fragments reaches a certain level, and oab@& compacted any further, then the
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crushing load increases rapidly afgrshown in Figure 4.3. More discussion will be

carried out in Chapter 9.

Crushing directions

Microfracture at the tip of trigger

Cracks

Laminate bending and buckling

Figure 4.4

Tearing process

Debris wedge splits the
laminate into two fronds

Debris accumulates
inside the cell
(d)

Schematic sketches of typical crushingpcess of intersecting square cell

4.1.4. Comparisons between intersecting square cells and plates

Because of cracks, large-scale delamination, bgratual local buckling, the crushing of

the intersecting square cell results in a very BBA level. A comparison of photos

between the crushed intersecting square cell (FI158) and the crushed plate

specimen (F528, Ref [16]) can be found in Figu &oth specimens were made of

polyester resin (Crysff@72 for F528) and the same fabrics with the sanyeufn

[+45/(90,0)bs.
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It shows that the plate crushed more effectivebntithe intersecting specimens. This
crushing mode involved a small radius of bendingvature and dense delaminations,
accompanied by lots of fibre fractures and fricéibloading in the fronds of plates. On
the contrary, the intersecting specimen underwastymmetrical splaying without a

clear central crack, also transverse cracks osttiheture occurred after buckling.

Long central crack
containing a large

debris wedge . . .
Unsymmetrical splaying without

clear central crack

Initial delamination
of outer ply @ first
stages of crush

Figure 4.5 Photographs of the sections of crushed45/(90,0)}s laminates for plate (top-left,
[16]) and intersecting square cell (bottom & right)

These phenomena described above did not only dedd#5/(90,0)hs laminates, but
also in all the other intersecting square cells plades. Figure 4.6 clearly shows the
difference of energy absorbing capabilities betwe#arsecting square cells of this
study and all tested data of plates obtained freference [16]. Further comparison of
this difference is presented in Figure 4.7, whheeihtersecting square cells are grouped
according to the lay-up. The properties of comgssiplates which were used in

following discussion and their crushing resultslested in Table 4.2.
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Figure 4.6 Comparison of intersecting square cellsnd simply-supported plates (For plates,
D/h ratio = KES/h ratio, see Table 4.2.)
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Figure 4.7 Comparison of intersecting square celland simply-supported plates in further

details (For plates, D/h ratio = KES/h ratio, see @ble 4.2.)
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Table 4.2

Properties of composite plates and thegrushing results

h L KES/h Crushing result
Reference Orientation ) VF%

(mm)  (mm)  ratio SEA (kilkg) CV %
Data obtained from Ref [2, 16]
F528_plate_a [+45/(90,0)].s  4.09 80.0  16.01 454  63.35+10.16 16.03
F528 plate_b [+45/(90,0)].s  4.08  80.0 1859 454  52.68+3.34  6.35
F528_plate_c [+45/(90,0)]2s 406 800 2135 454  48.85+7.11  14.56
F528_plate_d [#45/(90,0)]s  4.22  80.0 2234 454  48.03+7.89  16.42
F549 plate_a [+45/(90,0)]2s 455 80.0 1412 450  67.93+8.90  13.11
F549 plate b [+45/(90,0)]2s 446  80.0 19.19 450  51.14+3.63 7.10
F549 plate_c [+45/(90,0)].s  4.28  80.0  15.04 450  60.87+3.16  5.19
F549 plate_d [+45/(90,0)].s  4.33  80.0  19.71 450  54.10£2.36  4.37

Data obtained from this study

F1533 _plate [+45/(90,0)]s  4.06  77.8 160 485  77.65#4.92  6.33
F1540_plate [PW600]s 261 791 161 539  51.93+7.05 1358
F1541_plate [PW600]s 3.66 467 16.0 50.6 50.55+11.14 22.03

KES: Knife-edge separation. The crushing fixture domposite plates have the knife-edges that contac
the specimen and offer simply-supported boundangition;

L: Length. Sample F528 and F549 were cut into 8domyg, but their length was not measured,;

h: Thickness; VF: Fibre volume fraction.

CV: Coefficient of variation = (standard deviatibSEA average value) x 100.

values behind the + are standard deviations.

Figure 4.6 and Figure 4.7 show that the SEA lewdlsntersecting square cells are
located in the lower boundary curve of the platestting results. In the same way as
the composite plate, the SEA value of the intensgctquare cell increases if the D/h
ratio decreases. However, for the same materia, dbmposite plate possesses
approximately 40% higher SEA than the intersectiggare cell.

Figure 4.8 presents the difference between intérggsquare cell and composite plate
on the curves of specific energy absorption agaimngilacement. Compared with the
flat plate, the intersecting square cells seem lgn@breach the full energy absorbing
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potential. According to the above discussion, thesfble explanation for the energy
loss on intersecting square cell is that the laagikus of bending curvature and buckling

issue at fronds directly lower its crushing perfamoe.

120 & e, F1540_plate: [PW600]6
------- F1533_plate [+45/(90,0)]2S
F1540b_ISC: [PW600]6

100 - F1534_ISC: [+45/(90,0)]2S
80 L 2
(@)] .
<
=
X 60 - .
< o
L r - “
0 B
40 | =

20 - |
0 T T T T T 1
0 5 10 15 20 25 30
Displacement /mm
Figure 4.8 Comparison of specific energy absorptionvs. displacement curve between

intersecting square cells and simply-supported plat for [PW600}; laminate

The effect of radius of bending curvature at frorsisainly dependent on the Mode-I
interlaminar fracture toughness at the middle layarlaminate. Splaying fronds with

large radius of bending curvature are normally edusy the rapid central crack inside
the laminate. The effect of the Mode-l interlamirfeacture toughness has been

investigated previously on composite plates in @a@avona and Hogg's work [24].

They found that that the SEA values of composiétgsl located on the upper boundary
(see Figure 4.6) would normally generate smallusdif bending curvature at fronds.
And those located on the lower boundary would ndlgmgenerate large radius of
bending curvature at fronds. These bent fronds withall radius would maximise
crushing performance of laminate through a numbefaibure mechanisms, which
include delamination, fibre fracture, laminar dpig, as well as interlaminar friction. In

order to improve the Mode-I interlaminar fractuoeighness and reduce the propagation
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speed of the central crack, Cauchi-Savona and Hotygduced through-thickness

stitches in the composite plates.

plate creating a similar boundary

Splaying fronds of intersecting l l
condition of simply-supported Y

Free-supported
edges

Knife-edges create
boundary condition of
simply-supported

\ Large radius of bending
\ curvature at fronds

A \

Tearing point

(A)

Small radius of bending
curvature at fronds /

/
7/

Small radius of bending
curvature at fronds

Buckled fronds

Figure 4.9 Schematic sketches of sample failure mesl illustrating the difference between

simply-supported composite plate and intersectingqaare cell.
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However, even without the stitches, the Cauchi-8avand Hogg's data presented in
Figure 4.6 show that more than half of compositasep still crushed with small radius
of bending curvature at the splaying fronds. Thistftributed to the simply-supported
boundary condition along the knife-edges (see Eigu® A). The simply-supported

boundary condition certainly constrains the frormg®ning.

In the intersecting cell, this constraint does exist around the slotted areas. Instead,
the boundary condition turns to freely-supporteduad these areas (Figure 4.9 B). If
the plate is freely-supported, the laminate tewmdsrish with a large radius of bending
curvature at the fronds. As a consequence, thectefémess of all those failure
mechanisms at splaying fronds can be significarejuced. In many other cases, the
intersecting square cells also experienced buckiing bending under compressive
loads (Figure 4.9 C and D). It reveals that thegynabsorption capability of composite
structures is significantly related to the stapibf structures.

Furthermore, it is also important to note that,some intersecting square cells, the
laminates also crushed with small radius of bendunyature at fronds (Figure 4.9 E).
Sample [PW40Q} (F1537_ISC) is a very typical example which extsiban
outstanding crushing performance which is abouldBkg on SEA. This result is very
close to the upper boundary of plate crushing olakagure 4.7.

Because of the buckling issue however, the crushasglts of some samples which
crushed with a small radius of bending curvatureubd still fall into the lower
boundary in Figure 4.7. According to the experiméonbservation, the [£45/PW6QQ]
samples are more likely to fail by transverse csablan [PW40Q} samples.

Also the sample, the [PW4QQ](F1538_ISC), behaved very unusually in this stuoiy.
average, it only achieved about 35.9kJ/kg on SEth wie D/h ratio of 18.1. Although
[PW400}, only has extra two layers of woven fabric than @0®},, according to the
experimental observation, premature buckling was #he main cause for a reduction

in crushing performance of the [PW4@03amples.

The photographs of crushed sample, [PW4)Q}45/PW600}s and [PW400], are
shown in Figure 4.10. In order to improve the sl stability and avoid the buckling
on crushing structures, it is necessary to evaltlagecritical buckling load on each

structure.
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[PW400]s, (F1537_ISC)

[+45/PW600]zs (F1567 |SC)-Ia P -

- cracks caused by =z
buckling

Figure 4.10 Photographs of crushed samples: [+45/P&@0Ls (top) and [PW400], (bottom)

4.2. Critical buckling analysis

It has been discussed in the literature that strattinstability and buckling issues
would divert the crushing into an unexpected failomode, and consequently reduce the
energy absorption capability of the structure. Tan reason that causes the structural

instability and buckling on intersecting squardsce the freely-supported boundary
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condition within this structure. To avoid freelypported boundaries, the assembly

mode of the geometric cell needs to be improved.

4.2.1. Buckling of isotropic plate

The actual stability of the structures can be tgihycdetermined by buckling theory

performed either manually or via a finite elemerthinique [22]. Therefore, this section
introduces the analysis of critical buckling stréssing on classical equations. The
finite element modelling will be performed in thext section for composite laminates

with different geometries.

The prediction of critical buckling load (or strgder isotropic materials has been
systematically investigated in many references 1B, 105]. The buckling properties

of isotropic plates that are simply-supported atrfedges can be expressed as [104]:

2E h 2
oy =k al—)(aj 1)

where o = critical buckling stress,
E = compressive modulus of the isotropic material,
h = thickness of plate,
b = width of plate,
v = Poisson’s ratio

k. is the compressive buckling coefficient that isfumction of edge boundary
conditions. Theoreticallyk. is determined by the number of half-waves) (n the
buckling mode and the ratio of length of plat {o width of plate If), which is

expressed as:

)]

As mentioned before, the critical buckling load heavily affected by boundary
conditions and structural geometry. Figure 4.11wshohe relationship betweek,
boundary condition and length/width ratio in theckling plate. Taking simply-
supported plate, C, as an example,khealue increases dramatically when the a/b ratio

decreases from 1 to 0.
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Figure 4.11 Influence of boundary conditions and & ratio on the buckling coefficients of
isotropic plates subjected to in-plane compressiveading [10]
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4.2.2. Buckling of anisotropic plate: Theory and Abaqus FEMs

Buckling analysis for anisotropic composite matseriss much more complicated.
However, Vince and Chou [9] developed a set of Bgna for the predicting the critical
buckling load of orthotropic (crossply) plate undferent boundary conditions. These
equations are basing on classical laminate thewdlytlze theorem of minimum potential
energy (see Appendix 1). Except the Abaqus 6.6omantercial software, EASComp
version 2.1, was also applied as an assistantttoanalyse the elastic property of

composites

The results of critical buckling analysis usingssigal theory were plotted in Figure
4.12 where it shows the relationship between alittuckling load and a/b ratio for
crossply laminates with simply-supported boundampditions. The critical buckling
load per unit width calculated via ABAQUS FEMs Iisacompared in this figure. An

embedded buckling analysis procedure in Abaque(@gue buckling analysis) was

used.
8.0
——[90/0]s Theory
7.0 -
6.0 e [90/0]s Abaqus
€
(S
> 5.0
< [90/0]2s Theory
g
é’ 4.0
S E A [90/0]2s Abaqus
g
a 304 -
IS
Q
o 2.0 - ——[90/0]3s Theory
1.0
®  [90/0]3s Abaqus
0.0
0.0 0.5 1.0 15 2.0 25 3.0

a/b ratio
Figure 4.12 Classical theory and ABAQUS simulationgor simply-supported plate with lay-
ups of [90/0}s, [90/0Ls, and [90/0k, where m is the number of half-waves.
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In Abaqus, the critical buckling load is obtainedgerforming an eigenvalue buckling
analysis. The buckling load estimate is obtainedaasultiplier of the pattern of

perturbation loads, which are added to a set efeece (or base state) loads.

The eigenvalue buckling analysis is a linear pédtion procedure, and is generally
used to estimate the critical (or bifurcation) lazda stiff structure [100]. In the finite-
element analysis, a system of nonlinear algebrgi@tons results in the incremental

form:
[Crgl d{u} = d{p} (4.3)
where [Cy] = the tangent stiffness matrix,
d{u} = the incremental nodal displacement vector,
d{p} = the incremental nodal force vector.

When the structural is small and only behaviouhimitthe elastic range, the nonlinear
theory leads to the same critical load as the tirthaory. Accordingly, if only the
buckling load is to be determined, the calculatan be greatly simplified by assuming
the deformation to be small. The nonlinear termsiciwhare functions of nodal
displacements in the tangent stiffness matrix cso &e neglected. The linearized
formulation then gives rise to a tangent stiffnesstrix in the following expression
[98]:
[Cl = [CL] + [CJ] (4.4)

where [C] = the linear stiffness matrix, an@]] = the stress stiffness matrix.

Assume C, ]t is the stiffness matrix corresponding to a refeeclwad {} e, the load

level {p} at current state can be obtain by applying a loadtiplier, A:
{p} = M P} rer (4.5)
Also we get, €,] = A[C,]ref (4.6)

If buckling occurs while the external loads are stant, i.e.,d{p}=0, then the
bifurcation solution for the linearized bucklingoptem can be determined from the

following eigenvalue equation [100]:
([CL] + Rerl Colrer) d{u} = 0 (4.7)

where A is the eigenvalue, ard{ u} is the eigenvector.
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The eigenvector that defines the buckling mode estagventually, the critical load

{p}cr can be obtained from equation:

{P}cr = Aerd P} re. (4.8)

In Figure 4.12, it shows results from ABAQUS FEM® d5%-20% lower than the
results calculated by classical theory. It is atsportant to note in the figure above that

the critical buckling load is influenced by thiclgseof laminate.

4.2.3. Comparison of critical buckling of plates with tubes and ISCs

To understand the influence of buckling mechaniemgnergy absorption capability, it
IS necessary to evaluate and compare the critigekling stress between intersecting
plate and simply-supported plate. Thus, ABAQUS FEMse used as a technological

tool for this purpose.

Three different geometries were modelled, they @resimply-supported plate that
represents the plates tested by Cauchi-Savona agd H6]; ii) intersecting plate (one
plate out of four-plate intersecting square cdittis investigated in this study; and iii)
square tube that has same width as simply-suppglae. Three-dimensional Y2
symmetry shell models were applied to former tworgetries, respectively. Three-

dimensional ¥2 symmetry shell models were applietthécsquare tube (Figure 4.13).

Both top and bottom edges of all geometries wetleeeisimply-supported or freely-

supported. However axial motion on the bottom etihge was constrained (degree of
freedom 3 = 0). Herein, the degrees of freedom lwhie described by numbers, 1, 2
and 3, refer to the axial motion along the direttaf x, y and z (see Figure 4.13),
respectively. And the degrees of freedom whichdascribed by numbers, 4, 5 and 6,

refer to the rotational motion around the axes,of and z, respectively.

Boundary conditions for vertical edges of above atedre varied: i) for the simply-
supported plate, the left vertical edge is simplggorted (degree of freedom 1,2,4,5 =
0), while the right vertical edge is modelled amgyetry plane (degree of freedom 1,5,6
= 0); ii) for the intersecting plate, the right ieal edge is also modelled as symmetry
plane. Moreover, the out-of-plane motion of theagj@ccurately a line) between the slot
end and top edge was constrained (degree of fre@gbm 0); iii) for the tube, both two
vertical edges are modelled as symmetry plane égegf freedom 1,56 = 0 and

2,4,6=0, respectively). These boundary conditidss ean be found in Figure 4.13.
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Figure 4.13 Boundary conditions (vertical edges) ah loading conditions on different

Geometric FEMs

The buckling characteristics of composites are daad by the structural boundary
conditions and geometric shapes as well as therdiimes. In order to simplify the
simulation process and only concentrate on comgathe influences from geometry
themselves, the lengtla)(for all structures was fixed to 50mm, and the-Ugywas

focused only on [90/@} that fixed their thicknesses to 3.04mm.
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--©- --Simply-supported plate
A
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Figure 4.14 Buckling analysis of intersecting platesimply-supported plate, and square tube:

top and bottom boundaries are simply-supported
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The width of plate was varied to control the withigkness lf/h) ratio. During this step,
the separation widthSD) was considered as the practical supporting wifith
intersecting plates. The modelling results of thical buckling load per unit width are
shown in Figure 4.14. It is important to note tR& models mentioned were simply-
supported along the top and bottom edges.

It also reveals that the simply-supported platdsgalse more stably than the intersecting
square cells under compression. And the differenicetability between these two
structures is enlarged significantly along with @ases in thé/h (or SD/h ratio. It is
interesting to note that the square tube and ti@lgisupported plate, which have the
same width, possessed a very similar value ofcefitouckling load per unit width. In
other words, the walls of square tube can be appetely considered as simply-
supported plates. Therefore, the transition gedesetreed to be modified by avoiding

freely-supported edges. The corrugating structacgdcbe a good option.

7.0
--© --Simply-supported plate
6.0 1 - - B - - intersecting plate
e A
§ 50 - /A - - Square tube
pd
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5.0 10.0 15.0 20.0 25.0 30.0
b/h ratio (SD/h for intersecting plates)
Figure 4.15 Buckling analysis of intersecting platesimply-supported plate, and square tube:

top and bottom boundaries are freely-supported

The von Mises stress distribution presented in féigtil4 shows the centre of those
structures is most likely place to start bucklirtpwever, according to the observation

of crushing tests, the intersecting square celid te buckle at the bottom edge. If
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the freely-supported boundary conditions were &gjpéilong the top and bottom edges,
the Mises stress distribution shown in Figure 4fd5the buckled structures is more
closed to the real situation. In this situatiore ttritical buckling load of intersecting
square cells was significantly reduced. Comparet f®igure 4.14, Figure 4.15 exhibits
that the difference of critical buckling load beemeintersecting square cell and simply-

supported plate is more sensitive to e (or SD/H ratio.

4.3. Effects of critical buckling stress on crushin g performance

It is also interesting to note that, the criticackling stresses of the intersecting square

cells are generally lower than sustained crushtresses (SCS ar, in equation 2.4)

and initial peak crushing stresses (see Figure)4Hérein, the initial peak crushing
stress is defined as the maximum stress that tghicry sample achieved before the
sample entered the sustained crushing stage. re=i.16, only [90/Qk laminates
were used for calculation. The thickness of lamn@satas fixed to 3.04mm, while the

width of these structures was varied to controldfneratio.

- - £ - - Critical buckling stress of ISCs
700 - - ©- - - Critical buckling stress of simply-supported plates — 700
- - A~ - - Critical buckling stress of square tubes
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Figure 4.16 Relationship between critical bucklingstress and crushing stress.
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As a contrast, the critical buckling stresses ofy-supported plates and square tubes
are generally higher than their sustained cruslsingsses and initial peak crushing
stresses. This result reveals that the intersectinmre cells buckle more easily than

plates or square tubes during crushing.

4.3.1. Buckling issues in composite plates during crushing

For the composite plates, two situations could kapguring crushing. One is that after
being triggered, the accumulated debris wedgessiblé laminate into two fronds. Then
the splaying fronds enlarge the supporting aretherplaten. Consequently, the critical
buckling stress of the plate is increased and phlatlecontinue crushing instead of
buckling. The other situation is that after beinggdered, the critical stress of splitting
the laminate is too high to be overcome by theidakedge. Then the critical buckling
stress is achieved before the plate could be presntit a more stable crushing stage
with laminar bending. Furthermore, because of thestraints generated by knife-edges,
the composite plate starts to break and buckle @ ag squash (see examples of

composite plates shown in Figure 4.17, Ref [2]).

Specimen
squashes
and does

not tear

Figure 4.17 Photographs of crushed composites platehaving a [+45/0}s orientation and

stitched by Kevlar® yarns in a transverse orientation [2]

4.3.2. Buckling issues in intersecting square cells during crushing

Different from the simply-supported plate, afteringe triggered the plates in an
intersecting square cell easily reach their crticackling stress at a relatively low
crushing stress level. However, the intersectiraggsl do not tend to buckle straightway
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because the intersecting plates need to tear up @her at the contacting point (or

tearing point, see Figure 4.9). Meanwhile, thegeeigged plate is also constrained by the
opposite plates (drawn as the dashed lines in €ig1®) which offer a simply-supported

boundary condition on the non-slotted areas. Withis particular constrained area,

because the width/thickness ratio is approximatglyal to 1, the critical buckling stress
becomes extremely high. Therefore, the initial peraishing stresses of the intersecting
square cells are generally higher than the prediictiéical buckling stress.

Once torn up some of the intersecting plates dtarbuckle and fold under the

compressive load. Photos of the typical bucklechdso are shown in Figure 4.18.

Therefore, the sustained crushing stress of thersatting square cell closes to the
critical buckling stress in general, but it is lavilean the initial peak crushing stress.

Lamina fractures
caused by buckling

Figure 4.18 Photographs of crushed [PW60@kample (F1541a_ISC)

4.4, Summary

Work done at this stage has shown that the endyggrption capability of intersecting
square cell is dominated by its freely-supportedraary condition. The results from
crushing tests show that intersecting square eglsbited a lower SEA level compared
with simply-supported plates. This reduction isnedgsed by the photos of crushed
samples. The deformation process generates ladgesraf bending curvature on fronds
and an inconspicuous central crack accompanieddbalbuckling. In particular, the

unstable global buckling can produce a negligibh®ant of energy absorption.
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The analysis of the results of critical bucklingdis revealed the structural stability was
controlled by geometries and boundary conditionke Tintersecting square cells
exhibited lower stability than simply-supportedtpkor square tubes. This difference
in stability between intersecting square cell amap$y-supported plate increased along
with the decrease of their width/thickness ratiom tBe other hand, both intersecting
square cell and simply-supported plate possesdasimmergy absorbing levels when

their width/thickness ratios exceed 25.

To avoid freely-supported boundaries in structiaegood idea is to introduce the
tubular cells or simply-supported plates directiyoi the structure, because both tube
and plate have been intensively investigated arly funderstood in the energy
absorbing research field. Corrugated geometriesexample, sine wave, also can be
good options that increase the stability of strregu Although a similar attempt of
combining tubes and plates in a continuous compasiticture has been performed on
crash-energy absorbing helicopter subfloor beams~éley [48], the transition of
different geometries, effect of fibre architectuamd dimensional relationship had not

yet been investigated in depth before this work.
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Chapter 5. Geometric Cells

The intersecting square cell would demonstrate ethergy absorption capacity of a
panel arrangement if they could crush without fneetouckling. In order to increase the
stability of transition structures during crushinthree composite structures with
different shapes but similar perimeters were crbaitey consist of plate and tubular
cell elements and represent a unit cell of the cusitg core within the presumed large
composite panel. This chapter is focused on thehing response of these modified

cells.

5.1. Specimens

Each specimen consists of two symmetrical parteedytogether on flat sides by using a
Hysol adhesive that was mentioned in Table 3.2y\&nall amounts of glass beads,
diameter of 0.25mm, were added in to the Hysol sidieein order to control the

thickness of the adhesive layer. Each symmetriakldonsists of a central corrugated
part and two flat plates on both sides. The strattdensity can hence be controlled by

the dimensional ratio of corrugated part to flattel

5.1.1. Geometric characteristics

The cross-sectional areas of these geometric aelsketched in Figure 5.1. According
to the conclusion of last chapter, it seems thatgtjuare tube may represent simply-
supported plates in a structure. Hence, the fiestsition geometry was designed as a
square cell with rounded corner of 5mm in radiuscWwhconnects to the plate part

(Figure 5.1a). The purpose of using round cornes w@ disperse stress under
compressive loading, because the stress can g eascentrated onto sharp corners
that would potentially trigger an unstable crushiibis structure is named ‘S-cell’ for

short in the rest of this thesis.
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(b)

Geometry of core part a) S-cell b) C-cell c) H-cell
Perimeter excluding flat sides 62.8mm 62.4mm 63.6mm
Figure 5.1 Geometric dimensions of the cross-seatial area (half) for three transition

geometries: a) rectangular; b) circular; C) hexagoal
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According to the observations that composite tupessessing larger corner radii
exhibit greater crushing capability [11], the sedtdransition geometry was designed as
a combination of sine wave and circular tube (Fégbirlb). Its 10mm radius is set to
produce a perimeter close in size to the S-celkagenal honeycombs are the most
commonly used cores in composite sandwiches dtleetogeometric efficiency. Under

flat-wise compressive loading honeycomb cores ntlynsaush by local buckling. Thus

the third transition geometry is designed to preval hexagonal shape (Figure 5.1c).

These two structures are named ‘C-cell’ and ‘H-defl short, respectively.

5.1.2. Materials and laminate properties

Polyester resin was selected for the transitiopslsamples, the same matrix system as
the intersecting square cells. Two NCFs (UD DV06d #45 FGE104 ST) and woven
fabric (plain-woven GWR400P) with areal density 4§0g/nf (see Table 3.1) were
used at this stage. Many types of fibre architestwf tubes and plates have already
been studied to assess the energy absorption anagsring conditions. This section is
focused on the crushing response of transition g&aes which combine a number of
elements, and the effects of differences in fibighidectures in these geometries are

also considered.

Table 5.1 Laminate properties of S-cell
Reference Orientation Cured Thickness Width Perimeter VE%
h (mm) D (mm) P (mm)
F1640_S [90/0/90] 1.21+0.021 60.18+0.18 83.60+0.18 47.3
F1643_S [0/90/0] 1.18+0.050 59.92+0.11 83.33x0.11 47.8
F1646_S [90/0]s 1.54+0.070 60.04+0.09 83.45+0.09 50.6
F1617_S [90/02]s 2.21+0.018 60.04+0.15 83.45+0.13 49.3
F1649 S [90/0]2s 2.90+0.041 59.95+0.14 83.3610.14 51.1
F1653_S [+45/0/+45] 1.28+0.033 59.7340.13 83.15+0.13 50.5
F1656_S [+45/0]s 1.56+0.009 59.85+0.11 83.2740.11 52.1
F1620_S [+45/02]s 2.33+0.014 60.26+0.13 83.67+0.13 50.3
F1659_S [+45/03]s 2.87+0.025 60.06+0.44 83.48+0.44 53.6
F1623_S [90/+45/0]s 2.40+0.019 60.23+0.08 83.64+0.08 49.5
F1662_S [90/+45/0,]s 3.18+0.130 59.67+0.20 83.08+0.20 48.2
F1665_S [PW400/0]s 1.29+0.036 59.88+0.06 83.30+0.06 50.3
values behind the + are standard deviations; Ritbre volume fraction
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Table 5.2 Laminate properties of C-cell

Reference Orientation Cured Thickness Width Perimeter VE%
h (mm) D (mm) P (mm)
F1639_C [90/0/90] 1.22+0.023 60.16+0.08 82.99+0.08 47.3
F1642_C [0/90/0] 1.25+0.027 60.08+0.10 82.91+0.10 46.2
F1645 C [90/0]s 1.58+0.047 60.09+0.22 82.9240.22 48.8
F1616_C [90/0;]s 2.30+0.047 60.09+0.19 82.9240.19 514
F1648 C [90/0]2s 2.98+0.078 59.98+0.11 82.81+0.11 51.1
F1652_C [+45/0/+45] 1.28+0.033 59.92+0.04 82.76+x0.04 51.6
F1655 C [+45/0]s 1.60+0.021 59.86+0.09 82.69+0.09 53.0
F1619 C [+45/02]s 2.36+0.028 60.07+0.07 82.90+0.07 52.8
F1658 C [+45/03]s 2.98+0.037 59.57+0.19 82.40+0.19 54.4
F1622_C [90/+45/0]s 2.44+0.032 60.20+0.16 83.04+0.16 50.6
F1661_C [90/+45/0,]s 3.23+0.222 59.84+0.14 82.67+0.14 48.6
F1664_C [PW400/0]s 1.32+0.051 59.74+0.22 82.57+0.22 47.9
values behind the + are standard deviations; Ritsie volume fraction
Table 5.3 Laminate properties of H-cell
Reference Orientation Cured Thickness Width Perimeter VE%
h (mm) D (mm) P (mm)
F1641 H [90/0/90] 1.29+0.028 65.72+0.47 84.90+0.47 45.2
F1644 H [0/90/0] 1.2240.057 66.14+0.11 85.31+0.11 47.3
F1647_H [90/0]s 1.63+0.100 66.01+0.28 85.19+0.28 47.1
F1618_H [90/02]s 2.27+0.024 66.11+0.03 85.29+0.03 49.9
F1650_H [90/0]2s 2.97+0.063 65.85+£0.47 85.03+£0.47 50.4
F1654 H [+45/0/+45] 1.29+0.014 65.72+0.20 84.90+0.20 49.4
F1657_H [+45/0]s 1.59+0.009 65.80+0.19 84.97+0.19 53.6
F1621_H [+45/02]s 2.42+0.009 66.36+0.45 85.53+0.45 50.9
F1660_H [+45/03]s 2.99+0.050 65.82+0.14 85.00+0.14 53.1
F1624_H [90/+45/0]s 2.44+0.011 66.08+0.20 85.26+0.20 49.8
F1663_H [90/+45/0,]s 3.22+0.106 65.66+0.13 84.84+0.13 48.0
F1666_H [PW400/0]s 1.31+0.010 65.80+£0.12 84.9840.12 50.3
values behind the + are standard deviations; Ritbre volume fraction

Twelve different types of lay-ups including biaxiiiaxial and quadriaxial orientations,

were generated for different transition geometbgsarying the ply number of fabrics
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and fibre orientations. Those laminate propertieditberent cells are shown in Table

5.1 - Table 5.3, respectively.

For the nomenclature of specimens, _S, C, and egtiesent square, circular and
hexagonal cross-sectional geometries, respectiviie perimeter K) presented in
tables above is the total length of cross sectfanlwalf geometric cell including the flat

side.

At this stage, an embedded trigger consisting 6fl9D fibres was chosen as the trigger
type. It is manufactured from shortening of thetcarunidirectional layers by 5mm and
filling the space with 90° lateral fibres. Thisgiger does not need the post-machining
after infusion, which reduces the processing tifdat trigger fronts also potentially
offer an ideal connection area between core andwken the form of final structure is
a sandwich composite. Each specimen was cut to 50 and then crushed by

35mm (0.7 in crushing strain). Finished specimeasshown below.

Figure 5.2 photographs of modified samples with thee different transition geometries

5.1.3. Stitching parameters

In order to balance the effectiveness between @leatack (or Mode-I properties) and
fronds bending during laminate crushing, specimegere stitched at this stage. A Juki
LU-563 industrial sewing machine equipped with DPslze 160 Groz-Beckert San-5
needles was used to perform the stitching procHss.modified lock stitch (with the
lock at the top) was chosen since it has been prageghe most effective stitching type
for plate crushing [2]. The 120tex KevfaR9 thread with tenacity of 185~200 cN/Tex
from Atlantic Thread and Supply was chosen, alsmabse it is the best option stated in
the previous literature [2].
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Top area contacting with infusing bag

Modified lock stitch

Bottom area contacting with mould

Figure 5.3 Cross-sectional area of modified lock isthed laminate

For these three transition geometries, their dryopms were stitched in parallel lines
with 15mm separation between lines, and six limasefach half part. The distance
between stitches in the same line was kept conatanihd 5mm (see Figure 5.3) since

this was the maximum allowed by the sewing machifeerefore, this gave a stitch

density of 1.3stitches/cm

120
100 - —— Stitched [90/02]s C-cell
—— Unstitched [90/02]s C-cell
80
°
<
< 60 -
<
w
n
40 -
20 -
0 T T T T T T T
0 5 10 15 20 25 30 35 40
Displacement (mm)
Figure 5.4 Effects of stitching on the SEA of triadal [90/0,]s laminate of C-cells

In the crushing performed on simply-supported platstitching benefits energy

absorption through increasing the interlaminar sbgangth (ILSS) [106] and stabilises

the crushing process through improving the fractorgghness properties [24]. A
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comparison (Figure 5.4) between stitched and wh&itt [90/@]s C-cells shows that
proper stitching should also improve the energygiigon capability of these modified

transition geometries.

5.2. Crushing stages and periods

A typical SCS/displacement curve obtained from $46/0]s which is plotted in Figure
5.5 is representative of most crushing results. diushing process of these transition
geometries can be divided into three stages.

Displacement (mm)

120
—C-Cell [90/+45/0]s
100 - S-Cell [90/+45/0]s
120 5 80 — H-Cell [90/+45/0]s
! 2 60 o
— H-Cell [90/+45/0]s i < 007
. <
: w40 -
100 -| ! 7)
! 20 -
! O T T T T T T
80 - ! 0 5 10 15 20 25 30 35
|
i
|

Potential SSCS :/

Actual SSCS

SEA (kJ/kg)
D
o

N
o
|

20 -
Stage-I Stage-ll Stage-lll
0 T - T T - T T T
0 5 10 15 20 25 30 35
Displacement (mm)
Figure 5.5 A typical SCS/displacement curve with tfee distinct stages
Stage-l: Unlike the chamfered trigger (see Figu®,2Zhe trigger made of 90°

lateral fibres has to overcome the interlaminamasis¢rength and forms a sharp steeple
(or chamfered) tip under compressive loading. Fnecess is illustrated in Figure 5.6
@. Hence, the collapse of the triggering tip generaesfirst peak on the crushing
curve shown in Figure 5.5. Following this, the clierad tip behaves very similarly in

115



triggering crushing as the chamfered trigger. Shbye the tip were ground into debris
(Figure 5.6®@). Soon the debris forms into a wedge that gengrateentral crack
(Figure 5.6@). Compared with the chamfering trigger, the triggeade of 90° lateral
fibres potentially helps to retain the structurdgkegrity before the crushing strength was

achieved by external loads.

Stage-Il: The laminate is then splayed by the acdated debris wedge into two
halves and crushed in a lamina bending mode. Thiend® - @) of Stage-Il varies
from 5mm up to 25mm on stoke length, dependingroshing behaviour of different

specimens.

Stage-lll: Due to the interfacial weakness, theesdle bonds between two half
geometric samples might fail under the crushinglloghe central crack generated by
debris wedge also aggravates the debonding betweenhalf parts. As a result,
unexpected debonding might cause catastrophic psdlaf the two half parts are
completely separated during crushing. In additiovg longitudinal freely-supported
edges might initiate buckles, especially for traminates. Therefore, those unexpected
destabilizing effects, which are illustrated in g 5.7, result in the crushing load
decreasing gradually during this stage. It is intgoatr to note that most destabilizing
effects happen at both flat sides, but not at tre part of the cells.

EE e
5 NN
g SN i
8 NN 2
S NI
g NI i
2 AN i
0 A
" A i i '.“.
@) \ Debris wedge /
Figure 5.6 Schematic representation of the triggeof 90-degree-fibre initiated at stage |

However, the progressive lamina bending mode st achieved by many specimens
through out the whole crushing process. As a corspar Figure 5.7 shows a stably

crushed specimen. In a few cases, if the specimens not separated during crush, the
debris blocked inside the cell would normally irase the crush load a bit at the end of

test.
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Parts debond i
and separate |}
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] § ', . Flat side bends = 8
| : and cracks

Folding instead of

. . Progressiv
lamina bending ogressive

lamina bending

Figure 5.7 Photographs of modified geometric cellsnder unstable crushing: (a), (b) and (c);

and stable crushing: (d)

Figure 5.5 suggests that the quadriaxial H-celirset absorb less energy than C-cell,
but more than the S-cell during static crushingotder to compare the behaviour of
different geometric cells, the sustained crushitrgss curve of each specimen was

divided into three crushing periods:

1) Stage 1: Initiation of stable crushing, crushpegiod of first 10mm stroke started

from the point® in Figure 5.5;

2) Stage 2: Stable crushing, crushing period obiséclOmm stroke which is about
between the displacement of 17mm to 27mm for tB&{H45/0F H-cell shown in

Figure 5.5;

3) Stage 3: Crushing becomes unstable, last crggienod which is from 27mm until
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the end.

The SEA values of all geometric cells consisting MCFs (i.e. excluding the
[PW400/0E cells),

perimeter/geometric thickness (P/t) ratio in FigGr8. The geometric thickness is the

within different crushing stages are mdtt against the
summation of two laminate halves=2h) listed in Table 5.1 - Table 5.3. It clearly
reveals that the SEA levels of cells decrease@®fthratio increases in stage 1, the first
10mm stroke. In the second and last periods, thke I8%els of most cells decrease with

increasing P/t.

In Figure 5.8, the geometric cells with larger Kmesses exhibit higher stability during
early crushing, but lower sustainability afterwar@lis phenomenon is also reflected in
the dispersion of SEA data. Furthermore, as shovoth Figure 5.5 and Figure 5.8, C-
cells seem to be more stable and sustainable thaan® H-cells during the whole

crushing process. This result is seen more cleamlythe normalized data which is

shown in Figure 5.9.

First 100mm stroke Second 10mm stroke Last stroke period
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Figure 5.8 SEA values of all modified geometric cislin every crushing period of 10mm
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But meanwhile, some specimens that have similakti@sses still may exhibit different
SEA level. In other words, in addition to the stural geometries, the fabric lay-ups
also play a very important role in the energy apson of geometric cells. In order to
systemically and efficiently evaluate the crushnegults of different geometric cells
and lay-ups, it is necessary to isolate the inft@eftom catastrophic structural failure
caused by weak interfacial bonding between halfasn The concept of sustained

structural efficiency$SH is thus introduced, which is discussed in sechigh

1.2 —o—Circular Hexagonall —=— Square

1.1 -

1.0 A

0.9 -

0.8 -

Normalized SEA (kJ/kg)

0.7 4

0.6 -

0.5

First 10mm stroke Second 10mm stroke Last stroke period

Crushing periods

Figure 5.9 Normalized SEA of all modified geometricells in every crushing period of 10mm

5.3. Crushing results

The crushing results of all modified geometric £edlre presented in this section.
Crushing data for each of the three geometric egtlidisted in the Table 5.4, Table 5.5

and Table 5.6, respectively.
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Table 5.4 Crushing results of S-cells

P/t Potential SEA (kg/kJ) Actual SEA (kg/kJ) Sustained

Reference Orientation ) structural
ratio Average CV% Average CV% efficiency

F1640_ S  [90/0/90] 345 54.15 4.57 47.62 11.16 87.8%
F1643_S  [0/90/0] 35.2 46.32 5.28 45.70 3.20 98.7%
F1646_S [90/0]s 27.0 53.29 5.45 51.50 4.78 96.7%
F1617_S  [90/0J]s 18.9 67.38 2.47 60.46 6.55 89.7%
F1649 S  [90/O]ss 14.4 61.04 5.36 53.27 1.79 87.5%
F1653_S  [+45/0/+45] 325 54.86 4.99 49.27 11.73 89.8%
F1656 S  [+45/0]s 26.7 60.19 3.95 51.97 2.37 86.5%
F1620 S  [+45/0J]s 17.9 64.83 2.47 55.74 6.82 86.0%
F1659 S  [+45/03]s 14.6 66.33 4.24 56.17 4.29 84.9%
F1623 S  [90/+45/0]s  17.4 63.04 5.77 50.22 5.29 79.8%
F1662_S  [90/+45/0;]s 131 63.03 12.34 51.78 11.65 82.3%
F1665_S [PW400/0]s 32.2 66.37 2.60 64.46 2.73 97.1%

values behind the + are standard deviations; MVsreFvolume fraction;

CV: Coefficient of variation

Table 5.5 Crushing results of C-cells

P/t Potential SEA (kg/kJ) Actual SEA (kg/kJ) Sustained

Reference Orientation ) structural
ratio Average CV% Average CV% efficiency

F1639_C [90/0/90] 34.1 58.44 4.04 56.60 3.35 96.9%
F1642_C  [0/90/0] 33.2 49.78 6.71 48.92 7.91 98.2%
F1645_C [90/0]s 26.2 53.59 5.32 51.59 3.02 96.4%
F1616_C  [90/0]s 18.0 60.02 11.48 54.51 10.35 91.1%
F1648 C  [90/0]2s 13.9 56.70 6.85 53.76 5.91 94.9%
F1652_C  [+45/0/+45] 324 50.78 2.96 49.01 3.67 96.5%
F1655 C  [+45/0]s 25.8 52.23 5.37 50.71 5.88 97.1%
F1619 C  [+45/02]s 17.6 59.01 6.15 55.06 3.57 93.4%
F1658 C  [+45/03]s 13.8 62.51 3.60 60.21 3.15 96.3%
F1622_C  [90/+45/0]s 17.0 59.96 3.25 56.99 5.60 95.1%
F1661_C  [90/+45/0,]s 12.8 62.25 5.17 58.86 5.99 94.6%
F1664_C [PW400/0]s 31.3 64.47 3.07 61.27 2.27 95.1%
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Table 5.6 Crushing results of H-cells

P/t Potential SEA (kg/kJ) Actual SEA (kg/kJ) Sustained

Reference Orientation ) structural

ratio Average CV% Average CV% efficiency
F1641_H  [90/0/90] 33.0 50.90 5.67 45.65 7.65 89.7%
F1644 H [0/90/0] 35.1 39.57 4.97 38.79 4.81 98.1%
F1647_H [90/0]s 26.1 53.57 6.25 50.23 5.69 93.8%
F1618_H  [90/02]s 18.8 59.44 6.56 51.06 5.88 86.0%
F1650_H  [90/0]zs 14.3 55.94 8.53 48.49 8.93 86.7%
F1654 H  [+45/0/+45] 32.8 52.18 4.35 48.36 3.85 92.7%
F1657_H  [+45/0]s 26.8 55.92 5.19 49.76 2.84 89.1%
F1621_H  [+45/0,]s 17.7 59.65 7.61 53.93 10.59 90.2%
F1660_H  [+45/03]s 14.2 68.06 5.02 58.84 5.64 86.4%
F1624 H [90/+45/0]s 175 59.68 5.72 51.51 3.48 86.4%
F1663_H [90/+45/05)s  13.2 59.91 8.28 51.95 12.65 86.7%
F1666_H [PW400/0]s 325 59.43 3.06 56.82 2.88 95.6%

In these tables, the SEA which is observed in stage Figure 5.5 is the potential
energy absorption capacity of geometric cells, gvthle actual SEA concerns the region
of stage-Il and stage-lll is the practical enertpg@ption capacity of geometric cells
during crushing tests. The sustained structuratieffcy is the proportion of these two
SEA values. More details will be discussed in S#ch.4.

These crushing data was also classified into ttiferent groups by fibre orientations,
which are biaxial, triaxial, and quadriaxial. Fach orientation set, SEA values were
plotted against the three crushing periods thaevdgscussed in the previous section.

These curves can be seen in the following Figut8,5-igure 5.11 and Figure 5.12.

It has been found that energy absorbing capalsilitieall samples are determined by
their crushing modes and bending forms. Over ati@as, [PW400/Q] cells presented
the most remarkable energy absorption capabilibhe Thinner laminate exhibited the
poorer energy absorbing capabilities, as most qessessing small thickness were
suffered by buckling and large radius-of-curvatbemding. Although the cells with a
thicker laminate experienced severe load dropsnducrushing, they still achieved
rather high SEA levels during the first 10mm stroke

121



[90/0/90]

70 |
65 -
60 |
55
50 |
45 |
40 |

SEA (kJ/kg)

33.3% 0°Fibres

—o0— C-cell

—A— H-cell
—o— S-cell

30

1st 10mm

[90/0] s

2nd 10mm

until the end

70 |
65 -
60 |
55 -
50 |
45 -
40 |
35 -
30

SEA (kJ/kg)

50.0% O°Fibres

—o— C-cell

—A— H-cell
—o— S-cell

1st 10mm

[90/0,]s

2nd 10mm

until the end

70 |
65 -
60 -
55 |
50 -
45
40 |
35
30

SEA (kJ/kg)

66.6% 0°Fibres

—o— C-cell

—A— H-cell
—0— S-cell

Figure 5.10

1st 10mm

different crushing periods

2nd 10mm

until the end

SEA (kJ/kg)

SEA (kJ/kg)

SEA (kJ/kg)

[PW400/0] s

65 -
60 |
55 -
50 |
45 -
40 |
35 1

= 50% 0°Fibres

—o— C-cell

—A— H-cell
—o— S-cell

30

1st 10mm

[90/0] 25

2nd 10mm

until the end

70 |
65 -
60 |
55 -
50 |
45 -
40 |
35 -
30

50.0% O°Fibres

—o— C-cell

—A— H-cell
—o0— S-cell

1st 10mm

[0/90/0]

2nd 10mm

until the end

70 |
65 -
60 -
55 |
50 -
45
40
35
30

66.6% 0°Fibres

—o— C-cell

—A— H-cell
—0— S-cell

1st 10mm

2nd 10mm

until the end

Crushing responses of geometric cells ate of biaxial fabrics during three

122



[+45/0/+45]

70 |
65 -
60 |
55 -
50 |
45 -
40 |
35 -
30

SEA (kJ/kg)

45°:0° =41

—0— C-cell

—N— H-cell
—O— S-cell

1st 10mm

[+45/0,]5

2nd 10mm

until the end

70 |
65 -
60 |
55 -
50 |
45 -
40 |
35 -
30

SEA (kJ/kg)

45°:0° =11

—0— C-cell
—N— H-cell

—0— S-cell

Figure 5.11

during three crushing periods

1st 10mm

2nd 10mm

until the end

SEA (kJ/kg)

SEA (kJ/kg)

[+45/0]

70 |
65 -
60 |
55 -
50 |
45 -
40
35 -
30

45°:0° =21

—0— C-cell

—N— H-cell
—O— S-cell

1st 10mm

[+45/04]5

2nd 10mm

until the end

70 |
65 -
60 |
55 -
50 |
45 -
40 |
35 -

30

45°:0° =2:3

—0— C-cell

—N— H-cell
—0— S-cell

1st 10mm

2nd 10mm

until the end

Crushing responses of the geometric tlthat are composed of triaxial fabrics

[90/+45/0]

70 -
65
60 -
55 -
50 -
45 1
40 |
35 |
30

SEA (kJ/kg)

—o— C-cell

—A— H-cell
—0— S-cell

Figure 5.12

1st 10mm

2nd 10mm

until the end

SEA (kJ/kg)

[90/+45/0,]s

[ N
[ =)
| |

a o o
o o1 O
| | |

w b~ b
g o o
| | |

w
o

—o— C-cell

—A— H-cell
—0— S-cell

1st 10mm

2nd 10mm

until the end

Crushing responses of geometric cellbat are composed of quadriaxial fabrics

during three different crushing periods

123



SEA (kJ/kg)

SEA (kJ/kg)

SEA (kJ/kg)

C-cell —0—33.3% Of?bres C-cell —0—33.3% 0 f?bres
50.0% O fibres 50.0% O fibres
70 —0—66.6% 0 fibres [ 1.2 —0—66.6% 0 fibres  |—
1.1
60 10
S
<
50 5 0.9 -
’ N
- 0.8 -
(0]
N
S i
40 - IS 0.7
S
Z 0.6
30 : 05 ‘
1st10mm 2nd 10mm until the end 1st10mm 2nd 10mm until the end
H-cell ——33.3% Of?bres H-cell ——33.3%0 f?bres
50.0% O fibres 50.0% O fibres
70 —A—66.6% 0 fibres | 1.2 —A—66.6% 0 fibres |—
1.1 -
807 £10-
L]
<
o T 5 0.9 4
I n
+ - 0.8 -
(0]
N
© _
40 - g 07
S
Z 0.6
30 ‘ 05 ‘
1st10mm 2nd 10mm until the end 1st10mm 2nd 10mm until the end
S-cell —0—33.3% Of?bres S-cell —0—33.3%0 f?bres
50.0% O fibres 50.0% O fibres
70 —0—66.6% O fibres | 1.2 —0—66.6% O fibres | —
T 1.1 -
807 £10-
L]
=3
o 5 0.9 4
I n
- 0.8 -
(0]
N
© _
40 - g 07
S
1 Z 0.6
30 : 0.5 ‘ ‘
1st10mm  2nd 10mm until the end 1st10mm 2nd 10mm until the end
Figure 5.13 Crushing responses of biaxial cells ding three different crushing periods
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Furthermore, the SEA values as well as normalizEéd 8alues were plotted against
different crushing periods for samples grouped ating to the weight fraction of 0°
fibres in Figure 5.13 (biaxial cells) and Figurd.(triaxial). Only the laminates in
which the 0° fibres were placed in the middle layare taken into consideration in
these figures. The weight fraction of 0° fibres &esstimated according to the
manufacturing data that were shown in Table 3.1.0eth biaxial C-cells and H-cells,
it seems that the structures become less stabla tileecontent of 0° fibres increases.

But triaxial cells did not show the same results.

5.4. Sustained structural efficiency (SSE)

The observations of the crushing results suggestiie bonding effectiveness might be
a very important factor. Once the adhesive failadng) crushing, the instantaneously
generated splitting and debonding between two saimglves are able to turn the crush

into a low energy absorption level.

Conversely, if two sample halves were bonded p#yfeoy using other existing

technologies, this low energy absorption level $thawt be considered as the potential
energy absorption capacity level that those geamétansition cells were able to
achieve. Therefore, both actual and potential gnetgsorbing capacities of those
geometric transition cells need to be discusséldeasame time.

Herein, the actual absorption capacity of a composiructure is defined as the raw
crushing performance that is obtained from the ewmpmntal test. In contrast, the

potential absorption capacity of a composite stngcts defined as the estimated "best"
crushing performance that the structure is ablectoeve. The actual energy absorption
capacity covers the region of stage-ll and stab@llFigure 5.5; while the potential

energy absorption capacity covers the region ofaguesd crush, which is the stage-Il
only. The sustained structural efficiency (SSE}he proportion of these two values,

which is defined as:

ssE= Jacua 1004 (5.1)

Potential
where Uacua = actual energy absorption capacity of structure;

Upotential = potential energy absorption capacity of struetur
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Figure 5.17 Sustained structural efficiency of aljeometric transition cells
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Both actual and potential energy absorption cajesotf tested three geometric cells are
shown in Figure 5.15 and Figure 5.16, respectivahd their SSE is shown in Figure
5.17. More obviously in these three figures, thicleminates present superior energy
absorbing capabilities compared with thinner lart@saFor the NCF laminates, there is
not a clear boundary or difference amongst biamid quadric-axial fabrics. While it is
interesting to note that the semi-woven [PW/3Ils present more outstanding crushing

performance than NCF cells.

According to above figures, it can be found tha flustained structural efficiency, or
the difference between actual-potential SEA valigesffected by geometric shape of
the core section. As mentioned previously, C-cafipeared to have highest sustained
structural efficiency, while S-cell appeared lowssstained structural efficiency but
more than half specimens showing highest poteatiatgy absorption capacity are S-

cells.

For the S-cells, in both actual and potential fegirsemi-woven [PW400/§)]biaxial
[90/0,]s, triaxial [+45/Q]s, and [£45/Q]s achieved the best SEA values. It is important
to mention here that on average, the specific gnabgorption of [90/)s, [+45/03]s,
and [£45/Q]s S-cells at Stage-Il, decreased approximately kgkdfter stable crushing
of Stage-l. These results can also be found inrEigulO and Figure 5.11. Although
quadriaxial [90/+45/Q] and [90/+45/g]s S-cells achieved more than 60kJ/kg of the
potential SEA values, Figure 5.17 shows that th& 86 quadriaxial S-cells is only
around 80%.

Unlike the S-cells, [90/x45/@]and [90/+45/¢]s C-cells possess much higher SSE. In
terms of either SEA value or SEA order, very littléference can be found between
potential and actual energy absorption capacitg-oklls. Potentially, the [PW4004)]
[£45/05]s, [90/£45/Q]s, and [90/Q]s samples possess the better SEA values. The
crushing response of C-cells seems not to be \angitive to their fabric orientations.
Instead, C-cells with thicker laminate walls seenpadssess higher SEA than those with

thinner laminate walls. And this phenomenon presalso on both S-cells and H-cells.

Amongst H-cells, the triaxial [+4543 samples achieved the highest SEA level. In
terms of actual energy absorption capacity, thei-sewmen [PW400/03 samples
achieved slightly lower SEA level following aftdre [+45/Q]s samples. Whereas in the
potential energy absorption figure of H-cells, b&hx[90/Q;]s, triaxial [£45/Q]s,
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guadriaxial [90/+45/Q and [90/+45/gs also have very similar SEA levels as
[PW400/0L. In Figure 5.17, the SSEs of all H-cells are matierwhich are averagely
lower than that of C-cells but higher than thaSedells.

5.5. Summary

In order to compare the S-, C- and H-cells withvmasly investigated simply-
supported plates [16] and intersecting square celsrallel, their SEA data are plotted
against width/thickness ratios in Figure 5.18. Agdt is necessary to state herein that
the width/thickness ratio means the Knife-Edge-&apn/thickness [16] (K.E/t) ratio
for simply-supported plates; the Separation witlibkness (SD/t) ratio for intersecting
square cells; and the Perimeter/thickness (P/h)tsétio for three geometric cells.

It shows that these three geometric cells develapéhis chapter have achieved greater
energy absorbing levels than those intersectingireqaells that investigated in last
chapter. The section of corrugated core certaimgvgnts the structural composites
from buckling during crushing, and consequently iowed their energy absorption
capabilities. However, the adhesive applied ondidés did not work as effectively as it

was expected.

Accumulated fibre debris between the flat sides iastle the cell would endeavour to
push the two-part-glued cell back to two separatetis. Subsequently, each debonded
half cell hardly crushed perpendicularly, and euahy failed in lower SEA levels.
Especially for the square cells, debris from pataddges at section of corrugated cell
would normally generate more oppositely interactiogce. Therefore square cell is
more likely to be separated during crushing. As amtm@ast, circular corrugating
composite structure is believed as the most sigdébenetric shape during crushing as

the larger round corner can disperse the actirgefsrom debris into different directions

Overall, for above discussed corrugated geometitiessquare cell can achieve higher
potential energy absorption capacity than othenganes. This could be attributed to it
higher critical buckling or crushing strength. Bwith the progress of crushing, all
geometric cells became unstable due to sides delmpndhe relationship between
strain energy release rate (i.e. fracture toughraass flexural rigidity acting on energy
absorption capability of these geometric celld $tds not yet been evaluated. More

discussion will be carried out during the followidgapters.
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Chapter 6. Flexural Properties

According to the crushing results discussed dutireglast chapter, flexural properties
seem to be important factors that dominate thehangsforms of structural composites.
The flexural properties of a structure are highdlated to structural dimensions and
geometrical shape.

For the purpose of comparing testing results iralpar flexural samples were made
from the same materials as each of the correspgratushing samples mentioned in
the last chapter. To keep the same stitching cordigon as the crushing samples,
modified lock stitching was used for all flexurstiag samples (as well as the DCB and

4-ENF referred to in the next chapter).

6.1. Flexure testing samples

Each sample was cut 20mm wide with one Ké&/ktitching line in the middle. This is
considered as a compromise that represents the Hiteimng gap in crushing samples
but meanwhile satisfies all testing standards with uniform setup. More details about
the stitching configurations can be found in Figbr8. A typical flexural specimen is

shown in Figure 6.1.

Length > 60 x Thickness

Figure 6.1 Picture of a typical flexural testing senple with a stitching line in the middle

The majority of samples were prepared using a gtdyeresin. Two other tougher

resins, vinyl ester and epoxy, were also useddoi(}] s laminates at latter stages of
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this project. All the other samples details inchglifibre lay-up orientations and
dimensions are listed in Table 6.1. Only stitchachihated were used for the flexure
tests in this study, though stitching may degradue ftexural properties due to fibre
damage [107].

Table 6.1 Flexure testing Samples
Reference Orientation Matrix Tr;]ic(lr(:riis W(i:]tr?])D CsrszzgeaRd VF%
(mm/min)
F1689_Flex  [90/0/90] C% sc:i;z?;?A 1.18:0.028  19.88+0.45 3.2 515
F1690_Flex  [0/90/0] C% sc:i;z?;?A 117+0.014  20.11#0.05 3.1 515
F1691 Flex  [+45/0/+45] C% sc:i;z?;?A 13130019  20.16+0.02 35 515
F1692_Flex [90/0]s Crés;il;ii?g?A 1.54+0.009  20.16+0.02 4.1 51.9
F1693 Flex  [+45/0]s Crés;il;ii?g?A 1.62+0.013  20.05:0.04 43 51.9
F1694 Flex  [PWA400/0]s C% sc:i;z?;?A 1.30:0.035  20.17+0.02 35 51.9
F1695_Flex  [90/04] s Crés;il;ii?g?A 2.22+0.044  20.16£0.03 5.9 53.5
F1696_Flex  [+45/04]s Crés;il;ii?g?A 2.27+0.061  20.13+0.10 6.0 53.5
F1697 Flex  [90/+45/0] s C%ﬂ:iﬁiﬂ? 2.31%0.032  20.15:0.05 6.2 53.5
F1698_Flex [90/0]2 s C%Sgilii?egrfA 2.90+0.016  20.15+0.05 7.7 53.6
F1699 Flex  [+45/04]s C%Sgilii?egrfA 2.99+0.053  20.06+0.08 8.0 53.6
F1700_Flex  [90/+45/05]s C%Sgilii?egrfA 3.1120.024  20.21%0.03 8.3 53.6

. @
F1707 Flex  [90/0]s D'?vri‘ny?leosfj)oo 2.54+0.029  20.16+0.01 6.8 47.9

G)
F1710_Flex  [90/03]s Ara'?gsoxLy;(564 2.73+0.034  19.96+0.16 7.3 43.2

values behind the + are standard deviations; Fitbre volume fraction;
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6.2. Flexure testing results

All flexure testing results can be found in Tabl@.6The area under the stress-strain
curve (see Figure 6.3) is the strain energy der{gjjywhich is also mentioned as the
strain energy per unit volume (F)nin some literature. The strain energy densityrapr
flexural test is thus defined as:

u, :ja-dg (6.1)

where ¢ = flexural stress; ¢ = flexural strain.

Table 6.2 Flexure testing results
Flexural strength Flexural modulus Strain energy
Reference Orientation (MPa) (GPa) density (GJ/m 3)
Average Standgrd Average Standgrd Average Star)dgrd
Deviation Deviation Deviation
F1689_Flex [90/0/90] /PE 259.3 6.9 7.5 0.7 637.4 50.7
F1690_Flex [0/90/0] /PE 1634.2 46.0 36.1 0.9 3451.3 264.4
F1691_Flex [+45/0/+45] /PE 512.1 28.4 15.8 1.1 1129.0 135.9
F1692_Flex [90/0]s /PE 392.7 7.8 13.0 0.5 967.2 58.2
F1693_Flex [+45/0]s/PE 651.6 19.4 18.6 0.5 1459.1 101.2
F1694_Flex [PW400/0]s/PE 907.7 58.0 275 1.9 2239.0 223.0
F1695_Flex [90/0;]s /PE 607.4 12.9 17.5 0.6 1457.3 104.9
F1696_Flex [+45/0;]s/PE 775.5 20.0 21.6 1.3 1786.8 124.9
F1697_Flex [90/+45/0] s /PE 341.1 7.7 13.5 0.5 823.0 30.3
F1698_Flex [90/0];s /PE 644.5 17.1 18.5 0.3 1676.1 154.5
F1699_Flex [+45/05]s /PE 869.9 26.7 237 11 2086.8 49.8
F1700_Flex [90/+45/0,]s /PE 428.6 9.5 14.0 0.4 1097.3 74.4
F1707_Flex [90/0,]s /VE 510.5 15.4 15.3 0.6 1330.6 36.3
F1710_Flex [90/0,]s /EP 987.9 22.4 13.7 0.9 2334.3 174.8

PE = Polyester; VE =Vinyl ester; EP = Epox

The data of flexural strength and flexural modulimedulus of elasticity) are plotted in

Figure 6.2. The strain energy density at flexutedrgth is calculated for each flexure
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testing sample. These results are also plottedigar& 6.4. The flexural modulus of

highly anisotropic laminates depends on the plyckstey sequence and is also
dependent on the in-plane Young's modulus of lataejriaut does not necessarily have
the same result [108].

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00

[90/0/90]
[90/0]s
[90/+45/0]s
[90/+45/02]s
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Figure 6.2 Comparisons of flexural strength and beding modulus

700

——F1695_Flex_2: [90/02]s
600 -

500 A
400 A

300 A

Flexure stress (MPa)

200 A

100 -
o/ 7

00 05 10 15 20 25 30 35 40 45 50 55
Hexure strain %

Figure 6.3 Schematic sketch of determination of shin energy density at flexural strength
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Figure 6.4 Results of strain energy density at flexal strength

In Figure 6.2 and Figure 6.4, the flexural strendpnding modulus and strain energy
density show a very similar trend within these ddstmaterials. The flexural
performance of these materials increases with asing percentage of thé fibres. It
can be found that [0/90/0] sample achieves thedsigfiexural strength, modulus and
strain energy density, and their flexural resukhileit values about five times larger
than [90/0/90] samples. The triaxial samples gdlygpassess better flexural properties
than biaxial, because +45° fibres undertake somesstuunder bending loads while 90°

fibres hardly do.

Ty e
T e T T
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Figure 6.5 Comparison of 0° fibres locations in thee-point bending: 0° in inner layers (left)

and 0° in outer layers (right)
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It is interesting to note that both F1695 Flex ((BPs) and F1690_ Flex ([0/90/0]) have
the same proportion of 0° fibres, but F1690_ Flexsgesses approximately double the
flexural properties of F1695 Flex. The reason fis ts due to the position of 0° fibres.
The laminated beam can be considered as a smédl-saadwich beam. According to
previously mentioned equation 2.20 and equatioril,2tBe flexural rigidity of a
sandwich beam is mainly controlled by the flexuraddulus of outer layer materials
(see Figure 6.5). Therefore, [0/90/0] samples aklailbgreater stiffness than [90]9

samples.

More interesting to note that the order of the a&oessults plotted in Figure 6.2 and
Figure 6.4, is very close to the results order BASralues that were obtained from
crushing test on same materials (see Figure 5li6gems that the energy absorption

capacity of composite materials is linked to thikeixural properties.

6.3. Discussion

For all geometric cells investigated in Chapteth®, stitching lines were always along
the direction of 0° fibres in these cells. Becaokthis configuration, the stitching yarn
has much less chance to hook the external fabyerdavhen the external fabric layers
are 0°. As a result, the interlaminar fracture tggss properties of these laminate can

be significantly reduced if the stitches are ordpstrained by matrix.

Because the [0/90/0] geometric cell failed in atigkly low effective crushing mode
with an early central crack, it is not includedthis discussion. Apart from the [0/90/0]
composite sample, all the other specimens failedavstable lamina bending mode in
the core section. Moreover, all crushing data wilaih presented in this section are the
"potential energy absorption capacity” of composttectures. The term of the potential

energy absorption capacity has been defined preliau Section 5.4.

6.3.1. Comparisons between flexural modulus and SEA data

As the flexural modulus of composite laminate iases with an increase in the
proportion of O fibres, the energy absorption capability of stmuat composites were

found to be closely linked to flexural modulus. T¢@mparison between SEA data and
flexural modulus for biaxial and triaxial sampldstfed against the weight fraction of

0° fibres in Figure 6.6 and Figure 6.7, respecyivel
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Both Figure 6.6 and Figure 6.7 indicate that theA 3&vels and flexural modulus of
most crush test samples tend to increase with enease in the weight fraction of 0°
fibres, especially for triaxial samples. Combininigxial data and triaxial data as well
as the quadriaxial data, the relationships betwsaential SEA values and flexural
moduli are compared in Figure 6.8. It shows that $EA level of composite material

increases when the flexural modulus increases.

Although triaxial laminates possess higher flexumalduli than biaxial laminates, thin
triaxial C-cells, especially the [+45/0/+45] and4B{0]S C-cells, exhibit lower energy
absorption capacity than biaxial C-cells. Quadaaxells have moderate modulus and
also achieved moderate energy absorption valueselins that the energy absorption
capability of structural composites is not only degent on longitudinal fibres, in some

cases lateral fibres also can absorb considerafbei@t of crushing energy.
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Figure 6.8 Potential energy absorption capability 8. flexural modulus for all laminates

grouped according to lay-ups
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Figure 6.8 also reveals that, at the same levefledural modulus, the laminates
containing 90° fibres achieved higher SEA valuemtthe triaxial laminates that only
contain +45° and 0° fibres. The reason is that3@e fibres provide a constraint to
deformation, much the same as the hoop-wound fidoes tubular structures during

crushing process [15].

From the data presented in Figure 6.8, the cellelwhave the same shape are now
considered as one group, and the data and treadineeplotted in Figure 6.9. Thus, the
relationship between SEA and flexural modulus ceansken regarding to different
geometries of composite sample, irrespective afefilay-up. The R-squared values
shown in Figure 6.9 indicate how good those seqmighomial equations are

statistically predicting the trend of data. ThessdRared are very low.

75 = S-cell e C-cell A H-cell
—— Trend (S-cell) —— Trend (C-cell) —— Trend (H-cell)
70 +
. A
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(@]
o

55 +
[ J
50 - . i
= 0.0388x? - 0.4805x + 54.236 Y = 0.002x- 1.8485¢ + 09,914
o : ' R =0.1727
R? = 05349
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6.0 8.0 10.0 12.0 14.0 16.0 18.0 20.0 220 240 26.0
Flexural modulus (GPa)

Figure 6.9 Data comparison of different geometrieen SEA — flexural modulus curve

Furthermore, it has been concluded in last chabiar SEA levels increase with the
increasing of thickness/Perimeter (t/P) ratio, vehier 2h (see Figure 5.1). It could be

meaningful to consider both effects of materialspearty (flexural modulus) and
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scale (t/P ratio) together. Therefore, Figure 6abd Figure 6.11 are plotted below,
where E/(t/P) is plotted against SEA for samplesuged according to cell geometry

and lay-up.

It seems all data are located in a clearer regnstead of dispersedly distributed in
Figure 6.8 and Figure 6.9. Comparing Figure 6.1thWigure 6.8, although triaxial
samples have higher flexural moduli, data of thiébsener triaxial samples in Figure
6.10 become closer to those thin biaxial samplesaddition, the trendline equations
and R-squared values shown in Figure 6.11 fit thta detter than those shown in

Figure 6.9.
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Figure 6.10 Data comparison of different lay-ups oiSEA — E*(t/P) curve
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Figure 6.11 Data comparison of different geometridasshapes on SEA — E*(t/P) curve

Up to this point, the conclusion can be drawn ttie, energy absorption capacity of a
structural composite crushed in lamina bending msdelated to the bending radius of
curvature of splaying fronds, dimensional scale #iexural modulus. Fundamentally,

the flexural modulus of fibre-reinforced material dominated by the content of 0°

fibres and also the fibres which have small anfjlerientation.

Therefore, the flexural rigidity of composite ma&ds which involves both dimensional
factors and flexural modulus should be considerechn evaluation of the energy

absorption capacity of structural composite.

6.3.2. Relationship between SEA and flexural rigidity

The flexural rigidity, D, which is also known asngling stiffness, is a measure of
stiffness of a structural member. It seems to playitical role on the crushing forms.
During crushing, tearing not only occurs along $tieches on the cell, but also takes
place between the corrugated core and flat sidbss,Tthe splaying fronds can be
simply considered as a bent beam, which is dematesitin Figure 6.12.
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The flexural rigidity of the beam is defined as 910
D=El (6.2)

where E = flexural modulus,

| = second moment of area, and is frequently catiethent of inertia of area.

In present study, the second moment of drezgn be expressed as [110]:

bh?
| =— 6.3
1 (6.3)
where b = width of the cross section area of the beam, and
h = thickness of the beam.
Substituting equation 6.3 into equation 6.2 we iohta
3
D= Ebh (6.4)
12

Crush direction

Figure 6.12 Schematic sketch of bending fronds
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As can easily seen from equation 6.4, the flexugadity of a cell strongly relies on its

flexural modulus, width of fronds, and especiallyetthickness of its laminate.
Compared with the corrugated core section, thehangsorms of the section of flat side
behaved in a complex fashion. Apart from the bungklissue, the energy absorption
capability of cells could be significantly decredstthe laminate is too rigid to bend.
When the laminate becomes more rigid, the cruskargple may not benefit from the
energy absorbing mechanisms of Mode-Il delaminatifhe), bending of the fronds

(U,), fibre fracture (¢), and friction within crushed frond&¢), (see equation 2.5).

Due to the failure of the adhesive, stiffer (andnmally thicker) cells tend not to bend at
the section of the flat side after being triggeredtead, the glued geometric cell splits
itself back to two separated parts during crushifigs phenomenon also can also be
seen in Figure 5.7a. Therefore, to achieve the pestormance of these energy
absorbing prototypes, the balance amongst thicknessdulus, and bonding
effectiveness at flat sides must be optimised.

Furthermore, the radius of curvature is given B9]1

and is therefore directly proportional to the apglibending moment and inversely
proportional to the flexural rigidity of the bendirbeam. To reduce the radius of
curvature on the splaying fronds, bonding effectess between along the flat sides
needs to be improved. A co-infusion process or lggHormance adhesive could be
applied for this purpose. At the latter stage a$ tlesearch, stitching mechanism is
adopted to bond cell halves, as well as Taguchhatkis used as the optimization
technology. According all the conclusions statedvab the transition map of crushing
forms for those geometric cells which were investgg in Chapter 5 is plotted in
Figure 6.13.
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6.3.3. Effects of matrix

The matrix system of all samples which were ingsggd before this section was
polyester. It is believed that the matrix systens laa measurable influence on the
crushing behaviours of composite materials. In @aldito polyester, two other widely
used thermosetting matrices, vinyl ester resinegraky resin, were also investigated on
triaxial ([90/G]s) samples. The flexural moduli of these triaxiangées are shown in
Figure 6.14.

30 O Flexural modulus M@ Flexural strength 100
+ 90
25 -
+ 80
T 201 21.6GPa o S
e T | 5
" T 17.9GPa g
g 15 - + 14.7GPa L 60 =
(o] T Q
£ = £
= + 50 >
0, ()
3| 104 47.9% 2
[ L] 43.2% L
32% 1 40
5 4
+ 30
0 20
Polyester Vinyl ester Epoxy
Figure 6.14 Effects of resin systems on triaxial 90/0;] ) flexure samples

The reinforcement of resin with fibre to form a quwsite will produce a progressive
increase in tensile properties, the increase fofigwthe rule of mixture. It is important
to remember that the flexural modulus which is prtipnal to the tensile modulus, is
also proportional to the fibre volume fraction [65]

The flexural modulus of composite laminates showrfrigure 6.14 seems not to be a
function of the elastic modulus of their matrix s (see Table 3.3), but is
proportional to their fibre volume fraction. It reals in Figure 6.14 that the flexural

modulus decreases linearly with the decreasingboé fvolume fraction of composite
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laminates. The relation between flexural modulud fibre volume fraction for fibre-
reinforced polymer composites also has been iryegstil by other researchers [65, 111-

113], either experimentally or theoretically.

The rules of mixtures [103] and the expressiorefural modulus (Appendix A1.5) are
written in following equation 6.6 and equation G&spectively:

B, = E\V, +E,V, (6.6)
£ :n%nz(@j )k -(-1°],  Gi=1,26) (6.7)
k=1

where E and E, are the elastic modulus of fibres and matrix, eetipely. \t and \,
are the volume fraction of fibres and matrix, respely. The equation 6.7 is based on
the usual assumption of classical theory of thimifen in which a composite plate
consists of many layers of transversely isotropicwectional lamina. When a tensile
or compression load is applied to the certain timac(direction 1 in this case), it is
assumed herein that the bond between matrix aneliBlperfect and the strain in matrix
Is the same as in fibre.

30
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e .
E ]
> -
8 15 - Z
E V'
(_—6 . .
5
B
T 10
———[90/02]s + polyester (Theoretical, unstitched)
5 m  [90/02]s + polyester (Experimental, stitched)
[90/02]s + vinyl ester (Experimental, stitched)
A [90/02]s + epoxy  (Experimental, stitched)
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Fbre volume fraction
Figure 6.15 Comparisons between theoretical predin and experiment results on flexural

samples made of different resin types
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The lamina elastic properties used in the calcuaéire based on the UD GFRP lamina.
The UD GFRP composites which possess the fibrenvelfraction of 53.8% have been
listed previously in Table 3.5. By varying the vale fraction of fibres, a set of elastic
moduli of the UD lamina with same materials areagi®d. Then, for a multi-directional
laminate with built up by this UD lamina, the flesal modulus can be also obtained

once fibre volume fraction is predetermined.

Therefore, according to the rule of mixtures arel ékpression of flexural modulus for
a composite laminate, the curve of the flexural atosl versus fibre volume fraction of
the [90/Q]s laminate is then plotted and shown in Figure 6ltl8learly reveals that the
trendline based on experimental data almost hasdhe slope as the trendline based
on theoretical calculation, which is independentre$in type. In other words, in
comparison to the properties of matrix, the fibodume fraction plays more important

role on the flexural modulus of composite laminates

Equally important, the samples which are compogequblyester resin and are predicted
by theoretic equations apparently have higher fl@ixumoduli, than the samples
composed of same materials and measured experiflge@@ampared with the theoretic

results, the reduction observed in the experimetdtd is probably due to the uniform
distribution of fibres in the matrix, which was s&al by through-thickness stitches.

This was also found in another research that teeufal modulus of the stitched
laminates could be more than 15% lower than thdsehe unstitched laminate.
Furthermore, this reduction would increase alonghwhe increasing of stitching
density [114].

;Load

S

Figure 6.16 Schematic sketches of an unstitched figral specimen (left) and a stitched flexural

specimen (right) showing the locations of bendingainages [114]
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In general, the unstitched laminate failed by tla@id growth of delaminations
combined with the compressive buckling of the falpiies. To reach this, the flexural
stress needs to be raised to a relatively highezl.léVhereas, the stitched samples
would start to generate damages around the stgdirints on the tensile side, instead of
accumulating stresses for delaminations betweess.plThe comparison of flexural

behaviours between unstitched and stitched saraptedemonstrated Figure 6.16.

6.4. Summary

The flexural properties of composite materialstaghly dependent on the content of 0°
fibres, although the position of 0° fibres can alsgnificantly impact the flexural
performance. But it cannot be simply concluded twhposite materials possessing
more 0° fibres (or superior flexural modulus) malssorb more energy during crushing.
A certain amount of crushing energy can be alsswoed by fracturing of lateral
fibres (90° fibres).

The relationship between flexural properties anérgy absorption capability of
composite materials is complicated. The SEA lew#l€omposite materials increase
non-linearly with increasing flexural modulus. Hoxee, a simpler relationship becomes
apparent when the geometrical factors are intradlu¢e the other words, energy
absorption capability seems to be controlled by fllezural rigidity of composite

structures. This standpoint becomes more pradticsignificant when composite

samples made of different matrix systems are coatpar the same time.

As mentioned in the literature review that the darthe radius of curvature, the lower
energy would be absorbed by composite structurenglurushing. It is interesting to
note that composite cells possessing very highufxrigidity generally crushed with
early central crack growth. Consequently, theirrgpeabsorption capabilities are

decreased due to early central crack growth.

Ideally, if two parts of a cell were perfectly gtuer intensively bonded, the early
central crack growth could be avoided during cmighiThus, not only for the core
section, stitching technology also ought to beotticed for binding two parts of the
cell instead of adhesive.
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Chapter 7. Fracture Toughness

In order to compare all DCB and 4-ENF testing rissdirectly with the crushing results,
the orientations and lay-ups were selected spadificFor comparison reasons, all
these tests were performed on glass fibre andreftblyester, vinyl ester or epoxy

resins.

7.1. Fracture toughness tests: DCB and 4-ENF

Previous work based on composite plates [24], haws that the SEA is related to the
fracture toughness properties of the compositealstt revealed that this relationship is
complicated and highly dependent on the interfapeformance between fibres and
matrix. In order to achieve a higher SEA, rapicearly central crack must be avoided.
This requires the Mode-I crack initiation value ahd Mode-I crack propagation value
between central laminas to be carefully controllsthde-Il properties also show a
strong correlation with the SEA indicating that aheracking is an important factor in

controlling the energy absorption of composite gdd4].

According to the evidence discussed in the liteeatind previous chapters, Mode-1 and
Mode-II fracture toughness properties can be ogtehiby varying stitching density [2].

Therefore, both Mode-1 and Mode-Il properties afcsied composite samples which
have different fibre orientations were investigatedaddition, unstitched samples were

compared with stitched samples so that the effers@ss of stitching could be evaluated.

For the purpose of directly comparing DCB/ENF reswhith crushing results in a
parallel level, the selection of DCB and 4-ENF miate followed the configuration of
the crushing samples. Thus, the Mode-I fracturghoess properties were measured in
samples at the interface of 0/0, 90/0 and +45/wiaile Mode-Il fracture toughness
properties were only measured at the interface®®f90/0, +45/-45, 45/0, 45/90 and

O/plain woven.
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7.1.1. DCB testing samples and testing results

In total, the eleven DCB sample types that aredish Table 7.1 were tested. The first
six samples were compared between stitched andalest samples by evaluating the

effects of stitches on varying internal lay-ups.

Table 7.1 DCB testing Samples
Reference Orientation Matrix Stitching Tf;}ic(l;:riis I;N(ir?]t;) VF%
F1583_DCB  [04™04] Polyester No 2.976 19.91 53.3
F1595_DCB  [03/90704] Polyester No 3.284 20.08 53.2
F1676_DCB  [03/+45"F45/05] Polyester No 3.416 20.06 48.2
F1680_DCB  [04™04] Polyester Yes 3.354 19.93 47.0
F1681_DCB [03/90"04] Polyester Yes 3.347 19.98 47.8
F1682_DCB  [03/+45"F45/03] Polyester Yes 3.520 19.98 47.0
F1686_DCB  [90/0,"0,/90] Polyester Yes 2.309 20.03 51.0
F1687_DCB  [+45/02"0,/745] Polyester Yes 2.514 20.04 50.5
F1713_DCB  [+45/0,"0,/745] Vinyl ester Yes 2.652 19.88 45.3
F1716_DCB  [+45/0,0,/T45] Epoxy Yes 2.724 20.00 425
F1758_DCB  [06/+45/05"02/%45/0¢] Epoxy Yes 7.251 20.16 475

The symbol " ~ " indicates the position of insélrmfin fabrics; VF: Fibre volume fraction;

Practically, external fabrics might also affect sigching effectiveness on the Mode-I
failure mode, therefore samples F1686 _DCB and F1BE&B were selected as the
references to sample F1583_DCB. Two tougher maystems, vinyl ester and epoxy,

were also investigated.

In the design of a DCB sample, the opening sampies aare required to behave as
linear elastic beams. This requires the DCB santplésve a large thickness. Therefore
in most situations, if the DCB sample is not thihkough, it is stiffened with extra

layers of 0° unidirectional fibres. However, apmioas [92, 115] also have been
developed for solving the non-linear problem ohtBICB samples. These approaches
showed that the strain-energy release r@tecould be accurately calculated, even if

large deflections and rotations occurred during tes
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Figure 7.1 DCB sample (tested) without stiffener ~ 12mm

T Iﬁyll nnum:]‘w-

Stiffener (UD fabric)

Stitched DCB sample

Kevlar® threads

Figure 7.2 DCB sample (tested) with stiffener

Although it is more convenient to use thick sampteavoid theoretical or experimental
drawbacks, in order to investigate the Mode-l faog behaviours under test
conditions similar to practical cases, extra stiffigy layers were not applied to most
DCB samples. One of these non-stiffened DCB sams@aown in Figure 7.1.

In the calculation of G large displacement effects for these thin sampksg corrected
by using a parameteff, mentioned in ASTM D5528-01 [91]. This correctiapproach
shows very similar results to the approach mentdaneReference [92]. Furthermore,
stiffened sample, F1758 DCB, were also tested feasuring the veracity of this

correction. The stiffening materials (0° unidirecial fibres) were co-infused with
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stitched preforms during the manufacturing procé3ee of these stiffened DCB

samples (F1758 DCB) is presented in Figure 7.2, thed location of stitches is

identified.
Table 7.2 DCB testing results
Gicvis (kd/m?) Gic-prop (kJ/m?)
Reference Orientation
Average Deviation Average Deviation

F1583_DCB [04"04] /PE* 0.332 0.037 0.451 0.071
F1595 DCB [03/90"04] /PE* 0.415 0.051 0.459 0.06
F1676_DCB  [03/+45"+45/03] /PE* 0.793 0.085 0.994 0.141
F1680_DCB [04"04] /PE 0.335 0.037 1.223 0.191
F1681_DCB [0s/90"04] /PE 0.521 0.095 1.564 0.133
F1682_DCB  [03/+45"+45/03] /PE 0.978 0.158 1.681 0.181
F1686_DCB  [90/0,"02/90] /PE 0.263 0.106 0.789 0.204
F1687_DCB  [+45/0,"0,/+45] /PE 0.524 0.094 1.192 0.071
F1713_DCB  [+45/0,70,/745] IVE 1.105 0.258 1.482 0.12
F1716_DCB  [+45/0,°0,/¥45] /EP 1.284 0.266 1.543 0.21
F1758_DCB  [06/+45/02"0,/+45/06] /EP 1.124 0.266 1.497 0.146

* Non-stitched samples; the rest samples werehstitén the through-thickness direction;
The symbol " ~ " indicates the position of insélrfin fabrics;

PE = Polyester; VE =Vinyl ester; EP = Epox

The DCB testing results of the average propagateines Gic.prop and Gyc.prop) are
shown in Table 7.2. The average propagation valm® determined by approaches
which are demonstrated in Figure 7.3. For some Emmniheir strain energy release rate
(Gic andGic) on the Delamination Resistance Curve (R-curvél)also be reported in
the latter Section 7.1.3.

Generally, if the interlaminar crack propagatesnévehroughout the whole Mode-I
opening process, a series of consisteplpfg, data form a plateau (see Figure 7.3, row
A). But if the Mode-l crack becomes more difficiti propagate due to the fibre-
bridging or stitching mechanism, the sample st&wtdend. This means bent DCB

sample would require further increments of disptaeet (see equation 3.1) to reach
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the next crack point. When the load is large endodbireak down the bridged fibres or
stitches, the crack propagates again at a higla¢eaq (see Figure 7.3, row B). In this
case, consistent &prop data of both plateaus are taken account for catiogl the
average (z.prop Value. In some other situations, samples requioeenincrements of
displacement increment to reach the next cracktdmicause the sample is bent too
much due to bridged fibres or stitches. As a redbk R-curves tend to increases
gradually instead of settling onto a plateau (siegeire 7.3, row C). Therefore, all,&
data, which are behind the point where once thgestd R-curve drops, should be used

for calculating the averageGop value.
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Figure 7.3 Determination of the average (.o Vvalues on typical R-curves of Left)

F1676_DCB unstitched [g+45"F45/0;)/Polyester; Right) 1681_DCB, stitched [§90"0,])/Polyester.
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7.1.2. ENF testing samples and testing results

Similarly, six pairs of stitched/unstitched 4-ENFene compared at the early stage.
These samples were selected to simulate and egathat Mode-Il delamination

behaviour within splaying fronds of crush samples.

Effects of resin toughness and external fabric fayeere also measured for 4-ENF
samples. In contrast to the DCB samples, all sdch-ENF samples were bonded with
a stiffener on both sides. In samples without estifirs it was found very difficult to
generate delaminations during the 4-ENF test. Acalp4-ENF sample is shown in

Figure 7.4.

140mm

Hysol adhesive
Keviar® threads

Stitched 4-ENF sample

Stiffener (UD laminate)

20mm

Figure 7.4 DCB sample (tested) bonded with stiffeme

The details of 4-ENF testing samples and theiirtgsesults are listed in Table 7.3 and
Table 7.4, respectively. Stiffener layers (six @ayef UD laminates on each side) are

not included in the expression of sample orientegtio
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Table 7.3

ENF testing Samples

Reference Orientation Matrix Stitching [\)A?r?]trg) VF%
F1719 ENF [04704] Polyester No 20.13 53.1
F1595 ENF [03/90704] Polyester No 19.31 53.2
F1676_ENF [03/+45"F45/03] Polyester No 20.03 48.2
F1677_ENF  [03/+45"04] Polyester No 20.02 47.3
F1678 ENF  [03/+45"90/03] Polyester No 19.97 46.8
F1679_ENF  [03/PW"04] Polyester No 19.99 47.5
F1680_ENF  [04™04] Polyester Yes 20.03 47.0
F1681_ENF  [03/90"04] Polyester Yes 19.96 47.8
F1682_ENF  [0s/+45"+45/0;] Polyester Yes 20.08 47.0
F1683_ENF  [03/+45"04] Polyester Yes 19.98 47.0
F1684_ENF  [03/+45"90/03] Polyester Yes 20.13 47.2
F1685_ENF  [03/PW"04] Polyester Yes 20.05 47.1
F1688_ENF  [90/+45/070/+45/90] Polyester Yes 20.12 51.0
F1686_ENF  [90/0,"0,/90] Polyester Yes 19.98 51.0
F1687 ENF  [£45/02"0/+45] Polyester Yes 20.09 50.5
F1713 ENF  [+45/02"0,/F45] Vinyl ester Yes 19.76 45.3
F1716_ENF  [+45/02"02/+45] Epoxy Yes 19.56 425
F1721_ENF  [03/+45"04] Vinyl ester Yes 19.79 44.3
F1724 ENF  [03/+4570,] Epoxy Yes 19.61 433

The symbol " ~ " indicates the position of inséirmfin fabrics;

VF: Fibre volume fraction;
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Table 7.4 ENF testing results

Gicus (kJ/m?) Gicprrop (KJ/m?)
Reference Orientation
Average Deviation Average Deviation

F1719_ENF  [0,"04] /PE* 1.374 0.624 1.949 0.268
F1595 ENF  [0s/90704] /PE* 1.000 0.167 1.658 0.112
F1676_ENF  [0s/+45°F45/03] /PE* 2.306 0.067 3.353 0.150
F1677_ENF  [03/+45"04] /PE* 1.706 0.484 2.518 0.193
F1678 ENF  [03/+45"90/03] /PE* 2.221 0.592 2.873 0.381
F1679_ENF  [0s/PW"04] /PE* 1.206 0.310 2.014 0.082
F1680_ENF [04"04] /PE 1.241 0.067 2.078 0.058
F1681_ENF [03/90"04] /PE 0.629 0.192 2.076 0.357
F1682_ENF  [0s/x45"%45/03] /PE 1.937 0.235 2.820 0.412
F1683_ENF [03/+45"04] /PE 1.230 0.207 1.990 0.174
F1684_ENF [0s/+45%90/0s] /PE 1.538 0.301 2.428 0.132
F1685 ENF [0s/PW"04] /PE 1.124 0.263 1.876 0.182
F1688 ENF [90/+45/0°0/+45/90] /PE 1.097 0.235 1.877 0.172
F1686_ENF [90/0,°0,/90] /PE 1.063 0.246 1.748 0.104
F1687_ENF [+45/02"0/+45] IPE 1.228 0.186 2.044 0.073
F1713_ENF [#45/0,°0,/¥45] IVE 2.140 0.580 3.521 0.289
F1716_ENF [+45/0°0,/¥45] /[EP 1.876 0.074 3.299 0.251
F1721_ENF [03/+45"04] IVE 2.239 0.326 3.339 0.251
F1724_ENF [0s/+45"04] /EP 1.794 0.261 2.983 0.373

* Non-stitced samples;  PE = Polyester; VE ayiester; EP = Epoxy.

7.1.3. Comparison between stitched and unstitched samples

Under Mode-I loading, researchers [2, 46, 107] tbtimat the delamination resistance
(Gic) of composite materials is improved by througlckhiess stitches. However, these
through-thickness stitches hardly affect the defetidn resistance under Mode-II
loading (Gic). The Mode-l1 and Mode-Il testing results obtairiadthis section are
mainly for the evaluation of energy absorption eaudy delaminations during
composite crushing.
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7.1.3.1.  Stitching influences on Mode-I fracture toughness

Typical R-curves calculated by the MBT (see 3.4iB.Xhapter 3) method for both
stitched and unstitched samples are shown in Figutdt can be seen that the initiation
values for all DCB samples are very similar (betw8e - 0.4 kJ/f). Within [05/907Q;]
specimens, the delamination was initiated betwe®rar@@l 90° layers. Because the
fracture energy generated by 0°-90° delaminatiorery small, the delamination would
not necessary propagate between the layers whemgréhcrack was created. In fact, the
crack could propagate at either side of 90° fibFegure 7.5 shows the crack did not
follow the pre-crack line which was on the top 6Ff Sibres. Instead, the crack jumped
to the bottom of 90° fibres and continued to gréWwe R-curve of the unstitched,[@,]
samples and R-curve of unstitched/$0°Q,] samples are almost the same (see Figure
7.7).

0° fibres 90° fibres

S B I eSS S |

Figure 7.5 Photograph of crack propagation in a tygal [0s/90"0,] DCB sample

In the unstitched [#+4545/0;] sample, the crack grew right in the middle of iaate,
which is between -45° and +45° fabrics. Compareth whe unstitched [P0, and
[05/90"Qy] samples, unstitched J@4545/0;) sample achieved almost two times
higher propagation value (§&rp). This difference can be attributed to fibre birdpin
[04/£457%45/0;] sample. It is also interesting to note that thrack did not only
propagate between the layers where pre-crack vesgect, but also propagated at the
adjacent +45 (or -45) layers due to fibre bridgamgl fibre pull-out. This phenomenon
Is presented in Figure 7.6
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+45° fibres -45° fibres

Figure 7.6 Photograph of crack propagation in a tygal [0s/90704] DCB sample
A [04704] Stitched o [04"04] Non-stitched
2.5 A [03/90704] Stitched o [03/90704] Non-stitched
A [03/+457545/03] Stitched © [03/+457745/03] Non-stitched
2.0 -
A A
A A A
A A
AA A A Al . N
<< 1.5 1
E N A
2 A A 4 o4
0 A o o o o ©0° ©
0 A 00 o 0g0 [e] ° o N o © o
1.0 4 A e oo
0O A
A 4 o A
[eXe} i © o
0.5 Y 38 80080 °g 00%0008° o °60~08 ©°° ¢
24 ,a8°
23¢9
0.0 T T T T T T T T T
45 50 55 60 65 70 75 80 85 90 95
Delamination length, a (mm)
Figure 7.7 R-curves for DCB testing of stitched andinstitched samples
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Figure 7.8 Load-displacement curves for DCB testingf stitched and unstitched samples

As for those stitched DCB samples, it seems thehatig mechanism dominates the

fracture toughness properties. The R-curves angagation values of stitched
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[05/907Qy] sample and [#+45745/0;] sample are very similar, while thgc®f stitched

[04°04] sample was slightly lower.

The load-displacement curves for both stitched @amstitched samples are also shown
in Figure 7.8. They indicate that the stitched siaspre 1.5-2.8 times stronger than the
unstitched samples according to their maximum lodtdalso can be found that he
distance between two adjacent load peaks is meltgsl 1/5 inch (about 5mm) in
general. The gap between two stitches is 1/5 ifitle reason of this is the stressed

opening load releases and the crack propagatesstftd breaks.

Equally important, the delamination initiation asllsted by using three different
approaches (avis, Giene and Gesswmay Presents very similar results. Specially, the
difference between ayis and Ge.n. values that are shown in Figure 7.8 is very small
for all samples shown in Figure 7.8. This resul edso be seen in Figure 7.9 more
clearly. Accordingly, the .yis value will be used as the delamination initiation

DCB samples throughout the rest of the thesis.

[04704] Non-stitched 3 mVviS

—I_|
L O NL
’:-= @ 5%/Max
[03/90704] Non-stitched | — ==& O Prop
—I_|
]

stitched i

[04104] stitched E

[03/90704] Stitched | —

(PR RVE e— ]

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 16 18 2.0

Gic (kd/m2)

Figure 7.9 Comparison of results calculated by thdifferent methods for DCB samples
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7.1.3.2. Stitching influences on Mode-II fracture toughness

Glass fibre damage and fabric penetration causeithdgtitching process degrade the
Mode-II fracture toughness properties of most sasipAs an example, the laminate
[05/£45”(0y] requires a higher load to propagate cracks ficch&td F1677 _ENF sample
compared with unstitched F1683 ENF sample (see&igu0).

5.0
Stitches smooth out the
4.5 1 crack propagation process
and decrease Gc level
4.0
3.5
3.0 -
z
=
= 251
@
e’
-
2.0 ~
1.5+
1.0 , .
—m— F1677_ENF: Non-stitched
0.5 1 — e F1683_ENF: Stitched
0.0 T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Displacement (mm)
Figure 7.10 Load-displacement curves for stitchedral unstitched [0/+45"0,] samples

R-curves for these two samples are also shown gur&i 7.11. The comparisons
between other stitched and unstitched 4-ENF sangpéeshown in Figure 7.12 on their
average propagation values;cprp It indicates that most (g values of stitched
samples are below their corresponding unstitchedpkss, except for the §®07Q]

samples.

Furthermore, in Figure 7.12, it also can be foumat 1688 ENF ([90/+45/g] has a
very similar Gc.prop level as F1719-ENF ([g] But as for calculating the energy
absorption in the latter parts, only tha@cop value of F1719-ENF is considered as a
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proper average energy release rate under Modefdirrdation for the delamination

between two 0° fabric layers.

3.5
3.0 1
u-"
. m "
2.5 -.lrllll*”lf—l"”
£ 20
2 n
o
©) 1.5 - -
1.0
0.5 | - - m --F1677_ENF: Non-stitched
F1683_ENF: Stitched
0.0 T T T T T T T T
30 35 40 45 50 55 60 65 70 75
Delamination length, a (mm)
Figure 7.11 R-curves for 4-ENF testing of stitchednd unstitched samples
Fr—
[03/PW/04] | m stitched
| stitched
[03/+45/04] = B non-stitche
[03/90/04] i
018 ==
[03/+45/90/03] e
[03/+45]s ]
[90/+45/0]s s
0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0
G c-prop kd/m?
Figure 7.12 Comparison of results calculated by thdifferent methods for DCB samples
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7.2. Effect of resin toughness on DCB and 4-ENF tes  ts

The results of Mode-I strain energy release ratsticthed DCB samples are compared
in Figure 7.13. It shows that the laminates comgadesinyl ester resin and epoxy resin
achieved the @.prog Value about 20% higher than the laminate compao$egublyester

resin.

Furthermore, the comparison between non-stiffenEd716 DCB) and stiffened
(F1758 _DCB) samples is also indicated in Figure.7There is almost no difference

can be found between non-stiffened and stiffene® B&mples.

Resin toughening on G |c. [#45/0,"0,/F45]
2.0

1.8 -

16 - T
14 - R

1.2

e
s

1

1.0

GIC-Prop kJ/m 2

0.8 -

0.6

0.4 -

0.2 4

0.0 ‘
Polyester Vinyl ester Epoxy Epoxy+Stiffener

Figure 7.13 Comparison of different resin systemsrostitched DCB samples

For stitthed DCB samples, epoxy resin presents hibst fracture toughening
mechanism in Mode-I opening failure. However, ireating failure mode (Mode-Il),
epoxy resin exhibits worse;gthan vinyl ester. This result is shown in Figurgé47by
comparing stitched [+45400./£45] and @/+45"Q;] 4-ENF samples.
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Resin tougheningon G ¢ @ [+45/02702/745] @ [03/£45704]
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Figure 7.14 Comparison of different resin systemsrostitched 4-ENF samples

7.3. Discussion on the relation between fracture to  ughness and SEA

The purpose of conducting DCB and 4-ENF tests wasvtluate the effectiveness of
Mode-I and Mode-II fracture toughness in the crnglsamples investigated in Chapter
5. In an ideal lamina bending crushing mode, a asi@ structure reaches its
maximum energy absorbing capacity by exerting alklsing mechanisms (see Figure
2.9) to the utmost. As the result, the delaminatisinould be assumed to occur between

every two adjacent laminas and delaminate thorgughl

Considering the potential energy absorption capaoit geometric cells as their
maximum energy absorption capacity, the fractioerugrgy absorption of &} Us, and
Uge (See equation 2.5) can be thus derived from Moaledl Mode-II testing results. To
simplify the calculation process, the crushing si@sare assumed to stroke 10mm on
potential energy absorption levels and their cpoasing DCB/ENF samples are

assumed to delaminate 10mm og.-fxgand Gic-prog Values.
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The geometric cell is divided into two sections.eTénergy absorption mechanisms
related to Mode-lI and Mode-Il failures in each getiare demonstrated in the Figure

7.15. The G.progand Gic.prog Values applied in the calculation for both sediame
listed in the Table 7.5 and Table 7.6, respectively

Crushing load

RXXK;

Mode-| failure

a: length of crack;
w: width of crack.

] : crack area

Mode-Il failure

Figure 7.15 Energy absorption mechanisms referringo Mode-I and Mode-II failures at the
flat sides and core section of a typical geometrizell (F1655_C, [+45/0))
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The energy absorption caused by Mode-l & Il failmnechanisms within geometric

cells,Ucic, can be written as:

u ic,ic — U f:idl(leé +U E:OIFC (7-1)

’

where theU 2% is the energy absorption caused by Mode-I & Hiat sides of cells,

theU 2. is the energy absorption caused by Mode-| & @ section of cells. Both

components can be calculated by the following eqnsat

U U L-{i (AR5 (CIW2 ]} (7.2

p=1

m

U |((::01|ec =U E:me +U fljgre =¢-P- {Z [(GIC )pap]+ i [(Guc )qﬂq ]} (7-3)

p=1 =1

where¢ is the stroke that DCB/ENF samples experiencetdas@00mm during present
calculations)L andP indicate the length of flat sides and the perimefecore section
of geometric cell, respectivell. andP can be obtained in Chapterrb.andn indicate
the number of different fracture toughness valuesMiode-l and Mode-Il failures,
respectivelyo and (3 indicate the quantity of same Mode-I and édbdailure within a

laminate, respectively.

The values of both andR3 are listed in Table 7.5 and Table 7.6. The anadysesults of
Uic.ic of geometric cells are shown in Table 7.7. Howeiteis important to note that
the above calculation is based on several assunsgptibhe real relationship between
fracture toughness and energy absorption capatiggg@metric cells could be slightly

different.

In Figure 7.16, it shows that the failure mechasisof central crack (Mode-l),
intralaminar delamination and splitting (Mode-I)lyprontribute 3% - 7% into the total
crushing energy of geometric cells. Especially émmposite laminates consist of
biaxial or triaxial lay-ups, their energy absorpticaused by Mode-I and Mode-II

failure mechanisms take up more than 5% withinl wiashing energy.

Within the same materials, the normalized energgogiiion capacities related to the
Mode-I and Mode-Il delaminations were also listadTiable 7.8 to compare the SEA
values. In addition, these comparisons are alstigolon Figure 7.17, Figure 7.18 and

Figure 7.19 for C-cells, H-cells and S-cells, respely.
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Table 7.5

Mode-I and Mode-II fracture mechanisms athe flat sides of geometric cells

Crushing Gic-prop Values and )
sample corresponding Giic-prop Values and corresponding 8
0.40 ko/m’ (assumed") FlG:(I)\fENF Flﬁg;ioENF Fl+6A«;352A__é?\IF Flﬁi?;\jr;NF FIQSSA/:?ENF FlesF;st_AgNF
[90/0/90] 1 4
[0/90/0] 1 4
[90/0]s 1 4
[+45/0]s 1 2 4 4
[PW400/0]s 1 2 4
[90/02]s 1 6 4
[+45/02]s 1 6 4 4
[90/+45/0]s 1 2 4 4 4
[90/0],s 1 2 12
[+45/03]s 1 10 4 4
[90/+45/05]s 1 6 4 4 4
n presents the position in laminate where tHardamation propagates
* Adhesive debonding along the glued areas
Table 7.6 Mode-I and Mode-II fracture mechanisms athe core section of geometric cells
Csr:;r;)llr;g Ci‘;g_:'gps;ilrllj;i ; ';d Giic.prop Values and corresponding 8
0”0 0790 0"0 0790 +45-45 0"45 45790 PWAQ
F1680_DCB | F1681_DCB |F1680_ENF | F1681_ENF | F1682_ENF | F1683_ENF | F1684_ENF | F1685_ENF
[90/0/90] 1 2
[0/90/0] 1 2
[90/0]s 1 2
[£45/0]s 1 2 2
[PW400/0] 1 2
[90/02]s 1 2 2
[+45/02]s 1 2 2 2
[90/+45/0]s 1 2 2 2
[90/0]as 1 6
[+45/03]s 1 4 2 2
[90/+45/0,] 1 2 2 2 2

N -

presents the position in laminate where tHard@ation propagates

169




Table 7.7 Energy absorbed by Mode-I & 1l delaminatons in crushing samples

Sample Energy absorbed in crush /J Energy absorption contri_b ut(_ad by
orientation (10mm stroke on Potential SEA) Mode-I and Mode-II delaminations /J
(10mm crack length on Gc.prop)
S-Cell C-Cell H-Cell Mode-I Mode-II Mode-l & Il
[90/0/90] 195.6 205.6 196.7 2.126 3.445 5.571
[0/90/0] 161.9 178.6 148.0 2.214 3.434 5.558
[90/0]s 250.8 253.4 263.8 1.696 7.712 9.408
[+45/0]s 298.1 262.3 287.4 1.695 16.728 18.423
[PW400/0]s 263.7 261.2 2515 1.695 7.031 8.726
[90/02]s 454.8 413.7 425.5 1.696 14.598 16.295
[+45/0]s 476.2 438.0 463.9 1.698 23.762 25.424
[90/+45/0]s 483.9 451.2 470.5 1.698 24.878 26.576
[90/0]2s 546.8 521.7 527.1 1.696 21.443 23.139
[+45/03]s 602.6 586.6 656.2 1.697 30.552 32.249
[90/+45/0,]s 608.2 612.6 607.3 1.693 31.547 33.240
10%
9% - u S-Cell = C-Cell = H-Cell
8% +
7% ~
6% ~
5% -
4% -
3% ~
2% ~
1% +
0% -
s g & ¥ 8 s 8 ¥ S B B
8 = iy 2§81 853
& -2 S
Figure 7.16 Percentages of energy absorption causdy Mode-I and Mode-Il failures for

geometric cells within the ideal crushing process
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Table 7.8 Normalized energy absorption capacity rated to the Mode-I & Il delaminations in crushing samples
Normalized energy absorption in S-Cell Normalized energy absorption in C-Cell Normalized energy absorption in H-Cell
Sample (kJ/Kg) (kJ/kg) (kJ/kg)
orientation
Mode-I Mode-II Mode-l & Il Mode-I Mode-II Mode-1 & I Mode-I Mode-II Mode-I & Il
[90/0/90] 0.566 0.954 1.520 0.581 0.979 1.561 0.529 0.892 1.421
[0/90/0] 0.585 0.982 1.567 0.570 0.957 1.527 0.546 0.918 1.464
[90/0]s 0.343 1.638 1.982 0.342 1.631 1.972 0.328 1.566 1.894
[+45/0] s 0.326 3.378 3.704 0.322 3.331 3.652 0.314 3.255 3.570
[PW400/0]s 0.407 1.770 2.176 0.399 1.735 2.134 0.382 1.662 2.043
[90/02]s 0.239 2.163 2.402 0.234 2.118 2.353 0.226 2.039 2.265
[+45/02]s 0.220 3.230 3.451 0.218 3.196 3.414 0.208 3.051 3.259
[90/+45/0] s 0.211 3.241 3.451 0.215 3.306 3.521 0.205 3.156 3.361
[90/0] 2s 0.180 2.394 2.574 0.176 2.330 2.506 0.171 2.276 2.447
[+45/03]s 0.178 3.363 3.541 0.172 3.256 3.428 0.168 3.169 3.337
[90/£45/02]s 0.167 3.269 3.437 0.164 3.206 3.370 0.159 3.112 3.272
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Figure 7.19 Comparisons between energy absorptiompacity of S-cells and the energy

fraction absorbed by Mode-I and Mode-II delaminations.

As the energy absorbed by delaminations contribuégg small amount to the total
energy absorption capability of composite materidlee variation of normalized
delamination energy does not apparently impact3Ba results. Compared with the
other material factors, the Mode-1 and Mode-Il d@lzations contribute relatively small

proportion to the total energy absorption of conigamaterials in crushing process.

7.4. Summary

In comparison to the other lay-up configuratiohg, best properties of both Mode-1 and
Mode-II fracture toughness were found between +4& @5 fibres because of fibre
pull-off and fibre bridging. All DCB and 4-ENF tésg results are compared in Figure
7.20 and Figure 7.21, respectively.

Through-thickness stitching has significant effemt Mode-1 fracture toughness
properties of composite laminates. In this study, Gc.prop Values of the unstitched
[04°04] and [@/907Q,] DCB samples only reached slightly higher thark0/d?, while
the Ge.prop Values of their stitthed DCB samples can achieweerthan 1.2 kJ/fn
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This result implies that during Mode-I opening 6aé, the fracture toughness properties
of composite laminates mainly rely on the propertoé fibres that bridge laminate.
Thus the strength of stitching material and stiighdensity could also significantly

affect the Mode-I fracture toughness propertiesaphposite laminates.

In contrast to Mode-I, in Mode-II stitching degradée fracture toughness properties of
most samples due to glass fibre damage and falemnetpation caused by stitching
process. It seems the stitching mechanism is tapsrtant than the fibre architecture

and the fibre alignment around the delaminatiom.are

[04704] IPE* :I“)__’_‘ avis
(03190°04] /PE* ————F @ Propagation
[90/02702/90] /PE =
[03/+45°345/03] /PE* i
[+45/02702/345] /PE o ]
[04704] /PE HH
s p—
[#45/02702/745] IVE = I |
[06/+45/02°02/¥45/06] /EP = i !
[+45/02702/¥45] /EP = I !
03/90704] /PE =
[ ]
[03/+45%545/03] /PE e m—
T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 16 18 2.0

Gic(kd/m?)

* Non-stitced samples; the rest samples were stit¢h the through-thickness direction;

Figure 7.20 Comparison of all DCB testing results
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[03/+45"90/03] /PE
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[03/+45°90/03] /PE*
[03/+45/04] /EP
[+45/02°02/45] [EP
[03/+45"04] NE
[03/+45"545/03] [PE*

[+45/02/02/545] NE

0.0 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 4.5 5.0
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* Non-stitced samples; the rest samples were stitéh the through-thickness direction;

Figure 7.21 Comparison of all 4-ENF testing results
The comparison of matrices shows that thegkgy values of laminates made of vinyl
ester resin and epoxy resin are 20% higher thamathamates made of polyester resin.

More importantly, by using vinyl ester or epoxyireghe Gc.prog Values of laminates

can be increased by 50% higher than the laminaisgposed of polyester resin.
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In the next stage, different resin systems willibbeestigated for crushing samples,
although some reduction were found in the flexteating results in last chapter. It was
found that the through-thickness stitching did sighificantly benefit the total energy
absorption, but it seems that the improved Modssperties can indirectly increase the
crushing performance by preventing the central keriom growing too rapidly.

Therefore, in order to prevent premature failurenfr weak and rapid adhesive
debonding, stitches are also applied on both itlssof geometric cells instead of using
adhesive. Co-infusion process is used for make evigell after the neat fabrics are

stitched together.
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Chapter 8. Optimization Process

Optimization of the crushing characteristics of pasite structures could become very
complicated if too many variations are involved thre experiments. Therefore, an
optimization approach based on the robust engimgenethods (or Taguchi methods)
was utilised in order to statistically determine tielationship and assist in evaluating
the contribution of each factor on the crushingperties. This robust engineering
method is a statistical methodology used for oming the product and process
conditions which are minimally sensitive to theigas causes of variation, and that
produce high-quality products with low developmantl manufacturing costs [80]. The
aim of this stage is to identify the most signifitdactors that influence the crushing
performance of structural composites, and consdlyjuéa improve the crushing

performance.

8.1. Sample configurations

To improve the bonding effectiveness, through-theds stitching was thus applied
instead of adhesive on the flat sides of the cated) cells. Moreover, two symmetric
half cells were co-infused by the resin infusiolmgass. Following a similar process
used for optimizing the crushing performance of posite plates [116], stitching
characteristics of the corrugated cells were optthiat this stage. Other parameters
including resin type, fibre architecture, geometftect, and crushing speed were also

scaled in several levels in a modified geometrigcstire.

8.1.1. Modification of cross-sectional geometry

According to the crushing results of geometric cies in Chapter 5, S-cells were
found to possess the best potential energy abearptipacity but the worst sustained
structural efficiency, while C-cells possessedhbst sustained structural efficiency but
moderate potential energy absorption capacity. dfbeg, a modified cross-sectional

shape (see Figure 8.1) combining the structurahmidges of C-cell and S-cell were
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created and examined at this stage.

D Fabrics

\
\

Flow media
EL and Peel ply

-7 l | ———a Mould

Figure 8.1 Schematic sketch of the cross-sectioraiea of modified cell

Comparison of cross-sectional shapes: [90/0 ;)]s

70 100%
@ Actual SSCS O SSE
€0 + 95%
50
- 90%
40
L
+— 85% 0
n
30
-+ 80%
20 A
10 - 75%
0 70%
Modified C-cell H-cell S-cell
Figure 8.2 Comparisons of crushing results betweemodified cell and other cells
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The crushing results of the modified sample are atsmpared with other cells (Figure
8.2). All cells compared in Figure 8.2 were madg9®¥0;]s glass fabric and polyester
resin. In order to compare the modified cell witk\pously results in a parallel level, up
to this step, these cells were still consistedaaf symmetric half cells bonded together
by adhesive. The results indicate that modified posite cell achieve slightly lower

SEA than the S-cell, but meanwhile remain relayivegher SSE than the S-cell.

The modified geometry also can be regarded as arsaqell possessing round corners
of a large radius. It was shown in previous cruglemperiments that if the radius of
round corner is too small, compression stressemalty concentrate at the corner. As a
result, the laminate lost its stability and woutat nontinue crushing perpendicularly on

the platen. And the laminates bend, resulting engature failure.

8.1.2. Manufacturing process

After this point, through-thickness stitches wengpleed on the flat sides of the
corrugated cells instead of adhesive bonding. Tlaufacturing process of side-
stitched samples can be divided into six stepschviare demonstrated on Figure 8.3

and described as following:

Step I: Prepare two pieces of corrugated laminateshe aluminium mould by resin
infusion process (Figure 8.3A).

Step II: Hold these two pieces of corrugated langriagether symmetrically and seal
the edges around the tubular cylinder except odeoéthe cylinder (Figure 8.3B). Then
pull a certain amount of silica rubber liquid in tke hollow cylinder and cast an
mandrel mould (Figure 8.3C).

Step lll: Prepare the two layers of neat fabriosoading to requested lay-up. Put these
two layers of fabrics together symmetrically anicktthe edges by using Kevfar
threads (Figure 8.3D). It must be noted that thestung triggers, either 90C fibres or
chamfers by fibre drop-off, are already embeddéal tine neat fabrics on this step.

Step IV: Insert the silicon rubber mandrel inside stitched fabrics (Figure 8.3E).

Step V: Transfer the fabrics together with mandr@tk to aluminium female mould,
then manufacture the side-stitched tube by redinsion process (Figure 8.3F). To
remain both top and bottom parts of side-stitcl thaving the same geometric
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Peel ply used for Final specimen

controlling thickness

Figure 8.3 Manufacturing process of side-stitchedrashing sample
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shape, when it is applicable the peel ply are tsedntrol the wall thickness of bottom

laminate.

Step VI: Once the stitched tube is demoulded, fhdl silicon rubber out and cut the
tube into smaller sample size with required dimemsi(Figure 8.3G).

8.1.3. Selection of control factors and levels

Conducting matrix experiments using special masticalled orthogonal arrays is an
important technique in Robust Design. It allows #fiects of several parameters to be
determined efficiently [78]. Anatrix experimentonsists of a set of experiments where
the settings of several product or process paramtide studied are changed from one
experiment to another. The product or process petiens) are also callef@ctors and

parameter settings are also calekls[78].

The factors and levels must be carefully selectda factors in experiments can be
divided into two types: fixed and random. The fiX¥adtors also can be subdivided into
three classes: control factors, indicative factansl signal factors. In this study, the
factors concerned in the matrix experiments areaitrol factors. The selection of the
number of factor levels can have a significant iotfman the size of matrix experiments.

These factors and corresponding levels are descaddollowing.

8.1.3.1. Trigger system

Apart from the trigger which is made of 90° latefdres used for geometric cells
(Figure 5.6), a new trigger system that is simidathe steeple chamfer (Figure 4.1) was
also introduced at this stage. However, this tniggealso different from the steeple
chamfer as it is very difficult to evenly machinechamfered trigger on corrugated
laminate edge. Therefore, this trigger was manufadt by ply drop-off during lay-up
process. The gap of the drop-off between two faledges is controlled to 1mm,
approximately. The image and schematic sketch isf tigger system are shown in
Figure 8.4.

The crushing behaviours of the structural compesithich are triggered by different
trigger systems have been discussed separatelygdorevious chapters. The structural
composites triggered by 90° lateral fibres and ghgp-off chamfer are compared in
Figure 8.5.
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On one hand, the advantage of using a chamferggktris to avoid large peak loads
and sudden reductions in crushing load. But orother hand, it becomes more difficult
to connect the core section that is triggered gndiers to the surface materials in a
panel type composite structure. In this case, @asy to see the benefits of the trigger
fabricated by 90° fibres. Therefore, it is neceggarinvolve these two triggers in the

further optimization process.

1
|
|
: |
]
Pt
Figure 8.4 Demonstration of the trigger which is mde by ply drop-off
Trigger: 90 °lateral fibres Trigger: ply drop-off
ni i
n n
Crshing Stroke Crshing Stroke
Figure 8.5 Comparisons of typical crushing behaviaubetween the samples triggered by

lateral fibres and the samples triggered by ply drp-off chamfer
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Accordingly, the first factor was assigned two llevier trigger system:
Factor A, Level 1:  Lateral fibres

Factor A, Level 2. Ply drop-off

8.1.3.2. Fabric type and orientation

In previous work [2], Cauchi-Savona also applie@yd@hi methods to compare carbon
fibores and E-glass fibres on crushing performanéestiched composite plates.
Although carbon fabrics exhibit slightly better shing results than E-glass fabrics, he
found that fabric type is less important comparéith Whe other - orientation, resin type

and stitching configurations.

It was found that the most significant factor ig flabric orientation. According to the
crushing results of adhesive bonded cells (seer&i§ul6), biaxial [90/4)s, triaxial
[+45/05]s, and woven fabric [PW400/§] all can achieve the best potential energy
absorption capacity. Besides, some other lay-upgentations, such as triaxial
[90/+45/0k and [90/+45/@ls, and triaxial [+45/gls also showed very remarkable

crushing performance.

In order to find out the best configuration for tmedified structural composite, three

different fabric types and orientations are comgantethis stage:
Factor B, Level 1:  [£45/Q]s
Factor B, Level 2.  [90/Q]s
Factor B, Level 3: [PW400/Q]s

The purpose of choosing above fabric orientatientoiobtain similar thickness, and
thus the effects from their perimeter/thicknesst)(RAtio could be minimized.
Meanwhile, every lay-up orientation contains foaydrs of O fabric so that the effect

of the content of Ofibres also can be minimized.

8.1.3.3. Matrix system

Compared with polyester resin, vinyl ester and gp@sins can significantly benefits
the fracture toughness properties of composite nadge(Figure 7.14). Whereas, the
volume fraction of matrix also can dramatically Ewthe flexural properties of

composite materials even if a tougher resin is used
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In comparison with other factors, the matrix systeeems to have a more complex
influence on the energy absorption capability ahposite materials. Accordingly, the
effects of the resins which have been introducethdyprevious chapters need to be

investigated as well on crushing samples:
Factor C, Level 1:  Polyester resin (Crysti€489PA)
Factor C, Level 2:  Vinyl ester resin (Dioff 9102-500)

Factor C, Level 3:  Epoxy resin (Araldité® LY564)

8.1.3.4. Beam web length

It is important to note that the main purpose ekstigating geometric cells is to lead to
an optimised design of panel type composite straatthere the cell units are connected
by beam webs. The length/thickness ratio of theliam webs are also expected to

influence the energy absorption capacity of th&estructure.

To the geometric cell, Farley's concluded [62] ttiet total energy absorption of a
composite structure is the combination of charatier elements and structural
elements (see equation 2.19). The energy absorptintributed by the beam webs is
proportional to the cross-sectional area of beanbswen entire structure. The

precondition is that the entire structure doesfaibby buckling instead of crushing.

Furthermore, changing the length of the beam wédzs\aries the areal density of the
panel type structure. This can significantly affédo¢ performance of those structural
composites that are subjected to impact or blastitgs. In order to balance the energy
absorption capability with areal density in a matifcell, three levels of the length of

beam web are chosen within this design:
Factor D, Level 1: BWL-9 (beam web length - 9mm)
Factor D, Level 2: BWL-15 (beam web length - 15mm)

Factor D, Level 3: BWL-21 (beam web length - 21mm)

8.1.3.5. Stitching gap on beam webs

Applying an appropriate stitching density on a cosife laminate can increase its
energy absorption capability by maximizing the mes of interlaminar fracture

toughness. However, stitches also introduce defectaminate by penetrating and
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disordering the original architecture of fabricidtvery necessary to avoid superfluous

stitching by monitoring the stitching density.

Because the maximum distance between stitcheseisdme line is 5mm (see Figure
5.3), the stitching density is thus controlled karying the gap between two stitching
lines. For the core section, the stitching gap betwlines was followed by previous
parameters mentioned in Chapter 5, i.e. 15mm separbetween lines. Because the
laminate thickness of beam webs is relatively latgeee levels of stitching gap were

chosen to control the stitching densities on beahsy
Factor E, Level 1:  StiGap-4 (Stitching gap - 4mm)
Factor E, Level 2:  StiGap-8 (Stitching gap - 8mm)
Factor E, Level 3:  StiGap-12 (Stitching gap - 12min

Combined with the beam web length, the stitching gaschematically sketched in
Table 8.1. Unstitched beam webs are also investiga©Dne ninth samples which
possess beam web length of 9mm remain unstitchecbritrast to the geometric cells
studied previously, these unstitched (at beam wabs)ples followed the sample
manufacturing process that were shown in Figurea8@®bond two parts of symmetric

fabrics via co-infusion process.

Table8.1  Schematic sketches of stitching gap comied with beam web length
N Stitching gap on beam webs
Beam web length 4mm gmm 12mm
omm YN\ RN
15mm NN N AN R
21mm N A A A VN AV M AN

SHaAY : Beamweb

. Stitching line
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8.1.3.6. Crushing speed (crushing strain rate)

The crushing speed, which sometimes is referredstarushing strain rate, is also
expected to have a minor effect on energy absarpoiocomposites. Based on the
inconsistent conclusions obtained from other redess, it is still difficult to judge
whether the energy absorption capability of thisugttre should increase with
increasing crushing speed. Moreover, it is alseradting to know whether the factor of
crushing speed is more effective than other factemsh as the stitching parameters.

Thus, three crushing speed levels were implementtdtie crushing samples:
Factor F, Level 1:  I1mm/minute
Factor F, Level 2:  20mm/minute
Factor F, Level 3:  400mm/minute

Although dynamic crushing testes were not carrietio this study due to the limits of
the testing facility, the investigation on aboveeg levels still could be valuable for the

further applications.

8.1.4. Selection of orthogonal array

The six factors described above including one 2iléactor and five 3-level factors, are
introduced for the Robust Design. These factors thed levels are indicated on a

typical crushing sample that is shown in Figure 8.6

Factor D: Beam web length Factor E: Stitching gap

Factor F: Crushing Speed

Factor C: Lay-up

Factor B: Resin /

Factor A: Trigger

Figure 8.6 Six factors which indicated on a typicatrushing sample for the Robust Design
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According to the standard orthogonal arrays recontee by Taguchi (see Table 2.1),
there are several options of selecting a suitattleogonal array. One option is to select
an orthogonal array which entirely consists of &ldactors, and then to convert the 2-
level factor into a 3-level factor, by using a duynfactor. The problem with this

technique is that the dummy factor ends up beinggtigated more than the other

factors [78]. The other option is to select an &levmixed" orthogonal array.

In this study, the Lg (2' x3") was selected. A full original (2! x3’) can be found in
Table 2.2, Chapter 2. As a summary, these six fa@nod their levels as well as ap L
(2* x3") orthogonal array where these factors and levelsaasigned are listed in Table
8.2 and Table 8.3, respectively.

Table 8.2 Control factors and their levels for theRobust Design
Levels
Factors 1 2 3 DOF*

A - Trigger 90D Fibres Ply drop-off chamfer 1

B - Resin Polyester Vinyl ester Epoxy

C - Lay-up [+45,-45/02]s [90/02]s [PW/0,]s

D - Beam web length BWL-9mm BWL-15mm BWL-21mm

E - Stitching gap StiGap-4mm StiGap-8mm StiGap-12mm

NIDNIDNIDNDN

F - Crush Speed Imm/min 20mm/min 400mm/min

* DOF: degree of freedom

Table 8.3 shows that the experimental run consisis8 experiments. Each experiment
presents a combination of different levels in ashimg sample. Five specimens were
prepared and tested for each experiment. As atresadh experiment will achieve an
SEA level. The SEA level is the response of a pcbdlu the Robust Design. Because
only six factors are studied, G and H are conduatedummy factors in the 4 (2" x3")
array. To analyse the obtained SEA results, a nuwiftsatistic methods that have been
introduced in Chapter 2 are used at this stage.
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Table 8.3 Parameters for each experiment in the Rmist Design using the kg (2* x3) orthogonal array
et Expt. Factors
No. Trigger Resin Lay-up Beam web length Edge stitching density Test Speed G* H*

1 90D Fibres Polyester [+45,-45/02]s BWL-9mm STIGAP-4mm Imm/min

3 2 90D Fibres Polyester [90/02]s BWL-15mm STIGAP-8mm 20mm/min
9 3 90D Fibres Polyester [PW/02]s BWL-21mm STIGAP-12mm 400mm/min
0 4 90D Fibres Vinyl ester [+45,-45/02]s BWL-9mm STIGAP-8mm 20mm/min
5 90D Fibres Vinyl ester [90/02]s BWL-15mm STIGAP-12mm 400mm/min

6 90D Fibres Vinyl ester [PW/02]s BWL-21mm STIGAP-4mm Imm/min
7 90D Fibres Epoxy [+45,-45/02]s BWL-15mm STIGAP-4mm 400mm/min

/ 8 90D Fibres Epoxy [90/02]s BWL-21mm STIGAP-8mm Imm/min
9 90D Fibres Epoxy [PW/02]s BWL-9mm STIGAP-12mm 20mm/min

6 10 45D Chamfer Polyester [+45,-45/02]s BWL-21mm STIGAP-12mm 20mm/min
11 45D Chamfer Polyester [90/02]s BWL-9mm STIGAP-4mm 400mm/min

3 12 45D Chamfer Polyester [PW/02]s BWL-15mm STIGAP-8mm Imm/min

9 13 45D Chamfer Vinyl ester [+45,-45/02]s BWL-15mm STIGAP-12mm Imm/min
40 14 45D Chamfer Vinyl ester [90/02]s BWL-21mm STIGAP-4mm 20mm/min
4 15 45D Chamfer Vinyl ester [PW/02]s BWL-9mm STIGAP-8mm 400mm/min
4 16 45D Chamfer Epoxy [+45,-45/02]s BWL-21mm STIGAP-8mm 400mm/min

4 17 45D Chamfer Epoxy [90/02]s BWL-9mm STIGAP-12mm Imm/min
44 18 45D Chamfer Epoxy [PW/02]s BWL-15mm STIGAP-4mm 20mm/min

* G and H are conducted as dummy factors
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Table 8.4

Crushing results of Robust Design

SEA Results
— VF%
Expt. No. 1 2 3 4 5 Mean, Y, Deviation CV% SIN ratio, 77
60.77 60.39 60.16 58.42 60.64 60.07 0.96 1.59 35.57 53.96%
65.45 60.44 61.74 62.01 61.74 62.27 1.88 3.01 35.88 50.89%
68.56 63.44 68.72 68.43 62.63 66.36 3.05 4.59 36.42 52.72%
4 69.46 70.74 69.50 74.34 68.96 70.60 2.19 3.11 36.97 49.94%
68.36 66.02 68.92 69.59 66.19 67.82 1.62 2.39 36.62 47.40%
6 80.96 77.29 75.37 78.85 79.35 78.37 2.12 2.71 37.87 46.73%
77.32 73.17 71.97 67.16 78.17 73.56 4.45 6.04 37.29 44.82%
8 60.89 55.30 57.43 58.16 56.78 57.71 2.06 3.57 35.21 48.52%
9 70.30 67.82 72.81 74.72 71.93 71.51 2.61 3.65 37.07 49.61%
0 56.15 56.34 55.26 56.33 56.80 56.18 0.56 1.01 34.99 54.68%
59.20 54.42 51.05 58.48 55.81 55.79 3.29 5.89 34.89 54.80%
65.59 67.74 66.82 65.55 65.35 66.21 1.04 1.57 36.42 55.14%
73.10 72.58 68.13 71.08 67.37 70.45 2.59 3.67 36.94 51.76%
4 58.00 60.69 58.78 62.49 60.10 60.01 1.75 291 35.56 49.09%
82.81 87.03 87.45 86.86 80.20 84.87 3.22 3.79 38.56 47.03%
6 66.44 68.67 71.59 65.84 71.36 68.78 2.68 3.89 36.73 48.88%
67.52 62.64 67.33 63.29 63.26 64.81 2.40 3.71 36.22 44.36%
8 72.78 74.18 75.96 74.06 72.05 73.81 1.50 2.03 37.36 47.30%
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8.2. Results of Robust Design

The crushing results of the Robust Design experisnare shown in Table 8.4. As the
characteristic of the SEA results is "Larger-th&éd®, the S/N ratios then were
calculated by applying equation 2.31. Two statdti@pproaches, response table and
ANOVA method, are applied for analysing the resphsduced through the orthogonal
array. Both mean values and S/N ratios which atediin Table 8.4 are calculated by

using those statistical approaches.

8.2.1. Response Tables

By taking the numerical values of the mean)(and S/N ratios /) that are listed in
Table 8.4, the average and# for each level of the six factors can be obtainetisted

in Table 8.5 and Table 8.6, respectively. It resghht the most significant factor is the

fabric type and orientation, while the least sigmiht factor is the trigger system.

These averages are shown graphically in FigureaBd/ Figure 8.8, respectively. The
average line has also been drawn in these figurks. response graph is used to
visualize the data from the response table andifgidactors that have large effects on
the average values. As the differences betweehdbieand worst parameters are clearly
shown, it is easy to choose the best combinatiopasdmeters for crushing sample.

Furthermore, the confidence interva@sl4) around the average andr for each level

of these factors are also plotted as the erroribdfgyure 8.7 and Figure 8.8.

Table 8.5 The Response Table of the crushing ressidtMean
Factors
A B C D E F
67.59 61.15 66.61 67.94 66.93 66.27
66.77 72.02 61.40 69.02 68.41 65.73
68.36 73.52 64.57 66.19 69.53
Difference 0.82 10.87 12.12 4.45 2.22 3.80
Rank 6 2 1 3 5 4
Optimum 90D Fibres Vinyl ester [PWI0;]s BWL-15mm StiGap-8mm 400mm/min
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Table 8.6 The Response Table of the crushing ressiltS/N ratio

Factors
A B C D E F
Level 1 36.54 35.69 36.42 36.55 36.42 36.37
Level 2 36.41 37.09 35.73 36.75 36.63 36.30
Level 3 - 36.65 37.28 36.13 36.38 36.75
Difference 0.14 1.39 1.55 0.62 0.25 0.45
Rank 6 2 1 3 5 4
Optimum 90D Fibres Vinyl ester [PW/0;]s BWL-15mm StiGap-8mm 400mm/min
80
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Figure 8.7 Response graph of SEA results for mearales (Error deviation = Cly;

confidence level = 95%)
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