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Abstract 

 

This thesis discusses material behaviours related to the failure of woven self-reinforced 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 the traditional 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 fibre-reinforced polymers due to its unique construction. As a result, 

there is also limited knowledge of the behaviour of SRPP-based FMLs, except under impact. A better 

understanding of these materials will be valuable, given that 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 combined in-plane biaxial and out-of-plane bending deformations, 

for both the SRPP and FML. In addition, 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 strain analysis, which 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 in the literature. One of the most important aspects was that the critical 

damage mechanisms that cause failure in the materials were identified for different material and loading 

conditions. This includes a particular type of matrix damage in SRPP which was found 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 propagation, reinforcing 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 the same loading condition, can fail from different regions of the material, under different failure 

mechanisms. In the course of the analysis, it was found that, in many cases, the surface strains captured 

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

The findings from this research highlighted the importance of understanding the exact mechanisms 

behind the failure of SRPP, SRPP-based FML and similar materials, since they can vary significantly 

depending on numerous 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 fibre-reinforced epoxy/aluminium alloy FML 

CFRP Carbon fibre-reinforced 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 fibre-reinforced polymer 

GFRPP Glass fibre-reinforced polypropylene 

GLARE Glass fibre-reinforced epoxy composite/aluminium FML 

HSCP High-strain concentration point 

IBD test Induced-biaxial 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 Self-reinforced polyethylene 

SRPP Self-reinforced polypropylene 

UD Unidirectional 

WWFE Worldwide Failure Exercise 

0°/90° 

 

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

loading direction  



 
 

 

2-phase FRP 

 

Fibre-reinforced polymer with chemically different reinforcement and matrix 

phases 

30°/60° 

 

Uniaxial tensile test specimens with reinforcements oriented at ±30° and 6ᴜ0° to 

the loading direction 

± 45° 

 

Uniaxial tensile test specimens with reinforcements oriented at +45° and ï45° to 

the loading direction 

[deg] In-plane shear strain in degrees (°) 

[log.] Logarithmic (true) strain, given in mm/mm 

ὄὅ ᷆Ј 

 

Boundary or boundary crack oriented at 0° to unidirectional tensile load, between 

two 0°-tapes.  

ὄὅ Ј 

 

Boundary or boundary crack oriented at 0° to unidirectional tensile load, between 

orthogonal tapes where the 90°-tape weaves under the edge of a 0°-tape. 

ὄὅ ᷆ Ј 

 

Boundary or boundary crack oriented at 90° to unidirectional tensile load, between 

two 90°-tapes.  

ὄὅ Ј 

 

Boundary or boundary crack oriented at 90° to unidirectional tensile load, between 

orthogonal tapes where the 0°-tape weaves under the edge of a 90°-tape. 

d Punch depth in IBD test 

Ὁ  Chord modulus of elasticity between 0.1ï0.3% strain 

Ὁ  Tangential stiffness above 1% strain 

P Applied load 

ί  s Standard deviation in strain to failure  

t Specimen thickness 

Ŭ Stress ratio, ůp2 /ůp1 

 Strain ratio, ὑp2 /ὑp1  

ɔ12 In-plane shear strain about reinforcing directions 

ɔxy In-plane shear strain about x and y directions 

Ů1 Strain in the reinforcing direction 1 

Ů2 Strain in the reinforcing direction 2 

Ůapplied Strain applied to the specimen 

Ůavg The average strain of the specimen 

ŮHSCP Strain at a high-strain concentration point 

Ůmax Maximum strain in the specimen 

Ůp1 First principal strain 

Ůp2 Second principal strain 

Ůx Strain in the x-direction 

Ůy Strain in the y-direction 

Ůz Strain in the z-direction 



 
 

 

‐ Tensile strain to failure 

‐  Transition strain 

ɗ Angle to the loading direction 

― The ratio between Ůmax and Ůapplied  or between Ůmax and Ůavg 

ů1 Stress in the reinforcing direction 1 

ů2 Stress in the reinforcing direction 2 

ůp1 First principal stress 

ůp2 Second principal 

ůx Stress in the x-direction  

ůy Stress in the y-direction 

ůz Stress in the z-direction 

„ Tensile strength 

„ Upper yield strength  

„  Stress at transition strain 

Ű12 In-plane shear stress about reinforcing directions 

Űxy In-plane shear stress about x and y directions 

ɜ The gradient of strain increase 
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1 Introduction 

1.1 Background 

Fibre metal laminate (FML) is a hybrid material system consisting of fibre-reinforced 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 the benefit of its 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 research at the Delft University of Technology in the 1970s. Its core benefits include higher 

impact, fire [1] and corrosion [2] resistance, and better fatigue tolerance [1], compared to aluminium, 

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

To highlight some of the benefits of FMLs, one can refer to GLARE® (Figure 1.1), which is one of the 

earliest FMLs, made out of a glass fibre-reinforced epoxy composite and aluminium, and used in 

 

 
(a) 

 

 
(b) 

Figure 1.1  a) Commercial GLARE® Laminate (glass fibre-reinforced epoxy 

composite/aluminium FML) [3] and b) its application in Airbus A380. [4] 



 
2 

 

numerous aircrafts such as the C5-A Galaxy 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 a high-velocity impact [6, Tab. 3.2]. This characteristic was effectively used in 

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 benefit industries beyond 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 crash scenarios, a significant improvement 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 resistance that relates to vehicle 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 Figure 1.2 for an example.) 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 aluminium alloy compared 

to steel, and composites requiring processing (e.g. manual hand layup) that are not suitable for existing 

mass manufacturing techniques. Also, composites require significant modifications to joining and 

surface painting techniques traditionally utilised for steel parts. While this is not a major 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 the primary material used in the automotive industry, as exemplified by 

the extensive use of steel in the body of the Volvo XC90 (Figure 1.3).  

 

 
Figure 1.2  Carbon fibre-reinforced composite component in the body of McLaren 

720S. [8] 
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Figure 1.3  Volvo XC90 body structure with steel parts highlighted (green part 

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 

processes, followed by the curing of thermosetting resins under heat to consolidate into the desired, 

permanent shape. In attempting to reduce costs, some researchers have investigated the potential of 

stamp forming FRPs and FRP-based FMLs by using a thermoplastic polymer matrix [10ï15]. The use 

of thermoplastic FRPs allows FMLs to be pre-consolidated into sheets and then be formed subsequently 

in similar ways to standard metal stamp forming. By minimising the required changes in tooling and 

manufacturing processes, 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 of aluminium in an FML system can potentially offer greater stiffness, strength, 

toughness, and manufacturability, as well as reduced material and manufacturing costs. Obviously, this 

would be at the expense of higher weight compared to aluminium-based FMLs, rendering it inapplicable 

in aerospace applications. However, steel-based 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 of self-reinforced polypropylene (SRPP) and an SRPP-based 

FML out of a variety of thermoplastic-based FRPs, as it maximises the aforementioned benefits over 
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thermoset FRPs. SRPP is a single polymer composite (SPC) which has chemically identical 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 thermoplastic-based FRPs. Also, considerably higher fibre content 

(70ï90% fibre volume fraction) and excellent adhesion between the reinforcement and the matrix can 

be achieved due to the nature of its unique manufacturing process. This is a significant advantage over 

most composites where good interfacial adhesion between the fibre and 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 differently to 

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 SRPP-based FML, since its behaviour can largely 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 SRPP-based 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, extensive research exists on aluminium FMLs but there is limited 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 that the failure behaviour of 

FRPs themselves is still not fully understood due to their variety and complexity, and a significant 

portion of the existing research uses epoxy resin-based composites rather than thermoplastic composites. 

It is not surprising, then, that even less is understood about woven SPCs such as SRPP, which is a 

subcategory of thermoplastic FRPs.  

Such a knowledge gap is hindering their full exploitation in industries, outside a few high-end 

applications, despite the many benefits they can offer. To help bridge the gap, this 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 

subjected to the  following conditions: 1) uniaxial tensile load along one of the reinforcing directions, 

2) uniaxial tensile load applied at off-axis angles to the reinforcing directions, and 3) combined in-plane 

biaxial and out-of-plane bending deformations. In a broader context, this study aims to contribute to our 
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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 defined.  Thesis chapter summaries. 

Chapter Title  Summary 

1 Introduction 

Describes the motivation behind studying the material 

deformation and failure behaviour of SRPP and SRPP/steel 

FML and the overarching aim of this thesis. 

2 Literature Review 

Reviews existing studies that are relevant to understanding the 

deformation and failure behaviour of the SRPP and 

SRPP/steel FML discussed in the thesis. 

3 
Materials and 

Methods 

Details the materials made and used, the setups for the 

experiments and the subsequent analyses so that the results in 

this study can be reproduced by a third party. 

4 

Failure Behaviour 

Under Uniaxial 

Tension (On-axis) 

Discusses the findings from analysing the behaviour of SRPP 

and SRPP/steel FML when subjected to uniaxial tensile load 

along one of the reinforcing directions of the SRPP (layer).  

5 

Failure Behaviour 

Under Uniaxial 

Tension (Off-

axis) 

Discusses the findings from analysing the behaviour of SRPP 

and SRPP/steel FML when subjected to uniaxial tensile load 

at off-axis angles to the reinforcing directions of the SRPP 

(layer). 

6 

Failure Behaviour 

Under Biaxial 

Deformation 

Discusses the findings from analysing the behaviour of SRPP 

and SRPP/steel FML under induced-biaxial deformation tests 

(as described in Chapter 3), which induce in-plane biaxial 

deformation and out-of-plane bending in the materials. 

7 Conclusion 
The concluding chapter reflects on the significance of the 

findings set out in this thesis. 
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2 Literature Review 

2.1 Introduction 

This chapter reviews relevant literature on the behaviours of self-reinforced 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 that are based on different reinforcement and matrix phases, as these behave 

considerably differently to SRPP. Instead, studies are presented in this chapter with more focus on 

behaviours specific to SRPP and SRPP-based FML which are necessary for understanding the results 

and discussions of this research. 

2.1.1 Background 

SRPP has the benefit of being more recyclable, lightweight (0.8ï0.9 g/cm3) [16], having higher fibre 

volume fraction (70ï90% or higher in some cases [17]), and higher strain to failure (å 20%), in 

comparison to thermoset-based FRPs and even 2-phase thermoplastic FRPs such as carbon fibre or 

glass fibre-reinforced polymers (GFRP)1 . It also has high impact resistance ï in multiple cases 

outperforming glass fibre-reinforced thermoplastics [18ï21] ï allowing it to be commercially exploited 

in applications such as anti-ballistics, automotive components, and sports equipment (see Figure 2.1). 

In some cases, SRPPs have comparable stiffness and strength values (6ï8 GPa, 200ï250 MPa) 

compared to GFRP (4ï5 GPa, 80ï100 MPa) [16].  

The properties mentioned above are attributed to the fact that both 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 known as a self-reinforced polymer, single-phase 

composite, homocomposite, homogeneous composite, or all-polymer composite (i.e. all-PP). In 

comparison to 2-phase composites, SPCs have almost perfect adhesion between fibre and matrix due to 

mutual diffusion between the two chemically identical components creating strong chemical bonds [23]. 

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

 
1 For comparison, GFRP has a density of around 0.94ï1.2 g/cm3, fibre volume fraction of 20ï30%, and failure 

strain of 2ï5 %.  
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fibreïmatrix load-transfer mechanism, and hence in providing composite shear, transverse, and fatigue 

strengths. However, good adhesion in composites is very difficult to achieve, often causing fractures to 

initiate at the interface [24]. This is especially true for PP-based 2-phase composites because the polymer 

has low surface free energy and bonding or interfacial adhesion is usually weak [25, p. 2049].   

Fibre Metal Laminate (FML) is a material system that combines FRP 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] found the sandwich structure of glass 

fibre-reinforced polypropylene (GFRPP)/aluminium/aluminium foam had higher high-velocity impact 

resistance due to several energy-absorption mechanisms, including the fracture of the aluminium, 

longitudinal splitting, and fibre fracture. Fan, Cantwell and Guan [27] also found that an FML based on 

glass fibre-reinforced epoxy/aluminium alloy had specific perforation energy that could be more than 

twice that of the plain composite in quasistatic and low-velocity impact perforation tests, depending on 

the thickness of the composite. Another critical benefit of FML over metal is better fatigue resistance 

due to a possible fibre-bridging effect [28ï30]. Crack growth in ARALL, an aramid fibre-reinforced 

epoxy/aluminium alloy FML, exhibited crack growth 10ï100 times slower than in aluminium and 

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

Before proceeding into an analysis of deformation and failure of SRPP and SRPP-based FML, it is 

imperative to understand that there are several factors about these materials that make the vast proportion 

of existing research in composites inapplicable.  

FMLs based on steel or thermoplastic composites are relatively new classes of materials: FML itself 

was first patented in 1984 and most studies since then have focused on 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 which are widely accepted in the aeronautical 

industry (with applications in the Airbus A380), while research on thermoplastic-based FMLs has 

developed only recently.  

   

(a) (b) (c) 

Figure 2.1  Example applications of Curv®, a commercial SRPP: a) anti-ballistics (e.g. helmets, 

protectors, and military vehicle armour); b) sports helmet; and c) automotive components [22]. 
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This is also the case beyond FMLs: coverage of thermoplastic-based FRPs is much smaller than those 

based on thermosets. For instance, Worldwide Failure Exercises (WWFEs) [32ï37] conducted over 

many years assessed how well leading failure theories predict composite failure via test cases based on 

glass and carbon fibres and resin matrices. Moreover, as commented in Reederôs study [38] of 

delamination failure of thermoset epoxy- and PEEK-based composites, different criteria are suitable for 

thermoset and thermoplastic polymers. No one criteria can cover all because they behave quite 

differently. Even with thermoset-based composites, findings from the first WWFE [32] resulted in 50% 

of 19 leading failure theories being modified, demonstrating the complexity of the field.  

Not only that, SPCs form only a part of thermoplastic-based composites and are structured and behave 

quite differently to the traditional 2-phase FRPs. Fibres are less stiff and more ductile compared to the 

well-established glass or carbon fibres, and the fibreïmatrix interface is stronger than typical composites. 

The first concept of SPC was introduced in 1975 [39], and while there is some literature on processing 

techniques, basic properties, and impact performance, limited knowledge exists on the failure behaviour 

of SPCs outside general damage characteristics. Also, the amount of literature on SPCs pales in 

comparison to those on 2-phase FRPs. On top of this, SRPP only forms a subset of the knowledge pool 

on SPCs.  

SRPP exhibits multiple damage mechanisms that occur simultaneously, ranging from brittle fibre or 

tape fracture, longitudinal crack or splitting, transverse cracks, matrix thinning, delamination, ductile 

fibreïmatrix splitting, to fibrillation. Regarding fibrillation, some authors attribute it to good 

consolidation whereas some attribute it to the exact opposite [40ï44].  

Studies of deformation and failure of FRPs are traditionally based on unidirectional (UD) lamina or 

cross-ply UD laminas, as was the case for WWFEs. Woven composites again behave differently from 

UD laminas. In general, the mechanics of woven composites is more complicated 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, and fibre 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 that describe the behaviours of FRPs, SRPP, and 

FMLs in relation to their failures. It covers SRPP before FMLs, given that failure of FML should first 

be understood at the level of its constituents. (It does not cover steel as its behaviour is very well known 

in comparison.) SRPP is covered extensively, given that it is relatively less well known, but the section 

on FMLs is shorter because the concept of this laminate system is well known (although research on 

FMLs based explicitly on steel or thermoplastic FRPs is lacking). Before the SRPP section, typical 

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

These sections are further divided into parts relevant to thermoset FRPs, thermoplastic FRPs, the 
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structure and behaviour of SRPPs at the composite- and component- (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 in 2-phase FRPs initiate from micro-debonding at the fibreïmatrix 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 thermoset-based composites. This can occur 

in fibres perpendicular and parallel to the loading direction. The growth of the latter case is usually seen 

under fatigue loading at the end of a broken fibre rather than under quasi-static loading. Debonding then 

leads to larger scale fibreïmatrix debonding or, less frequently, matrix fracture [24, pp. 12ï56]. An 

illustration of damage development where fibre breakages lead to interface debonding and matrix cracks 

is shown in Figure 2.3.   

 

 

Figure 2.2  Fibreïmatrix debonding in a polyester resin/glass fibre-reinforced 

composite [47].  
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Figure 2.3  Schematic showing of damage events leading to final failure of a UD 

composite due to increase of the applied tensile load [48, Fig. 3].  

 

Matrix fracture often initiates at the free edges and leads to interlaminar delamination and localised fibre 

fractures in adjacent plies [24, pp. 12ï56]. Matrix cracks can propagate in all directions but often 

propagate along fibre directions under quasi-static loading [49]. Examples are transverse cracks in 

transverse plies and splitting in longitudinal plies where the propagation is driven by a mismatch in the 

Poissonôs ratios of differently oriented adjacent plies. When the matrix tensile strength is high enough 

to resist the stress concentration, shear yielding can also occur instead of propagating in a brittle manner 

[48]. 

In composites with woven structure, there are additional ways in which damage can occur. Typical 

examples are illustrated in Figure 2.4. Failure in a woven thermoset composite often initiates by fibreï

matrix debonding, preferentially at the yarn boundaries normal to the loading direction. The initial 

boundary cracks do not necessarily develop into large cracks, depending on the stress distribution which 

is affected by the weave architecture. Micro-debonding forms transverse matrix cracks within or on the 

yarn boundaries. Unlike in UD cross-plies, the length and spacing of cracks are initially limited by crimp 

boundaries, then at higher load propagate along the yarn. When cracks have developed to a certain level 

(e.g. if crack saturation exists), shear stresses between the transverse cracks and longitudinal layers 

trigger local delaminations that are confined to crimp boundaries. These can lead to an onset of fibre 

failure in surrounding bundles, as well as transition to interlaminar delaminations at a stage which 

depends on interlaminar fracture toughness. Longitudinal yarns can also split due to transverse tensile 

stresses created in the longitudinal yarns from Poissonôs effect and constraint from transverse yarns. 

Final failure occurs with longitudinal fibre breakages at strains below the failure strain of fibres due to 

fibre crimp and delaminations that reduce efficient load transfer inside the fibre bundles.  
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Figure 2.4   Different types of cracks observed in textile composites loaded in tension. 

From top to bottom in left column: transverse matrix cracks inside yarns, transverse 

cracks at yarn boundaries (b), debonding of yarns and local delaminations inside yarns 

(I), transverse cracks in the matrix pockets, shear matrix cracks. From top to bottom in 

right column: splitting of the yarns, cracks on the boundary of or inside Z-yarns, 

longitudinal cracks in the matrix pockets, delaminations. Taken and modified from [24, 

pp. 43ï44, Tab. 3.1]. 

 

Similar micro-debonding, typically at yarn boundaries, is also seen in the woven composite when loaded 

off-axis [24, pp. 41ï56]. These then form matrix cracks inside yarns which indicate high shear 

deformation in the matrix and ductile failure, in contrast to brittle fracture surfaces formed under 

transverse cracks. Debonding and fibre pull-outs are also often observed. In a study of tensile behaviour 

of glass-reinforced/epoxy composite under off-axis 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, WWFEs are briefly described in 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 unidirectional (UD) lamina under in-plane, biaxial loading, using 

14 test cases. It concluded in 2004 that only a few theories gave an acceptable correlation with test data 
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for 75% of the test cases. As a result, some 50% of the theories were modified, with some being 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 Second WWFE [33ï35] tested 12 participating theories using FRP 

UD lamina and multi-directional laminates based on various fibres and resins. The results showed that 

only a few theories gave acceptable correlation with experimental data (within ± 50%) for about 75% 

of the test cases.  

The third WWFE focused on judging the predictive capabilities of the 12 participating theories 

(summarised briefly and referenced in [36, 37]) on a variety of in-plane loading or combined 3D loading 

conditions, sometimes in the presence of stress concentration, under thermal load, or for different 

laminate thicknesses. These required predictive outputs in the forms of stressïstrain curves, crack 

density variation, failure stress and strain envelopes, delamination level and location, loading/unloading 

curves, strengths versus hole diameter, or laminate thickness. Its test cases were based, again, on 

laminates of UD laminas based on epoxy material (carbon and E-glass fibres). Below are notable points 

from the concluding remarks [37]:  

¶ There is a general lack of consensus between theories and the models are broadly immature 

from manufacturing and design perspectives with regards to: 

o Effects of ply thickness and lay-up sequence. 

o Size effects, such as the effect of hole diameter to thickness ratio. 

o Effects of unloading and reloading. 

o Interaction between cracks in adjacent layers of different orientation. 

o Matrix cracking and delamination under pure bending. 

o Delamination driven by matrix cracking. 

¶ There were large differences in models, even in predicting the strength and failure strains where 

failure is controlled by 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 WWFEs show that predicting FRP failures is still far from being mature and demonstrates the level 

of complexity of damage that can occur in these composite materials. It also suggests there is a 

requirement to better understand their failure behaviours. The same is true for thermoplastic FRPs, 

which behave differently but are often designed based on criteria that have been developed for 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 properties between woven thermoplastic and 

thermoset-based carbon fibre-reinforced polymer (CFRP) and concluded that thermoplastic matrix 

provided better performance. Compared to their thermoset-based counterparts, thermoplastic-based 

samples exhibited similar interfacial shear strength, tensile strength, and elastic modulus; they also had 

higher interlaminar shear and impact strengths and almost double the interlaminar fracture toughness. 

Thermoplastic-based CFRP had slower interlaminar crack development, fewer and shorter cracks, and 

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

thermoset matrix.  

This illustrates the advantages of using thermoplastic-based composites, on top of longer shelf-life and 

ease of manufacturing, although it has disadvantageous creep behaviour [52]. In fact, in some cases, the 

interlaminar fracture toughness of thermoplastic FRPs were found to be at least one order of magnitude 

higher than thermoset FRPs, which is affected by matrix toughness and fibreïmatrix interfacial strength 

[53, 54]. However, it must be noted that 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 three-point bending test of a GFRPP, Wafai et al. [49] observed load drops related to 

1) initiation and propagation of cracks in transverse plies via fibreïmatrix debonding in fibre-rich areas 

ahead of the crack tip, and 2) coalescence of cracks in matrix-rich 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 between longitudinal and transverse plies. The 

difference to thermoset FRP was that the crack opening was bridged by matrix fibrillation, probably 

indicating that the cracks formed by crazing. Delamination was characterised by microcracks in matrix-

rich areas, fibreïmatrix debonding, and shear-induced microcracks with internal micro-fibrillation, 

indicating a combination of Mode I (tensile opening) and Mode II (in-plane shear) fractures. The latter 

depends on the thickness of the matrix interlayer and the distribution of adjacent fibres. Despite being 

chemically identical, different grades of PP also exhibit significantly different interlaminar fracture 

toughness due to differences in ductility and toughness. Matrix deformation strongly affects energy 

dissipation, especially in the delamination phase.  

At low shear strains, thermoplastic-based 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 thermoplastic FRPs exhibit delayed failure due to higher shear strength in the matrix.  

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

composite under tension, and they mention how similar mechanisms are seen in glass and natural fibre-
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reinforced composites. The damage initiates and propagates preferentially through transverse fibre 

bundles, showing that its middle lamella interface is weaker than the fibreïmatrix interface. In areas 

without fibre bundles, microvoids and microcracks initiate at fibre tips, then a large number of 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 matrix, bringing about a final fracture with 

fibre pull-outs. The authors conclude that, despite some debonding, there is no major fibreïmatrix 

weakness, counter to common thinking, although they suggest that increasing interface bonding is 

necessary for improving composite quality.  

Hufenbach et al. [59] explain that textile composites have a combination of both discrete and diffuse 

damage characteristics2. In addition, in composites such as GFRPP (which are dominated by diffuse 

damage2 such as interface failure, ductile matrix, void growth, or whitening, instead of discrete damage 

such as fibre or inter-fibre failure and delamination), there is no clear separation of damage mechanism 

related to load history. The result is that identification of separate damage phases is impossible. Critical 

damage can arise before the appearance of discrete damage, and multiple damage mechanisms can occur 

simultaneously in different directions. 

In a study by Wang [60] of the failure behaviour of flax fibre-reinforced/PP under stretch forming, it 

was found that because the matrix is much more ductile in comparison to the thermoset resin, composite 

failure is clearly driven by 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 eliminated by using 

maximum strain in the fibres as the indicator rather than using the compositeôs strain state. This theory 

was applied in another study involving a woven GFRPP [61] where it was shown that failure was mostly 

affected by fibre strain, regardless of strain paths or fibre orientation. Thus, in most cases strains in the 

glass fibres were a more consistent and straightforward predictive indicator as to the final failure location 

and fibre strain level. However, it can be questioned whether the same theory applies to SRPP, even 

though it is also based on a PP matrix. Being PP, its reinforcement phase is much more ductile, and does 

not have the same level of inextensibility as glass or flax fibres. As opposed to the failure being 

dominated by fibre fracture, multiple damage mechanisms occur in SRPP.  

 
2 Discrete damage can be quantified on meso- or microscale with justifiable effort, such as fibre failure, interfibre 

failure, and delamination. Diffuse damage mechanisms exhibit no local character or cannot be quantified with 

justifiable effort, such as interface failure, ductile matrix, void growth, or whitening [59]. 
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2.3 Self-reinforced polypropylene  

2.3.1 Composite structure and failure behaviours 

Understanding the structure of SRPP and SPCs is essential to understanding their behaviours. This is 

true of any material, but because SPCs are quite different from conventional 2-phase FRPs, caution must 

be exercised to not use similar assumptions in cases where they may not apply.  

A commercially produced SRPP called Curv was used in this research. It is manufactured using the hot 

compaction method in which highly-drawn PP tapes are woven together and then selectively melted on 

the surfaces to form a matrix between the tapes. Schematics of the hot compaction process and a 

scanning electron micrograph of SRPP section are shown in Figure 2.5 below and Figure 2.6 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 act as reinforcement that gives the composite its 

strength and stiffness. Although the tapes act like fibres, they are geometrically different from fibres or 

filaments which have matrix joining together each strand separately.  

  

 

 
  

Figure 2.5   Schematics of the hot compaction process [62]. 

 

The hot compaction method was developed in 1989 by researchers at the University of Leeds [21]. Since 

then, researchers ï notably, Ward, Hine, Swolfs and their colleagues ï have carried out multiple studies 

on hot compacted SRPP. These have mostly focused around the effect of varying processing parameters 

on the compositeôs mechanical properties and morphology [21, 41, 64ï73]. Influential parameters, some 

of which depend on each other, were: the molecular weight 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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(a) (b) 

Figure 2.6   a) Diagrams of SRPP made by the hot compaction process; and (b) a 

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 

processes are: 1) the coextrusion method, where reinforcements are coextruded with a surface layer that 

melts at a lower temperature to form the matrix; and 2) the film stacking method, where reinforcement 

and matrix-giving layers are sandwiched together and heated for consolidation. These methods use 

different polymer grades (for example, homopolymer for fibres and copolymer for the matrix) or 

different polymorphs (for instance, using a 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 [17ï19, 40, 74ï81], and on film-stacked SRPPs, by Bárány, Karger-Kocsis, Izer, and their 

colleagues, Kitayama, Houshyar, and his colleagues, and a few others [82ï97]. The primary focus of 

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

There are SRPPs made using less well known techniques, such as introducing fibres into supercooled 

matrices [98ï100], or using oscillating packing injection moulding (OPIM) [101ï104]. While the SRPP 

made by OPIM is technically an SPC, it is quite different from SPCs made from methods that produce 

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 exhibit slightly different mechanical properties and 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 addition, the form 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 investigates the material 

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 on SRPP 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 and self-reinforced polyethylene (SRPE), the flat rectangular tape 

was determined to be the better 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, which provided a larger surface area for direct 

adhesion between the tapes. Indicatively, peel tests by Jordan et al. [68] showed that, when using fibre 

bundles, critical cracks propagated along the boundary of transcrystalline matrices, whereas when tapes 

were used, cracks propagated within the tapes as well as in the matrix. This correlated with the superior 

mechanical properties observed with tape-type reinforcement. This conclusion must be addressed with 

some caution; it may be that the tape is actually weaker than fibre bundles and this causes cracks to 

preferentially propagate through the tapes than at the interface. However, this is less likely, given that 

the peel strength increased by a factor of 9 when using tapes instead of fibre bundles.  

Justification for the woven style of the commercial hot compacted SRPP stems from one of the earliest 

studies on the hot compaction process. Hine et al. [66] found hot compacted UD SRPE to be limited by 

the transverse strength of individual fibre, with transverse failure occurring within the fibres. This 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 an earlier paper from the group [41] noted that this reduces the stiffness by half compared 

to a UD arrangement because the reinforcementôs transverse stiffness is comparable to that of the matrix. 

Swolfs et al. [70] showed that arrangements which gave smaller voids 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. Voids can lead to early damage initiation, and the additional matrix can reduce debonding and 

delaminations in tensile, peel, and impact tests. It was noted that impact resistance is dominated by tape 

fracture and fibrillation, rather than debonding and delamination, and is therefore mostly unaffected by 

weaving style. This was slightly different to the observations by Alcock et al. [18] who reported that, 

depending on the processing temperature, the impact property of coextruded tape-reinforced woven 

SRPP correlated in varying degrees with delamination and tape fracture. The authors 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 behaviours of SRPPs can differ due to different processing parameters. In a study on SRPP made 

with quasi-unidirectional carded mats by film stacking at 150ï175°C [84], samples consolidated at 

lower temperatures exhibited mainly delamination and fibre pull-outs 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, while dynamic impact perforation energy was decreased [84, 86].  

Similar observations were made for a woven SRPP made with coextruded tapes [40]. When compacted 

at a somewhat higher temperature (160°C compared to 140°C), tape pull-outs and delaminations, which 

previously occurred over the length of specimens, disappeared. Instead, localised tape fractures occurred 

with micro-fibrillations. Since a change in processing temperature gave a negligible change in tensile 

strength in a UD version of the SRPP [17], the authors 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 film-stacked 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 are large discrepancies in strength and stiffness. For example, the maximum 

tensile strength of a coextruded woven SRPP (269 MPa) [40] was about twice that of a film-stacked 

SRPP (120 ~ 130 MPa) [84]. It is clear that the properties of SRPP depend on both processing method 

and parameters.  

As described above, the general trend in the literature is that higher processing temperatures result in 

the localisation of fractures and delaminations, reduced pull-outs, increased fibrillation, improved 

interlaminar and tensile properties, and a decrease in impact properties (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 

reinforcementïmatrix 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 reduction or disappearance of load-bearing 

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 tape-reinforced woven SRPP and GFRPP can be comparable, but their 

damage mechanisms are very different [40]. Acoustic emission (AE) events, signalling the occurrence 

of damage, occur at higher stresses in SRPP than in GFRPP for several reasons: 1) PP tapes have higher 
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strain to failure and smaller scatter in strengths compared to glass fibres, 2) interfacial failures and fibre 

breakages occur earlier in GFRPP since SRPP has better interfacial strength, and 3) the cross-section of 

PP tapes is larger than glass fibres by more than 500 times, and hence, 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 study by Izer et al. [42], damage in 

tape-reinforced film-stacked SRPP included tape fractures close to tensile failure, microscopic 

debonding during alignment of reinforcement towards the direction of the load, fibreïmatrix debonding, 

fibrillation, and delamination. In poorly consolidated samples, the latter three occurred in higher 

proportions, and the total number of AE events indicated that damage was higher, with the damage 

accumulating from early stages of deformation. This is similar to observations made by Swolfs et al. 

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

initiation, as well as more damage. 

In Izer et al.ôs study, it was reasoned that no AE events were detected during testing of pure PP matrix, 

and thus all AE events are expected to be due to fabric or reinforcementïmatrix interactions [42]. 

Venkatesan, who studied a tape-reinforced hot compacted woven SRPP, also found that no failure was 

initiated in the matrix [108, p. 207ï209]. Instead, failure of the composite was caused by [tape] breakage 

which led to subsequent matrix failure from the dissipated energy. However, this does not strictly mean 

there is no damage in the SRPP matrix prior to fibre fracture. It will be seen in Section 2.3.2 and Chapter 

4 that the matrix in hot compacted SRPP exhibits damage characteristics that are somewhat different to 

pure PP, probably due to its transcrystalline microstructure and exiting in regions where tapes have not 

fractured. It should also be noted that Venkatesanôs findings were derived from visual observations 

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

Hine et al. [41] have suggested that matrix failure occurs around the yield point, such that the resulting 

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 PP (å 2%). Thus, what the authors refer to as matrix failure 

must really be a non-critical type of damage in the matrix. Another possible explanation of the yielding 

behaviour is that tie molecules, which connect crystals across the amorphous phase, start to flow at the 

yield point [70, 109]. A further increase in stress after yielding occurs reflects the fact that the tie 

molecules gradually align to the tensile load.  

The behaviour of matrix yielding before the 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 more ductile matrix, in comparison to SRPP which has reinforcement that is highly ductile and 

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, 110ï112] studied the behaviour of tape-reinforced hot compacted woven 

SRPP during stretch forming. At failure, SRPP was described as failing catastrophically, with a complex 

mixture of longitudinal cracks propagating in tape directions along and between the tapes, yarn ruptures 

(fibrillation and fibril fractures), fibre pull-out, matrix shearing, delamination, and transverse cracks 

throughout the thickness. In some locations, fibre kinking due to localised compressive strains was also 

observed. This was contrasted to GFRPP, which had one dominant failure mode ï gradual and localised 

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

It was also shown in their study [111] that, depending on the aspect ratios of the specimens, SRPP can 

exhibit different failure mechanisms due to different in-plane deformation modes. For a specimen with 

high aspect ratio, SRPP failed transversely to the first principal strain, with a jagged surface showing 

yarn rupture, fibre pull-outs, and delamination. With a decrease in the aspect ratio, the fracture 

propagated at 45° to the first principal direction, showing a bridging effect which delayed the final 

fracture. With a further decrease in aspect ratio, the bridging effect became more pronounced and the 

failure mechanism 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 least before forming limit is reached by wrinkling, as shown in Venkatesanôs 

work [108]. This occurred in the absence of a lock-ring which prevented specimens 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 fail by micro-buckling, with a maximum compressive 

strength of around 56 MPa (in the longitudinal direction at high compaction temperatures) [17]. This is 

closer to that of bulk PP (~ 50 MPa) and much lower than the tensile strengths of the composite. In 

woven SRPP, compressive failure occurred similarly by buckling, and it was noted that the bending 

stiffness must contribute to the compressive strength of the composite [40]. Delamination was also 

observed under compression, with some fibrillation occurring where cohesive tape failure occurred. This 

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 increased fibreïmatrix interfacial 

strength, which prevents such failures.  

In tensile tests, more consolidated samples 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 preferential since they are highly energy 

consuming processes, as with fibrillation and tape pull-outs. Due to this, impact performance can be 

improved by lowering consolidation quality and thereby interfacial strength [18], or by using a 

multilayered SRPP instead of a monolithic one to induce more delamination [113]. This demonstrates 

that designs with SRPP must be tailored according to the intended application.  
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2.3.1.5 Crack propagation 

Romhany et al. [43] studied crack growth in single-notched 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 which the crack started to slowly propagate. Shortly 

before fracture, fast crack growth occurred at points where the load exhibited sudden drops. The cause 

of the load drops has not been fully understood, although some researchers explain it in terms of crack 

bifurcation [114]. Romhany and colleagues conclude that voids in poorly consolidated samples are 

responsible ([43, Fig. 3]). However, in a study of film-stacked SRPP, Izer et al. [42], from the same 

group, later observed a similar phenomenon with a single tape and reinforcement fabric and thought 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 pop-ins were not observed, as will be shown in Chapter 4. The 

difference is possibly due to the different thicknesses and the manner of crack initiation. This research 

studied 0.3ï1.0 mm-thick tensile specimens, whereas Romhany et al. used 3 mm-thick specimens with 

cracks initiating at the notch on one edge.  

Romhany et al. [43] also found that the initial damage zone was initially larger in poorly consolidated 

samples and then became smaller. This was attributed to the crack propagating too fast for stress to be 

redistributed in voided areas. This agrees with the observation mentioned previously by Swolfs et al., 

that voids can cause early damage under tension [70]. Similarly, Alcock et al. [40] mention that 

mechanical properties are negatively affected by voids, but also that voids have been reported to increase 

failure strain by a crack-arresting mechanism [115]. It should be noted that the study which showed that 

voids arrest cracks was conducted on FRP made from glass fibres and vinyl ester, a thermosetting resin. 

2.3.1.6 Fibrillation and interfacial strength 

Most papers report observing fibrillation at failure in SRPP depending on processing parameter. 

Typically, fibrillation is observed more extensively in reinforcements that are perpendicular to the load. 

A possible exception is the study by Romhany et al. [43] who reported that rovings aligned to tensile 

load showed brittle fractures, while fibrillation occurred in rovings perpendicular to the load.  

In a study of coextruded tape-reinforced UD SRPP, Alcock et al. [17] observed fibrillation in 

conjunction with no single fracture surface. This behavior was attributed to the transverse strength of 

the tapes being so weak that cracks propagated rapidly along the tape direction, causing intra-tape 

fibrillation as well as inter-tape debonding. The failure under tension 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 cracks travelling along the tape direction and 

causing delamination is likely to be true, especially given its agreement with Peterlinôs model of the 

molecular structure of drawn PP [116ï120], which will be described later. The description that 

fibrillation appears because ñthe transverse strength of the tapes is so poorò needs to be carefully 

explained. The description may lead the reader to imagine intra-tape splitting under Mode I fracture 

(tensile opening), which is illustrated in Figure 2.7a. But it will be explained in Section 2.3.3 that 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 microfibrils causes them to debond. Therefore, at a microstructural scale, fibrillation arises 

from intra-tape fracture in Mode II (in-plane shear), which is illustrated in Figure 2.7b. 

 

                                
(a) (b) 

Figure 2.7  Illustration of a) Mode I fracture ï tensile opening and 

b) Mode II fracture ï in-plane shear. 

 

Some researchers have related the fibrillation in SRPP to its interfacial strength. Jordan et al. [68] 

observed extensive fibrillation in peel tests of tape-reinforced hot compacted woven SRPP samples and 

stated that fibrillation might merely be easier in tapes, or alternatively, that it is a reflection of better 

bonding. The higher energy required to induce extensive fibrillation would correlate with the observed 

higher peel strength. In a tensile test of notched samples of a similar SRPP, Romhany et al. [43] also 

observed fibrillation in which the fibres and their bundles split from the matrix in a very ductile manner; 

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

On the other hand, Izer [93, p. 68] stated that in typical tensile failures of film-stacked SRPP, well-

consolidated samples fail by fibre breakage, while fibrillation is prevented by strong interfacial adhesion. 

However, looking at pictures of failed samples from Izer [93, pp. 66ï67], it is possible the author was 

referring to the total volume of fibrillation, with delamination decreasing with processing temperature 

due to damage occurring over shorter lengths of the specimens, rather than any decrease in the extent of 

fibrillation (by larger extent I mean a larger number of thinner fibrils across the lateral section). In any 

case, from the pictures, which show the edge side of the specimens, it is difficult to discern fibrillations 

from delaminations. It is also possible, of course, that the different failure behaviours observed in this 

research is due to a difference in the type of reinforcement or manufacturing parameters.  
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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 Section 4.2.1, 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 can be 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 coextruded tape-reinforced UD SRPP, tensile strengths at 

different angles between reinforcement and load were predicted using TsaiïHill and maximum stress 

criteria [17]. The values were in good agreement with measured data,  although their data show just one 

data point between 0° < ɗ < 30°, where the change in curvature of the criterion is most dramatic. 

Regarding fracture characteristics, failure of the UD SRPP was dominated by tape strength between 

0° < ɗ < 2°, by shear between 2° < ɗ < 23°, and by transverse strength of the tape above this angle. 

Fracture dominated by tape strength at small angles showed extensive fibrillation. 

In a study of coextruded woven SRPP, samples oriented at ± 45° to the tensile load exhibited evident 

intraply shearing, or a trellis effect, where the reinforcing tapes rotated by as much as ± 27° to the 

direction of the tensile load [40]. Tensile strain to failure at ± 45Á is much higher (å 40%) due to this 

and more tape debonding occurs than at 0°/90Á (å 10%). When consolidated at a lower temperature, but 

still above adequate pressure, failure strain was further increased due to lower interfacial strength, 

leading to greater tape debonding and pull-outs. At higher processing temperature, micro-fibrillation 

and tape breakage occurred instead of tape debonding and pull-outs. The increase in strength and 

decrease in failure strain with an increase in 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. In SPC, the matrix phase recrystallises into 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 2.9 shows both the lamellae that recrystallised epitaxially to the fibre and 

those that recrystallised into 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 Figures 2.6 and 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 an etched longitudinal section of a hot 

compacted SRPP showing lamellar growth between interfibrillar boundaries [65, Fig. 8b]. 

 

 

  

Figure 2.9    Polarised optical microscopy of the fibreïmatrix interface of an SRPP formed 

by introducing fibre into a molten matrix 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 polymers are shown in 
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Figure 2.10 with the axes-naming convention.) During recrystallisation, the direction of lamella growth 

(b-axis) is perpendicular to the tape orientation. The mechanism may be somewhat similar to the óshish-

kebab superstructureô formed during flow-induced crystallisation of polymers [123], depicted in 

Figure 2.11a. In this analogy, highly oriented molecules on the surface of the reinforcement material 

serve as the óshishô and the lamellae in the epitaxial layer as ókebabsô. The oriented chains in the shish 

can act as row nuclei for the growth of kebabs, with the lamellar molecular orientation (c-axis) aligned 

in the same direction as the shish. Interestingly, it has been reported that microstructures similar to this 

can also be formed in non-SPCs under certain conditions3.    

 

 

 

 
(a) (b) 

Figure 2.10   Schematics for a typical polymer a) spherulite [122, Fig. 14.13]; and b) lamella with 

conventional crystallographic directions and planes. 
 

 
3 Microstructures similar to SPC can be formed in non-SPCs, for instance, in injection moulded GFRP when 

polymer matrix is recrystallised in presence of shear [125], or in FRPs with polymer fibres where there is a 

composite of liquid crystalline polymer fibres and PP matrix [126]. 
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In SRPP, there are two forms of kebabs, as shown in Figures 2.11b and c. óParentô kebabs form first as 

described, and then ódaughterô kebabs nucleate from the (010) lateral surface of parent kebabs, such that 

the a-axis of the daughter kebab is aligned to the molecular orientation of the shish and the c-axis is 

perpendicular to it. Kitayama et al. [95] studied morphologies and mechanical properties of the fibreï

matrix interface of SRPP. They found that transcrystalline regions close to the fibre were densely packed 

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

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

Kitayama et al. also reported strong interfacial adhesion, 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 observation was 

based on research on 2-phase FRPs with PP matrix and different fibres, such as cotton cellulose fibres 

[127] and glass fibres [128ï130]. Given research on SRPP and other SPCs showing evidence from SEMs 

of mechanically loaded samples, the more convincing argument is that the interfacial adhesion is 

improved by the described structure in the transcrystalline layer.  

For example, a well-compacted UD SRPE exhibited transverse failure within the fibres when subjected 

to bending loads, not at the fibreïmatrix 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 poorer mechanical 

properties, cracks propagated through boundaries between transcrystalline layers within the matrix. 

Therefore, the limiting component in the fracture of the SRPP studied in this research is unlikely to be 

the interface. As such, excellent load transfer is expected due to strong interfacial bonding. 

   

 

 

(a) (b) (c) 

Figure 2.11  Schematics of shish-kebab structures a) formed in polymers under shear stress [123, 

Fig. 1], and in SRPP during consolidation, illustrated in b) [124, Abstract] and c) [95, Fig. 12]. 
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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 Chapter 4, the 

mechanism of craze-crack 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 fibrils (< 1 ɛm) under further local strain. These fibrils 

are aligned with the tension and can support a load. Microcracks initiate and propagate perpendicular to 

the tension, with fibrils progressively breaking under further stress and causing the microvoids to 

coalesce. This is called a craze-crack mechanism and eventually leads to brittle fracture [131, 132]. An 

example of craze-crack propagation in PP is given in Figure 2.12. The white in micrographs derives 

from stress whitening, which is a generic term for different microscopic phenomena that cause light 

scattering due to localised changes in the polymerôs refractive index [132]. 

 

   

Figure 2.12    Crazing observed in polypropylene during a tensile test [133]. The tensile 

load is vertical in this image. 

 

In understanding deformations in the matrix of SRPP it is also helpful to visualise the deformations of 

plain PP at different orientations with respect to the lamellae. Plastic deformation in semi-crystalline 

polymers can be divided into two parts ï deformations in the amorphous phase and polymer crystals, as 

illustrated in Figure 2.13 [109]. In the amorphous phase (Figures 2.13 aïc), the primary deformation 

modes are induced by a) interlamellar slip, where chains are sheared as attached neighbouring lamellae 

slip past each other; b) interlamellar separation, where tension or compression causes lamellae to 

separate from each other and the attached chains between the lamellae to unravel and straighten; and 

c) stack rotation, where both the lamellae and the amorphous chains rotate.  
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 (d) 

Figure 2.13    Deformation modes in the amorphous phase of semi-crystalline polymers: 

a) interlamellar slip; b) lamellar separation; c) rotation of stacks of lamellae [109, 

Fig. 2]. d) rotation of crystal fragments due to slip, marked by arrows. The resolving of 

the shear on a plane due to simple tension or compression is also illustrated [109, Fig. 4].  

 

In the crystalline phase, plastic deformation occurs by crystallographic slip (Figure 2.13d), twinning, 

and by martensitic transformation, without destroying the crystalline order at low to moderate amounts 

of deformation. Of these, the slip mechanism can produce the largest plastic 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 (easiest slip mechanism) to highest. (The lowest and average critical shear stresses in iPP are 

22.6 MPa and 25 MPa, 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 in Figure 2.14.  
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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 deformation processes that give rise to the structure.  

   

Figure 2.14    Behaviour of the different sectors in PP spherulites under uniaxial tension 

and simple shear [133, Fig. 13]. The black arrows represent the applied stresses and the 

white arrows the locally active deformation mode. 
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There are two notable theories describing the deformation mechanism in semi-crystalline polymers. One 

is the crystallographic slip theory described previously, based on works by Bowden and Young [135ï

139], where plastic deformations derive from dislocations travelling along slip planes (similar to crystal 

plasticity in metals). This is widely accepted, although there are doubts about how the dislocations are 

generated [109]. The other is by Peterlin [116ï120] which describes destruction of crystals and 

formation of microfibrillar structures at large deformations. Current theories are largely based on the 

works of these authors, and some good reviews are provided in [109] and [140], authors who, with their 

colleagues, have carried out substantial studies on the subject. Crystallographic slip theory is more 

relevant to deformations at small (> 1% [119]) and intermediate strains, while Peterlinôs theory is more 

appropriate in describing the microstructure and characteristics of drawn semi-crystalline 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 chains (c-axis) are oriented towards the tensile axis and then broken 

into smaller crystalline blocks and connecting tie molecules. However, Peterlin suggests a different 

model based on the observation that lamellae disappear and fibrillar structure grows concurrently at high 

strains. He suggests that lamellae are destroyed in ómicronecksô and the broken-off crystal blocks are 

incorporated into the newly arranged microfibrillar structure, as illustrated in Figure 2.16 [120]. He also 

hypothesised that lamellae or crystal blocks which are more aligned with tensile stress exert strong 

shearing forces on other lamellae (due to their higher strains providing a shear component to the adjacent 

lamellae stacks) [119]. This is illustrated in Figure 2.17. The final structure of drawn semi-crystalline 

polymer consists mostly 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 the unoriented state [120].  

 

 

Figure 2.15  Stages in the plastic deformation of a semi-crystalline polymer [122, 

Fig. 15.13]. 
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Peterlinôs model has been generally well received and, despite criticisms, is widely acknowledged [141]. 

The specific mechanism involved during stretching is still disputed. A more recent study [142], using 

synchrotron radiation and small and wide angle x-ray scattering measurements, showed that the structure 

of drawn PP differs depending on the processing temperature. It has been hypothesised that oriented 

lamellae, microfibrils, or fibrillar crystals are formed when stretched at 50ï 80°C, 90ï120°C, or 120ï

150°C, respectively. Fibrillar crystals are described as well-packed periodic lamellae inside fibrils 

oriented in the meridional direction (c-axis), in comparison to microfibrils where no lamellae with good 

periodicity exist.  

   

Figure 2.16    Molecular model of the transformation into the microfibrillar structure by 

fracturing in the initial lamellae in blocks which are then incorporated into microfibrils 

[120, Fig. 8].  
 

 

   

Figure 2.17    Formation of óskewedô microfibrils by shearing of a stack of parallel 

lamellae: a) stack before shearing, b) after shearing by one lamella thickness per block 

width, c) after shearing by two lamellae thicknesses per block width [119, Fig. 1].  
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Properties of drawn PPs differ depending on whether or not they were formed under a positive normal 

stress component that allows it to be cavity-free. Cavitations can be formed during necking without 

pressure and can later induce crazing or shear yielding. Visually, this can manifest in the form of 

whitening. The strength of a PP is restricted to 120 MPa when it is drawn without a cavitation control 

mechanism. In such case, fracture initiates in microfibrils one by one, whereas a PP drawn to the same 

ratio under compression in a channel-die can have a strength of up to 300 MPa. It has been reported that 

rolltrusion can produce PP with a tensile strength of 524 MPa [109]. Note that a cavity-free, die-drawing 

process was elaborated in the 1980s by researchers at the University of Leeds who also developed Curv. 

Interestingly, some studies [23, 143, 144] have found that fibrillar structures on a nanoscale can be 

achieved in some SPCs (ónanocompositesô) if the starting material is neat nanofibrils instead of highly 

oriented strips (as in hot compaction). 

Mechanisms involved during drawing of the already drawn microfibrillar structure is different from the 

way it forms from the lamellar structure. Peterlin [120] explains that most deformation comes from axial 

translation of the centres of mass of the fibrils, as shown in Figure 2.18a.  In this case, the cross-section 

and length of the fibrils remain practically unchanged, but the number of fibrils per cross-section, and 

therefore the actual cross-section of the specimen, decrease. This is accompanied by a change in shape 

of the fibril due to shear stress on the fibrils, causing shear displacements between the microfibrils within, 

as shown in Figure 2.18b. This, in turn, causes irregular displacements of crystalline blocks and 

amorphous portions, as shown 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 the high axial elastic modulus of drawn PP [119]. 

 
 

   

Figure 2.18    Drawing of microfibrillar structure. The centres of mass of the fibrils are 

displaced linearly as in an affine transformation (a), the fibrils are sheared (b), the 

electron density difference between crystal blocks and amorphous layers between them 

is smeared out (c) [120, Fig. 12]. 
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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 concentrations are created 

due to reduced force transmission in the axial direction 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 reach a critical 

value and grow catastrophically, leading to fracture. Where longitudinal growth is sufficiently enhanced, 

the fracture is fibrous [118]. This 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 formed in the final stage of delamination and initiate propagation of fracture in other 

microfibrils, leaving the sample looking like an open book with free-standing pages.  

As explained by Peterlin [116], fibrillation involves microfibrils having different draw ratios and, as a 

consequence, having poor adhesion or bonding between the fibrils. This leads to longitudinal voids and 

longitudinal slips of fibrils, resulting in the tendency for drawn PE and PP to fibrillate. If microfibrils 

are at an angle, especially perpendicular to the tensile stress, these can very soon separate, 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 Peterlinôs model, the basis of a drawn semi-crystalline polymer is folded chain crystal 

blocks which are incorporated into microfibrils and aligned with taut tie molecules connecting the 

different blocks. Therefore, the strong unit is the microfibril, not the lamellae, and the former determines 

the stiffness and strength [116].  

Shinozaki and Groves [145], who studied the plastic deformation of oriented PP and its tensile and 

compressive yield criteria at different angles, state that the Hillïvon Mises model of plasticity in metals 

has been successfully applied to polymers, but that it is unsuitable for PP. Their critique is that 

researchers incorrectly fit this criterion with a non-zero slope at ɗ = 0°, which makes the model false 

between 0° < ɗ < 10°, for which, unfortunately, reproducible experimental data is very difficult to obtain. 

They found Kelly and Daviesô criterion [146] to be more suitable, according to which there are different 

modes of failure at different angles between the applied tensile load and the reinforcement directions. 

However, looking at their results, the model does not appear to give a significantly better fit than does 

the Hillïvon Mises criteria for approximately ɗ > 40°.   

According to observations by [145], a drawn PP subject to tension at small angles to the drawing 

direction (0° Òɗ Ò10Á) fails by brittle, fibrous fracture with a jagged fracture surface. At intermediate 

angles (20° Ò ɗ Ò 80°), large plastic deformations occur until ductile shear failure. At these angles, 

deformation bands appear, with increasing sharpness as the angle increases. It is also mentioned that the 
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mechanism operating at ɗ = 30° is simple shear parallel to the molecular orientation. At large angles 

(85° Ò ɗ Ò 90°), fibreïmatrix interface failure, crazing, and a smaller number 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 molecular or fibrillar separation at large angles.  

2.4 Fibre metal laminate 

2.4.1 Steel-based FML 

Only a few studies exist on steel-based FMLs because mainstream research on FMLs is geared towards 

lightweight aerospace applications. As of yet, only ARALL and GLARE are commercially used, and 

both are based on 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 the ballistic performance of FMLs can be improved by using ductile metals which undergo 

large deformation since 84ï92 % of the energy absorbed by GLARE in ballistic deformation is from 

panel deformation, only 2ï9 % from delamination, and 7% from tensile fracture. In a study of impact 

failure of GLARE, Vlot, Vogelesang, and Vries [1] 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 steel-based FMLs show improved tensile and fatigue properties compared to 

aluminium FMLs, and offer significant benefits in terms of high stiffness and failure strength [31, p. 22]. 

Langdon and Rowe [148] investigated bonding of woven GFRPP/steel FML and its response under blast 

loading. A single-step process of pre-stacking 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 steel layers 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 pull-through in the GFRPP; and debonding between layers. Debonding and plastic deformation 

of the metal panel on the opposite side of the impact increased with magnitude of the loading, and was 

found to be lower than that of GFRPP/aluminium FML but higher than monolithic aluminium.  

Reyes and Gupta [149] investigated dual phase (DP) steel FMLs based on GFRPP and SRPP. Using 

modified polyolefin (PP/PE) adhesives, the authors reported good adhesion between the hot-dip zinc 

surface of the DP steel and the FRPs, despite the fact that polyolefins like PP are difficult to bond.  

Tensile stressïstrain curves of FMLs were similar in curvature to that of DP steel. Strength of the SRPP-

based FML was much higher (464 MPa) than that of SRPP (86 MPa) but lower than that of DP steel 



 
35 

 

(620 MPa), whereas GFRPP-based FML had a strength (351 MPa) that was slightly higher (252 MPa) 

than the GFRPP and slightly lower (470 MPa) 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 the metal strength at failure strain of the composite was used if the metal layer had 

not reached its maximum strength at the failure point of the FML, as in the case of GFRPP/DP steel 

FML. The modification was not needed for SRPP/DP steel FML, which failed at around 28% (from 

their graph), close to the failure strains of steel (å 31%) and SRPP (å 30%); thus, when the FML failed 

the metal layer had been strained past its maximum strength. This failure strain is much higher than that 

of GFRPP-based FML which appeared to have failed around 6ï7%, close to the failure strain of the 

GFRPP used (å 5%). The demonstrated dependency of tensile properties of those FMLs on their 

constituent materials is in line with behaviours commonly observed in FMLs from other literature, for 

example, in Carrillo and Cantwellôs study of SRPP/aluminium FML, which will be described in 

Section 2.4.2.1 [150].  

On a side note, there have been only a few studies of FMLs based on other metal alloys, such as titanium, 

magnesium, and stainless steel [31, pp. 21ï22]. Stainless steel-based FMLs provide a closer point of 

comparison to steel-based FMLs than do the others. However, 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 thermoset-based 

FRPs, impact performance, fatigue characteristics, or improvement of laminate adhesion [152ï157]. 

Beyond FML systems, Harhash and his colleagues [158ï161] have studied the forming of a polymerï

metal laminate system based on thermoplastic polymers and steel for potential use in the automotive 

industry. 

2.4.2 Thermoplastic-based FML 

Thermoplastic polymer matrix-based FMLs have been developed recently and most FMLs, including 

commercial ones, are thermosetting epoxy-based. It is mentioned in [31, Ch. 2.4, p. 23] that one of the 

problems identified earlier with thermoplastic-based FML is that the high temperature required for 

ócuringô is detrimental to most high-strength aluminium alloys in terms of their mechanical and fatigue 

properties, as discovered in [162]ôs preliminary study. (Note the term ócuringô is not really accurate for 

thermoplastic.)  Alderliesten outlines that, for this reason, most studies on thermoplastic-based FMLs 

are focused on titanium and carbon fibre-based FMLs, notably their basic mechanical properties and 

initial manufacturing trials [163] but mostly on their impact properties [26, 148, 164ï167]. 

In general, FMLs based on thermoplastic-based FRPs exhibit higher impact resistance compared to 

FMLs based on thermoset-based FRPs. For example, a study by Cantwell et al. [164] has shown that 

four thermoplastic-based GFRPs/aluminium FMLs had higher specific perforation energies under high 
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impact compared to aluminium and a thermoset-based GFRP/aluminium FML. In particular, a cross-

ply of UD GFRPP/aluminium FML had a specific perforation energy that was more than 60% higher 

than that of thermoset-based FML and almost double that of aluminium.  

As an example of tensile fracture behaviour, an FML based on cross-ply carbon fibre-

reinforced/polyether ether ketone (PEEK)/titanium FML was found to fail under tensile loads with fibre 

fracture along the fibre direction and fibreïmatrix interface debonding for fibre directions larger than 

15° [168]. For this specific FML, TsaiïWu failure criteria can predict its first ply failure reasonably well, 

but the maximum stress criterion was less successful.  

Hou and Friedrich suggested [169ï172] that thermoplastic-based FML can be pre-consolidated into 

sheets and then subsequently formed using similar tools and methods typically employed in sheet metal 

forming. This is possible because thermoplastics have thermally reversible properties, unlike thermosets 

which form permanent cross-linking during curing and therefore cannot be melted and then reformed. 

This means thermoplastic FRPs, and by extension, thermoplastic FRP-based FMLs, can be pre-

consolidated under elevated temperature, cooled, and then subsequently (thermo-)formed at a later stage. 

Several studies have confirmed the forming capabilities of GFRPP/aluminium FML and 

SRPP/aluminium FML under various parameters, as will be described in the next section. 

2.4.2.1 SRPP-based FML 

The good impact property of SRPP has been mentioned earlier. Similarly, SRPP/aluminium FMLs have 

favourable impact properties, with the specific perforation energy being twice or more than FMLs based 

on Kevlar or even glass-reinforced thermoplastic FRPs [173]. In a study by Cantwell et 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 SRPP-based FML is mostly due to the high failure 

strain of the SRPP reinforcement [173]. 

Carrillo and Cantwell [150] studied the properties of an SRPP/aluminium FML. Mixed-mode (I and II) 

interlaminar fracture resistance of the FML was found to initially increase linearly with crack length, 

during which extensive fibre bridging was observed. The fracture toughness of the metalïcomposite 

interface was higher than between the SRPP layers (which delaminated), although this may have been 

because the consolidation pressure of FML (0.7 MPa) was lower than that of the SRPP (3 MPa). The 

FMLôs low consolidation pressure was also suspected to have caused premature failure in the SRPP 

layers under tension by causing relaxation in the reinforcement phase, despite the fact that SRPP has a 

higher failure strain than aluminium.  

The tensile properties of 0°/90° and ± 45° 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 



 
37 

 

reported stressïstrain behaviours of the constituents and the SRPP/aluminium FML were different to 

those of SRPP/steel FML, as reported by Reyes and Gupta [149] and described earlier. However, both 

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

FML behaves similarly to SRPP in that it is weaker and more ductile when loaded off-axis, with 

strengths and failure strains of 131 MPa and 27% at ± 45°, and 154 MPa and 23% at 0°/90°. The 0°/90° 

and ± 45° laminates failed in the aluminium at approximately ± 5° to the dislocation band 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 the ± 45° laminate showed localised, less 

extensive debonding in the SRPP layers due to rotation of the fibres.            

The FMLôs flexural strengths were higher than its tensile strengths, as is the case for most materials. 

Under bending, a change in the fibre orientations did not lead to any significant difference in stressï

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

SRPP laminae, with no metalïcomposite debonding or fracture. Under low-velocity impact loading, the 

FML went through considerable plastic deformation, varying levels of 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 pre-consolidated, woven SRPP/aluminium FMLs in terms of its 

behaviour during various forming methods, such as channel forming [174ï177], rectangular cup 

forming [177, 178], hemispherical draw forming [179ï182], and stretch forming [183, 184], mostly 

comparing them with GFRPP/aluminium FMLs. Compston et al. [174] found that, during channel 

forming at a raised temperature, putting aluminium in an FML with SRPP reduced strains in the 

aluminium, which improved forming limits through delay of necking and tearing in the aluminium.  

Mosse and colleagues carried out the first comprehensive study of the stamp formability of pre-

consolidated aluminium FMLs based on GFRPP and SRPP, investigating their formability during 

channel and rectangular cup forming and the effects of varying process temperatures [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 in the composite layer. Shape errors in forming of FMLs were found to be sensitive 

to feed rate, but overall significantly fewer than in aluminium (by around 75%), especially in the SRPP-

based laminate (80ï90% less). Blank holder force and tool radii were found to have effects on the shape 

error but were secondary to feed rate.  

Dhar Malingam [179] conducted a comprehensive study on the effects of processing parameters on the 

draw forming behaviour of SRPP/aluminium and GFRPP/aluminium FMLs. Blank holder force and 

preheat temperature significantly affected the deformation behaviour of the FMLs, but the feed rate had 

no significant effect on the SRPP-based FML. The most substantial effect of temperature occurred at 
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the melting point of the adhesive, where the individual layers deformed independently of each other. 

FML had more uniformly distributed strains with a reduced maximum strain in comparison to 

aluminium, and reached higher forming depths, especially at higher temperatures. Common failure 

mechanisms in SRPP-based FMLs were matrix cracking, delamination, and laminate debonding. 

GFRPP-based FML was unable to be deformed without incurring damage, typically longitudinal matrix 

cracking, interlaminar delamination, fibre fracture, and fibreïmatrix 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 blank holder forces but decreased formability at higher 

blank holder forces, with the latter also showing no damage in the core composite layer. This shows 

interdependency of the parameters that affect the onset of failure.  

On the other hand, a similar study investigating effects various processing parameters showed that the 

preheat temperature and the blank holder force were the two factors significantly affecting the first 

principal strains and deformation modes ï but not their interdependency, blank holder force, or feed rate 

[182]. In terms of the effect of temperature, the state of the adhesive was found to significantly affect 

forming characteristics by allowing layers to slide over each other in the melted state. 

Sexton et al. [183, 184] investigated the deformation and failure limits of woven SRPP/aluminium and 

woven GFRPP/aluminium FML under stretch forming. It was shown that 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 120°C, 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 to deform independently. In this case, failure 

initiated from fibre fracture in the SRPP layer, whereas around and above 140°C, the adhesive melts 

and failure can initiate from the aluminium. This is opposite to GFRPP-based FML, which shows higher 

stretch formability when the adhesive melts and allows the layers to form independently.  

Sexton also showed that different strain states could be induced by altering specimen shapes and fibre 

orientations. The complexity in establishing failure limits in principal strain space was demonstrated, 

where samples failed below the limiting surface strains of other samples, greatly influenced by the strain 

states of the composite layer. It was suggested that failure limits of SRPP/aluminium FML should take 

into consideration the amount of shear, fibre locking under intra-ply shear, and therefore fibre 

orientations, all of which play a role in the failure of SRPP. This reinforces the well-known fact that 

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

The elastic and damping properties of a cross-ply SRPP/aluminium-based 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 aluminium alloy. The FML had a loss 

factor in the damping model that was higher by more than 10 times than the other two, which can be 

attributed to the composite layer being thermoplastic.    

It is also worth mentioning that there are other types of hybrid material systems based on SRPP, other 

than SRPP-based 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 hybrid 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 [187ï201]. This particular hybrid was shown to exhibit a high strain to failure 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 material toughness, despite the importance of the latter property [202]. It will 

be shown in Section 4.3.1 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 a high strain to 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 SRPP-based FMLs, an understanding of their failure 

behaviours is necessary. Many failure analyses on thermoplastic FRPs use existing failure theories that 

have been developed for thermoset FRPs, whose limitations have been highlighted by the WWFEs. Also, 

SRPP behaves differently to 2-phase thermoplastic FRPs, not to mention thermoset-based composites. 

If a woven structure is used, this will add more complexity to failure analysis.  

A natural progression in future research will lead to the development of failure theories of SPCs, such 

as SRPP, that physically account for their unique damage characteristics. However, this literature review 

also indicates that there is a need for a better understanding of the damage and failure characteristics 

themselves, before failure theories can be developed.  

Therefore, in an effort to partially 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 can be utilised in 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 components that develop during quasi-static deformations 

and their role concerning failures in SRPP and SRPP/steel FML. This is done by studying the materialsô 

behaviour under different loading conditions, specifically:  

1. Uniaxial tensile loading along one of the reinforcement directions.  

2. Uniaxial tensile loading at off-axis to the reinforcement directions. This induces in-plane 

stresses and strains that are different from 1. above, offering a deeper insight into the materialsô 

in-plane shear behaviour.  

3. Combined in-plane biaxial and out-of-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 failure limits of metallic 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 making the FML 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 that they can be reproduced as required.  

3.2 Materials 

3.2.1 Steel 

The SRPP/steel FML specimens were made using a low-carbon (0.035ï0.070% carbon content), 

commercial forming steel. It is a cold-drawn, hot-dipped zinc-coated steel called GALVABOND G2, 

provided by BlueScope Steel. It is suitable for moderate drawing applications, with tensile mechanical 

properties shown in Figure 3.1 and Table 3.1. This information was obtained from the manufacturersô 
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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 are 0.40 ± 0.04 mm and 0.04 mm respectively, with 

variations on the actual product. The measured thicknesses of the metal sheets are 0.45 mm on average, 

and this value is used throughout the analyses. 

 

 

Figure 3.1   Measured stressïstrain curves of steel, 1.0 mm SRPP, and SRPP/steel FML. 
 

 
Table 3.1  Tensile properties of steel and SRPP. 

Properties 

Steel 

(from 

datasheet) 1 

Steel 

(measured) 

SRPP 

(from 

datasheet) 2 

1.0 mm-

thick SRPP 

(measured) 3 

SRPP/steel 

FML 

(measured) 

Yield strength, „ 

(MPa) 
350ï390 331 ± 2 n/a 4 n/a 176 ± 4 

SRPP transition 

strain, ‐  

(%)  

n/a 4 n/a 4 
not 

available 
0.73 n/a 4 

SRPP stress at 

transition strain, 

„  (MPa) 

n/a 4 n/a 4 
not 

available 
21 ± 1 n/a 4 

Failure strain, ‐ (%) 27ï41 29.2 ± 0.8 20 15 ± 1 17 ± 1 

Failure strength, „ 

(MPa) 5 
370ï430 462.6 ± 0.8 120 210 ± 3 332 ± 3 

1 From ranges specified for 0.35 and 0.5 mm (ranges inclusive of both) in manufacturerôs datasheet [203]. 
2 The manufacturerôs datasheet for Curv, the SRPP used in this research, for thickness 0.3ï3.0 mm [204]. Values in 

the datasheet are from tests performed by the University of Kassel and the University of Leeds on materials 

produced on a pilot line and are ófor guidance onlyô.  
3 The following properties for SRPP were calculated according to the ASTM D3039 standard [205]: ‐ , 

„ , „, tensile chord modulus of elasticity, Ὁ .   
4 Not applicable. 

5 Measured tensile strength is given at sample average stress at the sample average of failure strains, in order to 

reflect a more accurate view of the stress-strain relation, rather than the sample average of ultimate tensile stress.  

6 Not specified in datasheet. Values shown are typical known values for steel that were cross-checked with 

manufacturers. 
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3.2.2 SRPP 

Propex Fabrics 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 which, on recrystallisation, forms the matrix. The 

tapes are manufactured from PP films by stretching or drawing. This process produces 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 Figure 3.2 and tensile properties are shown in Figure 3.1 and Table 3.1 

above. 

 

    

(a) (b) 

Figure 3.2  2/2 twill weave pattern on the SRPP: a) photograph, b) diagram with 

smallest repeating unit outlined in red.  

 

The SRPP used in the FML is of 1.0 mm thickness. However, in an effort to fully understand the 

deformation and failure behaviour of SRPP, 0.3 mm and 0.6 mm-thick specimens were also studied 

under uniaxial tension. To establish a framework of understanding failure of the FML, an approach was 

taken to analyse the failure 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 out due to the fact that the 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 comprehensive understanding of factors leading up to the failure 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 of a 1.0 mm SRPP sheet using 

three layers of hot-melt adhesive films between steel and SRPP, as shown in Figure 3.3. The adhesive 

used (Collano 22.100 [207], 0.35 mm thickness, datasheet given in Appendix A) is a thin thermoplastic 

film based on modified polyolefines with the minimum bonding temperature of 140°C and a density of 
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0.92 g/cm3. The thickness and density of the FML and its constituents are presented in Table 3.2, and 

the measured tensile mechanical properties are shown in Figure 3.1 and Table 3.1 above. 

 

 
 

Figure 3.3    Stacking sequence of a SRPP/steel FML. 

 

 

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

materials. 

 Steel 1.0 mm SRPP SRPP/steel FML 

Thickness, t (mm) 0.45 1.00 1.92 ± 0.02 

Density, ɟ (g/cm3) 7.85 (see note 1) 0.92 4.20 (see note 2) 
 

1 Not specified in datasheet. Values shown are typical known values for steel that were cross-checked 

with manufacturers. 
2 Average value.  

 

 

3.2.3.1 Parameters for manufacturing FML  

FML was prepared using the following 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, using lint-free 

tissues in a dust-free environment.  

3. SRPP is abraded with an 80-grit 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 between the layers. 

5. The laminate is consolidated in a preheated hot platen press at 170°C and 4ï4.2 MPa for 

1 minute.  The pressure increases slightly due to in-plane 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 laminate 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 3.3 in the next page.  

 

 

Figure 3.4    Temperature profile during the manufacture of FML. 

 

 

Initial assessments were carried out to determine acceptable temperature ranges, pressures, heating and 

cooling methods, type of surface treatment, and adhesive 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 laminate is peeled 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 determine the 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 ASTM D5868 standard [208]. The thickness, gauge length and joint type were 

modified to account for the additional 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 SRPP/steel 

FML. 

Parameter Variation   
Optimal 

condition 

Part A ï Initial assessment 

Temperature (°C) ρτπὝ ρωπ ȟ in increments of 10   ρφυὝ ρψπ 

Pressure (MPa) ρ ὴ υ  ὴ ρȢς 1 

Heating  

Option A:   Insert the laminate into the 

platen press at room temperature, and leave 

it in to heat up in sync with the press. 

(Approximately 1.5 hours.) 

 

Option B:   Insert the laminate after the 

platen press has stabilised at the desired 

temperature and leave in place for 1 minute.  

 Option B 2,3  

Cooling  

Option A:   Cool by natural convection. 

 

Option B:   Cool by water cooling system 

running through the plates of the press. 

(Approximately -40 ï -15 °C/min, with a 

higher cooling rate occurring at higher 

temperatures.)  

 Option B 4 

Material surface 

treatment 

Chemical etching, annealing (steel only), 

bead blasting, abrasion with steel wool or 

silicon carbide (SiC) sandpaper. 

 
Abrasion with 

sandpaper 4 

Type of adhesive 

films 

Collano 23.351, 23.110, 22.010, 22.100 

[207] 
 Collano 22.100 5 

Part B ï Parameters for the lap shear test  

Temperature (°C) ρφυὝ ρψπ ȟ in increments of 5  170 

Number of  

adhesive films 
1 ï 3   3 

Surface abrasion  
o No abrasion 

o Abrasion with SiC ï grit size: 80, 120, 

320 

 

No abrasion on 

steel, 80-grit SiC 

abrasion on SRPP 
 

1 1.2 MPa is the minimum pressure required to prevent shrinkage in SRPP. 4ï4.2 MPa was used for the sake of 

prudence. 
2 Option A induced degradation in SRPP with prolonged heat exposure. 
3 Too much melting of the surface occurred at higher temperatures due to fluctuations in the press temperature 

until stabilising at the desired temperature. 
4 Other options were inadequate due to difficulties in achieving even surface treatment and batch consistency, 

material damage resulting in degradation in mechanical properties, flexural plastic deformation, and/or no 

improvement in adhesion. 
5 Collano 22.010, an earlier version of Collano 22.100, is also acceptable. 
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During the lap shear tests, specimens with dimensions shown in Figure 3.5 were loaded in tension at 

0.13 mm/minute until failure occurred. Damage typically occurred in SRPP where some parts remained 

attached to the steel, as shown in Figure 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 apart completely. A summary 

of variations and optimal parameters are shown in Part B of Table 3.3. More detail on the configurations 

and resulting maximum load are given in Appendix B. 

 

 

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

and steel is shown in grey.  
 

 

 

 

 

 

 
(a)  (b) 

Figure 3.6    Examples of failed lap shear test specimens, with layers peeled apart and bent to show 

damaged surfaces. 

 

 

Good adhesion is vital to the overall mechanical properties of the FML but was also found to be quite 

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 of PP-based surfaces is achieved at the melting 

temperature of the matrix [157]. Due to the highly oriented nature of the tapes, hot compacted SRPP 

has two endotherms in differential scanning calorimetry (DSC) corresponding to the higher melting 

temperature of tapes and the lower temperature for the recrystallised matrix [67]. This means SRPP 

has a small window of processing temperature and time, where the lower limit is the melting 

temperature of the matrix which forms molecular continuity with the polymer adhesives on melting. 

The upper limit 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 prototype of Curv, 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 temperature at 170°C so as to:  

 

1) not approach too closely the softening temperature specified in the datasheet (175°C) in order 

to minimise the risk of reducing the mechanical properties of the SRPP layer, and  

2) minimise the risk of temperature overshooting in the platen press (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 consolidating FMLs. A non-SPC composite material such 

as GFRPP has the danger of the matrix flowing out of the composite above a certain pressure and 

are typically bonded at a lower pressure (å 0.5 MPa). SRPP sheets required higher pressures in 

comparison because it exhibited substantial in-plane shrinkage (> 50%) and an increase in thickness 

when subjected to elevated temperatures at low pressure. In-plane shrinkage appears to be due to 

shrinkage in the PP, which can occur at temperatures 100°C below the melting range of the PP [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 0.02 MPa to 0.2 MPa [209]. For the SRPP used in this research, it was found that a 

minimum pressure of 1.2 MPa was required to avoid shrinkage. During rapid cooling, pressure can 

drop due to thermal contraction in the metal plates in the press if not carefully controlled. Hence, a 

pressure of 4ï4.2 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) sandpaper on SRPP 

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 instances where grit blasting was found to be 

effective on stainless steel and silane pre-treatment on galvanised steel in the adhesion of epoxy 

surfaces or coatings [156, 211, 212]. For the hot-dipped zinc-coated steel used in the present 

research, a number of methods 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 batch consistency, material 

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 sandpaper was found to be inadequate due to it creating too 

much visible damage to the PP tape. From lap shear tests on specimens prepared using different 

grades of SiC sandpapers, it was found that the best adhesion is achieved with a combination of no 

abrasion on steel and light abrasion of SRPP using coarse sandpaper (80-grit, SiC). 

 

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 cutting is recommended, as was used in this 

research. The edges of metal specimens need to be 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, and real-time surface strain analyses have been used to 

study the material behaviours. The aim here is to give 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, typically on specimens 

after tests have been carried out. High-resolution digital 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 constituent materials 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 0.3 mm, 0.6 mm and 1.0 mm specimens, covering the range from the thinnest 

product available to the thicker SRPP used in making the SRPP/steel FML. Knowledge gathered from 

this was then used to analyse the failure behaviour of the FML. For in-depth analyses, behaviours at 

different reinforcement orientations with respect to the loading direction (0°/90°, 30°/60°, ± 45°) were 

also investigated, for all SRPP and FML specimens.  

Tensile tests were conducted using the Instron 8874 Axial-Torsion 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 stress-strain curves did not change due to the changed dimensions 

and speed. Drawings of the specimens are shown in Figures 3.7ï3.9. Failure in this analysis is defined 

as the stage at 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 in Table 3.4 so 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 

Crosshead speed 

(mm/minute) 
All  20 

To deform samples at a similar strain 

rate to the induced-biaxial 

deformation tests. 

Specimen width 

(mm) 
All  20 To ensure that the entire gauge area 

remains within the field of view of the 

optical strain measurement system up 

to maximum extension, while 

maintaining the desired level of 

precision. 

Specimen gauge 

length (mm) 

0.3 mm SRPP 30°/60°  

0.3 mm SRPP ± 45° 
44 

all other specimens 66 

End of test  

(% drop in load) 

0.6 mm SRPP 30°/60° 

0.6 mm SRPP ± 45° 

1.0 mm SRPP 30°/60° 

2 

To allow microscopic analyses 

immediately after the fracture of 

specimens, where possible.  

1.0 mm SRPP ± 45° 3 

FML ± 45° 7 

0.3 mm SRPP 30°/60° 

FML 30°/60° 
10 

0.3 mm SRPP 0°/90° 

0.3 mm SRPP ± 45° 

0.6 mm SRPP 0°/90° 

1.0 mm SRPP 0°/90° 

FML 0°/90° 

40 
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    Figure 3.7    Steel tensile test specimen. All dimensions are in mm, not to scale. 

 

 

 

 

 

Figure 3.8    SRPP tensile test specimen with aluminium tabs. All dimensions are in mm, not 

to scale. Gauge length (l) is 44 mm for 0.3 mm specimens in 30°/60° and ± 45° directions and 

66 mm for all other samples. Thickness (t) is 0.3 mm, 0.6 mm or 1.0 mm. Direction of 

reinforcement in SRPP is 0°/90°, 30°/60° or ± 45°. 

 

 

 
 

 

Figure 3.9    FML tensile test specimen. All dimensions are in mm, not to scale.  SRPP is shown 

in black and steel is shown in grey. Gauge section is indicated by dotted lines. Direction of 

reinforcement in SRPP is 0°/90°, 30°/60° or ± 45°. 
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3.3.2 Induced-biaxial deformation tests 

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

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

be described by first and second principal stresses (ůp1, ůp2) and strains (ὑp1, ὑp2). These are given in 

Equations 3.1 and 3.2 in terms of normal stresses (ůx, ůy) and strains (Ůx, Ůy), and in-plane shear stress 

(Űxy) and strain (ɔxy), in Cartesian coordinates. 
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Ratios between the two principal stresses, Ŭ = ůp2 /ůp1, or strains, ɓ = ὑp2 /ὑp1 , 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 in Figure 3.10 with explanations 

for each mode given in Table 3.5.  

 

  

(a) Principal strain diagram (b) Principal stress diagram 

Figure 3.10    Deformation modes in sheet metal forming indicated on the a) strain diagram 

and b) stress diagram with contours of equal effective stress (yield loci). Principal directions 

are indicated by 1 and 2 in the diagrams. Yield loci for [214, pp. 33, 39]. 
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Table 3.5  Brief explanation of deformation modes and the corresponding principal strain and 

stress ratios shown above in Figure 3.10. 

Deformation 

mode 

Strain 

ratio, ♫ 

Stress 

ratio, ♪ 
State of metal sheet Typically occurs in: 

Equal biaxial 

stretching 
1 1 

Stresses and strains are equal 

in all directions.  

Centre of sheet metal 

stretched over a 

hemispherical punch. 

Plane strain 0 1/2 
Stretches only in the first 

principal direction. 

Side-wall of cup 

forming. 

Uniaxial 

tension 
-1/2 0 

Stretches in the first principal 

direction and contracts in the 

second principal direction. 

Free edge of an 

extruded hole. 

Pure shear  

(or drawing) 
-1 -1 

Stresses and strains are equal 

and opposite. Sheet deforms 

without change in thickness. 

Flange of a deep-

drawn cup. 

Uniaxial 

compression 
-2 -Ð 

Sheet thickens and can 

wrinkle. 

Edge of a deep-drawn 

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 the upper 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 failure4.  

For this study, this method of using different 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 under combined in-

plane biaxial deformations and out-of-plane bending. These tests will be referred to as induced-biaxial 

deformation (IBD) tests in this study. 

IBD tests were carried out according to the ISO 12004-2 test standard [216] with some modifications. 

The specimen was held in a press machine against an open die using a blank holder, as illustrated in 

Figure 3.11, and then formed into a dome-shaped profile. Two different types of loading conditions were 

analysed on 1.0 mm SRPP and FML specimens using specimen geometries illustrated in Figure 3.12.  

 

 
4 There are also methods by which an FLC can be calculated but the predicted limits deviate significantly from 

experimental observations [215]. 
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(a) 

 

 

(b) 

Figure 3.11  Induced-biaxial deformation test setup; a) a 300 kN double-action 

mechanical press with hydraulic ram used in the test, and b) a cross-sectional schematic 

diagram. All dimensions are in mm, not to scale. 
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(a) Circular specimen (b) Hourglass specimen 

Figure 3.12    Induced-biaxial deformation test specimen geometries. Tape orientations 

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 by a lock-ring in 

the die and the blank holder. This creates an axisymmetric loading condition, which induces an equal 

biaxial stretching in both reinforcing directions at the centre of the specimen and varying types of 

deformations elsewhere. In the second type of test, an hourglass-shaped specimen similar to the Type I 

specimen in [217] was fixed at the two convex edges by the lock-ring, with the reinforcements oriented 

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

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

The punch velocity was modified from 1.5 mm/s to 10 mm/s because this was the minimum speed at 

which the press could maintain the stability in the applied load. This was not a concern since the 

measurements were taken at 15 Hz using the digital image correlation (DIC) system, allowing the state 

of the specimen to be captured and analysed over ample number of increments. Specimens were tested 

until failure as indicated by a sudden drop from the maximum load. For lubrication, two sheets of 

polytetrafluoroethylene (Teflon) were placed between the punch and the specimen. 

3.3.3 Real-time surface strain analyses 

To capture and analyse deformation characteristics leading up to a catastrophic failure of the material, 

a state-of-the-art DIC system called ARAMIS 5M [218], shown in Figure 3.13, was used. This system 

tracks real-time 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 composed of an assigned number of pixels 

called facets (shown in Figure 3.14) and computes full-field strains by DIC. In this research, the 

resolution in the field of view was 2448 ×  2050 pixels and the rates were set at 5ï15 frames per second, 

using ARAMIS 5M.  
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Figure 3.13   ARAMIS, a commercial digital image correlation system provided by 

GOM GmbH [218]. 

 

 

  

(a) Facets (b) Facet deformation 

Figure 3.14   Example of facets in ARAMIS ï a) 15 ×  15 pixel facets with a facet step of 

13 pixels [219, Ch. D, p. 3], b) facets shown on images captured by left and right cameras 

at a deformed state (green solid lines), with undeformed state shown as reference (white 

dashed lines) [219, Ch. 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 surface of 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 accurate enough. 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 black in the black 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, as it requires careful judgement on the analystôs part. The same applies to the use of interpolation 

around damaged areas in the SRPP, which is mostly best avoided at the level of precisions used in this 

study.  



 
56 

 

3.3.3.1 DIC system setup for tensile tests 

In order to determine strains at the smallest scale possible with a high level of accuracy, a camera with 

a focal length of 50 mm was used, measuring areas of 80 ×  65 mm2 or 100 ×  85 mm2 (horizontal ×  

vertical) and a fine stochastic pattern created by spray-painting, such as one shown in Figure 3.15. This 

gives a pixel size of 32.7 ×  31.7 ɛm2 ï 40.9 ×  41.5 ɛm2. The DIC system was calibrated to a deviation 

of 0.031 pixels, giving a maximum potential error in raw spatial coordinate values of 1.0 ɛm and 1.3 ɛm 

in horizontal and vertical directions, respectively. 

 

   

Figure 3.15  Stochastic pattern spray-painted on specimens for uniaxial tensile tests. 

 

Optimal values of facet size and facet step5 were determined based on guidelines from the ARAMIS 

manual and existing studies on using DIC systems [219ï223] and by experimenting with different values. 

Rectangular facet sizes and steps were varied between 5 to 15 pixels, and 4 to 13 pixels, respectively, 

and the resulting optimal parameters were determined per sample, as shown in Table 3.6 in the next 

page. The table also shows the measuring volumes used for each specimen type. Typically, larger 

measuring volumes, facet steps and facet sizes were required for specimens with high failure strains in 

order to keep the specimen in view. These parameters gave optimal results that capture small-scale 

strains without invalidating too many facets, which occurs when ARAMISôs default accuracy limit of 

0.04 pixels per facet is exceeded. 

The mentioned accuracy limit of 0.04 pixels per facet refers to the stability 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 stochastic dots or when there is a sudden large movement of facets, such as at 

specimen failure. It has been reported that, in practice, accuracy for in-plane displacement is likely to 

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

 
5 Facet step is the distance from the left edge of one facet to that of the adjacent facet, and therefore determines the overlap of 

facets (overlap = facet size ï facet step, in pixels). It is set based on the required spatial density of points, i.e. the distance 

between points in the point cloud. 
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0.001 pixels [223]. The DIC system was also used to cross-check the accuracy of 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 have out-of-plane bending components, the 3D DIC system 

was set up beneath the press machine as shown in Figure 3.16. Two digital cameras, with focal lengths 

of 17 mm were placed 112 mm apart at the base6 and angled at 25° to each other to measure surface 

strains within a measuring volume of 150 ×  130 ×  80 mm2 (horizontal ×  vertical ×  depth of field)7. 

Example digital images, strain grids and computed surface strains for a circular SRPP specimen are 

shown in Figure 3.17 in pages 58ï59. 

 
6 Slider distance in [219]. 
7 The depth of field (80 mm) is an approximate value. 

Table 3.6  DIC system measuring volume, facet size and facet step for uniaxial tensile tests. 

Specimens Measuring area [mm2] Facet size Facet step 

0.3 mm SRPP 0°/90° 

1.0 mm SRPP 0°/90°  

FML 0°/90° 

80 x 65 12 8 

0.6 mm SRPP 0°/90° 

1.0 mm SRPP 0°/90°  

1.0 mm SRPP ± 45° 

FML 30°/60° 

100 x 85 12 8 

0.3 mm SRPP 30°/60° 

0.6 mm SRPP 30°/60° 

1.0 mm SRPP 30°/60° 

0.3 mm SRPP ± 45° 

0.6 mm SRPP ± 45° 

FML ± 45° 

100 x 85 13 9 
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Figure 3.16    3D DIC system setup for induced-biaxial deformation tests. The digital 

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, showing a) a 

digital image from the left camera, b) strain grids superimposed on a digital image from the right 

camera, and c) computed surface strains.  
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(c) Computed surface strains 

Figure 3.17   Examples of DIC images for a deformed circular SRPP specimen, showing a) a 

digital image from the left camera, b) strain grids superimposed on a digital image from the right 

camera, and c) computed surface strains.  

 

The above setup gives a pixel size of 61.3 ×  63.4 ɛm2 with a 2.5 ɛm maximum potential error in raw 

spatial coordinate value under a calibration deviation of 0.04 pixels. Quadrangle facets were used with 

size and step of 19 and 15 pixels respectively, except for the SRPP hourglass specimens which required 

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

the stochastic pattern spray-painted onto specimens is shown in Figure 3.18. 

 

   

Figure 3.18   Stochastic pattern spray-painted on specimens for induced-biaxial 

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 manufacturing process for the 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 behaviour using the 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 off-axis angles to the loading direction. The last chapter on results and 

discussions will contain analyses on induced-biaxial 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 related deformation 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 such, this 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 not been fully explained in the literature. 

This chapter is 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 SRPP-based FML system to be analysed with more ease.  

With regard to the figures and the nomenclature, the following points should be noted: 

¶ óx°-tapeô denotes a tape that is at an angle of x° to the direction of applied load. For example, 

0°-tape is a tape that is parallel to the loading direction and 90°-tape is a tape that is transverse 

to the load.   

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

unless specified otherwise. Micrographs show surface sections unless specified otherwise. 

¶ Strains are given as percentages, except for shear strain (ɔxy) which is given in degrees and the 

strains in DIC images which are given in non-percentage forms (mm/mm). All strains are given 

in logarithmic (true) strains and the notation ó[log.]ô above the scale in DIC images simply 

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. It was found that 0.3 mm-thick specimens behave very differently to specimens that are 0.6 mm 

or 1.0 mm thick; this finding alone can provide valuable information about the failure mechanisms in 
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SRPP because it helps distinguish mechanisms that cause certain behaviours. For instance, it was found 

that the 0.3 mm 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 

analysis. The 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 for this type 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 stress-strain behaviour and failure behaviour at 

a macroscopic scale. This is a necessary first step that 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 material. It will also be shown that 

the microstructure of SRPP has a strong 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 shown in Section 4.2.3, which discusses 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 difference in the mechanical properties 

between the thin specimens (0.3 mm) and the thicker specimens (0.6 mm and 1.0 mm). This is an 

important aspect of the material behaviour because this thickness effect carries over to the damage 

characteristics and the specimen 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 with thickness in general but the 

0.3 mm sample has much lower values than the 0.6 mm and 1.0 mm samples. The 0.6 mm and 1.0 mm 

samples exhibit strengths that are almost 5 and 6 times higher than that of the 0.3 mm sample, and 

tangential stiffnesses that are 63 and 70 times higher, respectively.  
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Figure 4.1    Tensile stress-strain curves of 0.3 mm, 0.6 mm and 1.0 mm SRPP samples.  

Failure strains portrayed are sample averages. Stress values are based on the averages of 

specimens that have not failed at given strains, and error bars indicate sample standard 

deviations. 

 

 

Table 4.1   Summary of mechanical properties of 0.3 mm, 0.6 mm and 1.0 mm SRPP tensile 

test samples. Tensile failure strain (‐), strength („), chord modulus of elasticity (Ὁ ȟ 

stiffness between 0.1ï0.3% strain), tangential stiffness (Ὁ ȟ stiffness above 1% 

strain), transition strain (‐ ), and stress at transition strain („ ) are given. 

◄ (mm) Ⱡ◄ (%)  1 
Ɑ◄ 

(MPa) 2 
╔╬▐▫►▀ 

(GPa) 3 

╔◄╪▪▌▄▪◄░╪■ 

(GPa) 3 

Ⱡ◄►╪▪▼░◄░▫▪  
(%) 3,4 

Ɑ◄►╪▪▼░◄░▫▪  
(MPa) 3,4 

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 
 

1 Failure strains given indicate sample means and standard deviations.  
2 Strengths are sample means and standard deviations at given average failure strain, calculated based on 

specimens that have not failed. 
3 Ὁ ȟ Ὁ  ‐ ȟ„  have been calculated according to the ASTM standard [205, Eq. 9],  

based on sample average stress-strain curves.  
4 Transition point is where the stiffness changes in polymeric matrix composites, similar to yield point. 

 

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

failure strains of the 0.3 mm specimens vary significantly from the sample average, unlike thicker 

samples. Failure strains in 0.3 mm specimens ranged from 8.05 ï 19.5% 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 the 0.6 mm sample (14%) and the 1.0 mm 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 0.3 mm specimen. 
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The types of damage that occurs at failure are also different in the 0.3 mm specimens compared to the 

0.6 mm and 1.0 mm specimens, as shown in Figure 4.2. The 0.3 mm specimens fail without any 

fibrillation, delamination, tape or fibril pull-outs, whereas these are all present in the thicker specimens. 

The overall amount of damage also increases with the specimen thickness, with the largest difference 

observed between the 0.3 mm and 0.6 mm specimens. It should be noted that this is a similar trend to 

the variation in most mechanical properties depending on the thickness (e.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).  

 

 

   

(a) (b) (c) 

Figure 4.2    Typical specimen failure in a) 0.3 mm, b) 0.6 mm and c) 1.0 mm SRPP tensile 

samples. Spray painted sides are also shown for (b) and (c) for clarity.  

 

The stress-strain and failure behaviour observed in the 1.0 mm 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 0.3 mm specimens. It can therefore be inferred that the difference in behaviour between 

specimens of different thicknesses has not been extensively 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 0.3 mm specimens:  

1) Change in the relative amount of reinforcement in different directions with a change in specimen 

thickness. For example, in a study of a 0°/90°/0° graphite/epoxy laminate in [224], there was a 

change in the failure strength with a change in the 90°-ply thickness.  

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 ply constraint on free surface ply and mid-plies, thereby 

changing the damage development [225].  

The second and third explanations are the most likely considering the lower stiffness of 0.3 mm SRPP 

compared to thicker samples. The second case is likely because a similar reduction in post-yield stiffness 

has been observed in a hot compacted SRPP when compacted at a high temperature (191°C) [41]. 

Another study of hot compacted SRPP also found a significant decrease in strength at processing 

temperatures between 191°C and 194°C [71], although not as dramatically as observed in [41], or in the 

0.3 mm specimens compared to the thicker specimens. In these studies, the authors conjectured that the 

mechanical properties decreased, and the interlayer bonding improved, due to more melting and 

molecular relaxation of the tape structure. It was also observed in [41] that the sample failed in a brittle 

fracture, which draws similarity to the failure behavior observed for 0.3 mm SRPP, as can be seen in 

Figure 4.2a above.  

A similar case found in the literature is that of a film-stacked 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 have almost completely melted, resulting in a loss 

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

to better fibre-matrix bonding. Due to this, a ófully bridged situation [226]ô, which occurred in other 

samples, did not occur, and resulted in a significantly lower fracture toughness. It will be shown later 

that such óbridgingô phenomenon occurred only in the thicker specimens in the present study, showing 

the similarity of the 0.3 mm specimens of the present study to the significantly melted specimens in [97].  

However, in the present study, microscopic analysis indicated that the tapes in the 0.3 mm specimens 

have not melted as substantially as described by [97] in their sample that was consolidated at 190°C. 

Also, even if a substantial part of tape has melted in the 0.3 mm SRPP, the fractional content of the 

reinforcement phase must still be higher than in the sample in [97]. The hot compacted SRPP used in 

this research ideally has reinforcement content of 70% vol. by design, whereas the sample in [97] had 

50% wt. reinforcement which then further decreased through processing at 190°C.  

Based on the above reflections, it is likely that the cause of the low tangential stiffness and strength of 

the 0.3 mm specimens are mostly due to the decrease in the molecular alignment in the tapes. This would 

be due to the manufacturing process being more difficult to control for thin specimens. It is also likely 

true that the tapes in the 0.3 mm specimens have melted more than in 0.6 mm or 1.0 mm specimens, 

although not substantially, and that this gave the 0.3 mm specimens better reinforcementïmatrix 

bonding than was the case with the thicker specimens. This is supported by the fact that delamination 
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occurred in the thicker specimens but not in 0.3 mm 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 amount of damage 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 occur in the 0.6 mm and 1.0 mm specimens but not in the 0.3 mm specimens. This will be 

elaborated upon in the next section. 

4.2.2 Microscopic analysis of damage mechanisms 

In a 2-phase FRP, failure typically initiates from micro-debonding at the fibre-matrix interface. The 

damage then leads to debonding at a larger scale, as well as fibre pull-outs, or to matrix crack and 

intralaminar delamination. In contrast, composites like SRPP exhibit many and significant damage 

instances co-occurring throughout the specimen well before 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 composite materials 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 step towards 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 therefore the aim of this section 

to give analyses of all observed damages in SRPP when subjected to tensile loading along one of the 

tape directions. Damage-related mechanisms that are closely linked to the failure behaviour will then be 

discussed in subsequent sections. 

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 in the 0.6 mm and 1.0 mm 

specimens. It should be mentioned that the different 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, facilitates identification of 

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 differences 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 Section 4.2.3. This section will first explain the different types of 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, the size and the amount of damage increase 

with specimen thickness. These damage types have been categorised by the nature and location of 

occurrences, with examples given in Figure 4.3 (except for fibril pull-outs):  

¶ Tape-splits.  

¶ Aligned crazing ï craze-like cracks in the outer matrix.  

¶ Crazing on the surface of the inner matrix, exposed by other damage.  

¶ Fibril pull-outs 

¶ Boundary cracks ï cracks along the in-plane 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 discussed later in Section 4.2.3.1. 

4.2.2.1.1 Tape-splits 

Tape-splits are intra-tape cracks that split parts of the tape into smaller 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.  

 

 

Figure 4.3   Optical micrograph showing different types of damage in a 0.3 mm SRPP tensile 

specimen. Dotted lines divide regions where surface tapes are at 0° and 90° to the applied load.  
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Figure 4.4    Optical micrograph of tape-splits in a 0°-tape and a 90°-tape on the surface of 

a 0.6 mm SRPP tensile specimen.  

 

Cracks in SRPP tapes tend to propagate in the direction of the tape orientation because 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 between 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 strength [17]. 

In general, tape-splits occur more frequently in 90°-tapes than in 0°-tapes. This is because the 90°-tapes 

are loaded in the transverse direction to the tape orientation, which is weaker, whereas 0°-tapes are 

loaded along the tape orientation, which is stronger. Due to this behaviour, the density of tape-splits can 

be used to identify which are the 0°-tapes and which are the 90°-tapes under the microscope. An 

exception to this is that, after specimen failure, more tape-splits and fibrillation occur in 0°-tapes than 

in 90°-tapes near the site of the failure in 0.6 mm and 1.0 mm specimens. 

The length and number of tape-splits in a specimen increase with the specimen thickness. In a 0.3 mm 

specimen, tape-splits are relatively infrequent compared to other types of damage. In comparison, tape-

splits in 0.6 mm and 1.0 mm specimens are 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 specimens. 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 the 0.3 mm specimens. It also occurs mostly on top 

of 90°-tapes, with only very few cracks occurring on top of 0°-tapes. This is similar to Jordan et al.ôs 

[68] observation that a woven SRPP cracked predominantly in 90°-tapes under the tension generated 

during the peel test.  
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Aligned crazing is similar to typical crazing, which precedes fractures in brittle amorphous and some 

semi-crystalline polymers that are subjected to tensile loading. Cracks in typical crazing propagate 

transversely to the loading direction, 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 of 0°-tapes, the microscopic 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 of 90°-tapes are a type of crazing, since crazes by traditional 

definition form and propagate perpendicularly to the positive normal stress. However, as the cracks 

observed in the surface matrix do resemble typical crazing, this will be referred to from here on in as 

óaligned crazingô. The word óalignedô is used to refer to two key differences when compared to typical 

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 crazes have a higher degree 

of alignment, such that the cracks appear almost linear at high magnification. This is shown in 

Figure 4.58 below. It should be noted that crazing has been reported in thermoplastic FRPs, for instance 

in a study of GFRPP [49], but there is no mention of the high alignment of 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 unique among composites. 

The micrograph 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 this, cracks in the aligned crazing appear 

straighter than those seen in typical crazing in amorphous PP, which is shown in Figure 2.12 and is 

reproduced in the next page.  

 
8 White reflections in the image are stress whitening, as explained in the literature review.  

 

 

 

Figure 4.5    Optical micrograph of aligned crazes forming on the surface of a 0.3 mm 

SRPP tensile specimen. 
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Figure 2.12  Crazing observed in polypropylene during a tensile test [133]. The applied 

load is vertical in this image. 

 

The aligned crazes appear more linear than typical crazes because they are a manifestation of tape-splits 

beneath the surface matrix. As described previously, tape-splits 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 tapes have 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 is shown in Figure 4.6.  

 

 

Figure 4.6  Optical micrograph of aligned crazes forming on the surface of a 0.6 mm 

SRPP tensile specimen.  
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The micrograph in Figure 4.6 shows a 0°-tape weaving underneath a 90°-tape, where the damage along 

the boundary has partially exposed the 0°-tape under the matrix. In the exposed part of the tape, there 

are two tape-splits. The top tape-split is aligned with microscopic voids in the surface matrix which are 

about to coalesce into an aligned craze. This shows the association between tape-splits and aligned 

crazing. The bottom tape-split has no associated damage in the attached surface matrix, showing the 

state at which, the tape-split has not yet propagated into the surface matrix. From this, it is likely that 

tape-splits induce aligned crazing. 

There is another possibility that may contribute to the high alignment of aligned crazing to the tape 

orientation, namely that the matrix has orientations similar to the tape underneath and this manifests in 

the matrix damage. However, this would be possible only if the surface matrix is thin enough that the 

short-range order from the shish-kebab lamellar microstructure remains at the surface. As daughter 

kebab lamellae appear at around 300 nm away from the surface of the tape (see Figure 2.11), cracks on 

the surface are then likely to be propagating through stretched amorphous regions between neighbouring 

daughter kebab lamellae and between neighbouring parent kebab lamellae, and possibly through the 

crystalline parent kebab lamellae along c-axes9.  

However, although it is possible for the matrix to have a considerable degree of internal order, this is at 

the sub-micro domain [109]. Optical micrographs on a cross-section of a 0.3 mm SRPP specimen shows 

there are two layers of weavings (four tapes through the thickness). Assuming that the tape volume 

fraction is 70%, a simple calculation gives approximately 10 ɛm of the matrix layer on each side of a 

tape. If the tapes and the matrix are evenly distributed through the thickness, the surface is more likely 

to be isotropic. In reality, this can be thinner on the surface depending on the manufacturing process, 

but the scenario would be possible only if the surface matrix is very much thinner. Hence, the likelihood 

of this hypothesis being correct is not very high, but it cannot be discarded entirely without an additional 

study of the microstructure, for example, via x-ray computed tomography. This is outside the scope of 

this research and is recommended for 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, such as tape-splits. An example 

is shown in Figure 4.7, which shows crazing in the internal 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 

(Figure 2.12). 

 
9 While crazing mostly occurs in amorphous polymers, crazes have also been observed to propagate between 

lamellae through spherulite centres and between spherulites in crystalline polymers [109, 227, 228]. 
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Figure 4.7    Optical micrograph of crazing on a surface exposed from a split in a 90°-tape 

of a 0.3 mm SRPP tensile specimen.  

 

From the previous analysis of aligned crazing, it can be deduced that the crazing in the internal matrix 

must look different from the aligned crazing because it results from damage initiating in the matrix itself, 

as opposed to cracks propagating from tape-splits as in the case of aligned crazing. The question remains, 

then: why do tape-splits 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 hypothesis formed 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 matrix is thicker 

than the thickness over which the short-range 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 from different 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 surface, and the 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 

0.3 mm specimens, unlike other damage mechanisms discussed before. Fibrillation and pull-outs occur 

in large amounts in thicker specimens, especially in 0°-tapes around the site of failure, mostly becoming 
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apparent post-failure. In comparison, fibril pull-outs in 0.3 mm specimens are not noticeable without 

microscopy. Fibril pull-outs in 0.6 mm and 1.0 mm specimens will be discussed first.  

A fibril pull -out of the type that occur in 0.6 mm and 1.0 mm specimens is shown in Figure 4.8. Fibril, 

in this case, refers to a long and narrow section of a tape that is about 10ï200 ɛm wide. The term ópull-

outô is used here because it appears as if a fibril of tape has been ópulled outô from the composite. 

However, it is not the same as the commonly known fibre pull-out where one or more discrete units 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, 

ópartial tape fractureô or ófibril fractureô may be more accurate descriptions than a ófibril pull-outô; 

however, fibril pull-out is used in this document as it conveys the imagery best and is consistent with 

existing research.  

 

 

Figure 4.8   Optical micrographs of fibril pull-outs in a 1.0 mm SRPP tensile specimen.  

 

The ends of fibril pull-outs mostly fracture across the lateral section in a ductile manner. This can be 

seen by the smooth morphology 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 manner with fibrillation (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 pull-out from a 0°-tape in a 0.6 mm SRPP 

tensile specimen. 
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Figure 4.10   Optical micrographs of fibril pull-outs in a 1.0 mm SRPP tensile specimen.  

 

Microscopic analyses of damages thus far indicate that cracks in SRPP tapes tend to propagate in a 

ductile manner (stable crack propagation) 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 that fibril ends fail in a ductile manner, 

in comparison to the tape-splits 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 shows 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. In the vicinity, there 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 image (Figure 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 manner and 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.  



 
75 

 

It should be mentioned that the micrograph in Figure 4.11 has been shown in this section under the 

assumption that this represents an initiation stage of a fibril pull-out. This 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 pull-out can occur from a tape that has partially 

delaminated within. It is possible that the 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 0.3 mm specimens are different to those in the thicker specimens, and also to the 

common observations made on SRPP samples in the literature. For instance, fibril pull-outs in 0.3 mm 

              

Figure 4.11  Optical micrographs of a 0°-tape of a 0.6 mm SRPP tensile specimen, 

showing different modes of crack propagation, indicated by the different crack tips.  

 



 
76 

 

specimens occur in 90°-tapes instead of 0°-tapes, and only on the fracture surfaces, as shown in 

Figure 4.12. Also, the fibrils do not exceed 20 ɛm in their lateral dimension; at around 10ï20 ɛm thick, 

they cannot be seen without a microscope. Due to this, 0.3 mm specimens appear to not exhibit any 

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

Fibril pull-outs in 0.3 mm specimens occur specifically on the surface edge of the tapes. This can be 

seen at A and B in Figure 4.13, where the boundaries between the tape and matrix phases are shown 

more clearly than in Figure 4.12. The division between the constituent phases shows that fibrils, such as 

at C, occur within 90°-tapes, and on the edges.  

The fact that fibril pull-outs occur on the edge of tapes indicates that failure can occur at the tape-matrix 

interface. However, this does not necessarily contradict 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 be stronger than many 2-phase FRPs, considering that small portions of the tape and 

 

 

Figure 4.12   Optical micrograph of a fracture surface of a 0.3 mm SRPP tensile 

specimen. The direction of the applied load is orthogonal to the page. 
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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.  

Thus far, types of damage that occur in all SRPP specimens, regardless of thickness, have been discussed. 

Of these, only fibril pull-outs display different characteristics depending on the thickness, other than the 

amount and size of the damage. The next section will discuss damage mechanisms 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 0.6 mm and 1.0 mm specimens. These are: 

¶ Microfibrillar crack bridging 

¶ Tape kinking 

¶ Oblique crack 

¶ Delamination 

This section will discuss the above mechanisms. 

 

 

Figure 4.13   Optical micrograph of a fracture surface of a 0.3 mm SRPP tensile 

specimen, showing boundaries between 90°-tape and the matrix (A and B) and a fibril 

pull-out (C). 
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4.2.2.2.1 Microfibrillar crack bridging  

Microfibrillar crack bridging occurs in tapes within 0.6 mm and 1.0 mm specimens, where small fibrils 

become partially detached from the sides of the opening of a tape-split and bridge the crack. Crack 

bridging toughens a material by impeding crack growth. Examples are shown in Figure 4.14 below and 

Figure 4.15 in the next page. The reason this is only observed in the thicker specimens is unclear. It is 

perhaps the case that the 0.3 mm 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 similar example, spots of stress 

whitening occur inside crazes (e.g. Figures 4.5 and 4.7 above) but it is not clear whether or not these are 

crack bridging because the cracks are too narrow.  

It is also possible that the chain molecules in the tapes within the 0.3 mm specimens are more entangled 

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 to this, they 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 micro-damages in SRPP in detail, 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 

 

  

Figure 4.14  Optical micrograph of microfibrillar crack bridging in a 90°-tape of a 

0.6 mm SRPP tensile specimen. 
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are often smaller fibrils around the edge of larger fibril pull-outs, as shown in Figure 4.16a. These are 

actually remnants of microfibrils from microfibrillar crack bridging, as can be seen by comparing 

Figure 4.16a to Figure 4.16b. Rather than providing a description of their relative sizes each time, it is 

suggested here that fibrils in SRPP and drawn PP be classified as a ófibrilô, a ómicrofibrilô or a 

ónanofibrilô, as illustrated in Figure 4.17. 

 

(a) 

 

(b) 

Figure 4.15    Scanning electron micrographs of microfibrillar crack bridging in 90°-

tapes of 0.6 mm SRPP tensile specimens. Magnification = 200x (a), = 20,000x (b). EHT 

= 1.00kV.  
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(a) (b) 

Figure 4.16   Micrographs of a) 1.0 mm and b) 0.6 mm SRPP tensile specimens showing smaller 

microfibrils from crack bridging attached around larger fibril pull-outs. 
 

 

As denoted in Figure 4.17, there is a discrepancy between this definition and the definition in Peterlinôs 

microfibrillar model [116ï120]. Figure 4.15b showed that the microfibril in crack bridging is about 0.2ï

0.3 ɛm in width, similar to those in semi-crystalline polymers (around 0.2 ɛm [131, p. 2980]). Under 

Peterlinôs microfibrillar model, this would then be a ófibrilô (a block of microfibrils, about 1 ɛm or less 

laterally [119]) and not ómicrofibrilsô, which are only a few tens of nanometres thick [116]. However, 

since the lateral dimensions of what Peterlin refers to as ófibrilsô and ómicrofibrilsô are typically on the 

order of micrometres and nanometres, respectively, it seems more appropriate to rename them as 

ómicrofibrilsô and ónanofibrilsô. This is also more convenient considering that larger fibrils can occur in 

SRPP. These can then be referred to as ófibrilsô. 

It can be seen from micrographs shown previously that the microfibrils in crack bridging are oblique to 

the direction of 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 

 

Figure 4.17  Different fibrils in SRPP according to the lateral dimension. The relationship 

to Peterlinôs model [120, Fig. 12] is shown. 
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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 of tensile stress, as shown Figure 4.18. In contrast, 

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

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

 

 

 

Figure 4.18  Crazing fibrils in polyethylene, reproduced from [132, p. 405].  The applied 

load is vertical in this image. 

 

Figure 4.19  Crack bridged by single fibres and ligaments consisting of several fibres 

in a unidirectional carbon-fibre/epoxy composite. Reproduced from [229, p. 224]. 
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Despite the similarity in appearance to FRPs, crack bridging 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 pseudo-FRPs (tapes) within a larger FRP system 

(tapes and matrix). 

4.2.2.2.2 Tape kinking 

The 90°-tapes in the thicker samples exhibit very few instances of a kinking behaviour at narrow sections 

created between tape-splits (< 100 ɛm), as shown in Figure 4.20. This behaviour is similar to fibre 

kinking, where compressive longitudinal stress creates a shear in the fibre in the presence of fibre 

misalignment to stress, waviness or voids. It is apparent this is caused by a combination of an applied 

tensile load, perpendicular to the transverse tape, and a resulting negative strain in the reinforcing 

direction from Poissonôs effect. Once again, this demonstrates that tapes can behave like fibre bundles 

at small scales. As these kinks are infrequent and small in scale, and do not propagate into larger, critical 

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

It is suspected that this does not occur in the 0.3 mm SRPP because the specimens fail before reaching 

the tensile strain required to induce tape kinking, similar to the way in which crack openings in crazing 

and tape-splits are much smaller than in thicker specimens. 

 

              

Figure 4.20  Optical micrograph of tape kinking in a 0.6 mm SRPP tensile specimen. 
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4.2.2.2.3 Oblique cracks 

In rare cases, cracks can propagate at an angle to the loading direction in larger fibrils, sections or the 

entire width of 0°-tapes. An example is shown in Figure 4.21. In the limited number of observations, 

oblique cracks occurred at approximately either 20° 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.  

The failure at an angle is not satisfactorily 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 and the initial drawing 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 an irregularity, such as a defect or prior damage. 

For example damage, such as a fibril pull-out, 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 surrounding 

material, near the root of the fibril pull-out, 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 described previously in the literature review (see 

Figure 2.18). It may then be that the shear stress triggers a crack to propagate at an angle. It is also 

 

    

Figure 4.21  Optical micrograph of a 0.6 mm SRPP tensile specimen showing oblique 

crack initiation and propagation in a section of a 0°-tape.  
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possible that oblique cracks are caused by surface scratches. Given that cracks seem to fail consistently 

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 Section 4.2.1, delamination does not occur in 0.3 mm specimens, probably due to 

the tapesô surface melting more during the manufacturing stage than in thicker specimens. This would 

have given the 0.3 mm specimens higher reinforcementïmatrix bonding. Similar cases have been 

observed in other studies on SRPP, where additional matrix reduced delamination [70, 97]. Otherwise, 

it might be related to the fact that the stress in 0.3 mm 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 0.6 mm and 1.0 mm specimens is that delamination 

in SRPP specimens occurs at different levels. It can occur between two tapes (inter-tape delamination) 

or within a tape (intra-tape delamination), and the inter-tape delamination can occur between 0° and 

90°-tapes in a single layer (intralaminar delamination), or between any two tapes of separate layers 

(interlaminar delamination). The different types of delamination can co-occur 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 a 0°-tape which has delaminated from 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 pull-outs in different directions can be seen. One fibril has been 

pulled out from the 0°-tape, whereas the other fibril has been pulled out from the 90°-tape and remains 

attached to the 0°-tape. Similarly, there are microcracks that are parallel to the tape orientation (region 

A) and perpendicular to it (region B). The microcracks are much thinner than tape-splits, somewhat 

resembling the aligned crazing that occurs on the surface matrix but longer and more densely packed. 

 

Figure 4.22  Possible deformation gradient and shear stress created around fibril pull-outs in 

an SRPP tape.  
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Figure 4.23  Optical micrograph of a 0.6 mm SRPP tensile specimen, showing a section 

of a 0°-tape that has been delaminated from the 90°-tape on the surface. 

 

 

Such observation of damage occurring in both directions stems from the fact that delamination occurs 

at multiple levels ï in the 0°-tape, the 90°-tape 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 damage in the thin translucent or opaque layers on 

top of the 0°-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 
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portion of the 90°-tape which has delaminated (intra-tape 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 microcracks that 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 portion of a 90°-

tape that has delaminated, and the base layer must be the 0°-tape.  

In D, there is an almost transparent layer with damage oriented in the transverse direction to the 0°-tape, 

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 the 0°-tape and the top layer is either the matrix or a 

portion of the 90°-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 to the 0°-tape 

orientation must be a result of propagation or imprinting of cracks from the 90°-tape. In addition, the 

thin strip that does not have the matrix layer must have resulted from a fibril pull-out from the 90°-tape 

that has delaminated from the 0°-tape. In the process of delamination of the fibril, the matrix, and 

possibly a portion of the 0°-tape, has also delaminated from the 0°-tape.  

An example demonstrating that the translucent layer is the matrix is shown in Figure 4.24 in the next 

page. The figure shows a 90°-tape that has delaminated from a 0°-tape. In the left of the lower image, 

the translucent layer exhibits shear flow. Shear flow here denotes the deformation or plastic flow in 

viscous solid materials, mostly when subjected to critical shear stress along their crystallographic slip 

planes. The deformed surface has a morphology that is continuous and smooth, as opposed to being 

rough, as shown in Figure 4.25 in the next page. Shear flow such as that shown in Figure 4.24 only 

occurs in the matrix at boundaries between 0° and 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 between 0° and 90°-tapes, 

the translucent layer must be the matrix. The matrix appears almost transparent, 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 occurs preferentially in 90°-tapes and matrix 

rather than in 0°-tapes. This points out that the tapes in SRPP have different resistance against intra-tape 

delamination depending on their orientation in relation to the loading direction. 
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Figure 4.25  Example of shear flow in the matrix at a boundary crack between 

orthogonal tapes.  

 

Figure 4.24  Optical micrograph of a 1.0 mm SRPP tensile specimen, showing a section of 

a 90°-tape that has delaminated from the 0°-tape on top.  
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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 section. Woven SRPP 

behaves quite differently to many other composites in that multiple kinds of damage can occur 

simultaneously, instead of occurring in separate phases. This makes 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 thicknesses have been analysed, as this gives the additional information required for an in-

depth analysis of the failure behaviour of SRPP; this will be covered in the next section, together with a 

discussion of several damage-related 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 to the 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 90°-tapes than in 0°-tapes. The following types of damage occur in all SRPP specimens 

regardless of the thickness: 

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

¶ Aligned crazing: Surface matrix cracks that are similar to crazes in polymers, except that they 

are aligned to a higher degree and occur in the direction of the tape underneath, due to being 

caused by tape-splits.  

¶ 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 perpendicularly to the loading 

direction.   

¶ Fibril pull -outs: Sections of tapes that are about 10 ï 200 ɛm wide which have become 

separated from the surrounding material from one end.  

¶ (Boundary cracks: This is discussed in the next section.) 

The following types of damage are observed only in 0.6 mm and 1.0 mm SRPPs: 

¶ Microfibrillar crack bridging : The phenomenon of microfibrils bridging the opening of tape-

split type of cracks. The microfibrils are approximately 0.1ï1 ɛm wide and form non-

perpendicular angles to the direction of crack propagation.  

¶ Tape kinking: Kinks that occur infrequently in small sections of 90°-tapes. 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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¶ Oblique cracks: Rare instances of cracks in tapes that propagate at around 20° or 75° to the 

orientation of the tape.  

¶ Delamination: Separation of material into layers within a tape (intra-tape delamination), 

between tapes (inter-tape delamination). Intra-tape delamination can occur between 0° and 90°-

tapes within a layer (intralaminar delamination) or between tapes of separate layers 

(interlaminar delamination). More delamination occurs within the 90°-tapes and the matrix than 

within the 0°-tapes. 

4.2.3 Failure behaviour 

This section discusses the failure behaviour of SRPP, where ófailureô refers to the sudden catastrophic 

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

subsections.  

The first subsection discusses the failure behaviour of 0.3 mm 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 specimens as well, which may 

have been hard to identify without analysing the 0.3 mm 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 literature. 

The second subsection discusses the failure behaviour of 0.6 mm and 1.0 mm 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 be illustrated how they relate to the previously 

discussed damage mechanisms and stress-strain behaviour, as well as the mode of crack propagation. 

Finally, there will be a discussion of how the different failure behaviours observed in the 0.3 mm 

specimens might impact on the predictability of failure in thicker specimens. 

4.2.3.1 Failure behaviour of 0.3 mm specimens 

Failure in the 0.3 mm SRPP specimens is caused by the development of a particular type of damage 

called boundary cracks. This is the most important aspect of the 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 mm specimens 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 specimen failure.  

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 as ὄὅ Ј. The superscript x° is either 0° to indicate 

boundaries or boundary cracks parallel to the loading direction, or 90° to indicate those that are 

perpendicular to the loading direction. The subscript y is either ᷆  to indicate boundaries between parallel 

tapes or Ṷ to indicate boundaries between orthogonal tapes. The four types of boundaries are: 

║╒ ᷆Ј: Boundary 90° to the loading direction, between two 90°-tapes.  

║╒ Ј: Boundary 90° to the loading direction, between orthogonal tapes where the 0°-tape weaves 

under the edge of a 90°-tape. 

║╒ ᷆Ј: Boundary 0° to the loading direction, between two 0°-tapes.  

║╒ Ј: Boundary 0° to the loading direction, between orthogonal tapes where the 90°-tape weaves 

under the edge of a 0°-tape. 

The most obvious difference between the boundary cracks is the difference in appearance, depending 

on whether the tapes at the boundary are parallel to each other (ὄὅ ᷆ Јor ὄὅ ᷆Ј) or orthogonal to each 

other (ὄὅ Ј or ὄὅ Ј). At ὄὅ ᷆ Ј and ὄὅ ᷆Ј, matrix cracks with sharp tips form and propagate in ways 

 

 

Figure 4.26  Illustration of the four types of boundaries and boundary cracks. 
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that resemble tape-splits, as shown in Figure 4.27. In comparison, at ὄὅ Ј and ὄὅ Ј, matrix damage 

starts with microvoids forming and coalescing along the boundary, with matrix shear flow and thinning 

occurring, as shown in Figure 4.28.  

 

  
Figure 4.27  Boundary cracks between parallel tapes in a 0.6 mm SRPP tensile 

specimen, exhibiting matrix damage similar to tape-splits. 

 

 

 

Figure 4.28  Boundary cracks between orthogonal tapes in 0.3 mm SRPP tensile 

specimens, depicting the process of the matrix damage development.  
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It was found that the characteristic appearance of boundary cracks is determined 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 orientated at 0° to the loading direction (ὄὅ ᷆Јor ὄὅ Ј) and a 

boundary that is at 90° to the loading direction (ὄὅ ᷆ Јor ὄὅ Ј). 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 failure. This can 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 that ὄὅ ᷆ Ј and ὄὅ ᷆Ј exhibit sharp crack tips, which is similar to tape-

splits and crazing. In contrast,  ὄὅ Ј and ὄὅ Ј 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 

crack growth 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 material is in a 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 of crack 

propagation and failure. 

  

 

 

Plane stress 

„ π 
‐ π 

Plane strain 

„ π 
‐ π 

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 brief explanation, material close to the surface can deform easily in the out-of-plane 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 approximately zero stress (ůz = 0) and non-zero strain 
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in the z-direction (Ůz Í 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 plate is constrained in the z-direction (Ůz = 0), and therefore, there is non-zero stress in the z-

direction (ůz Í 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 in a brittle fracture, which has little or no plastic 

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

Based on the above explanation, the matrix at ὄὅ ᷆ Јand ὄὅ ᷆Ј, which exhibit sharp crack tips, must be 

in a state of plane strain because the matrix is relatively thick in the z-direction; conversely, at ὄὅ Ј 

and ὄὅ Ј, which exhibit blunt crack tips, the matrix must be in the plane stress condition because the 

matrix is much thinner in the z-direction. Indeed, the matrix is thicker at ὄὅ ᷆ Јand ὄὅ ᷆Ј than at ὄὅ Ј 

and ὄὅ Ј due to the local geometry from the weaving. This is shown in the simplified illustrations of 

ὄὅ ᷆ Ј and ὄὅ Ј, shown in Figure 4.29, which depict cross-sections along the loading direction, near 

the free surface. In the cases of ὄὅ ᷆Ј and ὄὅ Ј, the direction of the load and displacement in the matrix 

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

 

 

 

(a) ὄὅ ᷆ Ј 

 

(b) ὄὅ Ј 

Figure 4.29  Cross-sections of boundary cracks on the surface that are oriented at 90° to the loading 

direction, a) between two 90°-tapes (ὄὅ ᷆ Ј), and b) between 0° and 90°-tapes (ὄὅ Ј).  
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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 specifically, boundary cracks between parallel tapes (ὄὅ ᷆ Јand ὄὅ ᷆Ј) form 

and propagate in a brittle manner (cracks propagate unstably with sharp crack tips) under plane strain 

conditions, due to the matrix between the tapes being relatively thick in the out-of-plane direction. 

Boundary cracks between orthogonal tapes (ὄὅ Ј and ὄὅ Ј) form and propagate in a ductile manner 

(cracks propagate stably with blunt crack tips) under plane stress conditions due to the matrix being 

relatively thin in the out-of-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 crack propagates in the in-plane 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 the out-of-plane direction through the thickness, as shown in 

Figure 4.31 in the next page.  

From Figure 4.31, it may seem that such damage, where a ὄὅ Ј propagates into a 0°-tape, 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 cracks are not critical because the critical damage that leads to specimen 

failure occurs at a "# ᷆ Ј in 0.3 mm specimens, before any 0°-tape can fracture from a "# Ј. This will 

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

 

 

 

Figure 4.30  Optical micrograph of 0.3 mm SRPP tensile specimen, showing a crack 

propagating through the surface tape from boundary cracks.  

 




























































































































































































































































































































































































