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Abstract

This thesis discusses material behaviours related to the failure of wovegirsiifced polypropylene
(SRPP) and a fibre metal laminate (FML) based on SRPP and mild steel. Single polymer composites
such as SRPP are relatively new, as compared to thiamad fibre-reinforced composites, and while

there have been studies that investigate the optimal manufacturing methods, there are relatively few that
look at the failure behaviour of SRPP in depth. On top of this, SRPP exhibits behaviours that are quite
different from most traditional fibreeinforced polymers due to its unique construction. As a result,
there is also limited knowledge of the behaviour of SRB&d FMLs, except under impa&tbetter
understanding of these materials will be valuableemithat they have a lot of potential uses in many
applications, especially for those that can benefit from recyclability, high impact resistance and weight
reduction.For this reason, failure, and related deformation behaviours of SRPP and SRPP/steel FML,

were investigated.

The material behaviours were studied using different reinforcing directions under uniaxial tension, and
different specimen geometries under combinepléme biaxial and ottf-plane bending deformations,

for both the SRPP and FML. kddition, specimens of different thicknesses were studied for SRPP
under uniaxial tension, which behave differently and give important insights into the failure mechanisms.
Analyses were carried out using a combination of microscopy and surface sttggisaméiich can
effectively be used to study various damage types in SRPP and their relation to the failure of SRPP and
FML.

In this research, various types of damage and related mechanisms were uncovered, some of which have
not been previously reported the literature. One of the most important aspects was that the critical
damage mechanisms that cause failure in the materaésidentified for different material and loading
conditions.This includes a particular type of matrix damage in SRPP whadh faund to cause an
unusually high strain concentration and, as a result, lead to material failure in some cases. It was found
that failure from such damage can be suppressed in some specimens which exhibit mechanisms that can

impede damage growth.

It was found that the process of damage development, and how this relates to the failure behaviour, can

depend on one or more of the following factors, some of which are related: damage type, presence (or



lack) of toughening mechanisms, mode of crack propagat@&nforcing direction, weave geometry,
sensitivity to local damage, loading condition, material thickness, and consolidation quality. Some of
these factors can influence the failure behaviour to the point that the same type of specimen, subjected
to thesame loading condition, can fail from different regions of the material, under different failure
mechanisms. In the course of the analysis, it was foundrihragny caseghesurface strains captured

during the deformation process can indicate where umder which conditions, failure occurred.

The findings from this research highlighted the importance of understanding the exact mechanisms
behind the failure 0SRPP, SRPBased FML and similar materials, since they can vary significantly
depending onumerous factors. It is anticipated that the findings from this study will lay the groundwork
for future research on developing failure criteria for such material systems for the benefit of researchers

and designers using composite and hybrid materials.



Nomenclature

AE Acoustic emission

ARALL Aramid fibrereinforcedepoxy/aluminiumalloy FML
CFRP Carbon fibrereinforced polymer

DIC Digital image correlation

DP steel Dual phase steel

DSC Differential scanning calorimetry

FEA Fibre metal laminate

FLC Forming limit curve

FLD Forming limit diagram

FML Fibre metal laminate

FRP Fibre-reinforced plastic

GFRP Glass fibrereinforced polymer

GFRPP Glass fibrereinforcedpolypropylene

GLARE Glass fibrereinforced epoxy compaosite/aluminium FML
HSCP High-strain concentration point

IBD test Inducedbiaxial deformation test

iPP Isotactic polypropylene

OPIM Oscillating packing injection moulding

PE Polyethylene

PEEK Polyether ether ketone

PP Polypropylene

SiC Silicon carbide

SPC Single polymer composite

SRPE Selfreinforced polyethylene

SRPP Self-reinforced polypropylene

ub Unidirectional

WWFE Worldwide Failure Exercise

0°/90° Uniaxial tensile test specimens with reinforcements oriented at 0° and 90° to

loading direction



2-phase FRP Fibrereinforced polymer with chemically different reinforcement and matrix

30°/60°

+45°

[deq]
[log ]

88 7

phases

Uniaxial tensile test specimens with reinforcements oriented at +30° @0fdto
the loading direction

Uniaxial tensile test specimens with reinforcements oriented at +454&Ado
the loading direction

In-plane shear strain ohegrees (°)
Logarithmic (true) strain, given in mm/mm

Boundary or boundary crack oriented at 0° to unidirectional tensile load, betv
two O“tapes.

Boundary or boundary crack oriented at 0° to unidirectional tensile leadeén
orthogonal tapes where the 9@pe weaves under the edge of ddjfe.

Boundary or boundary crack oriented at 90° to unidirectional tensile load, be
two 90%tapes.

Boundary or boundary crack oriented at 90€nairectional tensile load, betwee
orthogonal tapes where the-@pe weaves under the edge of a-&(fe.

Punch depth in IBD test

Chord modulus of elasticity between 10013% strain
Tangential stiffness above 18frain

Applied load

Standard deviation in strain to failure
Specimen thickness

Stress ratiolp2 / 4

Strain ratioOy2 /O

In-plane shear stra@mboutreinforcing directions
In-plane shear stra@mboutx andy directions
Strain in the reinforcing direction 1

Strain in the reinforcing direction 2

Strain applied tohespecimen

The average strain afhe specimen

Strain at a higtstrain concentration point
Maximum strain irthespecimen

First principal strain

Second principal strain

Strain in thex-direction

Strain in they-direction

Strain in thez-direction



Tensile strain to failure

Transitionstrain

Angle to the loading direction

Themt i 0 bt wehgedd rU b e tavaenedyg OU
Stress in the reinforcing direction 1

Stress in the reinforcing direction 2

First principal stress

Second principal

Stress in the-direction

Stress in thg-direction

Stress in the-direction

Tensile strength

Upper yield strength

Stress at transition strain

In-plane shear stresdoutreinforcing directions
In-plane shear stresdoutx andy directions
The gadient of strain increase
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1 Introduction

1.1 Background

Fibre metalaminate (FML) is a hybrid material system consisting of fiti@forced plastic (FRP) and

metal sheets in a laminate structure. As with any composites and hybrid material systems, FML
combines the desirable characteristics of its constituents to teéitherits targeted use. The system
originated at Fokker Aircraft in the 1950s when they were investigating the idea of bonding aluminium
sheets together to improve fatigue performance, which later transitioned into metal/composite hybrids
during researclat theDelft University of Technology in the 1970s. Its core benefits include higher
impact, fire [1] and corrosiof2] resistanceand better fatigue tolerance [1], compared to aluminium,

and with a lower density than the metal it would replace.

To highlight some of thbenefits of FMLs, one can refer to GLARE-igure 1.1), which is one of the
earliest FMLs, made out of a glass fiseénforced epoxy composite and aluminium, arskdin

Meto

52 Glass Fiwy

Metx

52 Giass Fer

Metal

GLARE upper fuselage
panels: fatigue crack
growth, residual strength

(b)

Figure 1.1 a) Commercial GLARE® Laminate (glass fibrginforced epoxy
composite/aluminium FML) [3] and b) its application in Airbus A380. [4]



numerous aircrafts such as the-£55alaxy in the US Air Force, the Boeing 777 and the Airbus
A380[5]. Its impact resistance (specific first cracking energy) was found to be up to 3.6 times higher
than aluminium in anigh-velocity impact [§ Tab. 3.2 This characteristiavas effectively usedn
designing a lightweight luggage container that can contain a bomb detonation larger than the one used
in the 1988 Lockerbie disaster [7].

Due to such characteristics, the use of FMLs can potentially benefitriedustyond just aerospace, as

well as the wider society. For example, if used in vehicles to replace steel components of a similar
thickness, it may help reduce fuel consumption and therefore help meet the target greenhouse gas
emission levels. In road&sh scenarios,sagnificantimprovement to impact resistance may help reduce
fatalities. Of course, such improvements must be achieved without compromising other important
features such as stiffness, strength, and corrosion and fatigue resistancatdsataekhicle safety and

performance. FMLs, in fact, would improve these properties by significant margins.

A question may arise, at this point, regarding other materials that could replace some of the steel parts
in automotive vehicles. Indeed, there is a clear appetite in the automotive industry to use materials such
as aluminium and composites. (See Figugefdr an examplg These materials are used mainly for
reducing vehicle weight and, in some cases, for additional improvements in other properties. However,
this has brought to light several challenges, such as the lower formability of aluralfoyroompared

to steel, and composites requiring processing (e.g. manual hand layup) that are not suitable for existing
mass manufacturing techniquesso, composites require significant modifications to joining and
surface painting techniques traditionally ugdisfor steel parts. While this is notajor barrier for

luxury car manufacturers with relatively small production volumes, it poses a considerable challenge
for companies that are reliant on mass production with high rates of output and lower unit production
costs. As such, steel remains fitenary material used in the automotive industry, as exemplified by

theextensiveuse of steel in the body of the Volvo XC90 (Figr8).

Figure 1.2 Carbon fibrereinforced composite component in thedy of McLaren
720S.[8]
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Figure 1.3 Volvo XC90 body structure with steel parts Highted (green par
represents aluminium). [9]

The viability of FMLs in the automotive and other industries is undeniably limited at this time, not least
by the cost of manufacturing the materials. Traditional FMLs mostly require costly manual layup
proesses, followed by the curing of thermosetting resins under heat to consolidate into the desired,
permanent shape. In attempting to reduce costs, some researchers have investigatedtifief

stamp forming FRPs and FRRased FMLs by using a thermogtig polymer matrix [1015]. The use

of thermoplastic FRPallowsFMLs to be preconsolidated into sheets and then be formed subsequently

in similar ways to standard metal stamp forming. By minimising the required changes in tooling and
manufacturing proases, this would lower the main barrier for use in industries depending on mass
production. Thermoplastics are also highly recyclable, impact resistant, lightweight, and more ductile

than thermosetting polymers such as epoxy.

The use of steel instead otidinium in an FML system can potentially offer greater stiffness, strength,
toughness, and manufacturability, as well as reduced material and manufacturingmastssly,this
would be at the expense of higher weight compared to alumibased FMLs, nedering it inapplicable

in aerospace applications. However, steded FMLs may be useful in mass production industries such

as the automotive sector. With this in mind, this research investigates a steel based FML system.

This research investigates the behaviour ofsatiforced polypropylene (SRPP) and an ShiaBed

FML out of a variety of thermoplastitased FRPs3s it maximises thaforementioned benefitsver



thermoseFRPs SRPP is a single polymer composite (SP@ictv haschemicallyidentical components

for the reinforcement and matrix phases, as the name suggests. Due to this, it is fully recyclable and
lighter than the more commonly used thermoplastised FRP#\lso, considerably higher fibre content

(70i 90% fibre volume fraction) and excellent adhesion between the reinforcement and the matrix can
be achievediue to the nature of its unigue manufacturing process.is a significant advantage over

most composites where good interfacial adhesion between tbafid the matrix is difficult to achieve.

Despite the benefits, there has been relatively little focus on the failure behaviour of SRPP in the existing
studies of the material. In addition, it has a unique structure that makes it behave quite diti@rently
typical FRPs that have different reinforcement and matrix phases. Due to this, assumptions cannot be
carelessly applied to the material behaviour of SRPP based on the existing knowledge of FRPs. The
same applies to SRRRAsed FML, since its behaviounckargely depend on the behaviour of the SRPP

layer.

Furthermore, this study will demonstrate the necessity of understanding the physical damage
characteristics that develop under different loading conditions, and how they contribute (or do not
contribute) to the failure of SRPP and SR#Red FML, before it can be said that these materials are

well understood for wider use.

1.2 Aims

FMLs were initially developed for applications in the aerospace sector, and they have been widely
studied. Hence, extsive researckxistson aluminium FMLsbut there islimited research on FMLs
based on steel or SRPP, especially beyond impact applications. While there is currently a limited
understanding of the material behaviour of SRPP, it should be mentioned tfzlitiecbehaviour of

FRPs themselves is still not fully understood due to their variety and complexity, and a significant
portion of the existing research uses epoxy rbaged composites rather than thermoplastic composites.

It is not surprising, therthat even lesss understood about woven SPCs such as SRBRh is a

subcategory of thermoplastic FRPs.

Such a knowledge gap is hindering their full exploitation in industries, outside a fewerdgh
applications, despite the many benefits they carr.offe help bridge the gaphis research aims to
deliver insights into the behaviour of woven SRPP and SRPP/steel FML. More specifically, it will focus
on the failure and deformation behaviour relevant to the failure of SRPP and SRPP/steel FML when
subjeced to the following conditions: 1) uniaxial tensile load along one of the reinforcing directions,
2) uniaxial tensile load applied at fkis angles to the reinforcing directions, and 3) combinguxgine

biaxial and oubf-plane bending deformations. drbroader context, this study aims to contribute to our



understanding of how and why woven thermoplastic SPCs and FMLs based on such composites would

deform and fail in the way they do.

1.3 Thesis outline

Table 1.Error! Bookmark not definedThesis chapter summaries.

Chapter Title Summary

Describes the motivation behind studying the mate
1 Introduction deformation and failure behaviour of SRPP and SRPP/
FML and the overarching aim of this thesis.

Reviews existing studies that are relevant to understandir
2 Literature Review deformation and failure behaviour of the SRPP .
SRPP/steel FML discussed in the thesis.

Details the materials made and used, the setups fo
experiments and the subsequent analyses so that the res
this study can be reproduced by a third party.

Materials and
Methods

Failure Behaviour Discusses the findings from analysing the behaviour of S
4 Under Uniaxial and SRPP/steel FML when subjette uniaxial tensile loac
Tension (Oraxis) along one of the reinforcing directions of the SRPP (laye!

Failure Behaviour Discusses the findings from analysihg behaviour of SRPI
Under Uniaxial  and SRPP/steel FML when subjected to uniaxial tensile
Tension (Off at off-axis angles to the reinforcing directions of the SF
axis) (layer).

Discusses the findings from analysing the behaviour &fF5
and SRPP/steel FML under indueleidxial deformation test:
(as described in Chapt8), which induce irmplane biaxial
deformation and outf-plane bending in the materials.

Failure Behaviour
6 Under Biaxial
Deformation

The concluding chapter reflects on the significance of

Conclusion o - .
! findings set out in this thesis.




2 Literature Review

2.1 Introduction

This chapter reviews relevant literature on the behaviours efesefbrced polypropylene (SRPP) and
SRPP/steel FML. It is not the aim of this literature review to provide a comprehensive and critical review
of studies on FRPs thare basedn differentreinforcement and matrix phases, as these behave
considerably differently to SRPP. Instead, studies presentedh this chapter with more focus on
behaviours specific to SRPP and SR#Bed FML which are necessary for understanding the results

and discssions of this research.

2.1.1 Background

SRPP has the benefit of being more recyclable, lightweighit@®8/cn¥) [16], having higher fibre

volume fraction (709 0 % or hi gher in some cases 20%),73 ) , anc
comparison to thermosbtised FRPs and evermpBase thermoplastic FRPs such as carbon fibre or
glassfibre-reinforced polymers (GFRP) It also has high impact resistancein multiple cases
outperforming glass fibreeinforced thermoplastics [181] i allowing it tobe commerally exploited

in applications such as atftallistics, automotive components, and sports equipment (see Rigure

In some cases, SRPPs have comparable stiffness and strength vaRieRd6 200250MPa)

compared to GFRP (& GPa, 80100MPa) [16].

The properties mentioned abowe attributedo the facthatboth the reinforcement and matrix phases

in SRPP are made of polypropylene (PP), as the name suggests. It falls under a category of polymers
called single polymer composite (SPC), also knownaaselfreinforced polymer, singlephase
composite,homocompoige, homogeneous composite, or-pdllymer composite (i.e. alP). In
comparison to phase composites, SPCs have almost perfect adhesion between fibre and matrix due to
mutual diffusion between the two chemically identical components creating stronigaheonds [23].

This characteristic is a significant improvement because strong interfacial bonding is crucial for the

! For comparison, GFRP has a density of aroundid@tg/cni, fibre volume fraction of 2080%, and failure
strain of 25 %.
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Figure 2.1 Example applications of Curv®, a commercial SRPP: ajdlistics (e.g. helmets
protectors, and military vehicle armour); b) spdwdmet; and ¢) automotive components [2:

fibrei matrix loadtransfer mechanism, and hence in providing composite shear, transverse, and fatigue
strengths. However, good adhesinrtomposites is very difficult to achieve, often causing fractures to
initiate at the interface [24Thisis especially true for RBased Zphase composites because the polymer

has low surface free energy and bonding or interfacial adhesion is usualy28e p. 2049].

Fibre Metal Laminate (FML) is a material system g@nhbined=RP and metal layers in laminate forms
with many benefits. An example of its benefits is its high impact performance. In comparison to the
plain composite material, Reyes Villanueva and Cantwell [26] foundsaimelwichstructure of glass
fibre-reinforcedpolypropylene (GFRPP)/aluminium/aluminium foam had higher-wiglbcity impact
resistance due to several eneaipsorption mechanisms, including the fracture of the aluminium,
longitudinal splitting, and fibre fracture. Fan, Cantwell and Guan [27] alsalfthat an FML based on
glass fibrereinforced epoxy/aluminium alloy had specific perforation energy that could be more than
twice that of the plain composite in quasistatic andveocity impact perforation tests, depending on
the thicknessof the compaite. Another critical benefit of FML over metal is better fatigue resistance
due to a possible fibreridging effect [2830]. Crack growth in ARALL, an aramid fibresinforced
epoxy/aluminium alloy FML, exhibited crack growthiI@0 times slower than inlninium and

fatigue damage never occurred in realistic conditions in riveted lap joints [1].

Before proceeding into an analysis of deformation and failure of SRPP andBR&PFML, it is
imperative to understand that there are several factors abseiagerials that make the vast proportion

of existing research in composites inapplicable.

FMLs based on steel or thermoplastic compositesaedatively new classes of materials: FML itself

was first patented in 1984 and most studies since then hawgetbon FMLs based on aluminium alloys

and FRPs based on aramid, carbon, and/or glass fibre reinforcements. As Alderliesten [31] mentions,
most research on FMLs are on thermosetting resins whickvidedy acceptedn the aeronautical
industry (with appliations in the Airbus A380), while research on thermopldsiged FMLs has

developed only recently.



This is also the case beyond FMLs: coverage of thermoplzatied FRPs is much smaller than those

based on thermosets. For instardfridwide Failure Execises WWFES [32i 37] conducted over

many years assessed how well leading failure theories predict composite failure via test cases based on
glass and carbon fibres and resin matriddsreover,a s comment ed i n Reeder 6:
delamination failuref thermoset epoxyand PEEKbased composites, different criteria are suitable for
thermoset and thermoplastic polymers. No one criteria can cover all because they behave quite
differently. Even with thermosdtased composites, findings from the first WWBE] resulted in 50%

of 19 leading failure theoridseing modified demonstrating the complexity of the field.

Not only that, SPCs form only a part of thermoplabased composites and are structured and behave
quite differently to the traditional-ghase FRPs. Fibres are less stiff and more ductile compared to the
well-established glass or carbon fibrasdthefibrei matrixinterface is stronger thaypical composites.

The first concept of SP@asintroduced in 1975 [39], and while there is some literature on processing
techniqueshasicproperties, and impact performance, limited knowledge exists dailine behaviour

of SPCs outsidegeneraldamage characteristics. Also, the amount of liteeatm SPCs pales in
comparison to those onpghase FRPs. On top of this, SRPP only forms a subset of the knowledge pool
on SPCs.

SRPP exhibits multiple damage mechanisms datr simultaneousjyranging from brittle fibre or
tape fracture, longitudinalrack or splitting, transverse cracks, matrix thinning, delamination, ductile
fibrei matrix splitting, to fibrillation. Regarding fibrillation, some authors attribute it to good
consolidation whereas some attribute it to the exact oppositd4#0

Studiesof deformation and failure of FRRse traditionally basedn unidirectional (UD) lamina or
crossply UD laminas, as was the case YWkWFEs Woven composites again behave differefriyn

UD laminas In general, the mechanics of woven composites is maonplated than UD laminates

due to the curvatures in reinforcements and ply nesting, factors which lead to different types of damage
including: matrix fracture causing delamination between yarns, matrix fracture within yarns,
interlaminar delamination, arfibre fracture [45]. Even for the same woven FRP, damage development

and propagation under impact can differ depending on the reinforcement architecture [46].

This literature review is divided into three sections thedcribe the behaviours BRPs, SRPPand

FMLs in relation to their failures. It covers SRPP before FMLs, given that failure of FML should first
be understood at the level of @snstituers. (It does not cover steel as its behaviour is very well known

in comparison.) SRPP is covered extealy, given that it is relatively less well knowoiitthe section

on FMLs is shorter because the concept of this laminate system is well known (although research on
FMLs based explicitlyon steel or thermoplastic FRPs is lacking). Before the SRPP setyfmcal

failure behaviours of FRPs are also briefly described to give context to the class of SRPPs materials.

These sectionare further dividednto parts relevant to thermoset FRPs, thermoplastic FRPs, the



structure and behaviour of SRPPs at the caitg@@nd componen{matrix and reinforcement) levels,

steel FMLs, and, finally, FMLs based on thermoplastic FRPs including SRPP.

2.2 Failure behaviour in fibre reinforced plastics

2.2.1 Thermoset-based FRP

In many cases, cracks inphase FRPs initiate from micdebonding at the fibfenatrix interface, as

shown in Figure 2.2, under the high tensile and shear stress concentrations caused by high mismatch in
stiffness between the two phases. This is usually the case in thelrasedtcomposite$hiscan occur

in fibres perpendiculaandparallel to the loading directiohe growthof the latter case is usually seen

under fatigue loadingt the end o broken fibre rather than under qusisitic loading. Debonding then

leads to larger scale fidmatrix debondingpr, less frequently, matrix fractu{@4, pp. 12 56]. An
illustration of damage development where fibre breakages lead to interface debonding and matrix cracks
is shown in Figure.3.

Figure 2.2 Fibre' matrix debonding in a polyester resin/glass fiteimforced
composite [47].
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Figure 2.3 Schematic showing of damage events leadingral fiailure of a UD
composite due to increase of the applied tensile load [483Fig.

Matrix fracture often initiates at the free edges and leads to interlaminar delaminatiocedisddfibre

fractures inadjacentplies [24, pp. 12 56]. Matrix cracks can propagate in all directions but often
propagate along fibre directions under gtsiatic loading [49]. Examples are transverse cracks in
transverse plies and splitting in longitudinal plies where the propagdatitsivenby amismatchin the
Poissonés ratios of differently oriented adjacer
to resist the stress concentration, shear yielding can also occur instead of propagating in a brittle manner
[48].

In composites with woven sicture, there are additional ways in which damage can occur. Typical
examples are illustrated in Figure 2.4. Failure in a woven thermoset composite often initfdiesy by

matrix debonding, preferentially at the yarn boundaries normal to the loading¢jadirethe initial
boundary cracks do not necessarily develop into large cracks, depending on the stress distribution which
is affected by the weave architecture. Midebonding forméransverse matrix cracks within or on the
yarnboundaries. Unlike in UBrossplies, the length and spacing of cracks are initially limited by crimp
boundaries, then at higher load propagate along theVW#ren cracks have developed to a certain level

(e.g. if crack saturation exists), shear stresses between the transaeksearrd longitudinal layers
trigger local delaminations thare confinedo crimp boundaries. These can lead tmasetof fibre

failure in surrounding bundles, as well as transition to interlaminar delaminations at a stage which
depends on interlamin&racture toughness. Longitudinal yarns can also split dimsverse tensile
stresses created in the |l ongitudinal yarns from
Final failure occurs with longitudinal fibre breakages at strains b#eviailure strain of fibres due to

fibre crimp and delaminations that reduce efficient load transfer inside the fibre bundles.

10



Figure 2.4 Different types of cracks observed in textile casifes loaded in tensior
From top to bottom in left column: transverse matrix cracks inside yarns, tran:
cracks at yarn boundaries (b), debonding of yarns and local delaminations insid
(), transverse cracks in the matrix pockets, shear matipks. From top to bottom i
right column: splitting of the yarns, cracks on the boundary of or insiglaris,
longitudinal cracks in the matrix pockets, delaminations. Taken and modified fror
pp.43i 44, Tab.3.1].

Similar micredebonding, typically at yarn boundaries, is also seen walencomposite when loaded
off-axis [24, pp. 4156]. These then form matrix cracks inside yarns which indicate high shear
deformation in the matrix and ductile failure, in contristbrittle fracture surfaces formed under
transverse cracks. Debonding and fibre-pulis are also often observed. In a study of tensile behaviour

of glassreinforced/epoxy composite under-affis loading [50], woven FRP fractured at varying angles

to the reinforcement and the load, which also changed with weave patterns. In contrast, UD laminate of
the same material failed at fracture angles consistent with the fibre direction regardless of the angle to
the tensile load.

2.2.1.1 World-wide failure exercises

Given its impact in the space of composite failure studies, WVarEHriefly describeth this sub

section

The first WWFE [32] initiated in 1996 tested the ability of 19 existing failure theories to predict the
response of classical FRP laminate of uniomal (UD) lamina under wplane, biaxial loading, using

14 test cases. It concluded in 2004 that origwatheories gave an acceptable correlation with test data
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for 75% of the test casebs a resultsome 50% of the theoriegere modified, with someeing modified

for the first time in over 40 years.

The organisers then moved on to finding out the maturity of failure criteria in predicting the behaviour
of FRPs under triaxial stresses. This SecoIVE [33 35] tested 12 participating theories using FRP

UD lamina and multdirectional laminates based on various fibres and resins. The results showed that
only afew theories gave acceptable correlation with experimental data (wit§6) for about 75%

of the test cases.

The third WWFE focused on judging the predictive capabilities of the 12 participating theories
(summarised briefly and referenced38, 37])on a variety of irplane loading or combined 3D loading
conditions, sometimes in the presemaf stress concentration, under thermal load, or for different
laminate thicknesses. These required predictive outputs in the forms of stta@ascurves, crack
density variation, failure stress and strain envelopes, delamination level and locatimy/lodoading
curves, strengths versus hole diameter, or laminate thickltesest cases were based, again, on
laminates of UD laminas based on epoxy material (carbon @ask fibres)Below are notable points
from the concluding remarks [37]:

1 Ther is a general lack of consensus between theanidshe models are broadly immature
from manufacturing and design perspectives with regards to:

Effects of ply thickness and layp sequence.

Sizeeffects, such as the effectiudle diameter to thicknesstio.

Effects of unloading and reloading.

Interaction between cracks in adjacent layers of different orientation.

O O O o o

Matrix cracking and delamination under pure bending.
0 Delaminationdrivenby matrix cracking.
1 There werdargedifferences in models, even ingglicting the strength and failure strains where
failureis controlledby tensile failure in fibres.
No two models gave the same predictions for any of the test cases.

Ratios between the highest and lowest predictions were as high as 20 in some test cases.

The WWEFEs show that predicting FRP failures is still far from being maturdeandnstratethe level

of complexity of damage that can occur in these composite materials. It also suggests there is a
requirementto better understand their failure behawv® The same is true for thermoplastic FRPs,
which behave differently but are often designed based on criteria thdidevdevelopeibr thermoset

FRPs. At the very least, such criteria should be used in conjunction with a good understanding of failure
behaviour of thermoplastic FRPs so that designers can understand where the failure criteria cannot apply,

on top of the limitations highlighted above.
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2.2.2 Thermoplastic-based FRP

Nishida et al. [51] presented a comparison of mechanical propleeti@seen woven thermoplastic and
thermosebased carbon fibreeinforced polymer (CFRP) and concluded that thermoplastic matrix
provided better performanc€ompared to their thermoskased counterparts, thermopladiased
samples exhibited similar intaxdial shear strength, tensile strength, and elastic modulus; they also had
higher interlaminar shear and impact strengths and almost double the interlaminar fracture toughness.
Thermoplastidbased CFRP had slower interlaminar crack development, fewehartdrscracks, and

better energy absorption under impact due to its ability to deform plastically compared to the brittle

thermoset matrix.

This llustrates theadvantagesf using thermoplastibased composites, on top of longer stiédfand

ease of maufacturing, although it has disadvantageous creep behaviour [52]. In fact, in some cases, the
interlaminarfracture toughness of thermoplastic FRRsefound to be at least one order of magnitude
higher than thermoset FRPs, which is affected by matnightoess and fibfenatrix interfacial strength

[53, 54]. However, it mudte notedhat the mechanical performances depend on the specific materials
used and testing conditions, such as environmental conditions, presence of notches, different joint types

[55], and fibre impregnation quality [56].

Under a thregooint bending test of a GFRPP, Wafai et al. [49] observed load drops related to
1) initiation and propagation of cracks in transverse plies viaifibatrix debonding in fibrgich areas
ahead of therack tip, and 2) coalescence of cracks in maidk areas at a later stage. Transverse
cracks grow quite quickly before the stiffness recovers at the end as they transition to interlaminar
delamination, which then propagates along the boundary betwegtultinal and transverse plighe
differenceto thermoset FRP was that the crack opening was bridged by matrix fibrillation, probably
indicating that the cracks formed by crazing. Delamination was characterisadrbgracksn matrix

rich areas, fibriematrix debonding, and shemduced microcracks with internal miefibrillation,
indicating a combination of Mode | (tensile opening) and Mode {pl@me shear) fractures. The latter
depends on the thickness of the matrix interlayer and the distritnftiadjacent fibres. Despite being
chemically identical, different grades of PP also exhibit significantly different interlaminar fracture
toughness due tdifferencesin ductility and toughness. Matrix deformation strongly affects energy

dissipation, esgcially in the delamination phase.

At low shear strains, thermoplasbased FRPs show similar behaviour under shear to that of thermoset
based FRPs [57]. However, at larger strains the response varies significantly with regards to matrix

damage, and theroplastic FRPs exhibit delayed failure due to higher shear strength in the matrix.

Bourmaud et al. [58] describes damage mechanisms in injection mahloietlax fibre-reinforced/PP

composite undetension,and they mention how similar mechanisang senin glass and natural fibre
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reinforced composites. The damage initiates and propagates preferentially through transverse fibre
bundles, showing that it®iddle lamella interface is weaker than the filbmeatrix interface. In areas

without fibre bundles, imrovoids and microcracks initiate at fibre tips, then a lang@berof fibres

break, after which the shear stress causes microcracks to propagate along the sides of the fibres. Brittle
cracks propagate transversely between these points in the matrgingrabout a final fracture with

fibre pull-outs. The authors conclude that, despite some debonding, there is no majondthire
weakness, counter to common thinking, although they suggest that increasing interface bonding is
necessaryor improving canposite quality.

Hufenbach et al. [59] explain that textile composites have a combination of both discrete and diffuse
damage characteristfcdn addition in compositessuch as GFRPP (which are dominated by diffuse
damagésuch as interface failure, ductile matrix, void growth, or whitening, instead of discrete damage
such as fibre ointer-fibre failure and delamination), there is no clear safian of damage mechanism
related to load history. The result is tigdntificationof separate damage phagesnpossible. Critical
damage can arise before #pearancef discrete damage, and multiple damage mechanisnaccan

simultaneouslyn different directions.

In a study by Wang [60] of the failure behaviour of flax filbeenforced/PP under stretch forming, it
was foundhat because the matrix is much more tieiad comparison to the thermoset resin, composite
failureis clearly driverby fibre fracture. Because of the dominance of fibre failure as the primary failure
mechanism, the author found that load path dependency in leading to failure can be ellyinated
maxi mum strain in the fibres as the indicator
was applied in another study involving a woven GFRPP [61] whesasishowrthat failure wasnostly
affectedby fibre strain, regardless sfrain paths or fibre orientation. Thus, in most cases strains in the
glass fibres weremoreconsistent andtraightforwargredictive indicator as to the final failure location
and fibre strain level. However, it can be questioned whether the samg dippties to SRPP, even
though itis also basedn aPPmatrix. Being PP, its reinforcement phase is much more ductile, and does
not have the same level of inextensibility as glas$la¢ fibres. As opposed to the failubeing

dominatedby fibre fracture multiple damage mechanisms occur in SRPP.

2 Discrete damage can be quantif@mtmese or microscale withustifiable effort such as fibre failure, interfibre
failure, and delamination. Diffuse damage mechanisms exhibit no local character or cannot be quantified with
justifiable effort such asgnterface failure, ductile matrix, void growtbr whitening [3)].
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2.3 Self-reinforced polypropylene

2.3.1 Composite structure and failure behaviours

Understanding the structure of SRPP and SP@ssentiato understanding their behavioumhis is
true of any materiahutbecause SPBs argquitedifferent from conventional-phase FRPs, caution must
be exercisetb not usesimilar assumptions in cases where they may not apply.

A commercially produced SRPP called Cwras usedn this research. It is manufactured using the hot
compadbon method in which highhdrawn PP tapes are woven together and then selectively melted on
the surfaces to form matrix between the tapes. Schematics of the hot compaction process and a
scanning electron micrograph of SRPP sedi@nshowrnn Figure2.5below and Figur.6 in the next

page. Curv has a 70% tape fraction which is the optimum ratio for the composite [21, 64]. Due to the
stretch in the tapes, these are highly oriented and awirdfercementthat gives the composite its
strength and stiffess. Although the tapes act like fibres, they are geometrically different from fibres or

filaments which have matrix joining together each strand separately.

Q(SDQQQQ L L L

Composite is formed
consisting of the original,

Organization of fibers, Selective melting of each highly oriented material held
tapes or films individual tape in place during the melting
phase

Figure 25 Schematics of the hot compaction process [62].

The hot compaction method was developed in 1989 by researcherdaivéssityof Leeds [21]. Since

then, researchersnotably, Ward, Hine, Swolfs and their colleagudsve carried out multiple studies

on hot compacted SRPP. These haestly focusedround the effect of varying processing parameters

on the compositebs mechani c ail73. miluenpatparameters, sena d mo r
of which depend on each other, wetbe moleculamweight of PP, quality of transcrystalline layer

between the reinforcement and the matrix, processing temperature, and form factor of the fabric

reinforcement.
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Figure 2.6 a) Diagrams of SRPP made by the hot compaction process; and
scanning electron micrograph at the section indicated in (b) [63].

The hot compaction process is one of three main industrial methods of producing SPCs [74]. Other
processeare:1) the coextrusion method, where reinforcements are coextruded suitfaadayer that

melts at dowertemperature to form the matrix; andtBg film stacking method, where reinforcement

and matrixgiving layers are sandwiched together and heated for consolidation. These methods use
different polymer grades (for example, homopolymer for fibres and copolymer fanatré) or

different polymophs (forinstance, using lower melting modification for the matrix). Some notable
studies on coextruded SRPPs include those by Cabrera, Alcock, Barkoula, and their colleagues, and a
few others [1719, 40, 7481], and on filmstacked SRPPs, by Barany, garKocsis, Izer, and their
colleagues, Kitayama, Houshyar, and his colleagues, and a few othied%][8he primaryfocus of

these studies often on finding the optimal parameters for a particular processing technique.

There are SRPPs made using les#l known techniques, such as introducing fibres into supercooled
matrices [98100], or using oscillating packing injection moulding (OPIM) [1004]. While the SRPP
made by OPIM is technically an SPC, it is quite different from SPCs made from methqu®thete

flat sheets using explicit control over the direction and continuity of the reinforcements. Commercial
SRPPs include Pure [105], Tegris [106], and Torodon [107].

It should be noted that SRPP can exhiflightly different mechanical propertieard failure
characteristics depending on the method used. For example, the relationship between impact resistance
and the material thickness in hot compacted woven SRPP [69] were reported to be different to that of
coextruded woven SRPP [18]. In additiore florm factor, processing conditions, loading conditions,

and reinforcing directions in relation to the load can affect the mechanical properties and failure
behaviour, as will be explained in the following sections. Although this thesis investigatesténaim

behaviour of one type of SRPP (hot compacted woven SRPP with tape reinforcements), it is important
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to lay out the similarities and differences between different types of SRPP, so that the findings from this
research can be used in future works &®PB and SPCs with the understanding of how certain

behaviours might vary depending on the manufacturing conditions.

2.3.1.1 Form factor

In studies of hot compacted SRPP aetfreinforced polyethylene (SRPE), tHat rectangular tape

was determined to be thetter choice of reinforcement geometry compared to multifilament bundles

of circular fibres or fibrillated tapes [41, 68]. Flat tapes gave the least crimping, were easier to weave
into a balanced style, and had the least internal free space, whictegravatger surface area for direct
adhesion between the tapbglicatively, peel tests by Jordan et al. [68] showed that, when using fibre
bundles, critical cracks propagated altimg boundaryf transcrystalline matrices, whereas when tapes
were usedgracks propagated within the tapes as well as in the mahixcorrelatedwith the superior
mechanical properties observed with tagee reinforcement. This conclusion mbst addressedith

some caution; it may be that the tape is actually weakerfith@nbundles and this causes cracks to
preferentially propagate through the tapes than at the interface. However, this is less likely, given that

the peel strengtimcreasedy a factor of 9 when using tapes instead of fibre bundles.

Justification for he woven style aofhe commercial hot compacted SRPP stems from one of the earliest
studies on the hot compaction procétise et al[66] found hot compacted UD SRPE to be limited by
thetransversestrength of individual fibre, with transverse failure waing within the fibresThis led

to studies based on woven structures so that the transverse strength of reinforcement was not directly
relevant to the composite. Ward and Hine [21] found a balanced weave pattern to be best for practical
use, although aearlier paper from the group [41] noted that this reduces the stiffness by half compared

to a UD arrangement because the reinforcementos

Swolfs et al. [70] showed that arrangements which gave eamalids between the tapes resulted in
better compaction quality, such as a 2/2 twill weave pattern which gave less crimping than a plain weave;
moreover, overfeeding of tapes or adding interleaved films increased the matrix content by filling in
voids. Vdds can lead to early damage initiatiemdthe additionaimatrix can reduce debonding and
delaminations in tensile, peel, and impact testsalt notedhat impact resistanés dominatedy tape

fracture and fibrillation, rather than debonding aetimination,and is thereforenostly unaffected by
weaving styleThis was slightly different to the observations by Alcock et al. [18] who reported that,
depending on the processing temperature, the impact property of coexpdeeinforced woven

SRPP correlated in varying degrees with delamination and tape frathere@uthors also noted this

difference and suggested that hot compacted SRPP is less prone to delamination than other SRPPs.
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2.3.1.2 Processing conditions

Failure behaviors of SRPPs can differ due to different processing parameters. In a study on SRPP made
with quasiunidirectional carded mats by film stacking at 1505°C [84], samples consolidated at
lower temperatures exhibitedainly delamination and fibre pubbuts under tension, whereas samples
processed at higher temperatures exhibited fibre fracture as the dominant failure mode. When
consolidated at higher temperatures, interlaminar strength, tensile modulus, tensile strength, and peel

strength were increased, willynamic impact perforation enenggs decreasd@4, 86].

Similar observations were made for a woven SRPP made with coextruded tapes [403owipacted

at a somewhdtighertemperature (160°C comparedi(’C), tape pulouts and delaminations, which
previously occurred over the length of specimens, disappeared. Instadidedape fractures occurred

with micro-fibrillations. Since a change in processing temperature gave a negligible chaegsile
strength in a UD version of the SRPP [17], éln¢hors concluded that the sensitivity in the woven SRPP
was due to higher processing temperature which resulted in increased interlaminar strength, allowing
stress to reach the longitudinal tensile strength of the reinforcement.

However, unlike the filrstacked SRPP, an increase in tensile strength with processing temperature was
almost negligible in a study of coextruded SRPP, although a direct comparison between the two studies
is difficult because there atargediscrepancies in strength and stiffeeBor example, the maximum
tensile strength of a coextruded woven SRPP [2Bf) [40] was about twice that of a filstacked

SRPP (126- 130MPa) [84]. It is clear that theropertiesof SRPP depend on both processing method

and parameters.

As describedabove, the general trend in the literature is that higher processing temperatures result in
the localisation of fractures and delaminations, reducedopts, increased fibrillation, improved
interlaminar and tensile properties, and a decrease in impgetrges (due to the overall reduction in
delamination which absorbs large amounts of energy, although this can vary depending on whether the
impact type is penetrative or not [71]). It is often explained that these are related to improved
reinforcemeritmatrix interfacial bonding. It must be noted that these observations only apply below the
temperature that causes substantial melting of the reinforcement phase. Above such temperature (e.g.
190°C), both tensile and impact properties are reduced from iedwnt disappearance of lodearing

capacity, delamination, and fibrillation, despite the fact that interfacial bonding is improved [97].

2.3.1.3 Damage accumulation under uniaxial tensile load

The mechanical properties of tapgnforced woven SRPP and GFRPP bancomparablehyut their
damage mechanisms are very different [#@oustic emission (AE) events, signalling the occurrence

of damage, occur at higher stresses in SRPP than in GFRPP for several red&deinapé} have higher
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strain to failure and smailt scatter in strengths compared to glass fibrdaa{&¥facial failures and fibre
breakages occur earlier in GFRPP since SRPP has better interfacial strengthhamdo®ssection of

PP tapes is larger than glass fibres by more 50@ntimes, and hee, the smaller number of
reinforcements per volume in SRPP lead to fewer fibre failures than in GFRPP. This is despite the

reinforcement volume fraction in SRPP being higher.

SRPP sustains multiple forms of damage before fracture. In an AE studyr ley &te[42], damage in
tapereinforced filmstacked SRPP included tape fractures close to tensile failure, microscopic
debonding duringlignmentof reinforcement towards tltkrectionof the load, fibrématrix debonding,
fibrillation, and delaminationin poorly consolidated samples, the latter three occurred in higher
proportions, and théotal number of AE events indicated that damagges higher, with the damage
accumulating from early stages of deformation. This is similar to observations made iy Svabl

[70] on hot compacted SRPP, where the lower quality of consolidation resulted in earlier damage

initiation, as well as more damage.

I n |1 zer e twasaehsongdhat sotAlH evgntereré detecteduring testing opurePP matrix,

and thus all AE events are expected to be due to fabric or reinforGenagnx interactiond42].
Venkatesan, who studied a tagénforced hot compacted woven SRPP, also found that no failure was
initiated in the matrix [108, 207 209]. Ingead, failure of theompositevas caused by [tape] breakage
whichledto subsequent matrix failure from the dissipated energy. However, this does not strictly mean
there is no damage in the SRPP madrigr tofibre fracture. It willbe seein Section2.3.2 and Chapter

4 that the matrix ifotcompacted SRPP exhibits damagearacteristics that are somewhat diffetent

pure PPprobablydue to its transcrystalline microstructure and exiting in regions where tapes have not
fractured. It should alsbe ndedt hat Venkat everadedvedrom visual bbsegvations

(there was no microscopy) in a study that did not focus primarily on damage characteristics.

Hine et al. [41] have suggested thatrix failure occurs around the yield point, such tit tesulting
reduction in stress transfer reduces the stiffness. Note that the yield point in an SRPP occurs at a similar
strain as the yield in the matrix, i.e. pure BRP%). Thus, what the authors refer to as matrix failure
must really be a noaoritical type of damage in the matrix. Another possible explanation of the yielding
behaviour ighat tie moleculesyhich connect crystals across the amorphous phase, start to flow at the
yield point[70, 109]. A further increase in stress after yielding oca@iiects the fact that the tie

molecules gradually align to the tensile load.

The behaviour of matrix yieldingeforethe yielding of reinforcement in SRPP is quite unusual among
composites. The difference may be that a typical FRP has stiff, brittle, and inextensible fibres embedded
in a moreductile matrix, in comparison to SRPP which has reinforcement that is higblijedand
extensible. It is, therefore, preferable to have a matrix that remains ductile until failure of the

reinforcement, and this is reflected by higher resistance to peeling when the matrix is more ductile [41].
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2.3.1.4 Damage accumulation under non-uniaxial tensile loads

Zanjani and his colleagues [44, 110 2] studied théehaviouiof tapereinforced hot compacted woven
SRPP during stretch forming. At failure, SRPP was described as failing catastrophicallycamitplex
mixture of longitudinal cracks pragating in tape directions along and between the tapes, yarn ruptures
(fibrillation and fibril fractures), fibre pulbut, matrix shearing, delamination, and transverse cracks
throughout the thickness. In some locations, fibre kinking due to localisedessiye straing/as also
observedThiswas contrastetb GFRPP, which had one dominant failure mbdeadual and localised

fibre fracture due to inextensible and brittle nature of glass fibres.

It was also showm their study [111{hat, depending on the aspect ratios of the specimens, GRPP
exhibit different failure mechanisms due to differenpiane deformation modes. For a specimen with
high aspect ratio, SRPP failed transverselth&ofirst principalstrain, with gaggedsurface showing
yarn rupture, fibre pulbuts, and delamination. With deceasein the aspect ratio, the fracture
propagated at 45° tthe first principal directionshowinga bridgingeffect which delayed the final
fracture. With aurtherdecrease in aspect ratio, the bridging effect became more proncurdie

failure meclanism also included matrix shear failure.

It is also possible for none of the above forms of damage which are seen under stretch forming to occur
under draw forming, at | east before forming | im
work [10§. This occurred in the absence of a lerthg whichpreventedspecimens from being drawn

in, and depending on the level of the blank holder force and the preheat temperature.

Under compression, UD SRPP was reported to faihigro-buckling, with amaximum compressive
strength of around 58IPa (inthe longitudinabdirection at high compaction temperaturds)]. Thisis

closer to that of bulk PP (~ 3@Pa) and much lower than the tensile strengths of the composite. In
woven SRPP¢compressive failure occuwd similarly by buckling, and it was noted that the bending
stiffness must contribute to the compressive strength of the composite [40]. Delamiragiaiso
observedinder compression, with some fibrillation occurring where cohesive tape failure oc@iised

led to the conclusion that the increase in compressive strength that occurs when the compaction
temperature is increased (from 140°C to 160°C) must be due to increasédhiitiie interfacial

strength, which prevents such failures.

In tensile tes, more consolidatedamples having higher strength and stiffness typically exhibit less
delamination and tape debonding, since they are concentrated over a smaller area (around the fracture
site). However, in impact tests, these failure modes are préédreimce they are highly energy
consuming processes, as with fibrillation and tape-qui. Due to this, impact performance can be
improved by lowering consolidation quality and thereby interfacial strength [18], or by using a
multilayered SRPP insteard a monolithic one to induce more delamination [1T3jis demonstrates

that designs with SRPP mus# tailoredaccording to the intended application.
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2.3.1.5 Crack propagation

Romhany et al. [43$tudied crack growth in singleotched tensile samples of hot compacted woven
SRPP by tracing the movement of AE events. As monitored by AE events, the crack did not grow until
the load approximately reached a plateau, after whiclerdiek started to sldw propagate. Shortly
before fracture, fast crack growth occurred at points where the load exhibited sudden lizajziSE

of the load dropsas not been fully understocalthough some researchers explain it in terms of crack
bifurcation [114]. Romhanyand colleagues conclude that voids in poorly consolidated samples are
responsible ([43, Fig]). However, in a study of filastackedSRPP,Izer et al. [42], from the same
group, later observed a similar phenomenon with a single tape and reinforcemerarfdlihought it

was due to fibre cracks and breakage

Interestingly the SRPP studied by Romhany et al. [43] was Curv, which is the same commercial product
studied in this research, but similar piop were not observed, agill be shown in Chapter 4.he
difference is possibly due to the different thicknesses and the manner of crack initiation. This research
studied 0.8B1.0mmtthick tensile specimens, whereas Romhany et al. 8sagh-thick specimens with

cracks initiating at the notch on one edge.

Romhany et al. [43HIso found that thénitial damage zone was initially larger poorly consolidated
samples and then became smalldris was attributed to the crack propagating too fast for strelss to
redistributedn voided areasThis agrees with thebservation mentioned previously by Swolfs et al.,

that voids can cause early damage under ter[8i@h Similarly, Alcock et al. [40] mention that
mechanical properties are negatively affected by voids, but also that voids have been reported to increase
failure strairby a crackarrestingmechanism [115]t should be noted that the studhich showed that

voids arrest cracksasconductedn FRP made from glass fibres andyl ester,a thermosetting resin.

2.3.1.6 Fibrillation and interfacial strength

Most papers reporbbservingfibrillation at failure in SRPP depending on processing parameter.
Typically, fibrillationis observednore extensively in reinforcements that are perpendicular to the load.
A possibleexception is the study bitomhany et al[43] who reported that rovings aligned to tensile

load showedbrittle fractures, whildibrillation occurred in rovings perpendicular to the load.

In a study of coextruded tapeinforced UD SRPP, Alcock et al. [17] observed fibrillation in
conjunction wih no single fracture surface. This behavior was attributékdetdransverse strength of

the tapes being sweakthat cracks propagated rapidly along the tape direction, causingdpta
fibrillation as well as intetape debonding. The failure under smm is then more likely due to
delamination rather than tensile fracture of the reinforcement, which may explain the tensile strength of

single tape being higher than that of the composite.
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The explanation that fibrillation is due to transverse crackeelling along the tape direction and
causing delamination is I|likely to be true, espe
molecular structure of drawn PP [11&0], which will be describedater. The description that

fibrillation appearsh e cause @t he transverse strength of t he
explained. The description may lead the reader to imaginetageasplitting under Mode | fracture

(tensile opening), which is illustrated in Figure 2.7a. But it will bdaRrpd in Sectior2.3.3that cracks

and fibrillation along the tape direction are likely to begin from microscopic voids which cause tensile

strain in the microfibril to be lower compared to the surrounding microfibrils. The resulting shear
between the narofibrils causes them to debond. Therefore,rataostructural scalgfibrillation arises

from intratape fracture in Mode Il (kplane shear), which is illustrated in Fig@&b.

(a) (b)
Figure 2.7 lllustration of a) Mode | fracturé tensile opening ant
b) Mode Il fracturd in-plane shear.

Some researchers have related the fibrillation in SRPP to its interfacial stréogthn et al. [68]
observed extensive fibrillation in peel tests of tagiaforced hot compacted woven SRPP samples and
stated that fibrillatiormight merely be easierin tapes.or alternativelythat it is a reflection of better
bonding. The higher engy required to induce extensive fibrillation would correlate with the observed
higher peel strength. In a tensile test of notched samples of a similar BRRRany et al[43] also
observed fibrillation in which the fibres and their bundles split fronmthtix in a veryductilemanner;

they said this was a clear indication of good interfacial adhesion.

On the other hand, Izer [93, §8] stated that in typical tensile failures of fistacked SRPP, well
consolidated samples fail by fibre breakage, wiitdlellation is preventedby strong interfacial adhesion.
However, looking at pictures of failed samples from Izer [936pp67], it is possible the author was
referring to the total volume of fibrillation, with delamination decreasing with proces=imgetrature

due to damage occurring owrortedengths of the specimens, rather than any decrease in the extent of
fibrillation (by larger extent | mean a larger number of thinner fibrils across the lateral section). In any
case, from the pictures, whishow the edge side of the specimaéinis, difficult to discern fibrillations

from delaminations. It is also possible, of coutkat the differenfailure behaviour®bservedn this

research is due todifferencein thetypeof reinforcement or manufacturing parameters.

22



It should be noted that the aforementioned correlation between the higher degree of fibrillation and a
higher interfacial adhesion in [43] and [68] seems to apply only to specimens that exhibit macroscopic
fibrillation and high strength. It will be shown later, in Secddh 1, that thin SRPP specimens exhibit

a very small amount of fibrillation which can only be observed under the microscope, whereas thicker
specimens exhibit much more fibrillation which dae observed without microscopy, similar to the
studies above. However, the thin specimens that exhibit no macroscopic fibrillation are conjectured to
have a higher level of bonding than the thicker specimens, based on the evidence from the current study
and a few others [41, 70, 71, 97], which will be explained in more detail in Section 4.2.1.

2.3.1.7 Reinforcement orientations

In a study of the mechanical properties of coextrudedeipforced UD SRPP, tensile strengths at
different angles between reinforcenhemd load were predicted using Tiddill and maximum stress

criteria [17]. The values were in good agreement with measured data, although their data show just one
data point between°® d< 30°, where the change in curvature of the criterion is moghatie.
Regardingfracture characteristicéailure of the UD SRPRvas dominatedby tape strength between

0° <d<2° by shear between°2 d< 23° and by transverse strength of the tape above this angle.
Fracture dominated by tape strength at small argllewed extensive fibrillation.

In a study of coextruded woven SRPP, samples oriented it to the tensile load exhibitexvident

intraply shearing, or a trellis effect, where the reinforcing tapes rotated by as mucdrasotthe

direction of the tasile load[40]. Tensile strain to failure at45 A i s mu &) dud tgthie r ( &
andmoretape debonding occurs than &tQMA  10%). When consolidated atlawertemperature, but

still above adequate pressure, failure straas further increasedue to lower interfacial strength,

leading to greater tape debonding and-pulis. Athigherprocessing temperature, midfiibrillation

and tape breakageccurredinsteal of tape debonding and pwluts. The increase in strength and
decrease in failure strain with arcreasean processing temperature was much more pronounced than

the changes observed for 0°/90° samples.

2.3.2 Matrix microstructure and interfacial strength

While it can seem like a good idea to take the properties of PP or melted SRPP as the properties of the
matrix in SRPP, this is not exactly accurate because the structure of the matrix in SRPP is different from
that of the amorphous PP spherulites SPC, tle matrix phaseecrystallisesnto lamellae, growing
epitaxially from the surface of the fibrillar reinforcement (as was shown in Figure 2.6, and also in
Figures 2.8 and 2.9). Figure Z8ows both the lamellae that recrystallised epitaxially to the &bce

those thatecrystallisednto spherulites from the molten PP away from the fibre. These lamellae meet

regions that recrystallised from adjacent reinforcements, effectively forming the matrix phase. In hot
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compacted SPCs such as those shown in Figu6eand 2.8, the reinforcement and matrix originate
from the same material, in comparison to SPCs that have chemically identical but structurally different

materials for their reinforcement and matrix (e.g., different polymer grades).

Figure 2.8 Scanning electron micrograph of atchedlongitudinal section of a hc
compacted SRPP showing lamellar growth between interfibrillar boundaries [6BbFi

Figure 2.9 Polarised optical microscopy of the filbreatrix interface of an SRPP forme
by introducing fibre into anoltenmatrix at 167°C [121, Fig. 2a].

The microstructure of the transcrystalline layers in SPCs are formed as follows. (For reference,
schematic of spherulites, lamellae, and crystallographic orientations of polareershownin
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Figure2.10 with the axesaming convention.) Duringecrystallsation the direction of lamella growth
(b-axis) is perpendicular to the tape orientation.
kebab superstruct uindaded crhystallisagod of palyméers [d23]f depicted in
Figure2.11a. In this analogy, highly oriented moleculegston surface of the reinforcement material
serve as the &éshishé and the | amellae in the epi
can act as row nuclei for tlggowth of kebabs, with the lamellar molecular orientatioraxis) aligned

inthe same direction as the shish. Interestingly, itle@s reportethat microstructures similar to this

can also be formed imon-SPCs under certain conditidns

Direction of
spherulite growth
_______ ! Lamellar
chain-folded
crystallite

Amorphous
A 3
material

Tie molecule

Interspherulitic
boundary

(010)  [100] [010]

(@) (b)

Figure 2.10 Schematics for a typical polymer a) spherulite [122, Fig. 14.13]; and b) lamellz
conventionaktrystallographic directions and planes.

8 Microstructures similar to SP€an be formed in neBPCs, for instance, in injection moulded GFRP when
polymer matrix is recrystallised in presence of shear [125], or in FRPs with poliprnes Wwhere there is a
composite of liquid crystalline polymer fibres and PP matrix [126]
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Figure 2.11 Schematics of shiskebab structures a) formed in polymers under shear stress
Fig. 1], and in SRPP during consolidation, illustrated in b) [124, Abstract] and c) [99,4Fig.

In SRPP, there aretwofr ms of kebabs, as shown in Figures 2.
described, and then 6daughteré kebabs nucl eate f
the a-axis of the daughter kebab alignedto the molecular orientation of the shish and dreis is
perpendicular to it. Kitayama et al. [95] studied morphologies and mechanical properties of the fibre
matrix interface of SRPP. They found that transcrystalline regions close to the fibre nsaly gacked

with lamellae of the parent kebab, and daughter kebabs started to appear at a distance away from the

fibre, as shown in Figure 2.11Ehis agrees with other observations in the literature.

Kitayama et al. also reported strong interfacial adire with no debonding occurring under tensile
stress transverse to the fibre. Interestingly, the authors stated there are different arguments on whether
the transcrystalline layer in PP improves or reduces interfacial adhesion. However, this obsgagation
basedon research on-ghase FRPs with PP matrix and different fibres, such as cotton cellulose fibres
[127] and glass fibres [12830]. Giverresearclon SRPP and other SPCs showengiencdrom SEMs

of mechanically loaded samples, the more convih@ngument is that the interfacial adhesisn
improvedby the described structure in the transcrystalline layer.

For example, a weltlompacted UD SRPE exhibité@nsversédailure within the fibres when subjected

to bending loads, not at the filbreatrix interface [66] Similarly, [68] showed that for SRPPs made

with high molecular weight PP tapes, peeling forces tend to disrupt the reinforcement itself. Even for
SRPPs made with lower molecular weight PP multifilament bundles, which exhibited poorenicacha
properties, cracks propagated through boundaries between transcrystalline layers within the matrix.
Therefore, the limiting component in thractureof the SRPP studied in this research is unlikely to be

the interface. As such, excellent load transé expected due to strong interfacial bonding.
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As can be seen, the microstructure of the matrix in an SRPP is incongruent with that of a plain PP.
However, to help illustrate the characteristic damage of SRPP in comparison to PP in £hapgter
mechaism of crazecrack occurring in PP is briefly described here. Crazes are highly localised zones
of plastic dilatational deformation that initiate on the surface [109] and form microvoids, and the
material between the microvoids extends into fibrilsli(sm) under further local strain. These fibrils
arealignedwith the tension andansupport doad Microcracks initiate and propagate perpendicular to
the tension, with fibrils progressively breaking under further stress and causing the microvoids to
coalese. Thisis called a crazerack mechanism and eventually leads to brittle fracture [131, 132]. An
example of crazerack propagation in PB givenin Figure 2.12. The white in micrograptsrives

from stress whitening, which isgenericterm for differem microscopic phenomena that cause light
scattering due to localised changes inghe | y medractive index [132].

Figure 2.12 Crazing observed in polypropylene during a tensile test [133]. The te
load is vertical in this image.

In understanding deformations in the matrix of SRR® disohelpful to visualise the deformations of
plain PP at different orientationgith respect tadhe lamellae. Plastic deformation in setnystalline
polymers carbe dividednto two part§ deformations in thamorphougphase and polymer crystals, as
illustrated in Figure 2.13 [109]. In the amorphous phase (Figures Pc).3tlae primary deformation
modes are induced by a) interlamellar slip, where cltaimsheareds attached neighbouring lamellae
slip past each other; b)terlamellar separation, where tension or compression causes lamellae to
separate from each other and the attaclmaihs between the lamellae to unravel and straighten; and

c) stack rotation, where both the lamellae and the amorphous chains rotate.
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Figure 2.13 Deformation modes in the amorphous phase of-®eystalline polymers:
a)interlamellar slip; b) lamellar separation; c) rotation of stacks of lamellae
Fig. 2]. d) rotation of crystal fragments duedlip, marked by arrows. The resolving
the skear on a plane due sampletension or compressidgsalso illustratel09, Fig.4].

In the crystalline phase, plastic deformation occurs by crystallographic slip (Figure 2.13d), twinning,
and by martensitic transformation, without destroying thetalirse order at low to moderate amounts

of deformation. Of these, the slip mechanism can produdartiestplastic strains. The slip planes and
directions in PP are (010)[001], (110)[001], and (100)[001], in the order of lowest critical resolved shear
stress éasiestslip mechanism) to highest. (The lowest and average critical shear stresses in iPP are

22.6MPa and 29vPa, respectively 109, 134]

Also, Aboulfaraj et al. [133] describe the behaviour of lamellae and linked amorphous regions at

different lamellar orientations when subject to uniaxial tension and shear, as shown ir2 Bigure
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Figure 2.14 Behaviour of the different sectors in PP spherulites under uniaxial te
andsimpleshear [133, Figl3]. The black arrows represent the applied stresses ar
white arrows the locally active deformation mode.

2.3.3 Reinforcement microstructure and behaviours

Other than those mentioned already, there is limited literature specifically on reinforcements in SRPP.
However, the drawing of PE and PP has been studied in depth, although there still are differing

hypotheses on the exact microstructure and detmmprocesses that give rise to the structure.
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There are two notable theories descrililmydeformation mechanism in seanystalline polymers. One

is the crystallographic slip theory described previously, based on works by Bowden and Yoiing [135
139], where plastic deformations derive from dislocations travelling along slip planes (similar to crystal
plasticity in metals)Thisis widely accepted, although there are doubts about how the dislocations are
generated [109]. The other is by Peterlin [11B0] which describesdestructionof crystals and
formation ofmicrofibrillar structuresat large deformationsCurrent theorieare largely basedn the

works of these authors, and some good reveaeprovidedn [109] and [140], authors who, with their
colleagueshave carried out substantial studies on the subject. Crystallographic slip theory is more
relevant to deformations at small 186 [119]) andntermediates t r ai ns, whi l e Peter | i
appropriate in describing the microstructure andattaristics of drawn serarystalline polymers such

as PP tapes in SRPP.

Callister[122] refers to the classic plastic deformation model shown in Figure 2.15, where the lamellae
and tie molecules rotate such that the chaiax(s) are oriented towards ttemsileaxis and then broken

into smaller crystalline blocks and connecting tie molecules. However, Peterlin suggests a different
model based on tlabservatiorthat lamellae disappear and fibrillar structure groarscurrertly at high

strains. He suggests that lameltae destroyed n  é mi ¢ r o n e c k-effocrysdahbtbcks artee b r o k
incorporated into theewly arranged microfibrillar structure, as illustrated in Figure 2.16 [120hlste
hypothesisedhat lamellae or cistal blocks whichare more alignedvith tensile stress exert strong
shearing forces on other lamellae (due to their higher strains providing a shear component to the adjacent
lamellae stacks) [119T hisiis illustratedin Figure 2.17. The final structurd drawn semicrystalline

polymer consists maostly of microfibrils which are tens of microns in length and a few hundred angstroms
laterally [116]. Peterlin claimed this is generally applicable to all polymers that are at least partially
crystalline in theunorientedstate [120].

Figure 2.15 Stages in the plastic deformation of a senyistalline polymer [122
Fig. 15.13].
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Figure 217 For mati on of O6éskewedd microfi
lamellae: a) stack before shearing, b) after shearing by one lamella thickness pe
width, c) after shearing biyvo lamellae thicknesses per block wifth9, Fig.1].

P e t e mdbdel had Iseen generally well received and, despite criticisms, is widely acknowledged [141].
The specific mechanism involved during stretchimgtill disputed A more recent study [142], using
synchrotron radiation and small an@tle anglex-ray scattering measurements, showed thastiheture

of drawn PP differs depending on the processing temperaturas Ibeen hypothesisdtat oriented
lamellae, microfibrils, or fibrillar crystalare formedvhen stretched at 5@0°C, 90i 120°C, or 1200

150°C, respectively. Fibrillar crystals are described as -patlked periodic lamellae inside fibrils
oriented in the meridional directioo-&xis), in comparison to microfibrils where no lamellae wjitiod

periodicity exist.
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Properties of drawn PPs diffdepending on whether or not thenere formedunder apositivenormal

stress component thatlows it to be cavityfree. Cavitations can be formed during necking without
pressure and can later induce crazing or shear yielding. Visually, this can mantfestform of

whitening. The strength of a RPrestrictedo 120MPa when it igdrawnwithout a cavitation control
mechanism. In such case, fracture initiates in microfibrils one by one, whereas a PP drawaritethe

ratio under compression in a chandid can have a strength of up to 300 MPa. IltdesEn reportethat
rolltrusioncan produce PP withtansilestrength of 5241Pa[109]. Note that a cavitjree, diedrawing

process was elaborated in the 1980s by researchers at the University of Leattowleveloped Curv
Interestingly, some studies [23, 143, 144] have found that fibrillar structuresnanoscalecan be
achieved in some SPCs (O6nanocompositesd) if the

oriented strips (as in hot egaction).

Mechanisms involveduring drawingof the already drawn microfibrillar structure is different from the

way it forms from théamellarstructure. Peterlin [120] explains that most deformation comesdafraah
translation of the centres of masdlué fibrils, as shown in Figure 2.18a. In this case, the @@sion

and length of the fibrils remain practically unchanged, but the number of fibrils perseigm, and
therefore the actual crosection of the specimen, decreaBis is accompaied by achangan shape

of the fibril due to shear stress on the fibrils, causing shear displacements between the microfibrils within,
as shown in Figure 2.18fhis, in turn, causesrregular displacements of crystalline blocks and
amorphous portions, ahown in Figure 2.18c. Under large displacements of the fibrils, and resulting
shearing between microfibrils, tie molecules connecting different fibrils become more extended and taut.

These taut tie molecules contribute to lirggh axial elastic modulusfarawn PP [119].
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Figure 2.18 Drawing of microfibrillar structureThe centres of mass of the fibrils €
displaced linearly as in an affine transformation (a), the filaits shearedb), the
electron density difference between crystal blocks and amorphous layers betwec
is smeared out (c) [120, Fi2].
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Well before fracture, point vacancies from ends of microfibrils, usually at the boundary of the fibrils,
can, under stress, open and form microcracks. At such point defects, stress conceateaticeeted

due to reduced force transmission in the axiaation and reduced friction between microfibrils at the
abrupt discontinuity [119]. From this, longitudinal cracks can propagate along the boundary between
adjacent microfibrils. Coalescence of microcracks by radial and axial growth can then reachla crit
value and grow catastrophically, leading to fracture. Where longitudinal growth is sufficiently enhanced,
the fracture is fibrous [118T his aligns very well with observations of fibrillation in SRPP mentioned

earlier.

According to Galeski[109], fracture in rolled samples initiates under tension by longitudinal
delamination of layers parallel to the rolling plane, which then spread to the entire gauge length.
Microfibrils are formedn thefinal stage of delamination anditiate propagatia of fracture in other

microfibrils, leaving the sample looking like an open book with-f&ading pages.

As explained by Peterlin [116], fibrillation involves microfibrils having different draw ratios @,
consequengéiaving poor adhesion or bang between the fibrilsThisleads to longitudinal voids and
longitudinalslips of fibrils, resulting in théendencyfor drawn PE and PP to fibrillate. If microfibrils

are at arangle especially perpendicular to the tensile stress, these can veryepaoats, with fibrillar
elements peeling off the bulk of the undeformed proportion. In such a case, crazes and cracks are almost
parallel to the microfibrils [119].

According to Peterl i nos -cnystalieel polymeid feldedbchamn crgstalof a d
blocks which are incorporated into microfibrils and aligned with taut tie molecules connecting the
different blocks. Therefore, tlerongunit is the microfibril, not the lamellae, and the former determines

the stiffness and strength [116].

Shinozaki and Groves [145]vho studiedthe plastic deformation of oriented PP and its tensile and
compressive yield criteriat different angles, state that the Hibn Mises model of plasticity in metals

has been successfully applied to polymers, but ithet unsuitable for PP. Their critique is that
researchers incorrectly fibis criterionwith anonzeros | o p & 0°awhichdnakes the model false
between 0% d < 10°, for which, unfortunately, reproducible experimental data is very difficult torobt
They found Kel | y[l46htabe Daessuitabde faccordirig to evmich there are different
modes of failure at different angles between the applied tensile load and the reinforcement directions.
However, looking at their results, the nebdioes not appear to give a significantly better fit than does

theHillvon Mi ses criter>4@8° for approximately d

According to observations by [145), drawnPP subject to tension at small angles to the drawing
direction (0°0d> 1 0 A)  britlé, fibsus fracture witha jaggediracture surface. At intermediate
angles (200d 080°), large plastic deformations occur until ductile shear failure. At these angles,

deformation bands appear, with increasing sharpness as thénanggseslt is also mentionedhat the
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me c hani s m o330°risasimpler gpearaptirallel to the molecular orientatidriarge angles
(85°0d 090°), fibré matrix interface failure, crazing, andsenallernumber of bridging fibrils were
observed. In other words, drawn PP fails by molecular fracture at small angles between the molecular
orientation and the loading direction, by intermolecular or interfibrillar shear at intermediate angles, and

by molecularor fibrillar separation at large angles.

2.4 Fibre metal laminate

2.4.1 Steel-based FML

Only a few studies exist on stdesed FMLs because mainstream research on Bviiearedowards
lightweight aerospace applications. As of yet, only ARALL and GLARE&Ecommercially used,and

both are basean aluminium alloys. Nevertheless, there are benefits to considering the use of FMLs
based on steel for applications that do not depend critically on weight. For instance, Hoo Fatt et al. [147]
suggest that thieallistic pefformance of FMLs cabe improvedy using ductile metals which undergo

large deformation since 892 % of theenergyabsorbed by GLARE in ballistic deformation is from
panel deformation, onlyi® % from delamination, and 7% from tensile fracturealstug of impact

failure of GLARE, Vlot, Vogelesang, and Vried] found that failure of the aluminium had caused
failure of the FML, with results showing that the composite had matrix cracking and delamination but
no fibre failure. Stainless stelbhsed FMLs Isow improved tensilandfatigue properties compared to

aluminium FMLs, and offer significant benefits in terms of high stiffness and failure strength22]., p.

Langdon and Rowe [148] investigated bonding of woven GFRPP/steel FML and its responséashder
loading. A singlestep process of pr&tacking all layers and consolidating them under heat, pressure,
and rapid cooling gave the best bonding when tested under bending (in comparison to consolidating the
GFRPP plies first and then bonding the stagérs using polymer interlayers or adhesives). The FML
exhibited a similar response as GFRPP/aluminium FML under blast loading, with multiple forms of
damage: pitting, pedalling, and plastic deformation of the metal layers; matrix cracking, fibre fracture
and fibre pulthrough in th&sFRPPand debonding between layergldnding and plastic deformation

of the metal panel on the opposite side of the impaceased wittmagnitude of the loadingind was

found to be lower than that of GFRPP/aluminium Fblt higher thamonolithicaluminium.

Reyes and Gupta [149] investigated dual phase (DP) steel FMLs based on @#RFHPP. Using
modified polyolefin (PP/PE) adhesives, the authors reported good adhesion betweetrdipeinc
surface of the DP steahd the FRPs, despite the fact that polyolefins like PP are difficult to bond.
Tensile stregsstrain curves of FMLs were similar in curvature to that of DP steel. Strength of the SRPP
based FML was much higher (46#Pa) than that of SRPP (8@Pa) but lowe than that of DP steel
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(620MPa), whereas GFRRPased FML had a strength (361Pa) that was slightly highef252 MPa)
than the GFRPENd slightly lower (4701Pa)than the DP steel at failure

The strengths of the FMLs could be predicted using the rule of mixtures. A modified version gave better
predictions, where thmetalstrength at failure strain of the compositas usedf the metal layer had

not reached its maximum strength at the failpoent of the FML, as in the case of GFRPP/DP steel
FML. The maodificationwas not needetbr SRPP/DP steel FML, which failed at around@&rom

their graph), close to the failure strainssof e 81%)a rAd S RBE); thgsawhen the FML failed

the medl layer had been strained past its maximum strength. This failure strain is much higher than that
of GFRPPbased FML which appeared to have failed arolintG close to théailure strain of the
GFRPPused( &%). The demonstratedependency of tensile gperties of those FMLs on their
constituent materialis in line with behaviours commonly observed in FMLs from other literature, for
example, inCarrill o and Cantwell s study of SRPP/ al ul
Section2.4.2.1 [150]

On a #e note, there have been only a few studies of FMLs based on other metal alloys, such as titanium,
magnesium, and stainless steel [31, pp.22]. Stainless stedlased FMLs provide a closer point of
comparison to steddased FMLs than do the others. Howee stainless steel is harder, stronger, less
malleable, more brittle, and more expensive than mild steel, and is therefore less utilised in
manufacturing [151]. Studies using stainless steel in FMLs are mostly concerned with théasedet

FRPs, impacperformance, fatigue characteristics, or improvement of laminate adhesiari$¥$2
Beyond FML systems, Harhash and his colleagues [i8g have studied the forming ofpalymeii
metallaminate system based on thermoplastic polymers and steel for gatestia the automotive

industry.

2.4.2 Thermoplastic-based FML

Thermoplastic polymer matrkased FMLs havbeen developetkcently and most FMLs, including
commercial ones, are thermosetting epbaged. It is mentioned in [31, Ch. 2.4, p. 23] that one of the
problems identified earlier with thermoplastiased FML is that the high temperature required for
6curingd i s de tstrangthealurnirdum altoys in teons of théirimgchanical and fatigue
properties, as discovere@dNone[tllbe] fealyapurédfarmi mgd y
thermoplastic.) Alderliesten outlines that, for this reason, most studies on thermdgaasticFMLs

are focused on titanium and carbon fibesed FMLs, notably their basic mechanical properties and

initial manufacturing trials [163] but mostly on their impact properties [26, 148 1553.

In general, FMLs based on thermopladt&csed FRPs exhibit higher impact resistance compared to
FMLs based on thermosbased FRPs. For example, a study by Cahttedl. [164]hasshown that

four thermoplastidased GFRPs/aluminium FMLs had higher specific perforation energies under high
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impact compared to aluminium and a thermdmeted GFRP/aluminium FML. In particular, a cross
ply of UD GFRPP/aluminium FML had specific perforation energy that was more tha¥h éligher
than that of thermosdtased FML and almosibublethat ofaluminium

As an example of tensile fracture behaviour, an FML based on -gisossarbon fibre
reinforced/polyether ether ketone (PEEKa3hium FML was found to fail under tensile loads with fibre
fracture along the fibre direction and fibreatrix interface debonding for fibre directions larger than
15°[168]. For this specific FML, TsaWVu failure criteria can predict its first ply falereasonablyvell,

but themaximumstress criterion was less successful.

Hou and Friedrictsuggested169i 172] that thermoplastibased FML can be pm@onsolidated into

sheets and then subsequently formed using similar tools and methods typically employed in sheet metal
forming. Thisis possible because thermoplastics have thermally reversible propeilesthermosets

which form permanent crodimking during curing and therefore cannot be melted and then reformed.
This means thermoplastic FRPs, and by extension, thermoplastieb&¥dFMLs, can be pre
consolidated under elevated temperature, cooled, andubsequently (thermyjormed at a later stage.
Several studies have confirmed the forming capabilities of GFRPP/aluminium FML and
SRPP/aluminium FML under various parametasswill be described in the next section.

2.4.2.1 SRPP-based FML

The goodmpact propertyf SRPP habeen mentionedarlier. Similarly, SRPP/aluminium FMLs have
favourable@mpact properties, with the specific perforation energy being twice or more than FMLs based
on Kevlar or even glas®inforced thermoplastic FRPs [173]. In a study by Calitet al., described in

the previous section, the latter was shown to have higher impact resistance than a similar FML based on
a thermoset FRP [164]. This high impact property of SR&ed FML is mostly due to the high failure

strain of the SRPP reinfoement [173].

Carrillo and Cantwell [150] studied timeopertiesof an SRPP/aluminium FML. Mixedhode (I and 1)

interlaminar fracture resistance of the FMias found to initially increase linearlyith crack length,

during which extensive fibre bridgingas observedThe fracture toughness of the metaimposite
interfacewashigher than between the SRPP layers (which delaminated), although this may have been
because the consolidation pressure of FML {0P&a)was lower than that of the SRPPN®a). The

FML6s | ow consolidation pressure was al so suspec
layers under tension by causing relaxation in the reinforcement phase, despite the fact that SRPP has a

higher failure strain than aluminium.

The tensile propéies of 0°/90° and #5° FMLs lie between those of aluminium (stronger, stiffer, less
ductile) and SRPP, except that the failure strain of 0°/90° FML is slightly higher than that of SRPP. The
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reported stre$strain behaviours of the constituents and tR®B/aluminium FML were different to
those of SRPP/steel FML, as reported by Reyes and Gupta [148gsecribeckarlier. However, both

studies show that, in general, the behaviour of the FML lies between those of its constituents.

FML behaves similarly t&SRPP in that it is weaker and more ductile when loadedya$f with
strengths anthilure strainsof 131 MPa and 27%t +45°, and 154 MPa and 28at0°/90°. The 0°/90°

and £45° laminates failed in the aluminium at approximate$/ to the dislocatioband of aluminium,

which is around 65° to the load. The 0°/90° laminate showed extensive debonding between the SRPP
layers along the entire length of the specimens, whereas 46& laminate showed localised, less
extensive debonding in the SRPP layers tturotation of the fibres.

The FML6s fl exural strengths were higher than i/
Under bending, a change in the fibre orientations did not lead to any significant difference in stress

strain bdéaviours.Failure occurred throughout its volume due to intralaminar delamination within the

SRPP laminae, with no metabmposite debonding or fracture. Unttax-velocityimpact loading, the

FML went through considerable plastic deformation, varyingléeweé thinning in the metal, and,

depending on the level of impact, localised fracture in the composite and metal layers without any
interlaminar debonding.

There are a number of studies on-pomsolidated, woven SRPP/aluminium FMLs in terms of its
behavour during various forming methods, such as channel formingi /74, rectangular cup
forming [177, 178], hemispherical draw forming [17182], and stretch forming [183, 184], mostly
comparing them with GFRPP/aluminium FMLs. Compston et al. [174] fouat] tturing channel
forming at a raised temperature, putting aluminium in an FML with SRPP reduced strains in the

aluminium, which improved forming limitdiroughdelay of necking and tearing in the aluminium.

Mosseand colleagues carried out the first comprehensive study o$témepformability of pre
consolidated aluminium FMLs based on GFRPP and SRPP, investigating their formability during
channel and rectangular cup forming and the effects of varying procgssrédunes [175, 178], feed

rates, blank holder force, and tool radius [176, 177]. They found that an increased preheat temperature
changed the deformation mode and improved formability in general, except that cracks propagated faster
and caused damage hretcomposite layer. Shape errors in forming of FMLs were found to be sensitive

to feed rate, but overall significantly fewer than in aluminium (by aroups)),7&specially in the SRRPP

based laminate (890% less)Blank holder force and tool radii were faliio have effects on the shape

error but were secondary to feed rate.

DharMalingam[179] conducted a comprehensive study on the effects of processing parameters on the
draw forming behaviour of SRPP/aluminium and GFRPP/aluminium FMLs. Blank holderaiotdce
preheat temperature significantly affected the deformation behaviour of the Bitise feed rate had

no significant effect on the SRRRAsed FML. Thenost substantiadffect of temperature occurred at
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the melting point of the adhesive, where the ividual layers deformed independently of each other.
FML had more uniformly distributed strains with reducedmaximum strain in comparison to
aluminium, and reached higher forming depths, especially at higher temperatures. Common failure
mechanisms in SRPFased FMLs were matrix cracking, delamination, and laminate debonding.
GFRPPRbased FML was unable to be defeed without incurring damage, typically longitudinal matrix

cracking, interlaminar delamination, fibre fracture, &ibdei matrix debonding.

In a study of draw forming by Gresham et al. [181], varying degrees of tearing in aluminium and fracture
in SRPP were observed, increasing with a decrease in the blank holder force or an increase in the preheat
temperature. Wrinkling and delamination also occurred in both material layers. Interestingly, increasing
the temperature increased formability at lower blaolkiér forces but decreased formability at higher
blank holder forces, with the latter also showing no damage in the core compositd tégehows

interdependency of the parameters that affect the onset of failure.

On the other hand, a similar study @stigating effects various processing parameters showed that the
preheat temperature and the blank holder fovees the two factors significantly affecting the first
principal strains and deformation modesut not their interdependency, blank holdec&ror feed rate
[182]. In terms of the effect of temperature, the state of the adhesive was faigudifioantly affect
forming characteristics by allowing layers to slide over each other me¢hedstate.

Sexton et al[183, 184] investigated the fiemation and failure limits of woven SRPP/aluminium and
woven GFRPP/aluminium FML under stretch formingvdis shownthat the addition of SRPP improved

the failure limits of the aluminium and the FML did not undergo localised necking, whereas the-GFRPP
based FML exhibited reduced failure limits. In the SRPP/aluminium FML, the optimal preheat
temperature was 12G, which is high enough to increase the failure strain in the composite layer but
not so high as to melt the adhesive and cause the layers tmdeftependently. In this case, failure
initiated from fibre fracture in the SRPP layer, whereas around and abot@, 14€ adhesivanelts

and failure can initiate from the aluminiuirhisis opposite to GFRRPased FML, which shows higher
stretch formabdity when the adhesive melts and allows the layeferim independently.

Sexton also showed that different strain statedd be inducedy altering specimen shapes and fibre
orientations. The complexity in establishing failure limitgrincipal stran spacevas demonstrated

where samples failed below the limiting surface strains of other samples, greatly influenced by the strain
states of the composite layerwlias suggestetthat failure limits of SRPP/aluminium FML should take

into consideration # amount of shear, fibre locking under iaplgt shear, and therefore fibre
orientations, all of which play a role in tif@lure of SRPP.This reinforces the welknown fact that

intra-ply shear is the most dominant deformation mode in woven FRPs [185].

The elastic and damping properties of a cqugsSRPP/aluminiurbased FML under different

frequencies were studied recently by Iriondo et al. [186]. The FML was found to have greater damping
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capacity than GLARE of similar configuration and containing ahiom alloy. The FML had a loss
factor in the damping model that was higher by more than 10 times than the other two, whieh can

attributedto the composite layer being thermoplastic.

It is also worth mentioning that there are other types of hybridnmasystems based on SRPP, other
than SRPMased FMLs, which can exhibit similar mechanical properties to those seen in the SRPP/steel
FML studied in this research, although the failure mechanisms themselves are mostly different. An
example of such a hyid material system is where different fibres are combined with the SRPP, most
notably the carbon fibre/SRPP hybrid materials studied by researchers at KU Leuven and their
collaborators [18i7201]. This particular hybrid was shown to exhibit a high strairfiatlure while
increasing the stiffness, as compared to SRPP, when produced under certain manufacturing parameters.
This is noteworthy, considering that many studies on composites focus on achieving high strength and
stiffness while sacrificing materiabtighness, despite the importance of the latter property [202]. It will

be shown in Sectiof.3.1 that the hybridisation of SRPP with steel panels in the SRPP/steel FML also
has the effect of increasing the stiffness and strength, while maintaining arhighe failure. It will

be shown that, in fact, the FML exhibits a slightly higher failure strain than the SRPP.

2.5 Summary

For an informed and widespread usage of SRPP and-8&¥&d FMLs, an understanding of their failure
behaviours is necessary. Manyldae analyses on thermoplastic FRPs use existing failure theories that
havebeen developefr thermoset FRPs, whose limitations have been highlighted by the WWIBEs.
SRPPbehavedifferently to 2phase thermoplastic FRPs, not to mention therrdusss#l composites.

If a woven structurés used this will add more complexity to failure analysis.

A natural progression ifuture research will lead to thlilevelopmenbof failure theories of SPCs, such
as SRPP, thathysically account fatheir unique damage characteristics. However, this literature review
also indicates that there is a need for a better understanding of the damage and failure characteristics

themselvesheforefailure theories can be developed.

Therefore, in an effort tpartially fill this knowledge gap, this thesis will investigate the deformation

and failure behaviours of SRPP and SRPP/steel FML. It is hoped this will help generate future studies
that will make use of the findings here, so that such materials caiflibeduin different applications

with more ease and understanding. The methods adopted in this research in order to achieve this aim are

outlined in the next chapter.
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3 Materials and Methods

3.1 Introduction

This research examines the multiple damage coemisrihat develop during quasatic deformations
and their role concerning failures in SRPP and S

behaviour under different loading conditions, specifically:
1. Uniaxial tensile loading along one of treenforcement directions.

2. Uniaxial tensile loading at offixis to the reinforcement directions. This induceplane
stresses and strains that are different from

in-plane shear behaviour.

3. Combinedin-plane biaxial and owtf-plane bending loading. This induces different states of
stresses and strains at different points in the material. This is done by employing an experimental
methodology that has traditionally been used for studying failuresliohitnetallic alloys.

This chapter outlines the materials and the methods used to study the above. The subsections on
materials briefly summarise the basic properties of steel, SRPP and SRPP/steel FML. It also includes a
description of the process and parameters used for miduari€gML specimens, along with methods and

justifications on how the processing parameters were obtained. The subsections on the experimental
methods outline the equipment and experimental setups, and the methods of analyses with relevant

parameters, so &ihthey can be reproduced as required.

3.2 Materials

3.2.1 Steel

The SRPP/steel FML specimens were made using acdolon (0.0380.070% carbon content),
commercial forming steel. It is a cetifawn, hotdipped zinecoated steel called GALVABOND G2,
provided by BleScope Steel. It is suitable for moderate drawing applications, with tensile mechanical

properties shown in Figu®1 and Tabl&.1. This information was obtained fromttea nuf act ur er s
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specifications and values measured according to the ASTM A370 standard [206]. Thicknesses specified
by the manufacturers for the steel and zinc coatings aree@4Bmm and 0.04nm respectively, with
variations on the actual produthe measurethicknesse®f the metal sheets are B.4hm on average,
andthis valueis useahroughout the analyses.

500 .
Steel
400
£
= SRPP/steel FML
= 300
E-]JJ:
Z SRPP
[ab] T
S 200 .
[_‘
100
0 . . . . .
0 5 10 15 20 25 30

True strain (%)

Figure 3.1 Measured stresstrain curves of steel, 1rfm SRPP, and SRPP/steel FV

Table 3.1 Tensile properties of steel and SRPP.

Steel Steel SRPP 1.0mm- SRPP/steel
Properties (from (measured) (from thick SRPP  FML
datasheet)! datasheety (measured)® (measured)
Yield strength, 3500390 331+2  n/a* n/a 176 + 4
(MPa)
SRPP transition not
; 4 4 4
strain,- n/a n/a available 0.73 n/a
(%)
SRPP stress at not
transition strain, n/a* n/a* . 21+1 n/a*
available
. (MPa)
Failure strain; (%) 27141 29.2+08 20 15+1 17+1
(F,\";I"F',‘;r)i stength, 376430 462.6+0.8 120 210+ 3 332+3

lFrom ranges specified for 0.35 and 0.5 mm (rang
2Thema n u f a adatasheet fordCsirv, the SRPP used in this research, for thickne3€9nen [204]. Values in
the datasheet are from tests perfednvy theUniversity of Kassel and th&niversity of Leeds on materials
produced on a pilot |ine and are O6for guidance o
3 The following properties for SRPRerecalculated according to teSTM D3039 standard [205}:
N ,» , tensile chord modulus of elasticiiy,

4Not applicable.

5Measued tensile strength is given at sample average stresssartipde averagef failure strains, in order to
reflect a more accurate view of the stregsin relation, rather than the sample average of ultimate tensile stres

6 Not specified in datasheet. Values shown gpécal krown values for steel that were cragsecked with
manufacturers.

1
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3.2.2 SRPP

PropexFabrics GmbH produced Curv [62], the SRPP used in this research, from a single component of
PP through hot compaction. PP tapes are woven, compacted and heated to a temperature close to the
onset of melting to selectively melt every surface whichremmystallisation,forms the matrix. The

tapesare manufacturefilom PP films by stretching or drawing. Tlpisocesgroduces a highly oriented
microstructure which gives the material its stiffness and strength [74]. The tapes are woven in a balanced
2/2 twill pattern as shown in FRige 3.2 and tensile properties are shown in Figdurke and Tabl&.1

above.

(b)

Figure 3.2 2/2 twill weave pattern on the SRPP: a) photographji®yram with
smallest repeating unit outlined in red.

The SRPP used in the FML is of 1.0 mm thickness. However, ieffart to fully understand the
deformationand failure behaviour of SRPP, Or8n and 0.6nm-thick specimens were also studied
under unaxial tension. To establish a framework of understanding failure of the FML, an approach was
taken to analyse tHailure of SRPP ranging from the thinnest available specimens (0.3 mm), to thicker
specimens (0.6 mm and 1.0 mm). This study was carried uautalthe fact thathe failure in the
SRPP/steel FML is largely influenced by the failure in the composite layer. This approach helped isolate
different aspects of deformation and failure behaviour of the SRPP. By considering the thickness effects,
a compehensive understanding of factors leading up tdatare of SRPP and SRPP/steel FML can

be ascertained.

3.2.3 FML

SRPP/steel FML was prepared by bonding two steel sheets on either side mha 3RPP sheet using
three layers ohotmelt adhesive filmbetweersteel and SRRRs shown in Figurd.3. The adhesive
used (Collan@2.100 [207]0.35 mmthicknessdatasheet given in Appendix A) is a thin thermoplastic

film based on modified polyolefines with the minimum bonding temperature o€Clait a density of

42



0.92g/cm?. The thickness and density of the FML atsdconstituents are presented in Teh and

the measured tensile mechanical properties are shown in Bidused Tabl&.1 above.

7 Adhesive film

SRPP

Steel

Figure 3.3 Stacking sequence ofSRPP/steel FML.

Table 3.2 Average thickness and density of SRPP/steel FML and its comp

materials.

Steel 1.0mm SRPP SRPP/steel FML
Thicknesst (mm) 0.45 1.00 1.92+0.02
Density,} (g/cn?)  7.85 (see notd 0.92 4.20 (see not®

1Not specified in datasheet. Values shown are typical known values for steel that wecheobssl
with manufacturers.

2 Average value.

3.2.3.1 Parameters for manufacturing FML
FML was prepared using ttiellowing procedure.

1. Surfaces of the steel and SRPP sheets are degreased with acetone.

2. Surfaces of the steel, SRPP and adhesive films are cleaned with isopropanol, usieg lint
tissues in a dudtee environment.

3. SRPP is abraded with an-8@it silicon carbide (SiC) sandpaper and any resulting residue from
the surfaces are cleaned.

4. The steel sheets are stacked on either side of an SRPP sheet using three adhesive films at each
interface, as shown in Figure 3.3, ensuring no dust gets trapped betwisgrethe

5. The laminate is consolidated in a preheated hot platen press at 170°C4ahl¥iBa for
1 minute. The pressure increases slightly due tgleme shrinkage and a slight increase in

thickness in the SRPP layer in the early stage of heating.
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6. The laminate is cooled to room temperature using water cooling system circulating through the
platen press, while maintaining the pressure to prevent shrinkage in the SRPP layer. The
temperature profile during processing is given in Figure 3.4.

7. The final laminge is checked to ensure shrinkage in the SRPP layer has been prevented.

This manufacturing procedure was derived by varying parameters and obtaining optimal conditions as
summarised in Table 3iB the next page

180

160 |

140

120 |

100 |

80

Temperature (°C)

60|

401

0 1 2 3 4 5 6
Processing time (min)

Figure 3.4 Temperature profile during the manufacture of FN

Initial assessments were carried out to determine acceptable temperature ranges, pressures, heating and
cooling methods, type of surface treatment, aritbside film, based on three criteria:

1. There is no obvious visual damage to the material.

2. The laminates need to pass a simple peel test. The adhesive films are cut in half and used to
consolidate the laminate partially. The unconsolidated end of the lanignpeeled apart by
slip-joint pliers. The laminate should be able to withstand the force without peeling.

3. Able to achieve batch consistency with respect to the above two criteria.

After the initial assessments, lap shear tests were carried out to idetéhe optimal temperature,
number of adhesive films and the grit size of the SiC used for surface abrasion. Lap shear tests were
designed based on the ASTDA868 standard [208]. The thickness, gauge length and joint type were

modified to account for thedditional layer and the actual thickness of the constituent parts of the FML.
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Table 3.3 Parameters varied to determine optimal conditions for consolidating SRPF

FML.
Parameter Variation OF’“”Ia'
condition
Part AT Initial assessment
Temperature (°C) pT MY p whnincrements of 10 POULY puyYT
Pressure (MPa) P N v n p&!
Option A Insert the laminate into the
platen press at room temperature, and lei
it in to heat up in sync with the press.
Heating (Approximately 1.5 hours.) Option B2?
Option B Insert the laminate after the
platen press hagabilised athe desired
temperature and leave jitace for 1 minute.
Option A Cool by natural convection.
Option B Cool by water cooling system
Cooling running through the plates of the press. Option B*

Material surface
treatment

Type of adhesive

(Approximately-4071 -15°C/min, with a
highercooling rate occurring at higher
temperatures.)

Chemical etching, annealing (steel only),
beadblasting, abrasion with steel wool or
silicon carbide (SiC) sandpaper.

Collano 23.351, 23.110, 22.010, 22.100

Abrasion with
sandpapet

Collano 22.100

films [207]

Part BT Parameters for the lap shear test

Temperature (°C) P @UL’Y p Yhnincrements of 5 170

Number of .
adhesive films 173 3
. o No abrasion No abrasion on
Surface abrasion o  Abrasion with SiQ' grit size: 80, 120, steel, 8@grit SiC
320 abrasion on SRPP

11.2MPa is the minimum pressure required to prevent shrinkage in SRPRMPa was used for the sake of
prudence.

2 Option Ainduced degradation in SRPP with prolonged heat exposure.

3 Too much melting of the surface occurred at higher temperatures due to fluctuations in the press tempel
until stabilising at the desired temperature.

4 Other options were inadequate dueiftialilties in achieving even surface treatment and batch consistency
material damage resulting in degradation in mechanical properties, flexural plastic deformation, and/or na
improvement in adhesion.

5 Collano 22.010, an earlier version of Collano 2,16 also acceptable.
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During the lap shear tests, specimens with dimensions shmofigure 3.5 were loaded in tension at
0.13mm/minute until failure occurred. Damage typically occurred in SRPP where some parts remained
attached to the steel, as showrFigure 3.6. In Figure 3.6a, the steel layers have been peeled further
and bent away from the SRPP layer to show more clearly the damage to the SRPP and the remaining
attachment to the steel, whereas the layers in Figure 3.6b have been peeled apaelgofnglenmary

of variations and optimal parameters are shown in Part B of Behl&lore detail on the configurations

and resulting maximum load are given in Apperiglix

30 50 25.4 50 30

| |

| |

I I <

I I 0

| | [}
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| |
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]_j—gé::' == 3

0.45 Lo

Figure 3.5 Lap shear test specimen. All dimensions are in mm, not to scale. SRPP is shown
and steel is shown in grey.

(@) (b)

Figure 3.6 Examples of failed lap shear test specimens, with layers peeled apart and bent
damaged surfaces.

Good adhesion is vital to the overall mechanical properties of the FML but was also fourglite be
difficult to achieve for SRPP/steel FML. Three parameters that influence the quality of adhesion are

discussed below:
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Temperature

Some researchers found that the best adhesion-ba&# surfaces is achievatithe melting
temperature of the matrj257]. Due to the highly oriented nature of the tapes compacteRPP

has two endotherms in differential scanning calorimetry (DSC) corresponding to the higher melting
temperature of tapes and the lower temperature for the recrystallised matrixhj6 théans SRPP

has a small window of processing temperature and time, where the lower limit is the melting
temperature of the matrix which formmlecularcontinuity with the polymer adhesives on melting.

The uppelimit is determined by molecular relaxation of highly oriented fibres which accelerates
exponentially around its melting temperature (close to hot compaction temperature), above which
tensile properties decline [84]. Also, [21], who produced the protatygeurv, suggested post
forming SRPP between the melting points of the matrix and the tapes, at around 170°C. As such, it
was decided that, although the best adhesion in the FML occurred at 175°C, it is best practice to

keep the consolidation temperatatel 70°C so as to:

1) not approach too closely the softening temperature specified in the datasheet (175°C) in order
to minimise theisk of reducing the mechanical properties of the SRPP layer, and

2) minimise the risk of temperature overshooting in theeplgiress (which never realistically
stabilises to a single temperature but constantly fluctuates), especially as the shear strength of

the interface declined sharply between 175°C and 180°C.

Pressure

Pressure can be a sensitive parameter in consolidaMihg. A nonrSPC compositenaterialsuch

as GFRPP has tldangerof the matrix flowing out of the composite aboveeaatainpressure and

are typically bonde53MPa.tSRRP sheetswequiredphiglees messures in( a
comparison because it élied substantial iplane shrinkage (50%)and an increase in thickness

when subjected to elevated temperatures at low presstptana shrinkage appears to be due to
shrinkage in the PP, which can occur at temperatures 100°C below the meltingf thegerb[21],

and tensile relaxation of the drawn tapes. In a study investigating bond strength between SRPP and
mild steel, the authors noted that the peel strength increased by 100% when the pressure was
increased from 0.0RIPa to 0.2VIPa [209]. For the&SRPP used in this research, it was found that a
minimumpressuref 1.2MPa was required to avoid shrinkadpuring rapid cooling, pressure can

drop due to thermal contraction in the metal plates in the press if not carefully controlled. Hence, a
pressureof 4i 4.2 MPa was used to ensure that the applied pressure is maintained well above the

required minimum throughout the consolidation process.
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Surface treatment

The best surface treatment was found to be abrasion using silicon carbide (SiC) santS&iielP

only. There are various means of surface treatment based on traditional FMLs as summarised by
[210] but these have limited applicability when bonding thermoplastic polymer and metal surfaces
which have a low bonding compatibility. There were ins&s where grit blasting was found to be
effective on stainless steel and silane-fpeatment on galvanised steel in the adhesion of epoxy
surfaces or coatings [156, 211, 212]. For thedipped zinecoated steel used in the present
research, a number ofiethods were tested including chemical etching with hydrochloric acid,
sulphuric acid, annealing, bead blasting, and abrading with steel wool, all of which were found to
be inadequate due to difficulties in achieving even surface treatment and batstecogsmaterial
damage resulting in degradation in mechanical properties, flexural plastic deformation, and/or no
improvement in adhesion. As for SRPP, chemical or strong mechanical surface treatment beyond
solvent degreasing and abrading with sandpaperfaund to be inadequate due to it creating too
much visible damage to the PP tape. From lap shear tests on specimens prepauitfansing

grades of SiC sandpapeitsywas found that the best adhesion is achieved with a combirtdtion

abrasion onteel and light abrasion of SRPP using coarse sandpapgri{88iC).

As a final note, mechanical and laser cuttings are inadequate for SRPP and FML due to mechanical or
thermal damage to the SRPP and adhesive layers. Waterjet cutéogrismended, as was used in this

researchThe edgesf metal specimens needlie deburred using a round file

3.3 Experimental methods

This section outlines experiments and analyses carried out in this study. Uniaxial tensile tests, induced
biaxial deformation tests, microscopic analyses, anetimaal surface strain analyses have been used to
study the material behaviours. The aim hertigive sufficient details to enable future replication by
other researchers; the exception is the microscopic analyses, which do not require extra explanation. For
microscopic examinations, optical and scanning electron microscopes were used, typigadgimens

after tests have been carried out. Higholution dgital images from the DIC system and photographs

were also used as visual aids.

3.3.1 Uniaxial tension tests

FML is a complicated laminate system that requires an understanding of the constatenls as
well as how they perform together as a system. Therefore, a systematic approach was taken to isolate

different aspects of failure by analysing behaviour from smaller components first. Tensile failure of
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SRPP was analysed using g, 0.6mmand 1.0mm specimens, covering the range fromthienest
product available to the thick&RPP used in making the SRPP/steel FKlhowledge gathered from
this was then used to analyse the failure behaviour of the FML. fempith analyses, behaviours at
different reinforcement orientations with respect to the loading direction (0°/90°, 3Q£/68°) were

also investigated, for all SRPP and FML specimens

Tensile tests were conducted using the Instron 8874 Axiedion Servohydraulic Fatigue Testing
System [213], following the ASTM A370 standard for sheet type [206] for steel and ASTM D3039 for
SRPP and FML [205]. The testing of SRPP and FML required deviation from the standard, as explained
in Table 3.4. It was confirmed that the stretigin curveslid not change due to the changed dimensions
and speed. Drawings of the specimens are shown in Figifies9. Failure in this analysis is defined

as thestageat which the material is no longer able to sustain a load as indicated by a drop in the load.
The percentage drop in load which triggers a halt in the test is outlined in3l4sie that microscopic

analyses can be carried out at the earliest stage of fracture where possible.

Table 3.4 Modified parameters for SRPP and FML tensile tests.

Parameter Specimens Value Reason

To deform samples at a similar strail
All 20 rate to the inducetiaxial
deformation tests.

Crosshead spee
(mm/minute)

Specimerwidth | o0  To ensure that the entire gauge aree
(mm) remains within thdield of view of the
0.3mm SRPP 30°/60° opticalstrain measurement system u

) 44 to maximum extension, while
Specimen gauge ° L ; '
b gauge 0.3mm SRPP 45 maintaining thedesiredevel of

length (mm) Ita
all other specimens 66  Precision.
0.6mm SRPP 30°/60°
0.6mm SRPP #45° 2
1.0mm SRPP 30°/60°
1.0mm SRPP 45° 3
FML + 45° 7 ol _ _ |
End of test o allow microscopic analyses

. 0.3mm SRPP 30°/60° immediately after the fracture of
(% drop in load) FML 30°/60° 10 specimens, where possible.
0.3mm SRPP 0°/90°

0.3mm SRPP #45°

0.6mm SRPP 0°/90° 40

1.0mm SRPP 0°/90°

FML 0°/90°
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Figure 3.7 Steel tensile test specimen. All dimensions are in mm, not to scale.
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Figure 3.8 SRPP tensile test specimeith aluminiumtabs All dimensions are in mm, nc
to scale. Gauge leng(h is 44mm for0.3mm specimens in 30°/60° and}k°® directions anc
66 mm for all other samplesThicknesqt) is 0.3mm, 0.6mm or 1.0mm. Direction of
reinforcement in SRPP i$/80°, 30°/60° or +45°.
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Figure 3.9 FML tensile test specimen. All dimensions are in mm, not to scale. SRPP is
in black and steel is shown in grey. Gauge section is indicated by dottedDirexgion of
reinforcement in SRPP i$/90°, 30°/60° or +45°.



3.3.2 Induced-biaxial deformation tests

Metal sheet forming is a manufacturing process which induces-dingdtitional deformations in metal

sheets to form them into desired shapes. During the deformation, the state of stress and strain in 2D can

be described bf i r st and secongd Hand strainsifall,). Thesa agesgvemin (U
Equations 3.1 and 3. 2, i)l ared mst)rdddinplane $miarstresst r e s s ¢

(4) and 3 inCartesian doardinates.

£ z h K K (31)

R & — h R R (3.2

Ratios between the two principal stres&#s (i,2/ g3, or strainsp = U2 /01, can be used to indicate the
state of stress or deformation in a more meaningful way, with different values representing different
deformation modes. This is illustrated in the strain and stress diagrams inFifuweith explanations

for each mode giveim Table3.5.

Thins £
X f=-1/2 B=0
Thickens g=-1 > 2 1
Q c ""‘B ] p=1
\ s
N S
A
=2
RO/
o
(-] > o
_ K " "_".Z--"“.a'f S b'
(a) Principal strain diagram (b) Principal stress diagram

Figure 3.10 Deformation modes in sheet metal forming indicated on the a) strain die
and b) stresdiagram with contours of equal effective stress (yield loci). Principal direc
are indicated by 1 and 2 in the diagrams. Yield loci for [2143Bp39].
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Table 3.5 Brief explanation ofleformation modes and the corresponding principal strair
stress ratios shown above in Figure 3.10.

Deformation  Strain Stress

mode ratio, 7 ratio, » State of metal sheet Typically occurs in:
Equal biaxial Stresses and strains are eqt Centrﬁ OJ sheet metal
stretching 1 ! in all directions stretched over a
' hemispherical punch.
Plane strain 0 1/2 St_retphes pnly.ln the first Sldeyvall of cup
principal direction. forming.
o Stretches in thérst principal
Un|a_X|aI -1/2 0 direction and contracts in the Free edge of an
tension o N extruded hole.
second principal direction.
Stresses and strains are eqt
z)urrgr;Cv?r?r) -1 -1 and opposite. Sheet deform: g:zcv%ec%f a deep
9 without change in thickness. P-
Uniaxial D ) Sheet thickens and can Edge of a deegrawn
compression wrinkle. cup.

In traditional metal forming, a forming limit diagram (FLD) can be established which has a forming
limit curve (FLC) on a principal strain diagram, indicating tipger limit beyond which further strains
cause local necking and/or fracture. This is mostly done by experimenting with different specimen

geometries to induce different deformation modes until fdilure

For this study, this method of usiniifferent specimen geometries in metal stamp forming to induce
different deformation modes has been adapted, not for the purpose of establishing an FLD, but for the
purpose of scrutinising the deformation and failure behaviours of SRPP and FML underetbinbin

plane biaxial deformations and enftplane bending. These tests will be referred to as indbizedhl
deformation (IBD) tests in this study.

IBD tests were carried out according to the IBX0042 test standard [216] wittome modifications.
The specimenwas held in a press machine against an open die using a blank holder, as illustrated in
Figure3.11,and then formed into a dorshaped profile. Two different types of loading conditions were

analysed on 1.60m SRPP and FML specimens using specimeometries illustrated in Figure 3.12.

4There are also methods khich an FLC can be calculatédit the predicted limits deviate significantly from
experimental observations [215].
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Figure 3.11 Inducedbiaxial deformation test setup; a) a 300 doubleaction
mechanical press with hydraulic ram used in the &t b) arosssectional schemati
diagram. All dimensions are in mm, not to scale.
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(a) Circular specimen (b) Hourglass specimen

Figure 3.12 Inducedbiaxial deformation test specimgaometries. Tape orientatiol
are indicated by directions 1 and 2. All dimensions are in mm except the angle.

The first test used a circular specimen (Figure 3.12a) which was fixed around the edge hing iock

the die and the blank holder. This creates an axisymmetric loading condition, which induces an equal
biaxial stretching in both reinforcing directioas the centre of the specimen and varying types of
deformations elsewhere. In the second type of test, an housgilaged specimen similar to thgpe |
specimen if217] was fixed at the two convex edges by the ldaoky, with the reinforcements oriented

at 45°/45° to the plane of symmetry (Figure 3.12b). This produces varying combinationplahé

biaxial and shear deformations about the reinforcements in the specimen, including at the centre.

The punch velocity was maodified from Infim/s to 10nm/sbecause this was the minimum speed at
which the press could maintain the stability in the applied load. This was not a concern since the
measurementseretaken at 194z using theligital image correlation (DIC) systerallowing the state

of the specimerotbe captured anghalysedver ample number of increments. Specimens were tested
until failure as indicated by a sudden drop from the maximum IBadlubrication, two sheets of

polytetrafluoroethylenéTeflon) were placed between the punch and the apati

3.3.3 Real-time surface strain analyses

To capture and analyse deformation characteristics leading up to a catastrophic failure of the material,
a stateof-the-art DIC system called ARAMIS 5M [218], shown in Figldd.3, was used. This system
tracks reakime strains on specimen surfaces as they deform, using digital cameras that take high
resolution images at high speed. Based on a stochastic pattern that is inlaid on the surface during
specimen preparation, it creates and tracks virtual gauge areas comfersessignedciumber of pixels

called facets (shown in FiguBl4) and computes fulield strains by DIC.In this research, the
resolution in the field of view wa2448x 2050pixels and the rates were setat5 frames per second,

using ARAMIS5M.
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Figure 3.13 ARAMIS, a commercial digital image correlation systprovided by
GOM GmbH [218].

Stage 5, Rightlmage

(a) Facets (b) Facet deformation

Figure 3.14 Example of facets in ARAMIS$ a) 15x 15 pixel facets with a facet step
13 pixels [219Ch.D, p. 3], b) facets shown on images captured by left and right can
at a deformed state (green sdiiaes), with undeformed state shown as reference (v
dashed lines) [21Zh. A, p. 6].

It should be noted that the facet sizes and steps that were set in the DIC in the experiments in this study
are to compute local strains over unit areas that are as small as possible without compromising accuracy.
At such precision, any damage on the stefaf SRPP can easily result in strains not being computable

for the facet containing the damage, at the required accuracy. This can also compromise the accuracy of
strains at points bordering such a facet, even if the DIC system has deemed it is ancuigtie This

is not due to any error in the system, but rather to a combination of the facet size, fineness of the
stochastic pattern, size of damage, and the fact that some types of damage can be confused with

stochastic dots since both show up blackhmllack and white digital images.

As such, care must be taken to decide the validity of points around any damage on a case by case basis.
This must be considered when reproducing the analyses and comparing to the results presented in this
study,asitrgui res careful judgement on the analystoés
around damaged areas in the SRPP, which is mostly best avoided at the level of precisions used in this

study.
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3.3.3.1 DIC system setup for tensile tests

In order to detenine strains at the smallest scale possible with a high level of accareayera with
a focal length of 50nm was usedmeasuring areas of 8065 mn¥ or 100x 85mn? (horizontal x

vertical) and a fine stochastic pattern created by gpaayting, suctas one shown in Figu®15. This
gives a pixel size of 32 31.7¢ mi 40.9x 41.5¢ rm The DIC system was calibrated tdeviation
of 0.031 pixels, giving mmaximumpotential error in raw spatial coordinate values ofelfd d.8adm

in horizontal and vertical directions, respectively.

-:}h«:

Figure 3.15 Stochastic pattern sprgpainted on specimens for uniaxial tensile te

Optimal values of facet size and facet 8te@pre determined based on guidelines from the ARAMIS

manual and existing studies on using DIC sysf@td 223]and by experimenting ith different values.

Rectangular facet sizes and steps were varied betweehIpixels, and 4 to 1Bixels, respectively,

and the resulting optimal parameters were determined per sample, as shown B6labllbee next

page The table also shows the measuring volumes used for each specimenypipelly, larger

measuring volumes, facet steps and facet sizes were required for specimens with high failure strains in
order to keep the specimen in vieWhese parameters gavetiopal results that capture smaltale
strains without invalidating too many facets, wl

0.04 pixels per facet is exceeded.

The mentioned accuracy limit of 0.04 pixels per facet refers tettigdlity of the centre of each facet

between each captured deformation stage. Facets exceeding the set accuracy level are not presented in
results by default and appear blanked out in surface strain images. This can occur at damage points that
are larger than the stodtec dots or when there is a sudden large movement of facets, such as at
specimen failure. It has been reported that, in practice, accuracygdlamia displacement is likely to

be several orders of magnitude better than the default value based on 3Pemeass, approaching

5 Facet step is the distance from the left edge of one facet to that of the adjacent facet, and therefore determingsdhe overla
facets (overlap = facet sizefacet step, in pixels). It is set based on the required spatial density of points, i.stdheedi
between points in the point cloud.
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Table 3.6 DIC system measuring volume, facet size and facet step for uniaxial tensile

Specimens Measuring area [mmn¥] Facet size  Facet step

0.3mm SRPP 0°/90°
1.0mm SRPP 0°/90° 80 x 65 12 8
FML 0°/90°

0.6mm SRPP 0°/90°
1.0mm SRPP 0°/90°

1.0mm SRPP #5° 100 x 85 12 8
FML 30°/60°

0.3mm SRPP 30°/60°

0.6mm SRPP 30°/60°

1.0mm SRPP 30°/60 100 x 85 13 o

0.3mm SRPP #45°
0.6mm SRPP #45°
FML + 45°

0.001pixels [223]. The DIC system was also usedrtisschecktheaccuracyof the longitudinal strain
values given by Instron and the accompanying software (Bluehill Universal Software). Two systems
agreed to within 0.05% strains.

3.3.3.2 DIC system setup for induced-biaxial deformation tests

To study surface strains for IBD tests which haveaddtglane bending components, the 3D DIC system
was set ufpeneath the press machine as shown in Figure 3.16. Two digital cameras, with focal lengths
of 17mm were placé 112mm apart at the basand angled at 25to each other to measure surface
strains withina measuringvolume of 150x 130x 80 mn¥ (horizontalx vertical x depth of field].
Example digital images, strain grids and computed surface strainscimmuiar SRPP specimen are

shown in Figure 3.1ih pages 5859.

6 Slider distancén [219].
"The depth of field (80mm) is an approximate value.
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o DIC
measurement

system

J

Figure 3.16 3D DIC system setup for inducdiilaxial deformation tests. The digit
cameras are behind the support structure of the press machine.

(a) Left digital image (b) Right digital image with strain grids

Figure 3.17 Examples of DIC images for a deformed circular SRPP specimen, showin
digital image from the left camera, b) strain grids superimposed on a digital image from tt
camera, and ¢) computed surfatraigs.
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(c) Computed surface strains

Figure 3.17 Examples of DIC images for a deformed circular SRPP specimen, showin
digital image from the left camera, b) strain grids superimposed on a digital image from tt
camera, and ¢) computed surface strains.

The above setup gives a pixel size6@f3x 63.4¢ Miwi t h a maimEmpatemtial error in raw

spatial coordinate value under a calibration deviation of 0.04 pReldrangle facets were used with

size and step of 19 and 15 pixels respectively, except for the SRPP hourglass speciateresyuinéd

a smaller facet step of 13 pixels due to the extensive damage along the specimen edges. An example of

thestochastic pattern sprgainted onto specimens is shown in FigBuE8.

Figure 3.18 Stochastic pattern sprgainted on specimens for induebidxial
deformation tests.

3.4 Summary

This chapter outlines the materials and methods used for investigating the deformation and failure
behaviour of SRPP and SRPP/steel FML. Information on the materials include the material
specifications for steel and SRPP, as well as the manufacturinggfocehe FML, so that the results
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in this research can be reproduced using identical experimental procedures and analyses setups to those

described herein, if required.

The methods outlined in this chapter will also help understand the results and discussions in the next
three chapters, which are organised according to the test type. The first of the three results and discussion
chapters will explain material behaviouingsthe tensile test results when the SRPP reinforcements are
aligned to the loading direction. The second chapter will discuss results of the tensile tests when the
reinforcements are aligned at -@fis angles to the loading direction. The last chapteresults and
discussions will contain analyses on indubéakial deformation test results.
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4 Failure Behaviour Under Uniaxial Tension
(On-axis)

4.1 Introduction

In order to understand the failure mechanisms and reldéormation behaviour of SRPP and
SRPP/steel FML, uniaxial tensile tests were carried out, specifically in the direction of the reinforcement
as these can provide information about the fundamental material behaviour without complicated load
cases. As suclthis is often the first type of test carried out when characterising a material. This chapter
will elucidate the multiple damages and related mechanisms that occur in the materials and how they
relate to material failure, many aspects of which have ren hdly explained in the literature.

This chapteis divided into two main sections; the first on the behaviour of SRPP (Section 4.2) and the
second on the FML (Section 4.3). The former is more detailed than the latter, partly because there is
relatively less information about the behaviour of SRPP, and partly because the failure of the FML is
largely dependent on the failure behaviour of its SRPP layer. Establishing how failure occurs in SRPP

allows the SRP#ased FML system to be analysed with more.ease
With regard to the figures and the nomenclature, the following points should be noted:

1T &tapebd denot es a txatpthe dirdction of applieddoad. Fonexaaplegg | e o f
0°-tape is a tape that is parallel to the loading direction anda@@°is a tape that is transverse
to the load.

1 The applied load is horizontal in micrographs, and vertical in photographs and DIC images,

unless specified otherwisklicrographs show surfacsections unless specified otherwise.

f Strains are given as pe gomMichisaigea is degrees andthet f or
strains in DIC images which are given in qagrcentage forms (mm/mm). All strains are given
in logarithmic (true) stians and the notation O6[log.]6 aboyv

denotes this.

4.2 Deformation and failure behaviour of self-reinforced
polypropylene

In order to fully comprehend the behaviour of SRPP, three samples with different thicknesses were
tested. t was found that 0.Bim-thick specimens behave very differently to specimens that arerf.6

or 1.0mm thick; this finding alone can provide valuable information about the failure mechanisms in
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SRPP becauselielps distinguish mechanisms that cause ¢ebahavioursFor instance, it was found

that the 0.3nm specimens do not exhibit certain damage mechanisms that appear in thicker specimens,
which allowed the critical damage that leads to failure to be identified for the first time using strain
analysisThe difference in behaviour depending on the specimen thickness also allowed the toughening
mechanisms in the thicker SRPP specimens to be identified, including crack arresting mechanisms

which have not previously been identified in the literature fartiype of material.

This section discusses the deformation and failure behaviour of SRPP in three subsections. The first
subsection (Section 4.2.1) gives a brief overview of the sttesi® behaviour and failure behaviour at
a macroscopic scale. This is a necessary fepttiat provides the context for understanding the damage

mechanisms at a microscopic scale, which is discussed in the second subsection (Section 4.2.2).

The microscopic damage mechanisms discussed in the second subsection are less critical to the failure
of the material. While less damaging, it is still important to analyse these to fully understand the material
behaviour, as is identifying them as less critical to the failure of the materviél. dilso be shown that

the microstructure of SRPP has a@osg influence on the ways in which cracks are formed and
propagated. This is an important aspect of the material behaviour, discussed in as it significantly affects
the failure behaviour of SRPP specimens. This will be show@edtion 4.2.3, whicHiscuses the most
important aspects of the damage and toughening mechanisms that are related to the catastrophic failure
of the material.

4.2.1 Stress-strain and macroscopic failure behaviour

This subsection will introduce the fact that there is a significant diféerén the mechanical properties
between the thin specimens (@n&n) and the thicker specimens (fnén and 1.0nm). This is an
important aspect of the material behaviour because this thickness effect carries over to the damage

characteristics and the spman failure behaviour, which will be analysed in the subsequent sections.

The thickness effect is most pronounced in the stiffness and strength of different SRPP samples, as
shown in Figure 4.1 and Table 4.1. The stiffness and strength increase witkedhiogkgeneral but the
0.3mm sample has much lower values than tharr6and 1.0nm samples. The Orém and 1.Gnm

samples exhibit strengths that are almost 5 and 6 times higher than that of rtima 88nple, and

tangential stiffnesses that are 63 afdiihes higher, respectively.
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Figure 41 Tensile stresstrain curves of 0.3 mm, 0.6 mm and 1.0 mm SRPP sarr
Failure strains portrayed are sample averages. Stress atidmsedn the averageof

specimens that have not failed at given strains, and error bars indicate sample ¢
deviations.

Table 4.1 Summary of mechanical properties of i, 0.6mm and 1.0nm SRPP tensile
test samples. Tensile failure strain)( strength ,( ), chord modulus of elasticityQ( h

stiffness between 0.0.3% strain), tangential stiffnesdO( hstiffness above 1%
strain), transition strain ( ), and stress at transition strajn ( ) are given.

HIn = . . . = . i

NGB RCORERE (EFPL) . F;C;I:Pa,): g(;; - CKA:;) "
0.3 14+5 35.4+0.3 1.82 0.0180 1.86 23.3
0.6 14+2 171+ 4 3.79 1.13 0.492 16.9
1.0 15+1 210+ 3 4.32 1.26 0.569 15.6

1Failure strains given indicate sample means and standard deviations.

2Strengths are sample means and standard deviations abgemgedailure strain, calculated based on
specimens that have not failed.

30 ho - h, have been calculated according to the ASTM standard [20®] Eq.
based on sample average sti&fsain curves.

4Transition point is where the stiffness changes in polymeric matrix composites, sinyileld point.

There is a small difference in the failure strain between samples. However, it is important to note that

failure strains of the 0.8i/m specimens vary significantly from the sample average, unlike thicker

samples. Failure strains @3 mm specimens ranged from 81089.5% and the sample had a standard

deviation of 5% strain from the average. This equates to 36% in relative (percentage) standard deviation,

which is larger than the relative standard deviations in theth&ample (4%) and the 1.8hm sample

(7%) by more than 2 and 5 times, respectively. This large variation makes it especially difficult to predict
when specimen failure will occur in a G8n specimen.
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The types of damage that occurs at failure are also differeime i6.Bmm specimens compared to the

0.6mm and 1.0nm specimens, as shown in Figure 4.2. Thenth8 specimens fail without any
fibrillation, delamination, tape or fibril putbuts, whereas these are all present in the thicker specimens.

The overallamount of damage also increases with the specimen thickness, with the largest difference
observed between the Gv8n and 0.6nm specimens. It should be noted that this is a similar trend to

the variation in most mechanical properties depending on thandsskKe.g. strength). From this, it can

be deduced that there is an association between the mechanical properties and the amount of damage
that accumulates in SRPP specimens. Such a trend verifies the argument in the literature that more
fibrillation and delamination in SRPP specimens is associated with the higher energy absorption of those

specimens (i.e. compared to other specimens made with different manufacturing parameters).

(@) (b)

Figure 4.2 Typical specimen failure in a) 0.3 mm, b) @61 and c) 1.0nm SRPP tensil¢
samples. Spray painted sidag also showfor (b) and (c) for clarity.

The stressstrain and failure behaviour observed in therirfh specimens closely matched the behaviour

of SRPP reported in the literature. In contrast, few studies on SRPP report behaviours similar to those
seen in the 0.Bam specimens. It can therefore be inferred that the difference in behaviour between
specimens of different thicknesses has not beem&xtdy studied in the literature, especially in the

context of failure behaviour.

Nevertheless, a review of the literature suggests the following possible explanations for the different

behaviour of 0.3nm specimens:

1) Change in the relative amount ofifisircement in different directions with a change in specimen
thickness. For example, in a study of°#80°/0° graphite/epoxy laminate [224], there was a

change in the failure strength with a change in tifepgdpthickness.

2) Change in the reinforcement/matrix volume fraction due to processing conditions.
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3) Relaxation of the reinforcement phase due to processing conditions being different or difficult

to control in particularly thin sheets.

4) Change in ply thickness altering ptpnstraint on free surface ply and rplies, thereby
changing the damage development [225].

The second and third explanations are the most likely considering the lower stiffnesmof GRPP
compared to thicker samples. The second case is likely leeaairmilar reduction in posield stiffness

has been observed in a hot compacted SRPP when compacted at a high temper&@yd4(o1
Another study of hot compacted SRPP also found a significant decrease in strength at processing
temperatures betwed®1°C and 194°Cr1], although not as dramatically as observed in [41], or in the
0.3mm specimens compared to the thicker specimens. In these studies, the authors conjectured that the
mechanical properties decreased, and the interlayer bonding imprawedp dnore melting and
molecular relaxation of the tape structutavas also observed in [41] that the sample failed in a brittle
fracture, which draws similarity to the failure behavior observed fomdn3SRPP, as can be seen in
Figure4.2a above.

A similar case found in the literature is that of a filtacked SRPP sample consolidated at 190°C which

showed markedly different behaviour compared to other samples consolidated at lower temperatures
[97]. In the sample consolidated at 190°C, the tapes akwost completely melted, resulting in a loss

of the reinforcing effect. Furthermore, the sample did not exhibit fibrillation which the authors related

to better fiboremat ri x bondi ng. Due to this, a o6fulrly bri
samples, did not occur, and resulted in a significantly lower fracture toughness. It will be shown later
that such O6bridgingdéd phenomenon occurred only ir

the similarity of the 0.3nm specimens of the ggent study to the significantly melted specimens in [97].

However, in the present study, microscopic analysis indicated that the tapes inrtiva §p&cimens
have not melted as substantially as describe@Blin their sample that was consolidatedL80°C.
Also, even if a substantial part of tape has melted in thenth3SRPP, the fractional content of the
reinforcement phase must still be higher than in the samp@ jnThe hot compacted SRPP used in
this research ideally has reinforcement contéim0%vol. by design, whereas the sample in [97] had
50%wt. reinforcement which then further decreased through processi®g4i.

Based on the above reflections, it is likely that the cause of the low tangential stiffness and strength of
the 0.3mm gecimens are mostly due to the decrease in the molecular alignment in the tapes. This would
be due tahe manufacturing process being more difficult to control for thin specimens. It is also likely
true that the tapes in the r8n specimens have melted radhan in 0.6nm or 1.0mm specimens,
although not substantially, and that this gave thenth8 specimens better reinforcemanatrix

bonding than was the case with the thicker specimens. This is supported by the fact that delamination
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occurred in the tlsker specimens but not in Q18n specimens, and that other studies on SRPP have

shown a reduction in delamination with an increase in the matrix volume fraction [70, 97].

It was mentioned earlier that there is an association between the amdamagfe and the tensile limits

of the SRPP samples of different thicknesses. In fact, it was found from microscopic analysis that not
only the amount and size of the damage increase with specimen thickness, there are additional types of
damages that occum the 0.6nm and 1.Gmm specimens but not in the GrBn specimens. This will be
elaborated upon in the next section.

4.2.2 Microscopic analysis of damage mechanisms

In a 2phase FRP, failure typically initiates from miaidebonding at the fibrenatrix interface.The

damage then leads to debonding at a larger scale, as well as fiboaitpulbr to matrix crack and
intralaminar delamination. In contrast, composites like SRPP exhibit many and significant damage
instances coccurring throughout the specimen wedfdre failure, with no obvious division of damage
mechanisms into separate phases. This can make it difficult to identify which damage mechanisms are

related to the critical failure of the specimen.

Meanwhile, existing studies on SRPP and similar composiiterials have mainly focused on the
manufacturing process and the related impact on the overall mechanical properties. These are
undoubtedly important as the manufacturing process can influence the material properties significantly
and is the first stepowards application. However, there has not been a comprehensive study of the
different damage mechanisms that can occur in the consolidated SRPP, an understanding of which is
necessary for manufacturing and applications after consolidation. It is tieettedoaim of this section

to give analyses of all observed damages in SRPP when subjected to tensile loading along one of the
tape directions. Damagelated mechanisms that are closely linked to the failure behaviour will then be

discussed in subsequesgctions.

This section is divided into two parts; the first discusses damage mechanisms that occur in all specimens
regardless of thickness, and the second discusses those that only occur inrthe @@ 1.0mm
specimens. It should be mentioned thatdifferent behaviours observed in different thicknesses offers
certain advantages for the analysis of the material behaviour. For example, the fact that there is less
damage in the 0.3mm specimens, and that there are fewer kinds of damage, facilitafieatidoendf

the more critical type of damage in the SRPP. This would have been difficult to identify by just looking

at the thicker specimens. In addition, the deformation and failure behaviour of SRPP can be better
explained by demonstrating the diffeces in damage characteristics, and how they impact the failure
behaviour in different ways, depending on the thickness. Discussions related to the catastrophic failure
of specimens appear in Sect#i2.3. This section will first explain the different tyoef damage present

in SRPP specimens.
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4.2.2.1 Damages common to SRPP specimens of all thicknesses

Microscopic examinations show that the following types of microscopic damage occur in all SRPP
specimens regardless of the sample thickness. In general, thasiteeamount of damage increase

with specimen thickness. These damage types have been categorised by the nature and location of
occurrences, with examples given in Figarg (except for fibril puHouts):

Tapesplits.
Aligned crazing crazelike cracls in the outer matrix.
Crazing on the surface of the inner matrix, exposed by other damage.

Fibril pull-outs

= =4 -4 A -

Boundary cracks cracks along the iplane boundaries between two tapes.

The first four types of damage will be discussed next; however, since boundary cracks are very closely

related to specimen failure, these are discussedaSarction 4.2.3.1.

Loading
direction

Figure 4.3 Optical micrograph showing different types of damage in amxBSRPP tensile
specimenDotted lines divide regions where surface tapes @0eatd90°to the applied load.

4.2.2.1.1 Tape-splits

Tapesplits arentra-tape cracks that split parts of the tape irnaller sections, as shown in Figure 4.4.
These are very long and can sometimes be seen without a microscope, but typically they do not extend

the entire length of the flat portion between the crimps in the weave.
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Figure 4.4 Optical micrograph of tapsplits in a0°-tapeand a 9°-tapeon the surface o
a 0.6 mm SRPP tensile specimen.

Cracks in SRPP tapes tend to propagate in the direction of the tapatmebecause of the high degree

of alignment of polymer chains in the tape. It takes less energy to break the Van der Waals forces
between the molecular chains than to break the covalent bonds within the chains. As such, cracks
propagate more easily bafen the chains, in the direction parallel to the tape orientation. Indeed, it is

reported in the literature that tapes have weaker transverse strength than longitudinal[$#fength

In general, tapsplits occur more frequently in @@apeghan in O-tapes This is because the 9fapes
are loaded in the transverse direction to the tape orientation, which is weaker, wheegees @Gre
loaded along the tape orientation, which is stronger. Due to this behaviour, the densityspfitajgan
be useda identify which are the Btapesand which are the 9@apes under the microscope. An
exception to this is that, after specimen failure, more-sqfies and fibrillation occur in Btapes than
in 90°-tapes near the site of the failure in Mt and 1.0nm specimens.

The length and number of tapplits in a specimen increase with the specimen thickness. Iman®.3
specimen, tapsplits are relatively infrequent compared to other types of damage. In comparisen, tape
splits in 0.6mm and 1.0nm specimensra so frequent that these are most noticeable out of all types of

damage during microscopic examinations.

4.2.2.1.2 Aligned crazes on the outer matrix

Aligned crazes are microscopic cracks in the surface matrix that occur over the entire gauge section of
SRPP spemens. An example was shown above in Figure 4.3. At a low magnification, aligned crazes
appear as fine lines on the surface that are transverse to the loading direction. This type of damage occurs
more extensively in the thicker specimens than in thenBh3specimens. It also occurs mostly on top

of 9(°-tapes, with only very few cracks occurring on top dtdpesThisi s si mi | ar to Jor
[68] observation that a woven SRPP cracked predominantly°ia@@s under the tension generated

during thepeel test.
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Aligned crazing is similar to typical crazing, which precedes fractures in brittle amorphous and some
semicrystalline polymers that are subjected to tensile loading. Cracks in typical crazing propagate
transversely to the loadirdirection, as explained in the literature review. However, the aligned crazing
observed in the surface matrix of the SRPP specimens propagate in the direction of the reinforcement
beneath, regardless of the loading direction. On top-tdjies, the micr@®pic cracks propagate in the

direction of the applied load because the orientation of the tape underneath is parallel to the load.

Arguably,only the surface cracks on top 90°-tapes are a type of crazing, since crazes by traditional
definition form anl propagate perpendicularly to the positive normal sttdsaever, as the cracks

observed in the surface matrix do resemble typical crazing, this will be referred to from here on in as
6aligned crazingb6. The wor d efeacksiwben eothdared te typical e d t
crazing. The first difference is that the crazes are aligned to the direction of the tape underneath the
surface matrix, as explained, and the second difference is that the aligned crazesitlaeedagree

of alignment,such that the cracks appear almost linear at high magnification. This is shown in
Figure4.5 below. It should be noted that crazing has been reported in thermoplastic FRPs, for instance

in a study of GFRPP [49], but there is ho mention of the high akghof crazes observed in this study.

It will be seen that the aligned crazing observed here occurs due to the use of a large tape type of

reinforcement that has a tendency to split along its orientation, which is rather unigue among composites.

The microgaph in Figure 4.5 shows that the cracks form and propagate from microvoids forming
collinearly and then coalescing into cracks. As can be seen from the image, the degree of alignment of
the microvoids to a linear orientation is very high. Due to thigksrén the aligned crazing appear
straighter than those seen in typical crazing in amorphous PP, which is shown in2Figuaed is

reproduced in the next page.

Microscopic voids

Tensile load <:I

Aligned craze

VS
T
3
B
ik g
i
i
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Figure 4.5 Optical micrograph of aligned crazes forming on the surface of @i@.
SRPP tensile specimen.

8 White reflections in the image are stress whitening, as explained litetiadurereview.
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Figure 2.12 Crazingobserved in polypropylene during a tensile test [133]. The ap
load is vertical in this image.

The aligned crazes appear more linear than typical crazes because thepaifestatiorof tapesplits

beneath the surface matrix. As described previously;dplits are cracks that propagate between the
molecular chains of the tape, which are highly aligned from the drawing process. The fact that the cracks
between the chains in the tafes/e propagated to the surface leads to the crazes in the surface matrix
appearing aligned to such a high degree, in the direction of the underlying tape. An example that
demonstrates this shownin Figure4.6.

~ Microvoids in the
surface matrix,
forming aligned crazing

| (Surface matrix) |~ | Fdgesof
: surface matrix

Figure 4.6 Optical micrograph of aligned crazes forming on shefaceof a 0.6mm
SRPP tensile specimen.
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The micrograph in Figuré.6 shows &°-tape weaving underneath a 9@pe, where thdamagealong

the boundary has partially exposed thed)fe under the matrix. In the exposed part of the tape, there
are two tapesplits. The top tapeplitis alignedwith microscopic voids in the surfaceatrix which are

about to coalesce into an aligned craze. This shows the association betwespiitaad aligned
crazing. The bottom tageplit has no associated damage in the attached surface matrix, showing the
state at which, the tagplit has not gt propagated into the surface matrix. From this, it is likely that

tapesplits inducealigned crazing.

There is another possibility that may contribute to the high alignment of aligned crazing to the tape
orientation, namely that the matrix has orientagisimilar to the tape underneath and thaifestan

the matrix damaged-dowever, this woulde possible only if the surface matrix is thin enough that the
shortrange order from the shidtebab lamellar microstructure remains at the surface. As daughter
kebab lamellae appear at around B@®away from the surface of the tape (see Figuté), cracks on

the surface are then likely to be propagating through stretched amorphous regions between neighbouring
daughter kebab lamellae and between neighbourngnp kebab lamellae, and possibly through the

crystalline parent kebab lamellae alorgx@$.

However, although it is possible for the matrix to have a considerable degree of internal order, this is at
thesubmicrodomain[109]. Optical micrographs on a cresection of a 0.81m SRPP specimen shows

there are two layers afieavings four tapes throgh the thickness)Assuming that the tape volume
fraction is 70% a simple calculation gives approximatéem of the matrixlayer on each side of a

tape. If the tapes and the mataive evenly distributethrough the thickness, the surface is mordyike

to be isotropic. In reality, this can be thinner on the surface depending on the manufacturing process,
butthe scenario would be possible only if the surface matrix is very much thinner. Hence, the likelihood
of this hypothesis being correct is notywaigh, but it cannot be discarded entirely without an additional
study of themicrostructurefor example, via xay computed tomographyhis is outside the scope of

this research and recommendefbr future research.

4.2.2.1.3 Crazing on the inner matrix

Apart from the aligned crazes seen on the outer surface, there is another type of crazing on the inner
surfaces of the matrix, which is exposed by damage to the outer surface, suctspktsapgen example

is shownin Figure4.7, which shows crazing in theiénnal matrix between two layers of tapes, exposed

by a split in the tape on the surface. These microcracks are not aligned in the same way as the aligned
crazes and always propagate perpendicularly to the loading direction, similar to crazes in plain PP
(Figure2.12).

9 While crazing mostly occurs in amorphous polymers, crazes have alsmbse&wed to propagate between
lamellae through spherulite centres and between splasrificrystalline polymers [109, 227, 228].
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direction

Figure 4.7 Optical micrograph of crazing on a surface exposed from a split ifr&@ P
of a0.3mm SRPP tensile specimen.

From the previous analysis of aligned crazing, itlsamleducedhat the crazing in the internal matrix
must look different from the aligned crazibgcausé results from damage initiating the matrixtself,

as opposed to cracks propagating from-sypés as in the case of aligned crazing. The question remains,
then: why do tapsplits not cause matrix cracks in the same way as aligned crazing for the internal
matrix? There are several possible causes.

One possible reason is that the hypothesisiéar previously on the aligned crazing is true, that the
matrix has a molecular orientation across a short range and this contributes to the aligned crazing
occurring for a surface matrix layer that is thin enough. If this is true, and the internal s#ticker

than the thickness over which the shamge order is retained, it would explain why the surface matrix
exhibits aligned crazing whereas the internal matrix exhibits normal crazing. It is also possible that
crazing initiates where matrices frafifferent regions, formed from different tapes, meet, and the-short
range orientation in lamellae are mismatched, causing cracks that are not aligned. Another possibility is
that crazing occurs in the internal matrix before being exposed to the surihtiee absence of a free

surface creates a different state of stress to that of the surface matrix.

4.2.2.1.4 Fibril pull-outs

Fibril pull-outs occur with noticeably different characteristics in the thicker specimens compared to the
0.3mm specimens, unlike other dage mechanisms discussed before. Fibrillation anegoptd occur

in large amounts in thicker specimens, especially-tapes around the site of failure, mostly becoming
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apparent posdfailure. In comparison, fibril pulbuts in 0.3nm specimens are nobticeable without

microscopy. Fibril pulouts in 0.6mm and 1.0nm specimens will be discussed first.

A fibril pull -out of the type that occur in Oém and 1.0nm specimens is shown in Figure 4.8. Fibril,

in this case, refers to a long and narrow seatioa tape that is aboutil®00em wi de. The ter m
outd is used here because it appears as i f a fi
However, it is nothe samas the commonly known fibre ptdut where one or momiscreteunits of

fibre has separated from the matrix at the interface. The fibril in SRPP is a fraction of a reinforcement

unit and is therefore not enclosed by the matrix or an interface, except at the perimeter. Therefore,
6parti al tape framawrked mor efadbdocudatia adamtcde;idbpt i
however, fibril pultout is used in this document as it conveys the imagery best and is consistent with
existing research.

Fibril pull-out

Figure 4.8 Optical micrographs of fibril pulbuts in a 1.0nm SRPP tensile specime

The ends of fibril pulouts mostly fracture across the lateral section duetile manner. This can be

seen by the smooth morpbgly at the tip of the fibril in Figure 4.9, and the shear lip in Figure 4.10.

This goes against the expectations set from studying the literature, as most studies report that drawn PP
loaded in longitudinal or transverse directions fail in a brittle mawtérfibrillation (for example, in

[145]). Such statements must have been based on observations at a macroscopic level, so care must be

taken to avoid any assumption that fibril ends break in a brittle manner at a microscopic scale.

Figure 4.9 Optical micrograph of a fibril pulbut from a O-tape in 80.6 mm SRPP
tensile specimen.
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Figure 4.10 Optical micrographs of fibril pulbuts in a 1.0nm SRPP tensile specimer

Microscopic analyses of damages thus far indicate that cracks in SRPRetaptes propagate in a
ductile manner (stable crackgmagation) when they propagate in the direction perpendicular to the tape
orientation, and in a brittle manner (unstable crack propagation) when they propagate in the direction of
the tape orientation. This can be seen from the above observation thanfisriail in a ductile manner,

in comparison to the tagsplits or sides of fibrils resulting from brittle crack propagations.

It must be stressed that the described behaviour is a tendency, not an absolute rule. An example is shown
in Figure 4.11. It Bows a crack transverse to the tape orientation that exhibits shear lip at the crack
opening (Figure 4.11b) and a blunt crack tip at one end of the crack (Figure 4.11c), which are
characteristics of a stable crack propagation and ductile failure. Indingyithere is another crack
propagating along the tape orientation with a sharp tip, characteristic of unstable crack propagation and
brittle failure. These observations are congruent with the general observation stated above; however, the
upper imageKigure 4.11a) shows a sharp crack tip on the other end of the same transverse crack that
has a blunt crack tip on one end. This goes against the general tendency. In this case, it seems likely that
the crack initially formed and propagated in a brittle nmearand the crack tip becomes blunted with
further propagation, as there is evidence of crack tip blunting occurring in thicker specimens, which will

be explained in a later section.
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Figure 4.11 Optical micrographs of a°@ape of a 0.6 mm SRPP tensile specirr
showing different modes of crack propagation, indicated by the different crack tig

It should be mentioned that the micrograph in Figufel has been shown in this section under the
assumption that this represents an initiation stage of a fibribptllThis assumption was made because

the stress whitening shown in Figures 4.11b and 4.11c suggests that cracks would have propagated along
the sides of the crack opening and beneath it in the direction of the tape orientation, resulting in a fibril
pull-out. If this is the case, it also shows that a fibril fouit can occur from a tape that has partially
delaminated within. It is possibleahthe assumption is wrong as this does not represent a case of a fibril
pull-out. However, it still shows that a crack can propagate in a brittle manner even when it is not
propagating in the direction of the tape orientation.

Fibril pull-outs in 0.3nm specimens are different to those in the thicker specimens, and also to the
common observations made on SRPP samples in the literature. For instance, fibtitgpirl 0.3mm
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specimens occur in 9Qapes instead of°@apes, and only on the fracturerfages, as shown in
Figure4.12. Also, the fibrils do not exceed 2t in their lateral dimensiomt aroundLG0i 20 em thick,
they cannot be seen without a microscope. Due to thisn.3pecimens appear to not exhibit any

fibrillation at a macroscopic scale, in contrast to the thicker specimens.

Figure 412 Optical micrograph of a fracture surface of a 0.3 mm SRPP te
specimen. The direction of the applied load is orthogonal to the page.

Fibril pull-outs in 0.3mm specimens occur specifically on the surface edge of the tapes. This can be
seen atA and Bin Figure 4.13, where thigoundaries between the tape and matrix phases are shown
more clearly than in Figure 4.1Phe division betweerhe constituent phases shows that fibrils, such as

at C, occur within 98tapes, and on the edges

The fact that fibril pullouts occur on the edge of tapes indicates that failure can occur at thesiape
interface. However, this does not necessaldgti@dict existing studies that state that the interface is
very strong in SRPP, since more crack propagation occurs within the tapes than at the interface overall.
It is also seems to tsronger than mang-phase FRPs, considering that small portions of the tape and
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matrix remain stuck on the fibrils in Figures 4.12 and 4.13 instead of debonding completely along the

fibril as seen in many FRPs when fibres pull out of the matrix.

Figure 413 Optical micrograph of a fracture surface of a 0.3 mm SRPP te
specimen, showing boundaries betweeft@pe and the matrix (A and B) and a fib
pull-out (C).

Thus far, types of daage that occur in all SRPP specimens, regardless of thickness, have been discussed.
Of these, only fibril puHouts display different characteristics depending on the thickness, other than the
amount and size of the damage. The next section will discasaggamechanisms that occur only in

the thicker specimens.

4.2.2.2 Damages unique to thicker SRPP samples

In addition to the damages discussed in the previous section, there are additional mechanisms related to
damage that occur only in the GrBn and 1.0nm specimens. These are:

Microfibrillar crack bridging
Tape kinking

= =4 =

Oblique crack
1 Delamination

This section will discuss the above mechanisms.
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4.2.2.2.1 Microfibrillar crack bridging

Microfibrillar crack bridging occurs in tapes within Grn and 1.0nm specimens, wine small fibrils
become partially detached from the sides of the opening of sspdipend bridge the crack. Crack
bridging toughens a material by impeding crack growth. Examples are shown in Figure 4.14 below and
Figure4.15 in the next page. The reasbis is only observed in the thicker specimens is unclear. It is
perhaps the case that the B specimens do not reach the level of strain required for the crack opening
to be large enough for the microfibrillar bridging to be observed. As a similarpdxaspots of stress
whitening occur inside crazes (e.g. Figudgsand 4.7 above) but it is not clear whether or not these are

crack bridging because the cracks are too narrow.

Figure 4.14 Optical micrograph of microfibrillar crack bridging in a“9@pe of a
0.6mm SRPP tensile specimen.

It is also possible that the chain molecules in the tapes within timend §pecimens are moeatangled

than in thicker specimens due to a higher molecular relaxation in the tapes when their surfaces are melted
during the manufacturing process. If so, it may be that the entanglement creates stronger bonds between
the molecular chains and, due testtthey tend to debond less from the bulk of the material. This would
result in little or no crack bridging, as fibrils need to be separated from the bulk material for a crack

bridging to occur.

In discussing the characteristics of midt@mages in SRPm idetail, a classification of fibrils into
different categories by their lateral dimensions is desirable. This is because many different sized fibrils
occur in the material, especially in the tape, and these can occur next to each other. This can lead to

confusion as to which one is being referred to in discussing multiple types of fibrils. For example, there
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90°-tape
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Figure 4.15 Scanning electron micrographs of microfibrillar crack bridging if ¢
tapes of 0.6nm SRPP tensile specimens. Magnification = 200x (a), = 20,000x (b).
= 1.00kV.

are often smaller fibrils around the edge of larger fibriljoulls, as shown in Figure 4.16a. These are
actually remnants of microfibrils from midibrillar crack bridging, as can be seen by comparing
Figure4.16a to Figure 4.16b. Rather than providing a description of their relative sizes each time, it is
suggested here that fibrils in SRPP andradr awn
6nanofibrildéd, as illustrated in Figure 4. 17.
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Figure 4.16 Micrographs of al.0 mm and b)0.6 mm SRPP tensile specimens showing smg
microfibrils from crack bridging attached around larger fibril pulks.
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Figure 4.17 Different fibrils in SRPP according to the lateral dimension. The relatior
to Peterlino&isshave.l [ 120, Fig.

As denoted in Figure 4.17, there is a discrepancy between this definition aedfthed i t i on i n
microfibrillar model [116 120]. Figure 4.15b showed that the microfibril in crack bridging is about 0.2
0.3em in width, similar to those in serarystalline polymers (around Oein [131, p.2980]). Under
Peterl inds ondieclr,o ftihbirsi Iwoaurl dn t hen be alethforilebsr i | 6
laterally [119) and not &émicrofibrils6é, which are only
since the | ateral di mensions of what Peterlin
order of micrometres and nanometres, respectively, it s@eeons appropriate to rename them as
omicrofibrilsd and énanofibrilsé. This is also

SRPP. These can then be referred to as o6fibril

It can be seen from micrographs shown previously that thefitigls in crack bridging are oblique to
the directionof crack propagation. This is due to the crack bridging occurring in tapes which have a

highly oriented structure. As a result, the appearance is closer to fibre bridging in double cantilever beam
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(DCB) tests of unidirectional FRPs than to crack bridging in plain polymers. Fibrils that bridge crazes
in plain polymers are typically polymer chains that have sheared perpendicularly to the crack
propagation and are therefore aligned in the direction efltestress, as shown Figutel8. In contrast,

fibre bridging in DCB tests of composites can exhibit slanted fibre ligaments when in shear, or when

the crackpropagates in the direction of the fibre. An example is shown in Figure 4.19 [229].

Figure 4.18 Crazing fibrils inpolyethylenereproduced from [132, g05]. The applied
load is vertical in this image.

Figure 4.19 Crack bridged by single fibres and ligaments consisting of several 1
in a unidirectional carbefibre/epoxy composite. Reproduced from [229, p. 224].
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Despite the similarity in appearance to FRPs, cratdging in an SRPP tape occurs in a single,
continuous phase. The microfibrils originate from the same medium the cracks propagate in, in contrast
to the situation in FRPs where the fibres bridge cracks in the matrix or at the interface. This demonstrates
how the tape in SRPP can behave like an FRP system while not really being a composite system itself.
SRPP may be thought of as being comprised of smaller p$eRids (tapes) within a larger FRP system

(tapes and matrix).

4.2.2.2.2 Tape kinking

The 90-tapes in thetticker samples exhibit very few instances of a kinkialgaviourat narrow sections
created between tapplits (<100em), as shown in Figure 4.20. This behaviour is similar to fibre
kinking, where compressive longitudinal stress creates a shear in the fibrepreskeacef fibre
misalignment to stress, waviness or voids. It is apparent thausedoy a combination foan applied

tensile load, perpendicular to the transverse tape, and a resulting negative strain in the reinforcing
directi on f r o@ncdagdinstsigemonhsratethhttapecadn.behave like fibre bundles

at small scales. As these kinks mrfeequent and small iscale and do not propagate into larger, critical

areas of damage, they do not play a significant role in ultimate failure under tensile loading.

Section of Loading
— ae kinng direction

Figure 4.20 Optical micrograph of tape kinking a0.6 mm SRPP tensile specimen

It is suspectethat this does not occur in the 0.3 mm SRPP because the specimens fail before reaching
the tensile strain required toduace tape kinking, similar to the way in which crack openings in crazing
and tapesplits are much smaller than in thicker specimens.
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4.2.2.2.3 Obligue cracks

In rare cases, cracks can propagate at an angle to the loading direction in larger fibrils, sections or the
entire width of O-tapes. An example is shown in Figure 4.21. In the limited number of observations,
obliqgue cracks occurred at approximately eitB8t or 75° to the tape orientation and the loading
direction. Such a crack initiates from the free edges and propagates across the tape or the section, as
shown in Figure 4.21, and can result in the fracturing of the section.

Tape and
loading directions

Figure 4.21 Optical micrograph of a 0.6 mm SRPP tensile specimen showing ot
crack initiation and propagation in a section ofddpe.

The failure at an angle is nettisfactorily explainable from the existing literature. Shear zones or
deformation bands, and the associated failure within those bands, are observed in polymers, but only in
the presence of shear, compression or misalignment between tension andattieamitng direction in
oriented polymers [230]. Since SRPP was subjected to tensile load along one of the reinforcing
directions, none of the mentioned cases apply in an ideal situation. It may then be that the local stress
state was changed due to aegularity, such as a defect or prior damage.

For example damage, such as a fibril ymult, would cause unloading along the fibril. This would induce

a strain gradient between the intact part of the material that is aligned to the damage and the gsurroundin
material, near the root of the fibril ptdut, as illustrated in Figure 4.22 in the next page. It might then

be that this then induces shear stress that is large enough to create a deformation band and local failure

at an angle to the tape orientation.

Another possible cause is that, in the process of drawing PP, displacements in microstructural fibrils
creates shear stress between the fibrils, resulting in shear in fibril shapes due to shear displacements
between microfibrils within. This has been desbed previously in theliterature review (see

Figure2.18). It may then be that the shear stress triggers a crack to propagate at an angle. It is also
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Figure 4.22 Possible deformation gradient and shear stress created around fiboilifsulh
an SRPP tape.

possible that oblique cracks are caused by surface scratches. Given that cracks seem to fail gonsistentl
around 20 or 75’ to the tape orientation, it may be that only scratches close to these angles propagate
further into the tape and cause local failure.

4.2.2.2.4 Delamination

As with other types of damage, the amount of delamination increases with specimen thickness. As
mentioned earlier in Sectich2.1, etlamination does not occur in GY8n specimens, probably due to

the tapesd surface melting more during the manuf
have given the 0.81m specimens higher reinforcemiamitrix bonding. Similar cases have been

observed in other studies on SRPP, wiaelditionalmatrix reduced delamination [70, 97]. Otherwise,

it might be related to the fact that the stress imfih8 specimens does not reach a threshold level for

existing cracks (e.g. boundary cracks) to propagate to between tapes and cause delamination.

The most significant finding about delamination in B and 1.0nm specimens is that delamination

in SRPP specimens occurs at different levels. It can detueen two tapes (intdape delamination)

or within a tape (intrdape delamination), and the intape delamination can occur between 0° and
90°-tapes in a single layer (intralaminar delamination), or between any two tapes of separate layers
(interlaminardelamination). The different types of delamination carocour at a single location or

occur within very close proximity to each other. This can be seen by studying the delaminated surfaces.

Figure 4.23 shows a surface of &t@pe which has delaminatéwm a 90-tape on the surface. The
delaminated surface exhibits damage in both longitudinal and transverse directions to the tape
orientation. In the bottom image, fibril ptduts in different directions can be seen. One fibril has been
pulled out fromthe O-tape, whereas the other fibril has been pulled out from théa@@ and remains
attached to the°&tape. Similarly, there are microcracks that are parallel to the tape orientation (region
A) and perpendicular to it (region B). The microcracks atemthinner than tapgplits, somewhat

resembling the aligned crazing that occurs on the surface rbattonger and more densely packed.
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Figure 4.23 Optical micrograph of a 0.6 mm SRR#sile specimen, showing a secti
of a (*-tape that has been delaminated from tHet8fe on the surface.

Such observation of damage occurring in both directions stems from the fact that delamination occurs
at multiple levels in the O-tape, the 9Btape and in the matrix. For instance, by examining the material

at varying depths through the thickness, it is possible to see that the damage transverse to the tape
orientation, such as that seen in region A, is actually daimdge thin translucentrapaque layers on

top of the O-tape. By recognising that cracks in SRPP tapes mostly propagate in the direction of the
tape orientation, it can be deduced that the translucent layer is the matrix and the opaque layer is a

85



portion of the 96-tape which ha delaminated (intrtape delamination). Example cases are shown in

regions C and D, shown in the top two images.

In C, an opaque layer has partially peeled off from the base layer. The two layers can be distinguished
from each other by the many microdtadhat are oriented in different directions. Since cracks in tapes
tend to propagate in the direction of the tape orientation, the top layer must be a thin portiofr of a 90
tape that has delaminated, and the base layer must bettyme0

In D, there isan almost transparent layer with damage oriented in the transverse directior’ttages 0

on top of the base layer which has multiple cracks running parallel to the tape orientation. From the
directionality of the damage, the base layer is thtafe and the top layer is either the matrix or a
portion of the 96-tape. For reasons that will be explained in the next paragraph, the translucency of the
layer indicates that the top layer is the matrix. Then, the damage that is transverse °ttathe 0
orientation must be a result of propagation or imprinting of cracks from th&ape. In addition, the

thin strip that does not have the matrix layer must have resulted from a fibi@upditbm the 96-tape

that has delaminated from thé-tape. In he process of delamination of the fibril, the matrix, and
possibly a portion of the°@ape, has also delaminated from tligdpe.

An example demonstrating that the translucent layer is the matrix is shown in Figure 4.24 in the next
page. The figure shawa 90-tape that has delaminated from“at@pe. In the left of the lower image,

the translucent layer exhibits shear fld8hear flow here denotes the deformation or plastic flow in
viscous solid materials, mostly when subjected to critical shear atoegsgtheir crystallographic slip

planes. The deformed surface has a morphology that is continuous and smooth, as opposed to being
rough, as shown ifigure 4.25 in the next pag8hear flow such as that shown in Figure 4.24 only
occurs in the matrix at lnmdaries betweerf@nd 90-tapes, as will be explained in a later section. Since

the location where shear flow occurs in Figure 4.24 is indeed near a boundary bétar:8@-tapes,

the translucent layer must be the matrix. The matrix appears alrapsparent, probably due to the

layer being much thinner than the tapes.

Since it is possible to discern the damage in the matrix from those in the tapes, it could be gathered from
studying multiple delaminated surfaces that delamination ogeaferentially in 98-tapes and matrix
rather than in Btapes. This points out that the tapes in SRPP have different resistance agaitagientra

delamination depending on their orientation in relation to the loading direction.
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Figure 4.24 Optical micrograph of a 1.0 mm SRPP tensile specimen, showing a sec
a 9C-tape that has delaminated from tliet@pe on top.

Figure 4.25 Example of shear flow in the matrix at a boundary crack betv
orthogonal tapes.
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4.2.2.3 Summary of microscopic damage types

Different types of microscopic damage have been described and analysed in this\8exteonSRPP
behaves quite differently to many other composites in that multiple kinds of damage can occur
simultaneouslyinstead of occurring in separate phases. Thikes it more challenging to identify the
critical damage responsible for the failure of the material. Hence, all damage in the SRPP were examined
using microscopy, as there has been no previous study providing such information. Three samples of
different hicknesses have been analysed, as this gives the additional information required for an in
depth analysis of the failure behaviour of SRR, will be covered in the next section, together with a
discussion of several damagdated mechanisms that have not been covered in this section because

they are better explained in the context of the critical failure of specimens.

Before moving on tthe failure behaviour, brief descriptions of the microscopic damages that have been
analysed are given below. The amount and size of the damage are greater in thicker specimens, and also
greater in 98tapes than in Btapes The following types of damageccur in all SRPP specimens
regardless of the thickness:

9 Tape-splits: Cracks in SRPP tapes that propagate along the tape orientation.

9 Aligned crazing: Surface matrix cracks that are similar to crazes in polymers, except that they
are aligned to a highetegree and occur in the direction of the tape underneath, due to being

caused by tapsplits.

1 Crazing: Observed on the inner matrix that has been exposed to the damage on the surface layer.
These resemble typical crazing in polymers and propagate pesplenlyi to the loading

direction.

9 Fibril pull -outs. Sections of tapes that are abouti0em wide which havebecome

separated from the surrounding material from one end.
1 (Boundary cracks: This is discussed in the next section.)
The following types bdamage are observed only in @61 and 1.0nm SRPPs:

1 Microfibrillar crack bridging : The phenomenon of microfibrils bridging the opening of tape
split type of cracks. The microfibrils are approximatelyi@.&m wide and form non

perpendicular angles todirection of crack propagation.

9 Tape kinking: Kinks that occur infrequently in small sections of- ®8pes. These form under
a combination of negative strain in the direction of the tape and positive strain in the direction

of the load.
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1 Oblique cracks Rare instances of cracks in tapes that propagate at ar68md 25° to the

orientation of the tape.

1 Delamination: Separation of material into layers within a tape (#té@e delamination),
between tapes (intéape delamination). Intreape delaminabin can occur between 0° and 90°
tapes within a layer (intralaminar delamination) or between tapes of separate layers
(interlaminar delamination). More delamination occurs withirBfetapes and the matrix than

within the O-tapes.

4.2.3 Failure behaviour

This section discusses the failure behaviour of
failure of the specimen, after which it can no longer bear any load. This section is divided into two

subsections.

The first subsection discusses thdure behaviour of 0.Bhm specimens. It includes a discussion on
how failure initiates and whether there are ways to anticipate when and where failure will occur. This
will help to develop an understanding of how failure occurs in thicker specimensl|as/hieth may

have been hard to identify without analysing therf8 specimens. The manner of crack propagation
during failure will then be discussed. In the last part, it will be shown that cracks propagate in ways that

have not been reported in the lgarre.

The second subsection discusses the failure behaviour ofn®.6nd 1.0nm specimens. It will be
shown that they exhibit noticeably different failure behaviours compared to the 0.3 mm specimens
because of various toughening mechanisms. It will lostrated how they relate to the previously
discussed damage mechanisms and s$tess behaviour, as well as the mode of crack propagation.
Finally, there will be a discussion of how the different failure behaviours observed in then0.3

specimens mighimpact on the predictability of failure in thicker specimens.

4.2.3.1 Failure behaviour of 0.3 mm specimens

Failure in the 0.3nm SRPP specimens is caused by the development of a particular type of damage
called boundary cracks. This is the most important aspfettte catastrophic failure in the 0.3 mm
specimens and, for this reason, it is discussed in this section, rather than being included in the previous

analysis of all the other damage mechanisms.
This section discusses the failure behaviour of 0.3 mnirapes and is further divided into four parts;

1. A discussion of the different types of boundary cracks and their possible causes.
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2. An explanation of how one specific type of boundary crack causes the development of critical
damage that leads to specimeituiia.
3. A discussion of the ways in which the onset of failure can be predicted using a surface strain

analysis.
4. A consideration of the occurrence of different modes of crack propagation during the failure

process.

4.2.3.1.1 Microscopic analysis of boundary cracks

There are four different types of boundaries and boundary cracks, as illustrated in Figure 4.26. To
differentiate between each, they are denoted &s’. The superscripk® is either O to indicate
boundaries or boundary cracks parallel to the loading direction, oto9Mhdicate those that are
perpendicular to the loading direction. The subsgripiither to indicate boundaries between parallel

tapesor U to indicate boundaries tveeen orthogonal tapes. The four types of boundaries
| £ ¥ Boundary 90 to the loading directiorhetween two 90tapes

|| F J: Boundary 90 to the loading directiorhetween orthogonal tapes where the¢abe weaves

under the edge of @0°-tape.
| F?: Boundary 0 to the loading directiorhetween two Btapes

|| F J: Boundary 0 to the loading directiorhetween orthogonal tapes where thé-@pe weaves

under the edge of &-@ape.

:> Loading
direction

0°-tape

Figure 4.26 lllustration of the four types of boundaries and boundary cracks.

The most obvious difference between the boundary cracks is the difference in appearance, depending
on whether the tapes at theundary are parallel to each othér or& & § or orthogonal to each

other 6 dr6 6 J.At6 6 andd & Y matrix cracks with sharp tips form and propagate in ways
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that resemble tapgplits, as shown in Figure 4.27. In comipan, atd 6 andd 6 ) matrix damage
starts with microvoids forming and coalescing along the boundary, with matrix shear flow and thinning

occurring, as shown in Figure 4.28.

lllldl' crack
etween two 90°-tapes

Tape-splits }

\J/

Figure 4.27 Boundary cracks between parallel tapes in anthté SRPP tensile
specimen, exhibiting matrix damage similar to tapéts.

Figure 4.28 Boundary cracks between orthogonal tape®.3mm SRPP tensil¢
specimens, depicting the process of the matrix damage development.
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It was found that the characteristic appearance of boundary cratdteiisiined by the geometry of the
weaving, not the loading direction. This can be deduced from the fact that there is little difference in the
appearance between a boundary that is orientatetitattbe loading directiond( 6 dré ¢ ¥ and a

boundary that is at 90to the loading direction( 8 or6 6 )? In the following paragraphs, this
phenomenon will be explained by first considering what the different microscopic behaviours indicate
about the mode of crack propagation and failures Thn then indicate what kind of stress and strain

states are associated with each mode, and then this can be associated with the weaving geometry at each

type of boundary crack.

Microscopic examinations show thaté  andé & “exhibit sharp cractips, which is similar to tape

splits and crazing. In contrash, & andd 6 “have blunt crack tips. This indicates different types of
crack propagation and failure occur at these boundary cracks. Sharp crack tips are related to unstable
crackgrowth and brittle failure, observed when a material is in a plane strain condition, which typically
occurs in thick plates. Conversely, blunt crack tips are characteristic of stable crack growth, shear flow
and ductile failure, observed when a materiai i3 plane stress condition, in relatively thin plates. This

relation is illustrated in Table 4.2.

Table 4.2 Plane stress and plane strain conditions and the associated modes ¢
propagation anégilure.
zZ # y
u . s
<j X Loading
direction Loadi
Thin plate <:j E:> di(::c:il:)gn
T Shear llp Thick plate
Plane stress Plane strain
” T[ ” n
- T - W
Blunt crack tip Sharp crack tip
Stable crack growth Unstable crack growth
Ductile failure Brittle failure
Smooth fracture surface Rough fracture surface

To give a briekexplanation, material close to the surface can deform easily in tiud-platne direction
(z-direction in Table 4.2) because the free surface is not constrained. In a thin plate where the stress

cannot vary much through the thickness, there is approXimaas stressi = 0) and norzero strain
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in the z-direction (i 0). This condition is known as plane stress and the material fails in a ductile
manner, with shear lips occupying most of the thickness. A material away from the free surface in a
thick pate is constrained in thedirection (}=0), and therefore, there is namro stress in the
direction .1 0). This is known as plane strain condition. This puts a higher constraint on the plastic
flow in the vicinity of the crack tip and results & brittle fracture, which has little or no plastic

deformation and low energy absorption during the fracture [231].

Based on the above explanation, the matrix & ahdé & 3 which exhibit sharp crack tips, must be
in a state of plane strain ¢guse the matrix is relatively thick in tzalirection; conversely, d@ ¢ 7

andd 6 7 which exhibit blunt crack tips, the matrix must be in the plane stress condition because the
matrix is much thinner in thedirection. Indeed, the matrix isitker até 6 ahdd 6 %thanatt 6 7
andd 6 Ydue to the local geometry from the weaving. This is shown in the simplified illustrations of
6 & andé 6 ,’shown in Figure 4.29, which depict cresctions along the loading directimear

the free surfacdn the cases di & Jandd ¢ ;the direction of the load and displacement in the matrix

are simply rotated by 90°, pointing in the direction orthogonal to the page.

s Free surface

90°-tape. -———-—————————————5c- b 90°-tape
S <z=-\ L == >
Tensile load <::I ------------------------- {#:: ————————————————————————— I:> Tensile load

Direction of displacement
in the matrix

(@6 6
N Free suttace
90°-tape [ = = __—-0°-tape
_________________________ =ul— |
Tensile load <1 ;.::h [ > Tensile load

Direction of displacement
in the matrix

066 ?

Figure 4.29 Crosssectionof boundary cracks on the surface that are oriented®ab98e loading
direction, a) betweetwo 9C°-tapes ¢ & ); and b) between°Gand 90-tapes ¢ 6 )’
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From the above analysis, it can be seen that different types of boundary cracks have different modes of
crack propagation and failure because the geometry of the weaving induces different states of stress and

strain in the matrix. More specificallipounday cracks between parallel tapés@ ahdéd & ¥ form

and propagate inlarittle manner(cracks propagatenstablywith sharp crack tipsunderplane strain

conditions, due to the matrix between the tapes being relatively thick in tlué-plaine direction.

Boundary cracks between orthogonal tage$ ( andé 6 3 form and propagate inguctile manner

(cracks propagatstablywith blunt crack tipg underplane stresonditions due to the matrix being

relatively thin in the oubf-plane direction between the tapes.

From the matrix damage formed as described above, the boundary crack can then propagate into the
tape as well. This can occur in two ways; either the qoaggagates in the iplane direction as shown

in the example in Figure 4.30, which is relatively rare with limited propagation distances, or the
boundary crack propagates into the tape in thebptane direction through the thickness, as shown in
Figure 4.31 in the next page.

Figure 4.30 Optical micrograph of 0.B5am SRPP tensile specimen, showing a cr
propagatinghrough the surface tafi@m boundary cracks.

From Figure 4.31, it may seem that such damage, whieré a propagates into a°@ape, is critical,

since this would lead to a reduction in the main reinforcing component if it results in a scission across
the tape. In fact, such boundary cracksmtecritical because the critical damage that leads to specimen
failure occurs at & # th 0.3mm specimens, before an§-@pe can fracture from"a# .*This will

be shown through the surface strain analysis in the next section.
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