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ABSTRACT 
 
 

Fibre composite materials suffer from sudden, brittle failure which limits their usage. It is 
possible to alleviate this limitation and expand the design space by using unidirectional (UD) thin ply 
hybrid composites that display non-linear ‘pseudo-ductile’ stress-strain. In real applications, structural 
parts made of fibre composites are often subjected to different loading conditions. It is important to 
be able to design a thin-ply hybrid composite that will fail in a pseudo-ductile manner under different 
loading conditions such as tension, compression, and bending. The durability of thin-ply hybrid 
composites under cyclic loading is also an important factor when designing structural parts made of 
thin-ply hybrids. The aim of this thesis is to explore the pseudo-ductility of unidirectional thin ply 
hybrid composites under tension, compression, bending and fatigue. 

The incorporation of thin, spread tow ply carbon-epoxy prepreg material (ply thicknesses 0.03-
0.06 mm) within a UD interlayer glass/carbon hybrid system yielded a non-linear stress-strain 
response under tensile loading. Hybrid configurations consisting of thin ply carbon layers with 
standard thickness glass layers were investigated. Video gauge images showed that fragmentation of 
carbon layers followed by stable delamination is responsible for the pseudo-ductile response. The 
loading-unloading-reloading response of glass/carbon hybrids shows a gradual loss of stiffness as 
fragmentation and localised delamination are present and increase with increasing strain. It was 
deduced that the low energy release rate of the thin ply carbon layers is responsible for the stable 
delamination.  

Favourable pseudo-ductile strain has been achieved for hybrid configurations made of thin 
high modulus carbon/epoxy layers and standard thickness high strain glass/epoxy layers under 
longitudinal compression. The pseudo-ductile response is again due to progressive fragmentation and 
dispersed delamination of the thin ply carbon/epoxy layers. For the hybrid with thicker carbon layers, 
sudden failure occurs at a lower strain. The different damage behaviours underpin the crucial role of 
the carbon layer thickness and glass/carbon ratio in the unidirectional glass/carbon hybrid laminates 
under uniaxial compressive loading. Indirect compression of asymmetric hybrids made with different 
numbers of layers of high modulus carbon/epoxy sandwiched between high strain glass layers tested 
in four-point bending also showed a noticeable change of force-strain slope due to fragmentation and 
dispersed delamination of the carbon/epoxy layers on the compression side.  

The flexural response of hybrid laminates made of thin high strength carbon epoxy layers and 
high strain glass layers has been shown to exhibit a noticeable stiffness change, via a combination of 
gradual failure by fragmentation of the carbon layers on the tensile side and very high fibre strain at 
failure on the compression side. For the hybrid laminates made of thin high modulus carbon epoxy 
layers and high strain glass layers, fragmentation has been observed on both the tension and 
compresson sides of the hybrid beams. Fragmentation and dispersed delamination on the tension side  
delayed damage accumulation on the compression side until higher final strain to failure. A high 
fragmentation strain on the tension side was obtained for the hybrid laminates in bending. This value 
is higher than the fragmentation strain to failure obtained from the static tensile testing.  

The tensile fatigue behaviour of hybrid laminates made of high strength carbon epoxy and 
high strain glass epoxy shows a gradual stiffness reduction due to slow delamination growth when the 
pristine hybrid laminates were fatigued at 90% load level and no significant damage at 80% load level. 
When the overloaded hybrid laminates were fatigued at 70% and 80% load level, they showed gradual 
stiffness reduction and slow damage growth compared to the fatigued overloaded hybrids at 90% load 
level. At 70%, 80% and 90% load level, the overloaded hybrid laminates did not fail immediately but 
delaminated slowly. The delamination at different numbers of cycles was visually observable and, 
therefore, this hybrid system can also be used as an early warning for future maintenance and 
replacements in structural applications subjected to cyclic loading.
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Chapter 1 Introduction 

 

Carbon fibre reinforced polymer composites (CFRP) are an attractive choice of material for 

the aerospace, transportation, sport equipment, oil and gas industries as they exhibit desirable 

properties including low density coupled with high stiffness and strength, excellent fatigue and 

corrosion resistance, resulting in outstanding properties compared to traditional structural 

materials, such as aluminium or steel.  

The aerospace industry has become the prominent consumer of fibre reinforced polymer 

over the past decade [1] with civil aircraft such as Boeing 787 and Airbus A350 XWB containing a 

considerable amount of CFRP in their structural part compared to the previous types. For Boeing 

787, 50 weight % consists of CFRP materials, mostly used for the fuselage and wing skins [2], [3].  

Whereas for the previous Boeing 777, the application of CFRP was restricted within a limited 

number of components (flaps, stabilisers, fairings, and tail) which cover only 12 weight % of the 

aircraft parts [2], [3]. Figure 1.119 shows the increase of CFRP utilization in the Boeing 787 

compared to Boeing 777. The Airbus XWB 350 burns 25% less fuel partly because 53% of its 

airframe weight is composites [4]. 

 
Figure 1.119. Image showing the increasing utilisation of fibre composites in aerospace. Left: Boeing 
777, with limited number of components made of composites. Right: Boeing 787, the coloured regions 
show the location of composite parts. Figure obtained from ref: [2]. 

 

Other areas of application such as in the automotive industry have seen the launch of the 

BMWi3 electric car with extensive use of CFRP for the cabin of the car as a means to save weight 

and energy [5]. Lamborghini having the experience of using CFRP for its car production for nearly 

30 years, has produced its first CFRP monocoque structure,  thus improving the power-to-weight 

ratio of the car [6]. The sports goods industry has also moved steadily towards CFRP materials in 

the case of golf shafts and tennis racquets to improve the ability of the applicant to swing the shaft 

or hit faster owing to the low density of CFRP. High durability and greater flexibility to design 

sports equipment have also helped the increased consumption of CFRP [7] in this field. 

The application of CFRP has also extended to the oil and gas industry in the last few 

decades. With corrosive environments, composites with their low density and high mechanical 
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properties are gaining attention for application in aggressive environments where metallic pipes 

could no longer meet the requirements [8]–[10]. Fibre composites have also been used in renewable 

energy applications such as wind turbines, where the blades are made of either glass fibre, carbon 

fibre or glass/carbon hybrid composites. These materials offer design flexibility to optimize the 

aerodynamic performance of the blades, low density, high specific stiffness and strength, also high 

fatigue resistance [11]. 

As has been shown, using composites has led to weight and fuel saving as well as improved 

structural efficiency. However, the brittle nature of a composite structure, as shown in Figure 

1.120  hinders the design freedom and full exploitation of the outstanding mechanical properties. 

 
Figure 1.120. Failed structural component mode of carbon fibre composites showing 
catastrophic failure. Figure obtained from ref:[12]. 

 

 Failure of this material type is usually sudden, without sufficient warning and little amount 

of residual load carrying capacity, which currently limits its application, therefore improvement to 

enhance the failure mode of fibre composites is needed. Creating pseudo-ductile or ductile fibre 

composites with progressive failure mechanisms similar to metals’ yielding and strain hardening 

assuring detectable warning and a wide margin between damage initiation and final failure is 

certainly of high interest. This could stretch the application of fibre composites towards high-

volume, safety-critical applications such as in the automotive and construction industries. 

 

 

 
 
 

Chapter 2 Literature Review 

2.1 Composite materials 

2.1.1 Definition 
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A general definition of a “composite” is a “thing made of two or more different parts or 

elements”. A composite material is assembled from two materials or more with significantly 

different properties, which, when combined, produced a material with a set of performance 

characteristics different and greater than the individual components. The new materials would be 

lighter, stronger or less expensive when compared to the traditional monolithic materials which in 

turn makes them more attractive. Examples of composite materials and their area of application is 

given in Table 2.1. The two constituents in a composite material are known as the matrix and 

reinforcement respectively. The general definition of those constituents will be given in Section 

2.1.2. 

 Table 2.1. Example Composite materials and their application. 
Composite type Matrix Reinforcement Areas of Application 
Organic matrix 

composites 
Elastomers 

Rubber   
Resin 

Wood fibre 
Glass fibre 

Carbon fibre 
Microspheres 

Steel fibre 

Packaging 
Building 

Woodwork 
Automobiles 

Sports 
Mineral matrix 

composites 
Cement 
Carbon 
Ceramic 

Carbon fibre 
Ceramic fibre 

Aviation 
Biomedicine 

Sports 
Space 

Metallic matrix 
composites 

Aluminium 
 

Carbon fibre 
Boron fibre 

Space 

 

2.1.2 General characteristics 

In a composite material, the reinforcement is distributed within the matrix. In the case 

where there are several reinforcements of different properties in the matrix, the composite is said 

to be a hybrid. The reinforcement is usually stiffer and stronger than the matrix, while the matrix 

typically has a higher elongation to failure compared to the reinforcement. Each constituent in a 

composite material has its own role with the reinforcement acting as a load carrying component 

which is bound together by the matrix. The desired properties of composite materials stem from: 

the properties of the constituents, the geometry of the reinforcement and its distribution, the 

properties of the matrix-reinforcement interface. The shape, size, concentration and orientation of 

the reinforcement will determine the characteristics of the composite.  

 

 
 

2.1.3 Classification of composite materials 

This section will discuss the classification of composites which is particularly based on the 

geometry of its reinforcement. Two types of reinforcement are generally being used in a composite 

material: fibres and particles.  

2.1.3.1 Fibre composites 
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The reinforcement being used in a composite material comes in the form of continuous or 

discontinuous, chopped or short fibres. To tailor the mechanical properties of the composite, it is 

possible to modify the arrangement of the fibres and their orientation. Fibres are the most widely 

used form of reinforcement and typically occupy a volume fraction between 0.3 and 0.7. The 

reinforcing fibres come with various architectures such as: 

1. Unidirectional (UD) : all fibres oriented in the same direction. 

2. Multidirectional :  fibres oriented such that properties are developed 

in different directions. 

3. Cross-ply laminates : alternate UD plies are stacked perpendicular to 

each other. 

4. Woven structures : structure made from two sets of threads interlaced 

with each other. 

5. Chopped strand mat (CSM) : random orientation of fibres in one plane. 

6. 3-D random arrangement : random orientation of fibres in all 

directions. 

Continuous fibres are generally used for unidirectional, multidirectional, and cross-ply 

laminates while discontinuous fibres are used for chopped strand mat (CSM) and 3-D random 

arrangement respectively. Continuous and discontinuous fibres are distinguished from their 

different length-to-diameter (l/d) ratio (aspect ratio). Continuous fibres have a preferred 

orientation, while discontinuous or short fibre may have a random orientation. Examples of 

composite architectures made of continuous reinforcement such as unidirectional, woven cloth, 

and helical winding are shown in Figure 2.1, while for  discontinuous reinforcement, the examples 

given are chopped fibre and random mat as shown in  Figure 2.2. 

 

 

Continuous fibres are generally used for unidirectional, multidirectional, and cross-ply laminates 
while discontinuous fibres are used for chopped strand mat (CSM) and 3-D random 
arrangement respectively. Continuous and discontinuous fibres are distinguished from their 
different length-to-diameter (l/d) ratio (aspect ratio). Continuous fibres have a preferred 
orientation, while discontinuous or short fibre may have a random orientation. Examples of 
composite architectures made of continuous reinforcement such as unidirectional, woven cloth, 
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and helical winding are shown in Figure 2.1. Fibre architectures made of continuous 
reinforcement. Figure obtained from ref: [13]. 

 

 

Figure 2.2. Fibre architectures made of discontinuous reinforcement. Figure obtained from ref: 
[13]. 

 

2.1.3.2 Particle composites 

For particle composites, the reinforcement is in the form of particles which in contrast to 

fibres, do not usually have an aspect-ratio and privileged direction. When it comes to strengthening 

composites, particulate reinforcement is less effective than fibre reinforcement. Certain properties 

of materials or matrices such as resistance to abrasion, resistance to high temperature, decrease of 

shrinkage, increase in toughness are generally improved by incorporating particles. Nevertheless, 

the improvements are less than would be achieved in a fibre reinforced composite. This type of 

composite is outside the study scope of this thesis and will not be discussed further. 

 
 

2.2 Damage mechanisms in unidirectional (UD) fibre composites 

Damage will occur in structural parts made of fibre composites due to the strength or strain 

being exceeded. This section is dedicated to explaining the damage mechanisms in unidirectional 

(UD) fibre composites under tension, compression, bending and fatigue loading. 

2.2.1 Tensile damage mechanisms 

When the force acting parallel to the axis of the fibres goes beyond the strength or strain 

of the fibres, it is bound to cause the fibre to fracture into two or more segments. Based on Rosen’s 

work [14],  the failure in fibre composites under tensile loading can be explained as due to the 

statistical distribution of flaws or imperfections. The accumulation of fibre fractures at such defects 

or flaws within a composite is responsible for failure. The experimental study of the failure mode 

of a unidirectional glass fibre reinforced composite under tensile loading  [14] shows fibre fracture 

at random locations rather than cumulatively at the site of the initial break which is due to variation 
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of fibre strength. In his work [14], Rosen explained that the presence of variability in fibre strength 

will offset the effect of stress concentration in the vicinity of broken fibre which also explains the 

random fibre fracture locations. The failure model in unidirectional fibre reinforced composites 

due to multiple fractures within a length close enough to interact, as  proposed by Rosen, is shown 

in Figure 2.3 (a).  

 
Error! Reference source not found.. Tensile failure model of unidirectional fibre composite. 
Figure 2.3(a) adapted from ref: [14]  and not to be scaled with Figure 2.3(b) and Figure 2.3(c) 
obtained from ref:[15].  

 
There are two different failure modes in tension which have been widely recognized, tensile 

fracture due to dispersed (scattered) failure of fibres and fracture results from localized failure [15]. 

In dispersed failure, the fracture surface resembles brushlike, as in Figure 2.3(b), and  is associated 

with fibre composites that have some combination of the following factors: (i) weak interface 

bonding between matrix and fibre, (ii) a matrix with low yield strength, (iii) fibres with large 

variability in strength, (iv) composites with smaller fibre volume fraction [15]. In the second failure 

mode, the initiation and growth of local clusters of fibre breaks becomes unstable creating a 

catastrophic crack [15]. In the localized failure case, the fracture surface tends to be planar as shown 

in Figure 2.3(c). Closely examining the fracture surface in Figure 2.3(c), the fracture looks like a 

stair-shape fashion. For this particular failure mode, the fibre-matrix interface bonding tends to be 

stronger, the matrix is more elastic, the variability in fibre strength is much lower, and the 

composite contains a larger fibre volume fraction [15].  

The tensile behaviour of carbon fibre has also been explored extensively from a statistical 

[16]–[20] as well as fracture mechanics [21]–[23]  point of view. Based on those studies, it is shown 

that defects, which occur statistically within the fibre, determine the single fibre tensile strength. 
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From the nanostructure point of view, the tensile strength of PAN-based carbon fibre  in the 

absence of large flaws is controlled by the disordered region rather than the crystallites [24]. This 

implies that the key to further improvements in the tensile strength of carbon fibre is the fine 

tuning of the fibre nanostructure. 

 

2.2.2 Compression damage mechanisms 

The compressive strength of UD fibre composites is generally 50% lower than their tensile 

strength which makes it a design limiting feature [25]. The dominant compressive failure mode for 

UD fibre composites is localized shear instability or fibre kinking; other failure modes such as shear 

failure may also occur [26]. The kinking mechanism in UD fibre composite is mainly caused by 

fibre misalignment together with plastic shear deformation in the matrix [27], [28]. The 

compression responses for glass fibre and carbon fibre composites were found to be different as 

reported by Lee and Waas [29]. Glass fibre composites exhibit a combination of splitting and kink 

band failure modes whereas the compressive failure mode for carbon fibre composites is mainly 

kinking. From their experimental results, it is shown that the carbon fibre composite had a lower 

compressive strength than the glass fibre composite, while the carbon fibre composite 

demonstrated higher stiffness [29]. Based on their analytical model to predict splitting, it was shown 

that the axial stiffness ratio between fibre and matrix, the fibre volume fraction, the fibre diameter, 

and interfacial toughness are all important parameters which determine the occurrence of splitting 

failure in compressively loaded fibre reinforced composites [29].  

 

2.2.3 Flexural damage mechanisms 

When a UD fibre composite is loaded under bending, different regions through the 

thickness are subjected to tensile or compressive stresses. The stresses under bending yield 

different damage mechanisms in the tension and compression regions. Moreno et al. [30], [31] 

conducted an experimental three-point bending and analytical study to examine the effect of 

dissimilar behaviour of UD carbon fibre reinforced composites under tension and compression in 

the fibre direction. Different span to thickness ratios were used to determine whether shear or 

flexural failure will occur in the specimen. They discovered a shear failure near the neutral axis for 

low span to thickness ratios and compressive failure for higher span to thickness ratios. The non-

symmetrical failure modes found experimentally in their UD fibre composite confirmed the 

different response of material under tension and compression.  

The flexural failure mode under four-point bending for UD glass fibre composite was 

found to be dependent on the interface strength [32]. When the interface strength decreases, it  

leads to a reduction of the flexural strength and a change of failure mode to interlaminar shear.. 

The tensile failure mechanism in laminates was comprised of fibre fracture, transverse matrix 

cracking and longitudinal matrix cracking. For the glass fibre composite failing in compression, 

microbuckling of the fibre is responsible for failure on the compression side.    
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2.2.4 Fatigue damage mechanisms 

Fatigue damage mechanisms in UD fibre composites depend on the loading mode, 

whether it is tensile or compressive mode, and if the loading is parallel or inclined to the fibre 

direction. This section will only consider tensile loading and discuss the fatigue damage 

mechanisms for loading parallel to the fibre direction. The strain-life model for carbon, Kevlar and 

glass fibre composites is thought to comprise of three regimes, as identified by Harris et al. [33] in 

which each has a separate controlling . Their description is consistentl with the earlier proposed 

fatigue life model for UD fibre composite presented by Talreja  [34]. The fatigue life diagram for 

UD fibre composites under loading parallel to the fibre direction is shown in Figure 2.4. As shown 

in Figure 2.4 , the dashed line centred between the horizontal band indicates the  static composite 

fracture strain, ԑc , corresponds to fibre breakage and subsequent interfacial debonding (regime 1). 

 
Figure 2.4. Fatigue life diagram for UD fibre composites. Figure adapted from ref:[34]. 

 

The vertical line between this horizontal band implies that there is a scatter on the fracture 

strain.  The region below the lower bound of the fibre-breakage scatter band and above the fatigue 

limit of the matrix, ԑm , is a sloping band (regime 2) corresponds to matrix cracking and interfacial 

shear failure. These two damage mechanisms may occur simultaneously in one band towards the 

end of fatigue life. The occurrence of  some or all of these stages will clearly depend on the 

characteristics of the constituents and the lay-up geometry. The fatigue data from Harris et al. [33] 

replotted in terms of maximum strain versus number of cycles clearly shows the influence of fibre 

stiffness ( Figure 2.5). The high applied strains in the glass fibre composite  rapidly lead to stage 

2 (sloping band) of the Talreja model. The higher stiffness of the aramid fibre delay this stage until  

an advanced number of cycles, whereas the applied strains in the carbon fibre composite are barely 

high enough to exceed the matrix fatigue life and so the strain/log life curve remains almost flat.  
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Figure 2.5. Initial strain versus log life curves for fibre composites consisting of carbon, E-
glass, kevlar fibre reinforced epoxy resin matrix. The points on the extreme left of this graph (N 
= ½)  are tensile failure strains of the composites. Figure obtained from ref:[33]. 

 
The damage mechanisms of UD fibre reinforced composites have been reviewed based on 

different loading conditions. It is thought that the statistical distribution of flaws within a fibre 

composite plays a major role in the fibre failure under tensile stresses. While fibre kinking is 

responsible for the failure of fibre composite under compressive loading. Different span to 

thickness ratios and interlaminar strength of fibre composite will determine whether flexural 

(compressive or tensile) or shear failure will occur under flexural loading. The fatigue lifetime of 

fibre composite under tensile loading is influenced by the applied strain and fibre stiffness. Based 

on the level of applied strain, different fatigue damage mechanisms are obtained. It can be 

concluded that the reinforcing fibres as the main load carrying component play a major role in the 

failure of fibre composites.   

 

2.3 Tensile behaviour of UD hybrid composites 

Fibre hybrid composites are a combination of two or more fibres in a matrix. Hybridisation 

could alleviate the drawbacks of one of the fibre types while keeping the benefits of the other. It 

could also lead to synergetic effects that neither of the constituents possesses [35]. Due to their 

attractive properties, they have found a wide range of application and many studies on the 

mechanical properties have been conducted.  The tensile response of UD glass-carbon-glass 

sandwich laminates was explored by Hayashi et al. [36]. A typical stress-strain curve from this work 

is displayed in Figure 2.6. 
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Figure 2.6. Typical experimental stress-strain curve of a unidirectional glass/carbon hybrid 
composite. Figure adapted from ref: [36]. 

 
 

As can be observed in Figure 2.6., the first carbon ply failure of this hybrid specimen 

occurs at a peak stress of 650 MPa and 1.19% strain. This was followed by sudden stress drop 

probably related with unstable delamination between the fractured carbon and the intact glass ply 

due to excessive released strain energy. The remaining glass ply would continue to carry the load 

from 1.5% strain until final failure of the hybrid laminate at 2.3% strain.  In the original work by 

Hayashi et al.  [36], it was stated that the stress-strain curve was obtained from a load-controlled 

tension test. It should be noted that if the hybrid specimen were tested under load control, it would 

have already failed completely at the carbon ply failure strain as load-drops are not tolerated by the 

test machine. Based on this, it is suggested that the stress-strain curve in Figure 2.6. was obtained 

from a displacement-controlled tension testing.  The explanation for the unstable delamination at 

the first carbon failure is that a thick carbon ply (0.45 – 0.5 mm) was incorporated in this 

unidirectional hybrid configuration which releases high energy upon fracture.  

The behaviour of  hybrid composite made of alternating plies of unidirectional 

glass/carbon-epoxy (interply) under tensile loading was explored by Aveston et al. in [37]. The 

tensile stress-strain curve of this material is shown in Figure 2.7 with the non-linearity in this curve 

is due to multiple fractures (fragmentation) of the carbon ply followed by partial debonding 

between the glass and carbon ply. The OABC curve shown in Figure 2.7 is predicted by the de-

bonding theory developed by Aveston et.al. [37], [38]. A basic assumption of this theory is that the 

shear strength has a constant limiting value. For the line A-B, there is a process of multiple fractures 

of the low strain carbon fibre and delamination between the carbon and glass ply. After the failure 

of the carbon fibre ply, the stress distribution in the vicinity of this crack varied linearly from zero 

at the fractured site up to the stress value of the low strain fibres prior to failure at a site away from 

the fracture. The continuous curve OABC’ in Figure 2.7 itself displays an initial linear slope (EfVf 

+ EmVm) and deviates from linearity when the carbon fibre reinforced ply fractured. In their work, 
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the subscript ‘f’ refers to the low strain carbon fibre while ‘m’ refers to the combination of matrix 

and high strain glass fibre while E refers to Young Modulus and V refers to volume fraction. The 

final slope for the experimental curve decreases gradually to the stiffness value of EmVm but with 

an offset, which suggests that there is partial bonding between the carbon and glass ply, which help 

to transfer some load. The debonded area in their specimen is shown as a visible regular pattern 

of white regions on the specimen surface running perpendicular to the fibre direction as shown in 

Figure 2.8, which was visible due to the translucent nature of the glass ply, a similar phenomenon 

found in the work of Czél et al. [39]. Aveston et al. [37] also reported an increase of 50% in carbon 

strain to failure in the interply hybrid composite compared to the all carbon fibre composite 

specimen. Caution is needed because the carbon baseline strain is most probably affected by stress-

concentration at the end-tabs, causing premature failure of the carbon fibre composite, 

underestimating the carbon failure strain.   

 
Figure 2.7. Tensile stress-strain curve for hybrid glass/carbon-epoxy-composites. The 
continuous line represents the experimental work and the short-dashed line (OABC) is the curve 
predicted by the de-bonding theory. Figure obtained from ref: [37]. 

 

 



12 
 

Figure 2.8. Debonded areas (vertical white regions spaced at around 1 mm) seen on the surface 
of the tested hybrid composite. Figure obtained from ref: [37]. 

 
The effect of introducing glass fibre on the failure stress and strain of a hybrid laminate 

was explored by Aveston et al. [40]. The material configuration in their work was aligned 

intermingled carbon and glass fibre in an epoxy matrix. Based on their experimental observation, 

they developed a theory on the failure mode dependency of hybrid composite on carbon-glass 

volume ratio as can be observed from Figure 2.9, a clear transition point from single fracture to 

multiple fractures (fragmentation) of the carbon fibre is predicted from their theory. The notations 

in Figure 2.9 are described as: Vcarbon & Vglass denote the volume fraction of carbon & glass 

fibre respectively, the stresses σc, σg and σ’g are the strengths of the carbon fibre reinforced 

polymer (CFRP) , glass fibre reinforced polymer (GFRP) and the stress in the glass fibre at the 

failure strain of the carbon fibre, respectively. Increasing the proportion of carbon fibre will lower 

the laminate strength and failure will take place as a single fracture, as there is not enough glass 

fibre to withstand the load transferred by the broken carbon fibre. Increasing the volume fraction 

(Vf) of glass fibre allows them to carry the load after the carbon fibre fractured, leading to multiple 

fractures of the carbon fibre. Before the transition to multiple carbon fracture, the laminate fails 

with a single fracture at the strain to failure of the carbon fibre. After the transition point to multiple 

fracture of the carbon, the laminate fails at the failure strain of the glass fibres. As also reported 

from previous work by Aveston et al.[37], the tensile strain to failure of the CFRP ply in this hybrid 

system occurs at a higher strain than that of the pure CFRP composite laminate [40]. Their work 

[40] has allowed simple analysis to describe a straightforward relationship presented for the 

interactions between the high strain and low strain components of hybrid composites.  

 
Figure 2.9. The failure mode dependency of intermingled glass-carbon hybrid laminates on 
carbon-glass volume ratio. Figure obtained from ref: [40]. 

 

Bunsell et al. [41] adapted the concept of gradual failure to interply hybrid laminate which 

contain carbon fibre reinforced polymer (CFRP) and glass fibre reinforced polymer (GFRP) plies 

in a laminate. The tensile tests were performed on unidirectional laminates with different ratios of 
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CFRP to GFRP (1:1 and 1:2). The laminate tensile response for the 1:1 ratio did not show any 

noticeable differences whether the GFRP was on the outside of the CFRP or vice versa. While for 

the 1:2 ratio, only the CFRP ply sandwiched between the two plies of GFRP was tested to keep 

the symmetry of the laminate. The different failure strain of the carbon and glass fibres allowed 

the gradual failure to occur in the hybrid laminates, in the form of multiple fractures 

(fragmentation) across the entire width of the CFRP ply just like in [38],[40]. The behaviour of 

unidirectional hybrid laminates with different ratios of CFRP to GFRP under uniaxial tension 

revealed similar behaviour to the load-strain curves depicted in Figure 2.10. 
 

 
Figure 2.10. Load-strain curves for hybrid specimens consisting of one central CFRP ply 
sandwiched between two plies of GFRP. Figure obtained from ref: [41]. 

 

The load-strain curves shown in  Figure 2.10. consisting of a linear elastic region before 

the first failure in the CFRP ply followed by subsequent small load drops due to the multiple 

fractures of the CFRP ply and final failure due to glass ply fracture. The acoustic emission shown 

in  Figure 2.10 also recorded increasing amount of multiple fractures.   

Manders et al.[42] studied the effect of the glass/carbon volume ratio and the dispersion 

on the tensile mechanical properties of unidirectional (UD) glass/carbon/glass sandwich 

laminates. Two different load-strain curves for different carbon to glass ratios are shown in Figure 

2.11. 
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Figure 2.11. Load-strain curves for laminates with thick and thin carbon ply (a) 0.38 mm 
carbon-ply & 1.02 mm glass-ply and (b) 0.13 mm carbon-ply & 1.14 mm glass-ply. Figure 
obtained from ref: [42]. 

 
The progressive load drops for the thinner carbon ply in Figure 2.11 (shown by the black 

arrow) was due to multiple fractures (fragmentation) of the central carbon ply followed by partial 

delamination between the glass and carbon plies. In the case of the thicker carbon ply (0.38 mm), 

the sudden load drop was due to carbon fibre ply failure followed by unstable delamination of the 

failed ply along the gauge length. The stress rises further when only the glass ply is taking the load. 

Based on the load-strain curve in Figure 2.11,  it is concluded that for the thinner carbon ply (0.13 

mm), higher tensile strains to failure were achieved than in thick-ply, 35% increase in carbon strain 

to failure was reported in this work [42]. It was also reported that for thinner central carbon plies, 

or lower carbon to glass ratio, a lower extent of delamination between the glass and carbon plies 

was observed.  

Previous work by Aveston et al. [43] has shown that it is possible to achieve gradual failure 

by multiple fractures (fragmentation) of the matrix (low strain material) when the strain to failure 

of the fibre is higher than that for the matrix. To achieve this, the volume fraction of the matrix 

should be low, and the strength of the fibre should be greater than the strength of the matrix, to 

avoid fracturing the fibre. This work demonstrated a stress-strain curve with elongation at constant 

stress which would occur after the initial point of matrix fracture as shown in Figure 2.12. The 

strain increases until the cracks in the matrix saturate and the fibres carry all the load, which is 

shown as a section of increasing stress up to the failure of the fibres in Figure 2.12. For this to 

occur, the assumptions made in the study are the following: the matrix has uniform stress without 

a distribution and that it has constant interfacial shear strength. Aveston et al. [43] also assumed 

that the fibres are able to ‘slip’ through the fractured matrix material after they have debonded, 

which is predominantly not the case for the intermingled and interply hybrid composites. The 

tensile stress–strain response depicted in Figure 2.12 shows a stress plateau which marks the 

multiple fracture of the matrix for the partially bonded / frictional case (dashed line) while for the 

bonded / elastic case (continuous line) is replaced by a slight increase of stress. This stress increase 
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for the bonded / elastic case is due to the load sharing between the matrix and fibre. At one point, 

there is a further increase in stress for both curves where the undamaged high strain material (fibre) 

takes all the load.  

 

 
Figure 2.12. Stress-strain curve of the unbonded case (frictional) and bonded case (elastic) as 
shown by the dashed line and solid line respectively. The stress plateau marks the multiple 
fracture of the low strain matrix (cement) embedded with high strain fibers. Figure obtained 
from ref: [43]. 

 

An equation based on a stress-criterion developed by Aveston et al. [38] to predict interfacial 

debonding taking into account the maximum interfacial shear stress was also proposed, which 

suggests that intermingled and interply laminated composites are prone to partial debonding. 

Other work on hybrid composites [44]–[47] has showed the potential to introduce gradual 

failure over a range of strains by combining different types of fibre, either into an intermingled 

[48], [49] or by creating interply hybrid structures [41],[36] . Summarising the early published work, 

there is potential to obtain gradual failure in hybrid composite and higher failure strains than in 

single fibre type composites by incorporating thin carbon plies or keeping a low carbon to glass 

ratio in a glass/carbon hybrid composite system.   

 

2.4 Thin-ply composites 

The previous work on hybrid composites incorporated relatively thick carbon plies in a 

glass/carbon epoxy hybrid system [36], [42]  The thick carbon ply may cause delamination between 

the failed ply after the first carbon ply failure due to the high strain energy release rate. The carbon 

fibre also has low strain to failure which is not of particular interest for industries due to limited 

exploitation of the carbon fibre mechanical properties. Subsequently, this section will discuss thin-

ply composites, which offer a potential new material architecture for composite applications. 
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Thin-ply technology has drawn industries attention in the past few decades due to the 

advantages it offers compared to the standard thickness plies, such as more flexibility to design 

composite laminates. A decrease of ply thickness would result in an increase of delamination 

initiation stress as shown by Leguillon’s model for angle ply [ ±θ]s laminate specimens with 

different layups = 10o, 20o, 30o [50] due to the lower energy release rate of the thin laminate. It was 

also shown by Kim [51] that this thickness effect alters the delamination onset stress for different 

layups of: [±30n/90]s, [±30n/90n]s, [0n/±45n/90n]s, [0/±45/90n]s, [0/90n/±45]s, [0n/90n/±45n]s, 

etc., where n is the number of repeated plies. It should be noted that for the above-mentioned 

layups, the stacking sequence and volume fraction of each ply orientation remained the same, only 

the number of repeated plies changed. The overall result shows that with decreasing number n, the 

delamination onset stress increases.  

The efforts to reduce ply thickness below the conventional 0.125 mm thickness have 

proven to be slow and costly. As mentioned by Sihn et al. [52], sometimes the fibres in the ply can 

be damaged during the process of manufacture [52]. Kawabe [53] introduced a breakthrough 

technology to make thin-plies by using a pneumatic technique to spread the fibre tows. The tows 

are drawn over a set of guide rolls with a duct in between that is connected to a vacuum source 

below the tow. The air is sucked downwards, making the fibre bundle uniformly dispersed (Figure 

2.13). The pressure differential between the outer and inner fibres of the tow causes the fibres to 

spread out uniformly as shown in Figure 2.14. As a result of the low airflow velocity, the spreading 

out of the filaments does not cause significant damage to the individual fibres. Kawabe [53] has 

stated that there is an optimum airflow velocity and tow sag to create uniformly dispersed tow. It 

should also be noted that the feed velocity of the tow itself has almost no effect on the spreading 

width of the tow within a reasonable range. This technology has been used to spread-out 

conventional heavy tows such as 12K filament carbon tows (nominally containing 12000 individual 

filaments) with an original 11 mm width into a thin tape with a new dimension of 20 mm width 

[53]. After it has been spread and impregnated with epoxy resin, an aerial weight of 40 g/m2 CFRP 

material can be achieved. 
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Figure 2.13. Carbon fibre tow guided by the rolls being fed into the air duct which enables them 
to spread out due to tension-free state. Figure obtained from ref: [52]. 

 

 
Figure 2.14. Schematic of the pressure gradient from the inner to the outer fibres due to airflow 
causing fibre spreading. Figure obtained from ref: [52]. 

 

This tow spreading technology has been adapted and fully industrialised by several 

companies such as SK Chemicals, North Thin-ply Technology (NTPT), and Chomarat. SK 

Chemicals are able to manufacture carbon fibre prepregs with an aerial weight of 20 g/m2 and a 

thickness of 0.025 mm. Meanwhile, North Thin-ply Technology can produce thin-ply material 

covering a wide range of fibre types (carbon, glass, aramid, quartz, polymer fibre) with an aerial 

weight as low as 18 g/m2. Bi-axial thin-ply non-crimp fabrics (NCF) using combinations of [0/25] 

and [0/45] layups in areal weights of 75 g/m2 or 150 g/m2
 are also being manufactured by 

Chomarat. 

Another experimental study by Kim et al. [54] on the effect of ply thickness on edge 

delamination in a laminate with a lay-up of [±45n/0n/90n]s , has proven that with decreasing ply 

thickness, the occurrence of transverse micro cracking and delamination can be suppressed. 

Experimental and numerical studies conducted by Saito et.al. [55] suggested that by using thin 90o 

ply in [0o/90on/0o] laminates, the stress for transverse crack initiation can be increased and thus 
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crack penetration into the 90o ply can be suppressed. With this potential, several studies of thin-

ply materials manufactured by the tow spreading process have been undertaken [52], [56]–[59].  

Sihn et al. [52] conducted a series of experimental tests on thin (tp = 0.04 mm) and thick-

ply (tp = 0.2 mm) laminates. The testing included quasi-static and fatigue tension tests of unnotched 

and open hole laminates and compression after impact (CAI). Quasi Isotropic (QI) CFRP [45/0/-

45/90]n, where n is the number of repeated plies were employed during the experiments. The quasi-

static tension tests revealed that the ultimate tensile strength of thin-ply laminates (tp = 0.04 mm) 

is approximately 10% higher compared to the thick-ply one (tp = 0.2 mm) and were linear up until 

the final failure. As for the fatigue testing, after 50,000 cycles at 60% of the unnotched thin-ply 

laminate strength, the thin-ply laminate retains its static tensile strength. In contrast, the thick-ply 

laminate showed strength and stiffness reductions of 17%.  X-Ray computed tomography (XCT) 

images of the thick-ply laminates at 50,000 cycles, showed extensive micro-cracking and 

delamination from the free edge. While for the thin-ply specimens, there was little or no visible 

damage after 50,000 cycles. In static open hole tension tests (OHT), the ultimate tensile strength 

of the thin specimens is approximately 10% lower than that of the thick specimens. XCT images 

of the thick specimens show fibre splitting and many microcracks near the hole edge as well as the 

outer free edges. These damage mechanisms relaxed the stress concentration near the hole, which 

resulted in higher notched strength for the thick specimen. Acoustic emission (AE) event counts 

of the QI thin and thick specimens monitored during OHT loading, revealed fewer damage events 

for the thin-ply specimens. This agrees with the lower level of damage observed in the thin-ply 

laminates on the XCT images. For Impact testing, the results were not conclusive, as the ultrasound 

c-scans indicated that the thin and thick specimens displayed a similar depth and size of 

delamination area, nevertheless, the thin specimens sustained a higher stress level for bifurcations 

from the strain gauge measurement on the front and back faces of the laminate under CAI testing. 

This higher bifurcation load suggests that the thin-ply laminates are able to withstand higher loads 

without delamination than the thick-ply laminates. 

 Yokozeki et al. [58] performed an extensive study on the damage resistance and strength 

properties of thin-ply and thick-ply quasi-isotropic (QI) carbon fibre reinforced polymer (CFRP) 

laminates. The QI laminates were made of [45/0/-45/90]ns symmetric lay-up where n is the 

number of repeated plies. The experimental study covered quasi-static tension, cyclic tension, open 

hole compression test (OHC), unnotched compression tests (UNC) and compression after impact 

(CAI). The areal weights of the standard thickness prepreg and the thin-ply prepreg were 145 g/m2 

and 75 g/m2, respectively. While the thickness of the standard and thin-ply prepregs are 0.14 mm 

and 0.07 mm, respectively. The thin-ply laminates showed 20% higher ultimate tensile strength 

than the thick-ply laminates under static tension loading. Acoustic emission (AE) signal monitoring 

and X-ray images of both laminate types indicated that the thin-ply laminate has higher damage 

resistance over the course of static loading. The stress-strain curve of the thin-ply laminate is linear 

up until final failure and it exhibits brittle failure as already shown by Sihn et al. [52]. For the fatigue 
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tests, thin-ply laminates were found to be less susceptible to the propagation of free-edge 

delamination over the course of cyclic loading and in turn yielded higher fatigue strength and a 

longer fatigue life. As for the UNC, OHC and CAI tests, positive trends for the thin-ply laminate 

were seen. An increase of 16% in compressive strength for the thin-ply laminates under UNC 

conditions was obtained. The ability of thin-ply laminates to resist delamination growth contributes 

to the compressive stability and higher strength under OHC and CAI test.   

Out-of-plane responses of thin and thick-ply laminates have also been investigated by 

Yokozeki et al. [59]. The material type and quasi-isotropic (QI) stacking sequence from the 

previous work [58] were kept and specimens were subjected to quasi-static indentation. It was 

shown from the experiments, that there are different damage mechanisms between standard ply 

thickness and thin-ply laminates. The thin-ply laminates were more resistant to damage 

accumulation compared to the standard ply thickness laminates at the same deflection. Microscopic 

observations for these two laminate types showed more damage sites developed in the thick 

laminates. The damage processes for the two laminates were different: accumulation and growth 

of delamination and matrix cracks were observed in standard ply thickness laminates, while sudden 

fibre fractures occurred in thin-ply laminates. From their finite element analysis, it is suggested that 

the different delamination positions affect the damage process in the two laminates. X-ray 

inspection for both laminate types at the same deflection revealed considerable delamination on 

the tensile side of standard thickness laminates in contrast to the thin-ply laminates. This implies 

that the standard thickness laminates are prone to matrix cracking on the tensile side. While for 

the thin-ply laminates, delamination sites grow in the middle of the laminate away from the tensile 

side. This shows that thin-ply laminates have more resistance to the growth of matrix cracks on 

the tension side. By having high resistance against matrix cracking and delaminations near the 

tensile surface, there is no reduction of stress in the fibre direction and thus fibre failure at the 

tensile side would suddenly occur in thin-ply laminates as observed during indentation tests. While 

the fibre fracture on the tensile side is delayed in the standard thickness laminates due to the 

delamination growth near the tensile side and thus stress in the fibre direction is reduced. The fibre 

breakage of thin-ply laminates occurs at higher stresses compared to the standard thickness 

laminates when the same deflection was applied. This implies that the thick laminates suffer 

extensive delamination growth and loss of stiffness before final failure.  

The ply thickness effects in QI laminates of NTPT materials with [45/90/45/0]ns lay-up 

sequence were investigated by Amacher et al. [57]. The investigated laminates were made with three 

different areal weights of carbon fibre reinforced polymer material: 30, 100 and 300 g/m2, referred 

to as thin, intermediate and thick, respectively. For each of these ply thicknesses, several 

mechanical tests such as unnotched tension, open-hole tension, fatigue, open-hole compression, 

bolted joint bearing tests were conducted. For the QI laminates in this work, the number of sub-

laminate plies are n=1, n=3 and n=10 for 300, 100 and 30 g/m2 materials, respectively to keep the 

same overall thickness. The specimen dimensions including the laminate thickness were kept 



20 
 

constant. Static tensile tests revealed that the thin-ply laminates failed at 1644 MPa (15% higher 

strength than the thick-ply laminates) as also concluded from the work of Sihn et.al. [52], while the 

intermediate ply thickness laminates failed between the two values of the other laminates. For the 

thick-ply laminates, the onset of damage was earlier at 248 MPa, in the form of transverse cracking 

and delaminations. In contrast, only a limited amount of damage occurred in the thin-ply laminates 

before brittle final failure with a single crack running perpendicular to the loading direction. The 

ability of thin-ply laminates to resist damage led to brittle failure at a lower stress compared to the 

thick-ply one for quasi-static open-hole tension tests, which is comparable with the results from 

the work of Shin et al. [52]. This was due to damage development that took place in the thick-ply 

laminates, leading to the redistribution of stresses around the hole. For open-hole fatigue tests, the 

results that compared well with the work of Shin et al. [52] were identified. During cyclic loading, 

damage detection of the specimens by using acoustic emission indicated more intense damage 

accumulation in the thick-ply laminates than in the thin-ply ones. This was also supported by the 

ultrasound C-scan images that were taken at 50000 cycles when the fatigue testing was stopped. 

The thick-ply laminates also displayed significantly lower fatigue life, failing at 20000 cycles, at the 

same stress level (315 MPa) as that for thin-ply laminates which survived for more than one million 

cycles and did not show any sign of damage. Thin-ply laminates displayed high strength during 

quasi-static open-hole compression tests, where they failed at 18% higher stress than the thick-ply 

laminates. The bolted joint bearing tests conducted at both room temperature and in ‘hot-wet’ 

conditions at 90oC showed that the thin-ply laminates failed at 23% and 138% higher stresses at 

each condition, respectively. The thick-ply laminates developed delaminations followed by local 

crushing of the laminate around the bolt, while the thin-ply laminates only displayed local crushing 

in the vicinity of the joint. 

 Thin-ply laminates have also been successfully used to inhibit the instability of fibre 

composites in compression as reported by Amacher, et al. [56]. They compared the compressive 

performance between three different ply thicknesses: thick (300 g/m2), intermediate (100 g/m2), 

and thin (30 g/m2). For the thin laminates there was an increase of 21% and 24% in compressive 

strength compared to the intermediate and thick laminates, respectively. This is because the resin 

rich regions usually found in standard thickness laminates are minimised and this could further 

supress the compressive instability. Based on the state of the art presented above, it has been 

shown that incorporating thin-plies in laminates (thickness below standard thickness of 0.125 mm) 

can increase the strength, failure strain and suppress damage. The ability to resist transverse matrix 

cracking and delamination can increase the peak strength of the thin-ply laminates. Although The 

final failure of the thin-ply laminates under uniaxial tension is of a brittle nature. Where damage 

resistance is the key requirement for applications, the behaviour of thin-ply composites is 

interesting for further investigation. 

 

2.5 Pseudo-ductility of UD thin-ply hybrid composites 
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As shown in the previous work on hybrid composites [40]–[42], hybridisation can be used 

to achieve a controlled and gradual failure behaviour of the material when incorporating low 

thickness carbon plies in a glass/carbon hybrid system. It has been discussed in Section 2.4 on 

thin-ply composites that this material has the ability to suppress damage such as matrix cracking 

and delamination due to its low energy release rate. With the advent of tow spreading technology 

[53] to produce thin carbon prepregs, it is possible to combine this material with high strain glass 

plies. 

The availability of thin-ply prepregs has attracted researchers to develop thin-ply hybrid 

composites [60]–[64]. These hybrids are made of thin carbon fibre reinforced polymer (CFRP) 

prepregs (0.03 mm) and standard thickness glass fibre reinforced polymer (GFRP) prepregs (0.155 

mm), with the CF ply located in the middle of the laminate, as depicted in Figure 2.15. 

 
Figure 2.15. Configuration of hybrid laminate showing the location of glass and carbon plies 
respectively. To achieve pseudo-ductility via gradual failure of the carbon ply, the ratio of glass 
ply to carbon ply thickness can be adjusted. Not to scale. 
 

Work which was undertaken by Czél et al. recently [21], [22] focuses on combining the 

benefits of thin-ply laminates with the non-linear, gradual failure that hybrid laminates can exhibit. 

The work conducted by Czél et al. [39][60] has shown that the thin-ply hybrid configuration (as 

shown in Figure 2.15.) produced gradual failure and pseudo-ductile response as shown in Figure 

2.16. 

 
 Figure 2.16. Stress-strain curves for selected thin-ply hybrid laminates. The lay-ups are 
[SG2/Cn/SG2] & [SG/Cn/SG]. Pseudo-ductile response is shown for n =1 & 2 of the 
[SG/Cn/SG] configuration. Figure obtained from ref: [60]. 
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They demonstrated that if the carbon in a glass/carbon hybrid is thin enough (less than 

about 0.06 mm which is two carbon plies), catastrophic delamination propagation around the first 

carbon ply fracture can be suppressed and therefore further fractures in the carbon ply may occur. 

If the load is increased and the glass ply is not broken, then the fragmented carbon ply may start 

to pull-out in a stable manner. A change in failure mode occurred as the thickness of the carbon 

ply was increased. All configurations showed an initial linear stress-strain response up to an initial 

fracture of the carbon ply. After this point the behaviour was dependent on the number of carbon 

plies: For a [SG/Cn/SG] hybrid configuration, where SG is the glass ply and C is the carbon ply 

respectively, a single ply of glass fibre on each side was used so in total two glass plies were utilised. 

For n = 1 — the stress level continued to rise at a lower slope before final failure of the specimens; 

for n = 2 — a long, horizontal stress plateau was observed following the initial carbon ply fracture 

and the failure again occurred after a second rising part in the stress-strain curve; for n = 3 — a 

load drop corresponding to delamination was seen immediately after initial carbon ply fracture, 

followed by a plateau at a lower stress than that at first fracture, finally there was an increase in 

stress prior to failure; for n = 4 — a similar load drop was exhibited, followed by a shorter plateau 

and a second rising part. As observed by Czél et al. [39] in their experimental work, there was a 

change in damage mechanisms as the number of carbon plies (n) increased beyond two. During 

tensile loading of the thin-ply hybrid composites, multiple fractures in the carbon ply occurred for 

the laminates with n = 1 and n = 2. As Figure 2.17  presents, the damage patterns are shown as a 

black and yellow stripe. Well bonded areas appear black and the locally delaminated areas just 

around the cracks in the carbon layer are visible as the yellow stripes due to the translucent nature 

of the glass/epoxy outer ply of the hybrid laminate. The yellow stripe corresponds to the colour 

of the epoxy resin.  

 
Figure 2.17. Different damage patterns for selected thin-ply hybrid laminates. The lay-ups are 
[EG2/C/EG2] and [EG2/C2/EG2]. The localised delamination is shown as a yellow striped 
pattern around the visible cracks in the carbon ply. Figure obtained from ref: [39]. 

 
 
 The localised delamination shown in Figure 2.17 took place at either side of the specimens 

[39], showing that thin carbon ply effectively suppressed the unstable delamination growth after 

the first carbon fibre fracture. It is also shown that the spacing of fractures changes with carbon 
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ply thickness. The hybrid with a single carbon ply (n = 1) developed a high density of 

fragmentations compared to the double carbon ply type specimen. As for the hybrid with three 

(n=3) and four (n=4) carbon plies, sudden growth of delamination from the initial carbon fracture 

dominates the failure behaviour. It was observed that a single delamination extended out from the 

fracture at the carbon-glass interfaces immediately after the first carbon ply fractured. This unstable 

growth of delamination is responsible for the stress drop as shown in Figure 2.16 for the hybrid 

configurations with thicker carbon plies. During the stress plateau, further growth of delamination 

at the carbon-glass interfaces took place. The stress increase at the end of the plateau marks the 

load transfer from the damaged carbon ply to the undamaged glass ply. In terms of first carbon 

strain to failure, the hybrid with single and double carbon plies exhibited different initial carbon 

strain to failure, where its failure strain increased with decreasing number of carbon plies. The 

reason behind the strain enhancements in thin-ply hybrid composites is explained by Wisnom et 

al. [65], as their model illustrated that for thin-ply hybrid laminates, the glass plies were able to 

delay the failure of the carbon ply by constraining  the growth of broken carbon fibre clusters at 

the boundaries of the thin carbon ply. The final failure of the thin-ply hybrid composites occurred 

at a strain lower than the glass fibre failure strain mentioned by the manufacturer (5.5%), displaying 

a similar trend as presented by Kretsis [47] and Swolfs [66]. It should be noted that the pseudo-

ductile responses shown in Figure 2.16 for [SG/Cn/SG] with n =1 and 2 are possible because the 

selected thin-ply carbon laminates had reduced strain energy release rates at the first carbon ply 

fracture, as pointed out in the previous work by Czél et al. [39], thereby avoiding catastrophic 

delamination. These results build on earlier studies [38], [40], [41] which reported that the layup 

configuration and properties of each material within the hybrid laminate influences the stress-strain 

response; in other words, the stiffness, failure strain, modulus and thickness of the constituent 

plies determine the failure type, (brittle or pseudo-ductile).  

Jalalvand et.al. [64] investigated the failure mechanisms exhibited by the thin-ply hybrid 

laminates that were tested in their previous work [39]. Their numerical model is capable of 

predicting the failure mechanisms, e.g. in glass-carbon-glass hybrids. The finite element analysis 

(FEA) method in [64] was able to capture the stress-strain behaviour of the four glass/carbon 

hybrid configurations with varying carbon ratios tested by Czél et al. [39]. For the two thinner 

laminates, the model successfully captured the initial linear region but underestimated the stress 

and strain of the first carbon fibre fracture; the predicted amount of pseudo-ductility for those 

laminates was less than that observed experimentally. For the thicker laminates (n = 3 and 4), 

where n is the number of carbon ply utilised, better overall predictions were made, as the model 

was able to predict the strain for the load-drops, their magnitude, the stress plateau and final 

increases in stress. The predicted damage mechanisms based on the numerical modelling correlated 

well with those observed experimentally, hence allowing a damage mode map to be constructed 

showing the dependence of these failure modes on the relative and absolute CFRP thickness. 
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Figure 2.18. Damage mode map showing the damage and failure behaviour of interply hybrid 
laminates in terms of the absolute and relative thickness of the CFRP ply. The boundaries between 
different damage processes give a simple method to choose an optimal layup. Figure obtained from 
ref:[64]. 
 

The damage mode map in  

Figure 2.18 which shows the boundaries between the areas corresponding to different 

damage mechanisms of CFRP fragmentation, delamination at the carbon-glass interfaces and 

catastrophic failure gives a simple and clear method to design thin-ply hybrid composites. Although 

finite element analysis (FEA) has successfully predicted the damage mechanisms and can inform 

laminate design through a damage mode map for thin-ply hybrid composites, it is computationally 

expensive. An analytical method was later developed by Jalalvand et. al. [67] that employed a 

representative volume element to predict the stress-strain response. To fully capture the thin-ply 

hybrids behaviour, discrete sections of the response were modelled: initial linear response, first 

carbon ply failure, subsequent damage and final failure. Different failure criteria were used for the 

thin-ply hybrid damage mechanisms: a stress-based criterion defined the initial fragmentation of 

the CFRP ply; an energy-based formulation to describe the onset of delamination and the final 

failure of the laminate, determined by a probabilistic approach that applied a distribution to the 

strength of the glass ply in the fibre direction. To build up the stress-strain response, the stress 

state in the laminate was compared to the stress level needed to trigger a particular type of damage. 

The stress-strain response from this work agrees well with the experimental results from [39], as 

shown in Figure 2.19. 
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Figure 2.19. Stress-strain curves are shown for a selection of the glass-carbon laminates 
modelled and tested. The layups shown are [EG2/Cn/EG2], where n increases, left to right, from 
1 to 3. Figure obtained from: [34]. 

 
 

For the hybrid laminates with n=1 and n =2, where n is the number of carbon plies 

employed, the model was able to predict the stress and strain at initial carbon ply failure. The 

fragmentation of the carbon ply was predicted as the stress plateau, but the model was not able to 

capture the fluctuations in stress. For the thick laminates (n = 3), the load drop due to delamination 

was also predicted, as well as the width of the plateau and the subsequent stress increase. In parallel 

to this work [67], a new series of experiments with thin carbon ply and standard thickness S-glass 

ply was performed. By incorporating higher modulus and higher strain S-glass the hybrid laminate 

could be made more efficient by using fewer S-glass plies to sustain the load transfer from the 

failed carbon plies. As before, the model developed by Jalalvand et al. [67] correlated well with the 

experimental results, with all aspects of damage evolution being captured. From the previous work 

on thin-ply hybrid composites, pseudo-ductile response has been successfully achieved and 

understood under tension loading. The results discussed in the literature review for pseudo-ductile 

behaviour so far is related to the design and modelling framework developed for uniaxial tension 

loading only, while the pseudo-ductile response under compression and bending has not been 

investigated extensively before.  

 

2.6 Compressive behaviour of UD hybrid composites 

The hybrid composites discussed above have shown desirable pseudo-ductile failure in 

tension by hybridising unidirectional (UD) standard thickness glass and thin carbon prepreg plies 

and exploiting the stable fragmentation and dispersed delamination of the carbon ply, therefore 

avoiding catastrophic failure [39],[68]. In practice, there are load scenarios other than tension that 

need to be considered when designing structural components made of thin-ply hybrid composites. 

Compression behaviour of fibre reinforced polymer composites is of significant interest in 

structural design as it usually limits the potential application of the material if the part is not 

properly designed to withstand compressive loading. It has been shown that the shear instability 

of the fibre within a relatively unsupportive matrix dictates the compressive failure modes of many 

fibre reinforced polymer composites. Previous work on the compressive properties of 

unidirectional (UD) fibre composites have shown that the principle failure mechanism of fibre 
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micro buckling is governed by this instability which is influenced predominantly by the initial 

misalignment of the fibres and the stress-strain response of the matrix [26], [28], [77]–[81], [69]–

[76]. The instability itself induces high shear strain in the matrix followed by fibre buckling. 

Instability initiates the failure, creating fibre kinking that leads to catastrophic failure [70],[26],[78]. 

When initially parallel misaligned fibres are loaded in axial compression, they start to rotate, and 

this will induce shear stress in and out of plane as shown in Figure 2.20. For simplicity, only in-

plane shear stress is shown in Figure 2.20.  

 
Figure 2.20. Schematic showing the failure mechanisms of a unidirectional fibre composite 
under longitudinal compression loading. (a) initial misaligned and parallel fibres (b) increased 
misalignment due to applying load (c) kinking with shear stress between fibre and matrix. 

 
The kinked fibre will deform all together thus reducing the strength of the fibre composite. 

In other words, it is the overall instability that usually governs the failure of fibre composites under 

compression. So in general, the compressive performance of fibre composites is mainly governed 

by initial fibre misalignment, and shear characteristics of the composite – dominated by the matrix 

and the stress-strain response of the matrix in shear [69] [26],[74],[76],[82]. As already shown by 

previous studies [74][79], the failure may also initiate at shear stresses lower than the yield strength 

of the matrix, due to local reduction of modulus caused by the non-linear response of the matrix.  

 Hybridisation of low strain carbon fibre with high strain glass fibre is one method to 

improve compressive strength due to the ability to resist kink band propagation as mentioned by 

Chaudhuri, et.al. [83]. The reason behind this idea is related to the suscepbility of carbon /epoxy 

composites to initial fibre misalignment due to their shear characteristics (sucah as ultimate shear 

strain and  initial shear modulus) and small fibre diameter [84]  causing premature failure under 

compression. On the other hand, S-glass/epoxy composites are less sensitive to initial fibre 

misalignment due to their larger fibre diameter and better shear characteristics compared to the 

carbon/epoxy [82]. To demonstrate this idea, hybrid composites made of unidirectional 

commingled S-glass fibre at the tow level with carbon fibre were submitted to uniaxial compression 

loading [83]. A Griffith type fracture criterion was introduced by Chaudhuri et al. [83] to determine 

the required glass-carbon ratio for the toughness enhancement against kink band formation. From 

the model, it was concluded that with the minimum glass fibre content of 15%, an increase in 
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toughness against kink band propagation can be achieved. This translates into a 4.4% increase in 

compression strength for the hybrids compared to an all carbon composite [83]. There was also a 

change in failure mode from the all carbon composites to the hybrid one. The commingled 

carbon/glass/epoxy specimens displayed multiple fracture of fibres, and the baseline carbon 

composites showed catastrophic brittle fracture. 

Sudarisman, et. al. [85] studied the effect of combining silicon carbide fibres with carbon 

fibres to produce unidirectional interply hybrid composites. They found no significant increase in 

compressive strength, compression modulus, and work of fracture compared to all carbon fibre 

composites and due to the higher density of SiC, the specific compressive strength and elastic 

modulus generally decreased. The failure mode consisted of fibre crushing for pure SiC fibre 

composites and the presence of longitudinal fibre splitting with kink band for the hybrid 

specimens. It was noted from their work, that the presence of carbon fibre in the hybrid specimen 

controlled /limited the compressive properties of the hybrids[85]. 

 The compressive toughness properties of multidirectional hybrid composites composed of 

a combination of high strength (HS) and intermediate modulus (IM) carbon fibres was explored 

by Tsampas, et al. [86]. The lay-up of the laminate being used in this study was [0/90/45/-45]2S 

employed to study the sensitivity to specimen geometry and loading conditions. The result of the 

compact compression tests of the hybrids revealed superior compressive performance in 

comparison to the monolithic configurations of HS and IM. An increased peak load of ~18% and 

4% relative to the HS and IM plain carbon laminates, respectively, were observed for the hybrids. 

After the peak load, there was a gradual failure in the compact compression testing for the hybrid 

material. The improvement in failure load and the gradual failure type of the hybrid material is due 

to the improvement of the in-plane shear support from the stiffer material and higher delamination 

fracture toughness [86]. 

 Iqbal et al. [87] explored the effect of glass to carbon fibre ratio and laminate geometry on 

the compressive properties of hybrid composites. Unidirectional intra-ply and inter-ply hybrid 

composites were experimentally tested in longitudinal compression loading. When having the same 

carbon to glass ratio, e.g. 50%, the results for the intra-ply laminates displayed an increase of 31% 

for the compressive failure strain compared to the plain carbon laminates. Meanwhile for the 

interply, there was an improvement in failure strain of about 30% compared to the plain carbon 

one. In general, when the carbon fibre content in the hybrid laminates increases, the compressive 

failure strain decreases [87]. The compressive strength for the intraply hybrid is 3.5% higher 

compared to the interply hybrid laminate for 50% carbon-to-glass ratio. The intraply hybrid 

laminates have better compressive properties compared to the interply one due to the higher degree 

of carbon ply dispersion within the intraply laminates. The carbon ply is surrounded by higher 

strain glass plies which constrains the possible damage development. Their findings highlight the 

importance of a high degree of carbon ply dispersion to gain an improvement of failure strain and 

strength in compression loading.  
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 Czél et al. [88] have reported a benign change of slope in the load-compressive strain curve 

of an asymmetric unidirectional hybrid composite made of a thin high modulus M55 carbon/epoxy 

and thick glass/epoxy plies loaded in four-point bending which was due to the progressive 

fragmentation of the carbon ply on the compression side of the specimen. The four-point bending 

method was selected to prevent local failure under the loading nose and to achieve uniform 

bending moment between the loading noses. This phenomenon of carbon ply fragmentation in 

compression has not been reported elsewhere and it is also one of the research topics of this thesis.  

 The previous work to characterize the compressive performance of fibre composites has 

led to the use of hybridisation between high strain and low strain fibres to prevent kink band 

propagation. Thin-ply laminates have also been used to inhibit compressive instability. By 

combining standard thickness glass with thin intermediate modulus carbon ply laminates, it is 

possible to achieve better performance in compression due to suppression of instability compared 

to monolithic laminates. However, there is still lacking experimental results on compression 

characterisation of thin high modulus carbon/epoxy plies with standard thickness s-glass/epoxy 

to examine if whether the failure behaviour of this hybrid is governed by instability. 

2.7 Flexural behaviour of UD hybrid composites 

Previous work to achieve gradual failure in fibre composites under tension [21], [22] and 

compression [87] [88] loading has been successful by hybridising low strain and high strain fibre 

materials. Based on these successful results, there is a possibility to achieve gradual failure of fibre 

reinforced polymer composites under flexural loading as different regions of the cross-section 

simultaneously undergo tensile and compressive loading. 

Dong et al. [89] conducted three point bending experiments on unidirectional carbon/glass 

intraply hybrids with the following stacking sequences: C6, G1C4, G2C3, G5. For each of the hybrid 

configurations, the glass ply was loaded on the compression side. The chosen configurations were 

chosen to achieve a thickness around 2 mm.  The obtained average flexural strengths for G2C3 

configuration from the experiments are 40.2% and 9.2% higher than the pure carbon and pure 

glass reference composites respectively. While for the G1C4 configuration, it is 90.6% and 48.2% 

higher than the pure carbon and glass reference composites. The achieved strength for the hybrids 

was higher than the values predicted by both finite element analysis and classical laminate theory. 

From the microscopy of the failed specimens, the hybrid laminates with G2C3 configuration failed 

on the compressive side with the tensile side relatively undamaged. In contrast to the previous 

hybrid laminates, for the G1C4 configuration, failure occurred on the tensile side where carbon ply 

resides, while the glass ply on the compression side are relatively undamaged. This failure type may 

have contributed to the higher flexural strength for this particular configuration. 

Similarly to Dong et al. [89], Giancaspro et al. [90] employed a three point bending test set-

up to assess the flexural properties of unidirectional carbon/glass interply hybrid laminates. Three 

configurations of hybrid laminates were utilised in this study: E-Glass ply sandwiched between 

carbon ply, asymmetric carbon/glass hybrid laminates, alternating lay-up of carbon and E-glass ply 
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to make symmetric hybrid laminates. They noticed that the pure carbon fibre composites failed 

mainly on the compression side, while the E-glass fibre composites failed on the tension side. As 

for the hybrid laminates, the flexural strength increased when the carbon fibre plies were added to 

the tension side, while the addition of the carbon fibre plies to the compression face did not give 

significant increases in flexural strength. In the latter case, the failure mode changed from failure 

in the tension side to fibre crushing on the compression side.  The same thing could be said for 

the E-Glass plies sandwiched between carbon ply configurations, where having the carbon on the 

tension and compression side also did not improve the flexural strength, with failure on the 

compression side. They discovered that the pre-buckled shape of the carbon tows facilitates local 

compressive failure, followed by global failure of the specimens.  

The flexural properties of hybrid unidirectional  polymer composites containing a mixture 

of silicon carbide (SiC) and carbon (C) fibres were evaluated by Davies et al. [85] using the three 

point bending method. The examined interply hybrid configuration is an asymmetric SiC/Carbon 

hybrid laminate where the SiC ply were positioned close to the compressive side. Three different 

span-to-thickness, (S/d) ratios of 16, 32, 64 were used to study the flexural response of hybrid 

laminates. In general, the flexural strength, maximum flexural strain, and flexural modulus 

increased with increasing S/d. This behaviour is attributed to the reduced effect of shear. The 

failure type for the hybrids tested with three S/d ratios is compressive failure beneath the roller 

with fibre micro-buckling observed on the compression side. Due to the high stress concentration 

under the loading nose in three-point bending, compressive failure beneath the roller is considered 

premature failure. This work demonstrated that replacing 12.5 vol% of carbon fibre on the 

compression side by silicon carbide fibre increased the flexural strength by 22% compared to a 

pure carbon fibre laminate. It is also suggested that silicon carbide fibre has a compressive-to-

tensile strength ratio similar to glass fibre, higher than that for carbon fibre, therefore they can 

improve the properties of pure carbon laminates. 

According to Giancaspro et al. [90] and Dong et al. [91], an optimal level of glass fibre is 

required to achieve maximum flexural strength. Dong et al. [91] stated that the highest flexural 

strength in carbon/glass hybrids was achieved at a relative content of 12.5% of glass fibre, all of 

which are placed on the compressive side. A symmetric layup is hence not the optimal design for 

a hybrid composite that will be subjected to flexural loads [89], [91] as agreed by Giancaspro et al. 

[90]. Further optimisation showed that the flexural strength can be improved if the fibre volume 

fraction within the glass fibre reinforced plies is higher than in the carbon fibre reinforced plies. 

The mechanical properties of unidirectional glass/carbon hybrid laminates under three 

point bending was examined by Prusty et al. [92]. The examined laminate structures in their study 

were symmetric and asymmetric glass/carbon interply hybrid lay-ups. For the asymmetric lay-up, 

they discovered that the presence of carbon/epoxy at the tensile side leads to enhanced strength 

and modulus but at the same time makes the hybrid prone to catastrophic failure. Whereas, placing 

the entire carbon/epoxy on the compressive side yielded progressive failure behaviour as seen in 
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the glass/epoxy composite. While for the symmetric glass/carbon hybrid laminates catastrophic 

failure and delamination on the tensile side due to the brittle nature of carbon/epoxy was observed. 

 For all the above-mentioned studies, the failure on the compression side includes sudden 

carbon fibre failure. The phenomenon of fragmentation of carbon plies on the compression side 

under bending has not been reported before by other researchers apart from Czél et al [88] for 

very thin carbon plies, therefore it is interesting to explore the effect of fragmentation on the 

bending performance of unidirectional thin-ply hybrid composites in this thesis. As the previous 

work on bending performance of hybrid composites was done by using three-point bending 

technique, which make the specimen prone to premature failure due to contact forces under the 

loading nose on the compression side, the work in this thesis will use four-point bending technique 

to avoid premature failure and to have a uniform bending moment between loading noses. 

2.8 Fatigue behaviour of UD hybrid composites 

Structural components made of hybrid composites are often subjected to cyclic loading 

and understanding their long-term behaviour is important as this could help to predict their lifetime 

and schedule future maintenance. The model presented by Burks et al. [93] demonstrated that 

CFRP performs better in fatigue loading, in comparison to GFRP, due to the fact that the state of 

stress within the matrix material is considerably lower for CFRP composites, thus eliminating (or 

at least delaying) fatigue damage initiation.  

The tensile fatigue behaviour of unidirectional carbon and basalt fibre-reinforced 

composites with their hybrid composites was investigated by Wu et al. [94]. For basalt/carbon 

hybrid composites, the S-N (strength versus number of cycles) curves were shifted to higher 

numbers of cycles, in comparison to the all basalt fibre composites. They attributed this behaviour 

to the different strain to failure between the basalt and carbon fibre where the basalt fibre with 

higher strain to failure prevents the continuous fracture of the carbon fibre and the rough surface 

of basalt fibre [95] contributed to mechanical interlocking between the basalt and carbon layers 

thus promoting sufficient bonding between them, thereby delaying the delamination propagation.  

Peijs et al. [96] discovered flat S-N curves for unidirectional hybrid composite made of 

polyethylene fibre and carbon fibre compared to pure carbon composites. Their finding confirm 

the work  by Wu et al. [94] stating the benefits of using two different modulus fibres on the fatigue 

properties. The lower modulus PE fibres prevent further rapid crack extension from the first failed 

carbon fibres. This leads to slower fatigue damage propagation, further demonstrating the excellent 

mechanical properties of PE/carbon fibre hybrids. Based on their work, the tensile fatigue 

resistance of hybrid composites can be improved by: (1) increasing the dispersion between the 

fibres using the intermingling concept and, (2) increasing the fibre– matrix adhesion of the PE 

fibres by a surface treatment.  

Dickson et al. [97],[98] explored the tensile fatigue behaviour of  unidirectional (UD) 

carbon/glass and carbon/kevlar hybrids. A positive hybrid effect was shown for carbon/kevlar 

hybrids [98] where the fatigue stress level for a given number of cycles to failure was shown to vary 



31 
 

linearly with the increasing relative ratio of carbon and kevlar fibres. As for the carbon/glass 

hybrids [97], a similar hybrid effect was confirmed as a lower slope for the hybrid’s S-N curve 

compared with that of the pure glass and pure carbon composites for a range of fatigue load level 

from 40% and 90% of their respective ultimate tensile strength.  

Dai et al. [99] presented a 3D model to describe the fatigue behaviour of glass/carbon 

hybrid composites under tension-tension loading. It was demonstrated in their paper [99] that an 

improvement in the fatigue lifetime of the hybrid composite compared to the all glass fibre 

composite was attainable. This was possible because further cracks propagating from the lower 

strain carbon fibre were delayed by the presence of the higher strain glass fibre, thus reducing the 

likelihood of further carbon fibre failure and improving the fatigue lifetime of the hybrid 

composite.  

The previous work on characterization of the fatigue behaviour of hybrid composites 

shows the advantages of mixing two different modulus fibres to enhance the fatigue life of the 

material by increasing the dispersion between two fibre types with different modulus. The lower 

modulus fibre prevents further rapid crack extension from the failed high modulus fibres. This 

leads to slower fatigue damage propagation and enhances the number of cycles to failure. Using 

thin-ply laminates is another technique to increase the dispersion of the high modulus fibre 

composite. Although the fatigue response of other hybrid composites was already reported, as 

mentioned above, the fatigue behaviour of unidirectional (UD) thin-ply hybrid composites has not 

been explored before according to the author’s best knowledge. Fatigue characterization of UD 

thin-ply hybrid composites will also be explored in this work.  

 

2.9 Overview of pseudo-ductile composites 

Several mechanisms have been proposed to add pseudo-ductility or ductility to fibre 

composites such as (1) fibre reorientation: the design and evaluation of composite architectures 

that create ductility via geometrical rearrangement of fibre orientation and shearing of the matrix 

[100], [101] or from excess length due to in or out-of-plane waviness [102], (2) interface 

modification on the fibre level [103], [104] or ply level [105] or by designing discontinuities on the 

ply level [73], [106], [107] to delay failure and generate non-linearity through controlled failure, (3) 

hybridization: the design of laminated composite by using the combination of fibres with different 

strains to failure [39], [62], [68], [108]  to achieve gradual failure, (4) the design and production of 

novel materials such as carbon nanotube fibres [109] and cellulose nanocrystal (CNC) fibres [110], 

which can be intrinsically ductile.  

The ductility in composite materials resulting from exploiting the fibre reorientation 

concepts was explored by Fuller et al. [100], [101]. They investigated [± φ5]s lay-ups consisting of 

thin-ply (0.03 mm) carbon-epoxy prepreg material oriented at different angles from 15o to 45o. 

When under tensile load, a non-linear stress-strain behaviour can be achieved with this 

configuration, while also suppressing edge delamination that normally causes premature failure for 
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standard thickness angle-ply laminates [50]. The stress-strain response for these thin-ply angle-ply 

laminates is shown in Figure 2.21 demonstrating the ductility in [±305]s  laminate. 

 
 

Figure 2.21. Tensile stress-strain curve of typical thin-ply angle-ply laminates showing the 
pseudo-ductility of [±305]s  laminate. Figure obtained from ref: [100]. 

 
 

The non-linearity for stress-strain response in Figure 2.21 is due to shearing in the matrix. 

The degree of non-linearity increases after passing the shear yield point of the resin. The matrix 

contributes to this increase in the rotation as it plastically deforms allowing continued realignment 

of the fibre. Hence the pseudo-ductile behaviour in the thin-ply angle-ply laminates is due to a 

combination of plasticity and fibre reorientation [100]. It should also be noted from Figure 2.21  

that with increasing off-axis fibre angle, the yield point (σy and εy) decreases while the pseudo-

ductile strain (εd) increases. As a consequence, the final failure strain (εx’) increases while the final 

failure stress (σx’) decreases with increasing off-axis fibre angle.   

Utilising aligned discontinuous fibres to create pseudo-ductile response was explored by 

Yu et al. [108] after inventing the HiPerDiF technology. This method allows the production of tow 

or tape type prepregs from highly aligned discontinuous fibres (80% of the fibre can be oriented 

within ±3°), resulting in high stiffness composites. Two different material configurations were 

employed with the High-Performance Discontinuous Fibre in full first time (HiPerDiF) method 

[111], high strength carbon/E-glass and high modulus carbon/E-glass hybrid composites, where 

both fibre types are discontinuous. The high strength carbon/E-glass hybrid did not produce 

pseudo-ductility because of the low tensile strength of the E-glass fibres (2400 MPa) compared to 

the high strength carbon fibres (4344 MPa) and high  volume ratio of high strength carbon and E-

glass fibres [108]. A pseudo-ductile response was obtained for the intermingled hybrid composites 

composed of high modulus carbon/E-glass fibre as shown in Figure 2.22. In the intermingled 

hybrid, the high modulus carbon is mixed with E-glass at the fibre level. The high modulus carbon 

itself has a strain to failure around 0.4% [108]. The observed pseudo-ductile behaviour was the 
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result of the fragmentation in the low strain carbon fibre. 

 
Figure 2.22. Typical tensile stress-strain response of high modulus carbon/E-glass hybrid with 
different carbon ratios. Pseudo-ductility is clearly shown from 0.2 to 0.4% carbon ratio. Figure 
obtained from ref: [108]. 

 
The knee-point stress-strain in Figure 2.22 for 0.10-0.40 relative carbon ratio is due to the 

multiple fractures of the carbon fibres, and this marks the transition between the elastic and plateau 

part of the curves. With increasing carbon content in the discontinuous hybrids, there is a different 

shape in the transition. In the specimens with low relative carbon volume ratios, most carbon fibre 

are surrounded by high elongation glass fibres, and there is little carbon clustering. Therefore, each 

carbon fibre fragments individually which results in a smooth transition between the elastic and 

plateau parts in the stress-strain curve in Figure 2.22. When the carbon content increases, there is 

a sharper transition point because of simultaneous fracture of carbon fibre clusters in the hybrid 

[24].      

Czél et al. [39], [68] investigated the mechanical properties and failure modes of 

unidirectional (UD) interply glass/carbon hybrids incorporating thin carbon ply (0.03 mm) under 

tensile loading. The glass-carbon hybrid composites show progressive damage mechanisms (i.e. 

fragmentation of the carbon ply) and stable dispersed delamination after the first carbon ply 

fracture due to the low energy release rate [39] resulting in a pseudo-ductile stress-strain response. 

The so-called stable delamination refers to stable pull out of the fragmented carbon ply from the 

undamaged glass ply, which prevents the catastrophic failure of the hybrid composite after the 

first carbon ply fracture. To achieve the desirable pseudo-ductile responses in hybrid composites 

under tensile loading, appropriate material properties, and suitable values of relative thickness (i.e. 

thickness ratio of low strain material (LSM) to high strain material (HSM)) and absolute thickness 

of low strain material (LSM) need to be selected, as guided by the design framework developed by 

Jalalvand et al. [62]–[64]. 

2.10 Research scope  
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In real applications, structural parts made of fibre composites are often subjected to 

variable loading conditions. It is important to be able to design a thin-ply hybrid composites that 

will fail in a pseudo-ductile manner under different loading conditions such as compression and 

bending. The durability of thin-ply hybrid composites under cyclic loading is also an important 

factor when designing structural parts. Only limited research to assess pseudo-ductile behaviour of 

unidirectional (UD) thin-ply hybrid composite under fatigue, compression and bending has been 

done to date. The motivation of this study is to understand the mechanical behaviour and damage 

mechanisms of pseudo-ductile unidirectional thin-ply hybrid composites under tension, 

compression, bending and fatigue loading by using experimental material characterization, 

microstructural damage evaluation and analytical methods. In order to achieve the aim of this 

study, the following objectives have been identified for each loading cases: 

1. Explore the response of pseudo-ductile UD thin-ply hybrid composites to repeated quasi-static 

tensile loading-unloading cycles and to understand the effect of damage accumulation on the 

load carrying capacity of thin-ply hybrid composites.   

2. Explore the pseudo-ductility and gradual failure of UD thin-ply hybrid composites in 

compressive loading.  

3. Investigate the flexural behaviour of UD thin-ply hybrid composites with pseudo-ductile 

tensile and compressive behaviour.    

4. Characterisation of  the fatigue behaviour of UD thin-ply hybrid composites, as well as to 

understand the damage evolution under cyclic loading. 

2.11 Thesis outline 
 

To fullfill the objectives above, extensive work has been carried out and presented in the 

following chapters in this thesis:   

Chapter 1 – Introduction 

Detailed explanation of the motivation behind the work conducted in this thesis 

which covers the application of carbon fibre composites, the advantages and 

disadvantages of fibre composites, engineering effort to alleviate the disadvantages. 

 
Chapter 2- Literature Review 

Discussion and evaluation of the available literature work on the definition of 

composite materials, fibre architecture and damage mechanisms in composites, tensile 

behaviour of UD hybrid composites, thin-ply composites and pseudo-ductile behaviour 

of unidirectional thin-ply hybrid composite, several mechanisms proposed to add pseudo-

ductility or ductility to fibre composites, the mechanical behaviour (compression, bending 

and fatigue) of hybrid composites. 

 
Chapter 3 - Quasi-Static Tensile Response of UD Thin-ply Hybrid Composites       
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Covers experimental static and loading-unloading tensile testing of unidirectional 

(UD) thin-ply hybrids, covering combinations of high strain and low strain materials to 

achieve gradual failure. Detailed analysis of the material is performed via stress-strain 

curve analysis to establish the extent of pseudo-ductility. Analysis on the relation between 

the damage accumulation and load carrying capacity is also presented.  

 
Chapter 4- Compression Response of UD Thin-ply Hybrid Composites 

Examines the potential of thin-ply hybrid composites to exhibit pseudo-ductility 

under compression. Covering testing of high strain and low strain material combinations 

to achieve gradual failure. Post-failure analysis is performed via optical microscopy to 

establish the factors governing the failure. Investigates the parameters that determine the 

pseudo-ductility under compression. 

 
Chapter 5 - Flexural Response of UD Thin-ply Hybrid Composites 

Examines the potential of thin-ply hybrids to exhibit pseudo-ductility under 

flexural loading. Material combinations which show the most promising results in terms 

of pseudo-ductility and initial stiffness from Chapter 3 and Chapter 4 are selected for 

further flexural testing. Investigation of the parameters that govern the pseudo-ductility 

under flexural loading. 

 
Chapter 6 - Fatigue Response of UD Thin-ply Hybrid Composites 

Investigation of the cyclic loading behaviour of undamaged (pristine) and damaged 

(pre-fractured) unidirectional (UD) thin-ply hybrid composites. Based on this study, a 

safe fatigue load level for UD thin-ply carbon/glass hybrid composites together with 

damage evolution characterisation and the relation between energy release rate and 

damage growth is presented. 

 
Chapter 7 - Conclusions and Future Work 

This chapter summarises the outcomes and the conclusions drawn from the 

research. Suggestions and recommendations for possible future research are included as 

well.  

Chapter 3   Response of Unidirectional Thin-Ply Hybrid Composites to Quasi-Static Cyclic 

Loading 

3.1  Introduction 

 Pseudo-ductile response with gradual failure under tensile loading has been demonstrated 

by Czél et al. [39], [60] in a unidirectional (UD) thin-ply hybrid composites configuration. Their 

work on hybrids involved the combination of central thin carbon plies (0.03 mm) sandwiched 

between standard thickness glass plies (0.155 mm). The responsible damage mechanisms which 
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lead to pseudo-ductile tensile response were fragmentation of the central carbon ply and stable 

delamination after the carbon fragmented due to the low energy release rate of the thin-ply hybrid 

composites [2].  To attract the attention of a wider range of industries on using thin-ply hybrid 

composites, their mechanical properties which include the behaviour under cyclic loading needs 

understanding. This chapter is dedicated to studying the response of UD thin-ply hybrid 

composites to repeated quasi-static tensile loading-unloading cycles and the effect of damage 

accumulation on the load carrying capacity of thin-ply hybrid composites.   

 

3.2 Experimental methods 

3.2.1  Materials 

 The thin-ply prepreg material being used for this study was carbon fibre reinforced polymer 

(CFRP) manufactured by SK Chemicals, South Korea. Two different types of thin carbon ply 

designated ‘USN020A’ and ‘UIN050A’ were used in the hybrid system. For the USN020A prepreg 

type, the code U, S, N, 020 and A indicate unidirectional fibres, standard fibre strength, no scrim, 

the fibre areal weight in g/m2 and nominal resin weight content of 41% [112] respectively. While 

for prepreg type UIN050A, the code U, A, and N have the same indication as for the previous 

USN020A prepreg type, as for I and 050 indicate intermediate modulus fibre and the fibre areal 

weight in g/m2. The carbon fibres for USN020A are a Mitsubishi Rayon TR30, classified as high 

strength, standard modulus and produced in 6000 filament tows [113] and for UIN050A, the fibres 

are a Mitsubishi rayon MR40, classified as intermediate modulus and produced in 12000 filament 

tows [113]. The matrix material is SK Chemicals semi-toughened epoxy, designated K50 [114]. For 

the high strain material, standard thickness S-glass/epoxy prepreg supplied by Hexcel was used, 

and the fibres are FliteStrand S ZT S-glass manufactured by Owens Corning [115]. The material 

data for the fibres and prepregs are presented in Table 3.1 and Table 3.2 respectively.  

 

 

 

Table 3.1. Fibre properties of the applied UD prepregs (Carbon fibre types: SM-standard modulus 
and IM- intermediate modulus). 

 
Fibre type Manufacturer Tensile 

modulus 
Tensile 
strain to 
failure 

Tensile 
strength 

Density CTE 

α 
[GPa] [%] [GPa] [g/cm3] [1/K] 

Pyrofil TR30 carbon Mitsubishi 
Rayon 

 

234 (SM) 1.9 [88] 4.41 1.79 -4.10-7 

Pyrofil MR40 carbon Mitsubishi 
Rayon 

295 (IM) 1.5 4.41 1.76 -1.1*10-6 

FliteStrand SZT S- 
glass 

Owens Corning 88 5.5 4.8-5.1 2.45 2.10-6 

 

Table 3.2. Cured ply properties of the applied UD prepregs. 
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Prepreg 
type 

Property Fibre 
mass per 

unit 
areab 

Cured ply 
thickness 

Fibre 
volume 
fraction 

Initial 
elastic 

modulus 

Tensile 
strain to 
failure 

 Unit [g/m2] [mm] [%] [GPa] [%] 
TR30 /epoxy Average 21.2 [39] 0.029 [39] 40.5 [39] 101.7a [39] 1.5a [39] 

 COV 
[%] 

4.0 [39] - - 2.8 [39] 7.5 [39] 

MR40 /epoxy Average 50 [60] 0.061[60] 45b [60] 134.6 [60] - 
 COV 

[%] 
- - - - - 

S-glass/epoxy Average 190  [88] 0.155 [88] 51b [88] 45.7[88] 3.98 [88] 
 COV 

[%] 
- - - 3.2 [88] 1.1 [88] 

     a Measured on 16 ply UD laminates with 100/10 mm free length/width. 
b Based on manufacturer’s data.   

 

The actual basic properties of TR30/epoxy prepreg in this study were obtained from the 

work by Czél et al. [39].   The fibre volume fraction was calculated based on the measured mass 

fraction of the the thin carbon prepreg. To measure the mass of the carbon fibre, the resin was 

burnt off  in an atmospheric furnace for 60 minutes at 500 oC  from ten  100 mm square thin 

prepreg samples. The weight of the remaining carbon fibre was then measured on a precision 

balance AS 220 with 0.1 mg readability. Based on the mass fraction measurement, the calculated 

carbon fibre volume fraction for the thin prepreg  is vf = 40.5% [39]. The average thicknesses of 

the cured thin carbon prepreg measured by using an optical microscopy on a polished cross-

sectional samples indicate carbon ply thicknesses of  29.3 µm [39].  

 For MR40/epoxy and S-glass/epoxy, the fibre volume fraction is obtained from the 

manufacturer’s data sheet  and the cured ply thickness (CPT)  in mm  is calculated by using 

Equation 3. 1 [116]. 

 

𝐶𝐶𝐶𝐶𝐶𝐶 =  
𝑤𝑤𝑓𝑓

𝜌𝜌𝑓𝑓 × 𝑉𝑉𝑓𝑓
× 10 Equation 

3. 1) 

 

The notation wf , ρf and Vf refers to fibre mass per unit area [g/cm2] , fibre density [g/cm3], fibre 

volume fraction [%] respectively. As for the coeffiecient of thermal expansion (CTE) mentioned 

in Table 3.2 , the manufacturer did not give any explanation on how the CTE was measured. A 

similar value of CTE for the  carbon prepregs being used in this work was also reported by Laurin 

et. al. [117]. There is a reasonable agremeent between the calculated CPT from Equation 3. 1 

[116].with the measured ply thickness for all prepregs with only 1%-3% discrepancy between those 

two as shown in Table 3.22. 

 
 Table 3.22. Calculated and measured cured ply thickness of the UD thin-ply hybrid composites 
(the number in the bracket indicates the coefficient of variation in [%]). 
 

Designation Lay-up sequence Calculated thickness Measured thickness 
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[mm] [mm] 
    

MR40/S-Glass [SG1/MR401/SG1] 0.371 0.378 (1.40) 
    

TR30/S-Glass [SG1/TR301/SG1] 0.339 0.342 (2.10) 
 [SG1/TR302/SG1] 0.368 0.371(1.90) 

 

The measured thickness in Table 3.22. is from an average measurement of six specimens for each 

hybrid configuration.   

 
3.2.2 Specimen geometry 

 In this study, the geometry of the UD hybrid specimens tested within the experimental 

part were UD, parallel edge tensile specimens with the following dimensions 240/160/20/h (mm)-

overall length (L)/Lf free length/W-width/h-variable thickness respectively (see Figure 3.1).  

 
(a) 

 

 

 
(b) 

Figure 3.1. Schematic of thin-ply hybrid composite specimen (a)side view and (b)top view. 

 

The notation tg and tc in Figure 3.1 refers to the nominal thickness of the carbon and glass ply 

respectively. 

 
3.2.3 Manufacturing method 

 The required 0o plies were cut from large rolls of Skyflex and Hexcel prepreg with the size 

of 300 x 300 mm. To preserve the useful lifetime of the material, it was sealed within a plastic bag 

and stored in a freezer at -20 oC and only removed for lay-up. 

 The UD hybrid laminates were constructed by placing the 0o plies on top of each other by 

using a clean, flat surface wooden plate in a temperature- and humidity-controlled clean room. The 

plies were laid-up on top of a wooden plate to ensure the alignment of the 0o fibres as the plate 

acts as a guideline. The layup sequence investigated in this work was [SG/Cn/SG], where n = 1,2, 
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is the number of central carbon plies (C) with SG standing for S-glass.  For the hybrid combination 

of S-glass/MR40 carbon, only a single ply of carbon was used while for S-glass/TR30 carbon, 

single and double plies of carbon were used. The finished laminates were then placed inside a 

vacuum bag as shown in a schematic in Figure 3.2. In order to have a good surface finish on the 

hybrid laminates, a silicon plate with a thickness of 2.40 mm was located between the release film 

and the specimen as shown in Figure 3.2. 

 To consolidate the hybrid laminates, it was necessary to cure them inside an autoclave 

under the cycle defined by the manufacturer (Figure 3.3, adapted from [114]). Both resin systems 

(K50 and 913) in the hybrid laminates have a curing temperature of 125oC and were found to be 

compatible, although no details were provided by the suppliers on the chemical formulation of the 

resins. Curing took place under elevated pressure (6.89 bar), with the laminate itself under vacuum 

(-0.95 bar). The pressure difference between the autoclave chamber and the vacuum bag helps to 

consolidate the hybrid laminates.  

 

 
Figure 3.2. Configuration for vacuum bag autoclave cure of a composite laminate. 

 

 
Figure 3.3. The recommended cure cycle for the hybrid laminates. Adapted from [5]. 
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It is worth mentioning that the manufacturing method described in this section and  the 

recommended cure cycle shown in Figure 3.3 will also be used to cure the hybrid specimens tested 

under compression, bending and fatigue. 

 
3.2.4  Mechanical test procedure 

 Two types of mechanical testing were conducted on the UD thin-ply hybrid composites:  

static tensile and quasi-static cyclic loading.  Both of those tests were performed at room 

temperature on a computer controlled Instron 8801 type 100 kN rated universal hydraulic test 

machine with wedge type hydraulic grips. A 25 kN rated load cell was used on the machine. For 

the static tests, the hybrid specimens were loaded in uniaxial tension under displacement control 

using a crosshead speed of 2 mm/min.  For each hybrid configuration, three specimens were tested 

in static tensile loading. The quasi-static cyclic tests were conducted under displacement control at  

a cross-head speed of 2 mm/min for both the loading and unloading phases, with immediate 

reloading. The number of quasi-static loading cycles was chosen based on the static tensile testing 

results of each hybrid configuration. A sufficient number of cycles was chosen to be able to study 

the effect of damage development on the load carrying capacity of the UD thin-ply hybrid   

composites.  For the composites with one ply and two plies of TR 30, seven cycles were chosen, 

each with a certain displacement limit, after which the load returns to zero. The chosen 

displacements with their corresponding nominal laminate strains in brackets for thin-ply hybrid  

composites with 1 ply and 2 plies of TR30 were: 2.5 mm (1.56 %), 3 mm (1.87 %), 3.5 mm (2.18%), 

4 mm (2.5%), 4.5 mm (2.81 %), 5 mm (3.12%), 5.65 mm (3.53 %). For the other hybrid  composite 

materials with 1 ply of MR 40 carbon fibre, the chosen displacements with their corresponding 

laminate strains in brackets were: 2.5 mm (1.56 %), 3 mm (1.87 %), 3.5 mm (2.18%), 4 mm (2.5%), 

4.5 mm (2.81 %), 5 mm (3.12%), 5.5 mm (3.43 %). For each type of hybrid, three specimens were 

tested. To measure the strains with a nominal gauge length of 130 mm, an Imetrum video gauge 

system with 5 Megapixel resolution was used and it allows a precision measurement down to 0.01% 

strain. The video gauge records with a speed of  17 frames per second. Videos recorded by the 

video gauge camera were kept for studying the damage development. Figure 3.4 shows the 

experimental setup for this study. 
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Figure 3.4. Instron test machine set up with the supporting equipment. 

 
 
3.2.5   Delamination area measurement technique 

Typical damage development found during static tensile loading  was fragmentation of the 

carbon/epoxy ply followed by delamination between the fragmented ply and glass/epoxy ply, as 

reported by Czél et al. [39]. Due to the translucent nature of the glass/epoxy ply on the outside of 

the hybrid laminate, it was possible to detect the delamination surrounding the fragmented carbon  

ply [39]. The growth of delamination area will be used as a measure of damage during quasi-static 

cyclic loading and its correlation with the load carrying capacity of UD thin-ply hybrid composites 

will be deduced. The delamination area was measured from the images collected by the video gauge 

using an in-house developed MATLAB code. The images, acquired in grayscale by the video 

extensometer system (Figure 3.5a), are imported into MATLAB and cropped to cover only the 

specimen gauge length (Figure 3.5b). Finally, they are converted into binary black and white 

images using a predefined threshold (Figure 3.5c). The delaminated area was calculated by 

counting the white pixels and it was then compared against the total surface area to express it in 

terms of % area. The four white dots shown in Figure 3.5a were used to track the uniaxial strain 

using the video gauge system during the static loading. It should be noted from Figure 3.5a that 

well bonded areas appear black and the locally delaminated areas just around the cracks in the 

carbon ply are visible as the lighter areas due to the translucent nature of the glass/epoxy outer ply 

of the hybrid laminate.  
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Figure 3.5. Image conversion process to determine the delamination area. 

 
3.3  Results and discussion 

3.3.1  Static loading response 

Three specimen configurations were tested. These configurations were chosen based on 

the pseudo-ductile behaviour they have demonstrated in previous research [60]. The stress-strain 

curves of these hybrids with initial linear elastic behaviour followed by non-linearity and a plateau 

for the SG1/TR302/SG1 and SG1/MR401/SG1 configurations are shown in Figure 3.6. The term 

“plateau” will be used if there is an increase of strain at a near constant stress in a stress-strain 

curve response of a hybrid composite.  For the SG1/TR301/SG1 hybrids, there is a reduced slope 

after the non-linearity point. The configurations of the tested specimens are given in Table 3.4 

along with their calculated mode II energy release rate at the expected failure strain of the carbon 

fibres (ε). The equation to calculate the energy release rate is adopted from the work by Czél et al. 

[39] and it is written in terms of the overall applied strain ε in Equation 3.2. 

𝐺𝐺 =
𝜀𝜀2𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐�𝐸𝐸𝑔𝑔(ℎ − 𝑡𝑡𝑐𝑐� + 𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐)

4𝐸𝐸𝑔𝑔(ℎ − 𝑡𝑡𝑐𝑐)  
(Equation 

3.2) 

 
The assumption for the energy release rate in Equation 3.2. is that the hybrid laminate loses the 

contribution from the carbon ply after the low strain ply fractures and delaminates from the 

laminate. This a reasonable assumption, since after the low strain ply  fractures and delaminates, it 

does not contribute anymore to carrying load.  The notation g and c in Equation 3.2. refers to 

glass/epoxy and carbon/epoxy respectively while E, h, and t are the material modulus, total 

laminate thickness and thickness of each ply.  
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Table 3.4. Specimen types tested within the present study (Specimen type designation: SG-S Glass, 
C- Carbon, with numbers corresponding to the number of constituents prepreg ply, Carbon types: 
SM-standard modulus, IM-intermediate modulus). 
 

Spec. Type Carbon fibre 
type 

Nominal 
thickness 

Mode II energy release rate at the 
failure strain of the carbon ply 

- (mm) (N/mm) 
SG1/MR401/SG1 IM 0.371 0.736 at 1.50% 
SG1/TR301/SG1 SM 0.339 0.322 at 1.90% 
SG1/TR302/SG1 SM 0.368 0.715 at 1.90% 

  
The calculated energy release rates shown in Table 3.4 for the three configurations are all lower 

than the fracture toughness (GIIC) of the glass/carbon composites, 1.1 N/mm [39], which has been 

measured by Czel et al. [39] on a similar hybrid specimens but with a cut through the entire carbon 

layer across the width. This indicates that after the first fracture of the carbon ply, unstable 

delamination and pull-out of the central carbon ply is not expected in these specimen types.  

 
Figure 3.6. Stress-strain curves of various S-glass/high strength carbon hybrid. The 
outlier dots are the noise coming from the video gauge system. 

 
Figure 3.6 shows the stress-strain response of the hybrid configurations tested in this 

work, which indicate different responses between the hybrids comprising high strength (standard 

modulus) TR30 carbon plies with that comprising intermediate modulus MR 40 carbon plies. 

Comparing the initial modulus of glass/epoxy ply in Table 3.2 with the that of hybrid 

configuration in Table 3.5, it is noticed that there is a modulus increase of 10.5%, 19.3%, and 

38.2% for SG1/TR301/SG1, SG1/TR302/SG1, SG1/MR401/SG1 respectively. The damage 

mechanism for SG1/TR301/SG1 was observed as a dispersed fragmentation dominated failure, 

where damage in the form of short cracks develops in parallel across the specimen width. The 

fragmentation itself, appeared in the carbon ply between the knee transition points (2.19% and 

2.50%). Due to the translucent glass ply, the gradual crack development was visible during tensile 

loading and reached saturation at 2.50%. Between the knee transition points, there is a reduced of 

slope from the initial linear elastic region and smooth transition due to the damage mechanisms 

observed. After the second saturation point (2.50%), the stress rises because the tensile machine 
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still imposes a load on the hybrid specimen and the additional load is mainly carried by the glass 

plies (this phenomenon is also relevant for the SG1/MR401/SG1 and SG1/TR302/SG1 

configurations). The explanation behind the gradual failure in SG1/1TR301/SG1 is the low GII, as 

shown in Table 3.4, for this configuration due to the very low carbon ply thickness.  

A favourable pseudo-ductile response was also obtained for the 

SG1/TR302/SG1configuration, displaying two pronounced knee transition points (1.90% and 

2.76%). The first knee transition point (1.90%) referred to as εk, is where the fragmentation of the 

carbon/epoxy ply becomes established [65], and from εk, gradual damage development in the form 

of fragmentation and dispersed delamination appears in the specimen until it saturates at 2.76%. 

Contrary to the previous hybrid configuration with a single TR30 carbon ply which has short 

cracks, the fragmentation in SG1/TR302/SG1 consisted of long and relatively straight cracks across 

the whole specimen width followed by stable pull-out of the fragmented carbon ply. Because of 

carbon ply fragmentation and dispersed delamination, a wide plateau between the first knee point 

strain (1.90%) and second knee point strain (2.76%) can be observed in this configuration, thus 

providing enough strain margin before the final failure event.  After careful examination of a typical 

damaged SG1/TR302/SG1  hybrid specimen when the test was interrupted at 2.76% strain, it can 

be concluded that the damaged pattern (fragmentation, delamination and intact carbon ply),  is 

identical on the front and back face of the specimen as shown in Figure 3.7. The cracks shown in 

Figure 3.8  looks like a stair-shaped  tortuous path  across the whole width of the specimen. The 

variation of fibre strength results in distributed fibre breaks at random locations rather than 

cumulatively at the site of the initial break which creates a tortuous crack path [14]. As the fibre 

breaks, the overload in the adjacent fibre is redistributed, and when it exceeds the strength of a 

weak fibre segment, the fibre will fracture and serve as an initiation point for the next fibre failure.  

 

  
(a) (b) 

Figure 3.7. Identical damage pattern on the front face (a) and back face (b) of SG1/TR302/SG1  

hybrid specimen at 2.76% strain. The shape of the intact carbon ply is identical on both sides. 
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It is also expected that an identical damage pattern on both sides is present for SG1/TR301/SG1  

and SG1/MR401/SG1  hybrid configurations providing that there is marginal thickness variations 

across the width. 

 The hybrid with SG1/MR401/SG1 configuration also displays favourable pseudo-ductile 

failure behaviour as shown in Figure 3.6, with two obvious transition points (1.53% and 2.31%). 

Multiple fragmentations and dispersed delamination also appear in this hybrid configuration 

contributing to the failure type and a plateau between the first knee point strain (1.53%) and second 

knee point strain (2.31%). The type of damage observed in SG1/MR401/SG1 was well distributed 

multiple crack formation (fragmentation) across the specimen’s surface area.  

 All three hybrid configurations display pseudo-ductile response during static tensile loading 

with a noticeable difference in their first carbon strain to failure and knee-point strain where the 

fragmentation of the carbon ply has been established. As shown in Table 3.5, the 

SG1/MR401/SG1 hybrid configuration has the lowest first carbon strain to failure and knee-point 

strain compared to the SG1/TR301/SG1 and SG1/TR302/SG1 configurations which can be 

explained due to the lower strain to failure of MR40 carbon fibre shown in Table 3.4. 

The tensile results summary for the investigated hybrid configurations is shown in Table 

3.5. Because the tensile test results are affected by the small thermal residual strains arising from 

the  mismatch in the coefficient of thermal expansion between the glass and carbon layers, the 

strains shown in Table 3.5 have been corrected for the elastic thermal residual strain in the 0o fibre 

direction with the detailed equation shown in Appendix A. The elastic thermal strains were 

calculated from the equilibrium-force state between the carbon/epoxy and glass/epoxy layers by 

assuming constant strain through the thickness and a 100 oC temperature difference from the cure 

temperature to room temperature. Classical Laminate Theory was incorporated to calculate the 

elastic thermal strains as shown in Appendix A.  The elastic thermal residual strain in the transverse 

direction is not taken into account in this work since the fibre in the hyrid laminate is in the 0o 

direction and the load is mainly carried by the fibre. The cured ply properties of the applied UD 

prepregs to determine the elastic thermal residual strain are shown in Error! Reference source not 

found..  

 
Error! Reference source not found.. Cured ply properties of the applied UD prepregs as an input 
parameter to determinethe thermal residual strain. 
 

Prepreg type E11 E22 CPT α11 α22 G12 ν 12 

[GPa] [GPa] [mm] [1/K] [1/K] [GPa]  

TR30/epoxy 101.7 9[116] 0.029 7.20*10-7 a 2.6*10-5[117] 4.4[116] 0.25[116] 

MR40/epoxy 134.6 9[116] 0.061 -3.49*10-7 a 2.6*10-5[117] 4.4[116] 0.27[116] 

S-glass/epoxy 45.7 10.3[116] 0.155 3.8*10-6 a 2.6*10-5[117] 3.1[116] 0.30[116] 
a calculated by using the Classical Laminate Theory (CLT) shown in Appendix A. 
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The calculated residual elastic strains in the carbon for the presented hybrid configuration 

are -0.0224%, -0.0261%, -0.0266% for SG1/TR302/SG1, SG1/TR301/SG1, SG1/MR401/SG1 

respectively and this has been accounted for in the values in Table 3.5 for the strain at first carbon 

layer failure and at the knee-point strain. 

The knee point stress (σk) and strain (εk) are found from the intersection of lines fitted to 

the initial linear (red line) and plateau (green line) parts of the stress-strain curves. For the second 

knee, the transition strain (εs) , is determined by the intersection of lines fitted to the plateau (green 

line) and the second rising part (blue line) of the stress-strain curves, as shown in Figure 3.8. It 

was possible to measure the first carbon fracture strain in the hybrid specimens from the recorded 

video gauge instrument as the first carbon crack is visible due to the translucent nature of the glass 

ply. As noted from Table 3.5, the strain at first carbon ply failure and knee point strain (εk) for the 

SG1/TR301/SG1 hybrid is higher than for the SG1/TR302/SG1 hybrid. This is due to the ‘hybrid 

effect’  which provides a delay of damage initiation due to a restraint on broken carbon cluster 

development [65]. For the thinner hybrid with a single carbon ply, the fibre failure and 

fragmentation appear at a slightly higher strain because of  the limited number of fibres through 

the thickness of the ply inhibiting formation of a critical cluster [65].      

 
Table 3.5. Tensile results summary of the specimen types tested (Numbers in brackets indicates 
the coefficient of variation in [relative %]). 
 

Spec. Type No. of 
specimens 

Initial 
elastic 

modulus 

Strain 
at first 
carbon 

ply 
failure 

Strain at 
knee 
point 

εk 

Stress at 
knee point 

σk 

Pseudo-
ductile 

εpd 

  [GPa] [%] [%] [MPa] [%] 
SG1/MR401/SG1 3 63.11  

(2.3) 
1.53 
(2.4) 

1.55 
 (1.3) 

983.9 
 (2.6) 

1.19 
(12.40) 

SG1/TR301/SG1 3 48.91  
(2.1) 

2.13 
(2.5) 

2.19 
 (1.4) 

1106.5  
(3.1) 

- 

SG1/TR302/SG1 3 56.52  
(3.8) 

1.85 
(2.2) 

1.90  
(1.5) 

1074.2  
(4.0) 

- 
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Figure 3.8. Method to determine knee point stress (σk) and strain (εk), second knee transition 
strain (εs) and pseudo-ductile strain (εpd) for a typical pseudo-ductile response of 
(SG1/MR401/SG1). 

  
As shown in Figure 3.8, the pseudo-ductile strain (εpd) is defined between the strain of a 

point on the initial linear elastic line and the strain at the failure stress. The pseudo-ductile strain 

for SG1/TR301/SG1 and SG1/TR302/SG1 hybrid configurations were not given in Table 3.5, 

because the testing was stopped before the final glass failure took place. Although the method in 

Figure 3.8 is shown for the (SG1/MR401/SG1) configuration, it could also be applied to the other 

hybrid configurations.  In Section 3.3.2 discussing quasi-static cyclic loading response of the three 

hybrid configurations, the method in Figure 3. will also be used as there are knee-points present 

during the quasi-static cyclic loading. 

 
3.3.2 Quasi-static cyclic loading response 

3.3.2.1 [SG1/MR401/SG1] response  

The typical loading-unloading behaviour for an [SG1/MR401/SG1] specimen is presented in 

Figure 3.9. The cyclic responses show initial linear behaviour followed by non-linear behaviour 

and an increase of stress at higher strains after saturation of fragmentation.  
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Figure 3.9. Typical cyclic stress-strain curve for [SG1/MR401/SG1]. 

The notation from 1 until 6 in Figure 3.9. refers to the following peak strains: 1.45%, 1.82 

%, 2.17%, 2.45%, 2.77 %, 3.05% respectively, from which the specimen was unloaded and 

subsequently reloaded. It should be noted that when tested under displacement control, each of 

the peak strains in the actual stress-strain curves shown in Figure 3.9 did not reach the intended 

nominal peak strains mentioned, in Section 3.2.4. During the first displacement loading, there was 

an initial linear response, and the subsequent unloading followed almost the same path because the 

damage threshold was not exceeded. The second loading trajectory overlaid the first but went 

beyond the initial failure strain of the carbon into the plateau region of the stress-strain response. 

The damage mechanism of the [SG1/MR401/SG1] configuration within the plateau region shows 

a progressive fragmentation of the carbon ply followed by dispersed delamination as depicted in 

Figure 3.9 for each applied strain. The first knee-point in Figure 3.9. which is at 1.57% is where 

the fragmentation of the carbon ply has been established causing a reduction of stiffness.  It is also 

visible that after 2.45% strain, the fragmentation has attained saturation and the delamination area 

did not grow significantly further, which agrees with the second knee point (2.45%) in Figure 3.9. 

As shown in Figure 3.9 for the damage at 2.45% strain, the black-lines correspond to the intact 

carbon-ply which do not have a sufficient length to carry any more load, as a consequence, the 

additional load is carried by the glass plies and because there is no more fragmentation or 

delamination, there is a stress increase as shown in Figure 3..   
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Strain: 1.82% 2.17% 2.40% 2.45% 2.77 % 3.05% 

Figure 3.9. Typical damage development at each strain for [SG1/MR401/SG1] hybrid. 

Lack of delamination on the intact carbon-ply (residual black-lines) at 3.05% strain shown 

in Figure 3.9 is possibly due to insufficient stress. The shear stresses  acting on the intact carbon-

ply are less than the yield shear stress and thus the material is undamaged, leaving  residual black-

lines on the hybrid composite. The bright area which corresponds to the delaminated area is where 

only frictional shear applies and assumed to carry no loads. This mechanism also applies for the 

formation of residual black-lines in the [SG1/TR301/SG1] and [SG1/TR302/SG1] hybrid 

configurations. 

As shown in Figure 3.9., after the specimen is immediately reloaded from zero load, there 

is a linear elastic behaviour followed by a non-linear behaviour with a knee-point marking the 

transition. This knee-point is due to fragmentation in the carbon ply.  Further fragmentation from 

the knee-point to the applied peak strain can be attributed to the failure of further weak carbon 

clusters [10]. When the carbon ply had already fractured across the width as shown in Figure 3.9., 

the high interlaminar shear stress which developed between the glass and the fractured carbon ply 

caused  delamination between those plies.  

As the damage progresses, the hybrid loses its stiffness gradually due to fragmentation and 

stable delamination. There is also a small amount of hysteresis which is believed to be due to 

reversed high interlaminar shear stresses in the regions around the carbon ply fractures. Due to the 

compressive stresses around the fracture tip, friction can also apply some interlaminar shear 

stresses to the intact carbon ply [118]. The high shear stresses between the carbon and glass plies 

cause the matrix to deform, leaving a residual strain at zero load for all three hybrid configurations. 

Another possible explanation for the existence of residual strain is due to the accumulation of 

debris between the open cracks preventing the surface cracks to return to its original state when 

unloaded.  It is also worth mentioning that all the hybrid configurations mentioned in this work 

experience vertical ply splitting from the edge as shown in the damage mechanism at 3.05% applied 
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strain in Figure 3.9. It was also observed that residual bonding between the glass and carbon plies 

still exists at the final peak strain of 3.05% as shown in Figure 3.9, in the form of black-lines 

running perpendicular to the specimen’s length which means that the hybrid had not totally 

delaminated. To quantify the stiffness loss due to damage growth, the secant modulus for all the 

UD thin-ply hybrid  composites  was evaluated at each reloading step between 0 MPa and 600 

MPa as shown schematically in Figure 3.10. This value was chosen as it is in the elastic region 

before any further damage takes place.  The same method was also used to measure the initial 

modulus of the [SG1/TR301/SG1] and [SG1/TR302/SG1] hybrid composites.  

 
Figure 3.10. Schematic drawing to define the secant stiffness for all thin-ply hybrid composites. 

Stiffness loss as a function of applied peak strain is shown in Error! Reference source 

not found., which shows  a gradual loss of stiffness due to fragmentation and stable delamination 

with increasing applied peak strain from 1.82% to 2.45%, after which the stiffness approaches the 

expected value with no carbon contribution at higher strain.  After the fragmentation reached 

saturation at 2.45% strain, with further cyclic loading, the measured stiffness remains nearly 

constant up until 3.05% where the testing was terminated. The  stable delamination after 

fragmentation during quasi-static cyclic loading is due to the low energy release rate of UD thin-

ply hybrid  composites [39]. The error bar in Error! Reference source not found. shows a low 

coefficient of variation between 1.10%-2.40% which indicates the repeatability of the test series. 

The initial E0 and expected final stiffness Ef is calculated by using Equation 3.3 and Equation 

3.4 respectively adopted from the work by Czél et al. [39]. 

 
 

𝐸𝐸𝑜𝑜 =
�𝐸𝐸𝑔𝑔(ℎ − 𝑡𝑡𝑐𝑐) + 𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐�

ℎ
 

Equation 
3.) 
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𝐸𝐸𝑓𝑓 =
�𝐸𝐸𝑔𝑔(ℎ − 𝑡𝑡𝑐𝑐)�

ℎ
 

Equation 
3.) 

 
Figure 3.11. Stiffness loss at each applied peak strain for [SG1/MR401/SG1]. 

 
There is agreement between the value of the measured initial stiffness with the theoretical 

initial stiffness calculated using Equation 3..  As already mentioned before, the gradual stiffness 

loss of the hybrid is due to fragmentation of the carbon ply and stable delamination between the 

glass and carbon ply. Because each fragmentation is associated with delamination area surrounding 

it, then it would be interesting to be able to draw a relation between delamination growth and 

stiffness loss for UD thin-ply hybrid composites under quasi-static cyclic loading as delamination 

in this type of hybrid is visually observable.  To correlate the stiffness loss with subsequent 

delamination growth during quasi-static cyclic loading, the images taken from the recording video 

gauge at different peak strain levels were analysed using an in-house developed MATLAB code as 

explained in Section 3.2.5.  
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Figure 3.12. Stiffness loss with growing delaminated area for [SG1/MR401/SG1] hybrid 
configuration showing the error bar in both axes. 

 

Error! Reference source not found. shows a plot of stiffness loss, as a function of 

normalised delamination area for the average data of 3 specimens. It is shown in Error! Reference 

source not found., that there is a gradual loss of stiffness from 15% to 61% delamination area. 

This is because multiple fragmentation of carbon ply followed by delamination growing from those 

fragmentation sites occurred during quasi-static cyclic loading. The normalised stiffness 

approached saturation when there was no significant additional fragmentation and delamination 

growth with further loading. As shown in Figure 3.9, for the damage development from 2.45% 

to 3.05% strain, there is no significant damage growth in the hybrid specimen. At 61% 

delamination area, the stiffness loss reaches saturation, and this could be attributed to the high 

shear stress between the intact carbon and glass ply causing deformation at the interface which 

hinders load transfer and leads to loss of stiffness contribution.  Having a closer examination of 

the normalised delamination area from 61% to 75%, it is seen that the normalised stiffness is 

around 2% above the expected final stiffness with no carbon contribution.  This could mean that 

the remaining carbon ply shown as black-lines running perpendicular along specimen width in 

Figure 3.9 still contributes to minor load carrying capacity. It is also worth mentioning that the 

error bars shown in Error! Reference source not found. for the normalised delamination area, 

imply significant variation of delamination size between each of the hybrid specimens during the 

quasi-static cyclic loading.  

It would be interesting to measure the width of the residual intact carbon ply fragments 

which may still contribute slightly to the  load carrying capacity. The method to measure the width 

of the residual black-lines is shown in Figure 3.13 for a [SG1/MR401/SG1] hybrid specimen after 

it has been loaded until 3.05% strain. Measurements on six residual black-lines were made to draw 



53 
 

the  width distribution.  This method is also applicable  to measure the width of the residual intact 

carbon ply on the [SG1/TR301/SG1] and [SG1/TR302/SG1] hybrid configurations.   

 

 
Figure 3.13. Method to measure the width of the residual black-lines on a [SG1/MR401/SG1] 
hybrid configuration. 

 

Figure 3.14 shows the measured average width distribution of the residual black-lines on 

a [SG1/MR401/SG1] hybrid configuration at 3.05% strain. The average width of the residual black-

lines is between 0.350-0.900 mm where the shear stress would not be able to reach the yield stress, 

thus leaving the ply interface intact.   

 
Error! Reference source not found.. Width distribution of the residual black-lines on a 
[SG1/MR401/SG1] hybrid configuration. 

 
 
3.3.2.2 [SG1/TR301/SG1] response 

A typical experimental result for the [SG1/TR301/SG1] laminate is presented in Figure 3.15. 

In general, there is an initial linear elastic behaviour before the first knee-point followed by non-

linear behaviour with a continuous increase of stress at higher strains after the knee-point strain of 

2.20% until 3.50%, with the fragmentation saturating before then. It was observed that beyond the 

knee-point, there was a dense fragmentation and localised delamination in this hybrid configuration 

which is due to the shorter process zone around the fragmented ply as shown by Jalalvand et al. 

[64] in their numerical damage analysis of UD thin carbon/glass hybrid composites. As also 
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explained in [64], in the thinner hybrid laminate, the interface is less damaged so it is possible that 

the load is being transferred from the intact carbon ply to the glass ply as the fragmentation 

progresses which means that the [SG1/TR301/SG1] configuration does not delaminate under quasi 

static cyclic loading   and therefore the stress continuously increases beyond the knee-point as 

shown in Figure 3.15. Error! Reference source not found. shows the damage pattern at each 

peak strain for the [SG1/TR301/SG1] configuration, showing a denser fragmentation area 

compared to the [SG1/MR401/SG1] specimens in Figure 3.9. and [SG1/TR302/SG1] in Figure 

3.19. 

 
Figure 3.15. Typical cyclic stress-strain curve for [SG1/TR301/SG1] hybrid. 

The notation from 1 until 7 in Figure 3.15 refers to the following peak strains: 1.54 %, 

1.86 %, 2.17%, 2.47%, 2.81 %, 3.13%, 3.52% respectively. As shown in Figure 3.15, initial linear 

response is shown for the first, second and third loading cycles, because the damage threshold has 

not been exceeded. For the fourth loading trajectory, it overlaid the rest but went beyond the initial 

failure strain of the carbon into the increasing region of the stress-strain response. It was observed 

from this work, that the carbon ply in this hybrid configuration failed at an initial strain of 2.31% 

which is higher compared to the 1.90% strain to failure of the fibre mentioned in Table 3.1, which  

means that the outer glass ply provided constraint on further carbon fractures forming a critical 

broken cluster, thus delaying the initial failure strain of the carbon ply until a higher strain (hybrid 

effect). It should be noted that the criterion for carbon ply failure is the first visible fracture during 

loading.  Within the non-linear region (from 2.47% to 3.52% strain), progressive fragmentation of 

the carbon ply with small fragment spacing took place. It was challenging to observe the growth 

of fragmentation with subsequent loading strain due to its small scale as indicated in Error! 

Reference source not found..  
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Figure 3.16. Typical damage pattern at each peak strain for [SG1/TR301/SG1] hybrid. 

 
The increasing stress beyond the knee-point means that after fragmentation of the carbon 

ply, no real delamination develops as occurred in the [SG1/MR401/SG1] configuration. This 

delamination is the reason behind the plateau in the stress-strain curve of [SG1/MR401/SG1] and 

[SG1/TR302/SG1] configurations. Dense fragmentation is already shown at 2.47% strain in Error! 

Reference source not found.. and with increasing strain, fragmentation grew continuously. As 

the damage progressed, a small amount of hysteresis also developed which is attributed to reversed 

high interlaminar shear stress in the regions around the carbon ply fractures. As explained in 

Section 3.2.1, this shear stress could be affected by friction between the glass and carbon ply 

because of the presence of compressive stresses around the crack tip. As depicted in Error! 

Reference source not found., residual bonding between the glass and carbon ply still exists at the 

final peak strain of 3.52% in the form of black-lines running perpendicular to the specimens’ 

length. After the fragmentation is saturated at 3.52% strain, the [SG1/TR301/SG1] hybrid 

configuration has lost 50% stiffness contribution from the carbon ply.  
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Figure 3.18. Stiffness loss at each peak strain for [SG1/TR301/SG1] hybrid. 

 
Stiffness loss as a function of applied peak strain for [SG1/TR301/SG1] hybrid  is shown 

in Error! Reference source not found., which clearly shows a constant stiffness up to the first 

three peak strains followed by gradual loss of stiffness from the fourth until the final peak strain 

due to fragmentation of the UD thin-ply hybrid composites [39]. It is shown in Error! Reference 

source not found. that the final stiffness is substantially higher than the final expected stiffness, 

which could be attributed to substantial intact area of carbon. The error bar for the normalised 

stiffness in Error! Reference source not found.  shows a low coefficient of variation between 

0.9%-1.50% which also indicates the consistency of the tests.  

 The measured width distribution of the residual black-lines in a [SG1/TR301/SG1] hybrid 

configuration at 3.52% peak strain is shown in Figure 3.17.  The average width of the residual 

black-lines is between 0.300-0.850 mm where the shear stress would not be able to reach the yield 

stress, thus leaving the ply interface intact.  
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Figure 3.17. Width distribution of the residual black-lines on a [SG1/TR301/SG1] hybrid 
configuration. 

 
 3.3.2.3 [SG1/TR302/SG1] response 

A typical experimental result for the [SG1/TR302/SG1] laminate is presented in Figure 3.18. 

The cyclic responses show initial linear elastic behaviour before the first knee-point strain of 2.03% 

followed by non-linear behaviour after the knee-point strain and slight increase of stress at the final 

peak strain of 3.13%.  

 
Figure 3.18. Typical cyclic stress-strain curve for [SG1/TR302/SG1]. 

 The notation from 1 until 6 in Figure 3.18 refers to the following peak strains: 1.61 %, 

1.86 %, 2.07%, 2.35%, 2.67 %, 3.13% respectively. Figure 3.18 shows the initial linear response 

for the loading and unloading curves for the first and second loading cycles when it was loaded 

below the damage threshold. The third loading trajectory overlaid the first and second path but 
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went beyond the knee point strain of the hybrid into the plateau region of the stress-strain 

response. It was observed from this work, that the first visible carbon fracture occurred at a strain 

of 2.01% which is higher compared to the failure strain of TR30 fibre mentioned in Table 3.1. 

This hybrid effect is lower than that of the [SG1/TR301/SG1] laminate because of the higher ply 

thickness which meant that the weak clusters in the [SG1/TR302/SG1] laminate were able to grow 

into macroscopic fractures at lower strain due to less restriction on forming clusters of broken 

fibres. Because the weak clusters have more surrounding carbon fibre, once a fibre breaks, it would 

more easily propagate, thus producing failure at a lower strain. Within the plateau region, 

progressive fragmentation of the carbon ply followed by dispersed delamination occurred as shown 

in Figure 3.19, a typical damage mechanism for [SG1/TR302/SG1] hybrid configuration. It is 

shown in Figure 3.19, that damage development took the form of carbon ply fragmentation and 

substantial delamination growth around the fractures at each loading cycle in contrast to the hybrid 

with single TR30 carbon ply, where the fragmentation pattern was significantly denser, and 

delamination was limited (see Error! Reference source not found.). The damage pattern at 2.07% 

strain shows a different type of damage growth. The red circle shows a short fibre fracture and 

smaller average delaminated area compared to the delaminated area shown by the blue circle. The 

fibre fracture shown by the blue circle was able to extend across the whole width because some 

individual fibres have failed at those locations and developed into clusters of broken weak fibres 

via matrix damage or local debonding [119]. The different fracture length across the width shown 

by the red and blue circles also indicates the strength variability within the carbon fibre. The larger 

average delaminated area shown by the blue circle indicates a locally thicker carbon ply compared 

to the area shown by the red circle. The thicker carbon ply will provide enough energy to propagate 

the delamination further after the carbon fibre fractures.  
 

      

Strain : 2.07% 2.35% 2.67% 3.13% 3.50% 

Figure 3.19. Damage pattern at each peak strain for [SG1/TR302/SG1] hybrid. 
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When the carbon ply is fully fragmented at 3.13% strain as shown in Figure 3.19, the 

additional load is taken by the glass ply and the stress starts to increase at 3.13% as shown in Figure 

3.18. Because of the compressive stress around the crack tip, friction between plies causes a small 

amount of hysteresis for the [SG1/TR302/SG1] configuration. Extensive vertical ply splitting from 

the edge as shown in Figure 3.19 occurred, causing the final stiffness to go insignificantly below 

its expected final value without any carbon contribution, as shown in Error! Reference source 

not found.. The black-lines running perpendicular to the specimen shown in Figure 3.19 are areas 

of residual bonding between the glass and carbon ply which shows that this hybrid specimen is not 

fully delaminated and the carbon was still able to carry some load. If there was no vertical ply 

splitting, the final stiffness of [SG1/TR302/SG1] configuration should not the reach the expected 

final stiffness line  at all because the residual intact carbon-ply was able to carry minor load.  

 
Figure 3.20. Stiffness loss at each applied peak strain for [SG1/TR302/SG1]. 

 
Stiffness loss as a function of applied peak strain is shown in Error! Reference source 

not found., which shows a gradual stiffness loss  with increasing fragmentation and stable 

delamination  [39] approaching the expected value with no carbon contribution at higher strain. 

The error bars in Error! Reference source not found. show a coefficient of variation between 

0.40%-7.80% which indicates the consistency of specimen responses, but it is still higher compared 

to the two previous hybrid laminates. This is due the susceptibility of some of the 

[SG1/TR302/SG1] specimens to vertical ply splitting at higher strains. 
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Figure 3.21. Stiffness loss with growing delaminated area for [SG1/TR302/SG1]. 

 
Error! Reference source not found. shows a plot of stiffness loss, as a function of 

normalised delamination area for the averaged measurements of three specimens. It is shown in 

Figure 3., that there is a gradual loss of stiffness from 12% to 68% delamination area with the 

final normalised stiffness going insignificantly below the expected final stiffness. The measured 

width distribution of the residual black-lines in a [SG1/TR302/SG1] hybrid configuration at 3.50% 

peak strain is shown in Figure 3.22. The average width of the residual black-lines of a 

[SG1/TR302/SG1] hybrid configuration is between 0.200-1.00 mm. With this average width, the 

shear stress would not exceed the yield  stress,thus preventing further delamination into the area 

of the residual black-lines. By comparing the average width of the residual black-lines of the three 

hybrid configurations, it seems that the average width is similar. This could be attributed to the 

similar distance required to go from zero shear stress at the centre of the black area to reach the 

shear stress at which interfacial damage occurs and changes the appearance. Nonetheless more 

work is needed to support this argument.  
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Figure 3.22. Width distribution of the residual black-lines on a [SG1/TR302/SG1] hybrid 
configuration. 

 

3.4. Conclusions 

The following conclusions were drawn from the study of continuous glass/carbon hybrid 

laminates under quasi-static cyclic loading: 

1. The quasi static response of the hybrids is affected by the carbon/glass volume ratio, the 

carbon ply thickness and the carbon properties (modulus, strain to failure). 

2. There is a small amount of hysteresis and residual strain, which can be attributed to two 

reasons: the significant reversed shear stress at the ply interfaces near the ends of the several 

delaminated regions of the fragmented hybrid deforming the matrix and the accumulation 

of debris between the open cracks preventing the surface cracks to return to its original 

state when unloaded.   

3. The response of the UD thin-ply hybrid laminate is considered pseudo-ductile because the 

damage in the form of ply fragmentation and localized delamination, leads to gradual loss 

of stiffness [120]. 

4. The extent of stiffness loss is governed by the density of fragmentation and the 

corresponding delamination pattern.  

5. The existence of  the residual black-lines (intact carbon ply) on each hybrid configuration 

could be attributed to the average width of the intact ply  where the shear stress would not 

be able to reach the value required to damage the interface, thus leaving that particular area 

intact.   
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Chapter 4   Compression Response of Unidirectional Thin-Ply Hybrid Composites 

 

4.1  Introduction 

It is well known that carbon fibre possesses high specific tensile modulus and strength, 

which make them an attractive choice for structural application where weight saving is one of the 

important parameters but one of their limitations is the lower axial compression strength compared 

with the tensile strength [121]–[124]. In general, the compressive failure of carbon fibre composites 

is a catastrophic phenomenon and therefore, it is not easy to monitor the nature and sequence of 

failure mechanisms experimentally. Several works performed to study the compression 

performance of unidirectional carbon fibre composites [27], [28], [74], [125]–[129] discovered that 

the initial failure mechanism appears to be shear instability related to yielding of the matrix and the 

pre-existing fibre misalignment. The failure mechanism of carbon fibre composites suggests that 

the compressive strength is controlled by the matrix properties and closely related to the in-plane 

and out-of-plane shear stress-strain behaviour of the lamina and the fibre initial misalignment. It 

was also reported that there is a decreasing value of compressive strength with increasing thickness 

of the fibre composite which was attributed to premature failures due to end crushing for the 

thicker specimens [129]. 
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UD M40JB carbon laminates with three different ply thicknesses were experimentally 

tested in longitudinal compression by Amacher et al. [57], and it was shown that the compressive 

strength increased with decreasing ply thickness. The optical microscopy examination of those 

specimens revealed more uniform microstructure and better fibre alignment with smaller resin rich 

areas for the thinnest plies, which yielded a better compressive performance.  

It has been reported by Czél et al. [88] that there is a distinct change of slope in the load-

compressive strain curve of an asymmetric UD hybrid composite made of a thin high modulus 

M55J carbon/epoxy ply sandwiched between thick glass/epoxy ply and loaded in four-point 

bending due to the progressive fragmentation of the carbon ply on the compression side. The 

change of slope was observed at around -0.513% strain which marks the initial fragmentation of 

the carbon ply, and although it progressively fragmented under compressive loading, the hybrid 

composite specimens continued carrying load until final failure on the compression side at -2.310% 

strain. From the observed damaged specimens, they reported fragmentation of carbon plies in this 

hybrid composite which is not generally observed in compression tests.  

Based on the work by Amacher et al. [57] and Czél et al. [88] , there is a possibility to obtain 

better performance and gradual failure under compressive loading by combining UD thin 

carbon/epoxy ply with standard thickness glass/epoxy. There is still lacking experimental results 

on compression characterisation of UD thin high modulus M55J carbon/epoxy plies with standard 

thickness S-glass/epoxy where the number of carbon plies varies. Therefore, the effect of 

incorporating different numbers of thin carbon plies in a hybrid configuration under indirect 

compressive (four-point bending) and direct (longitudinal) compressive loading will be examined 

in this chapter to explore the pseudo-ductile behaviour of unidirectional thin-ply hybrid 

composites due to fragmentation of the carbon ply.  

 

4.2  Specimen design for indirect compression (four-point bending) testing 

The selected four-point bending test setup was first chosen to study the failure mechanisms 

of UD thin-ply hybrid composites due to the benefit with this setup of very simple specimen 

preparation with no need for end-tabbing and precision machining (e.g. grinding) typically utilised 

for direct compression specimens. 

Compressive or tensile strains at a specific “ply”, depend on its distance from the neutral 

axis (centroid) of the beam. For this specimen, there is a strain gradient across the thickness, which 

is usually assumed to be linear according to the classical beam theory. This is a straightforward 

method of putting a thin carbon/epoxy ply in compression as a part of a hybrid beam specimen. 

The chosen design to study the compressive failure mechanisms of UD thin M55J carbon ply was 

an asymmetric one, where the carbon ply was located close to the compression surface of the 

specimen. The hybrid specimens were designed to be thick enough to undergo significant surface 

strains at relatively small deflections in order to minimize the geometric non-linearity of the load-

deflection response. This was achieved by adding several plies of cheaper E-glass/epoxy plies to a 
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three-ply hybrid sub-laminate of S-glass/epoxy plies and various numbers of carbon plies (see 

Table 4.1 for the lay-up sequences).  The carbon/epoxy volume ratio shown in  The notation h, 

w and L in Table 4.1 is the nominal thickness, width and total length respectively.  

 
Table 4.1  , is calculated based on the ratio between the nominal thickness of the carbon/epoxy 

plies and the total nominal thickness of the hybrid specimen. The nominal thickness of the 

constituents to calculate the carbon/epoxy volume ratio is shown in  The notation h, w and L in 

Table 4.1 is the nominal thickness, width and total length respectively.  

 
Table 4.1. The notation h, w and L in Table 4.1 is the nominal thickness, width and total length 

respectively.  

 
Table 4.1.  Asymmetric hybrid specimen types tested under four-point bending. 

Design. Lay-up sequence h Carbon
/epoxy 
volume 

ratio 

w L Support 
span 

Inner 
span 

  [mm] [%] [mm] [mm] [mm] [mm] 
 
Asym. M55n 

[SG2/EG13/SG2/M551/SG1] 2.63 1.14  
8 

 
80 

 
60 

 
20 [SG2/EG13/SG2/M552/SG1] 2.66 2.25 

[SG2/EG13/SG2/M553/SG1] 2.69 3.34 
 
It is important to note that the proposed setup for the four point-bending tests shown in  

Table 4.1 and  Figure 4.3 was to ensure that the carbon ply failure takes place between the inner 

loading noses where the bending moment is maximum and constant. The cross-sectional schematic 

of the bending specimens is shown in Figure 4.1, where h, yj and z are the nominal thickness, the 

distance of the top of the carbon ply from the base, and the neutral axis respectively, which is 

needed to calculate the compressive strain at the top of the carbon ply using  Equation (4.6  in 

Section 4.6.1. The position of the neutral axis (Z) is calculated through Equation (4.3 which is 

based on classical laminate theory. The notations ZSG, ZEG, ZC are the neutral axis of the S-glass, -

E-glass and carbon plies respectively, measured from the bottom surface to the middle of each ply  

as shown in the schematic in Figure 4.1, and a11 is the compliance of each  ply  calculated using 

the elastic properties shown in  Table 4.. With n is the number of carbon layers. Detailed  equation 

of the neutral axis is shown in Appendix A and Appendix B.  

 

𝑍𝑍 =
𝑍𝑍𝑆𝑆𝑆𝑆2������ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆2
+ 𝑍𝑍𝐸𝐸𝑆𝑆13������� 1

(𝑎𝑎11)𝐸𝐸𝑆𝑆13
+ 𝑍𝑍𝑆𝑆𝑆𝑆2������ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆2
+  𝑍𝑍𝐶𝐶𝐶𝐶����� 1

(𝑎𝑎11)𝐶𝐶𝐶𝐶
+ 𝑍𝑍𝑆𝑆𝑆𝑆1������ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆1
1

(𝑎𝑎11)𝑆𝑆𝑆𝑆2
+ 1

(𝑎𝑎11)𝐸𝐸𝑆𝑆13
+ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆2
+ 1

(𝑎𝑎11)𝐶𝐶𝐶𝐶
+ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆1

 

(4.3) 
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Figure 4.1. Cross-sectional schematic of the asymmetric UD hybrid composite specimens. 

 

4.3  Specimen design for direct (longitudinal) compression testing 

 To study the longitudinal compression response of UD thin-ply hybrid composites, 

alternating plies of S-glass/epoxy and M55 carbon/epoxy  were chosen (see Table 4.2 for the lay-

up sequences).  

 
 
 
 
 
 

Table 4.2. Hybrid specimen types tested under longitudinal compression. 

Specimen 
configuration 

Nominal 
width 

Nominal 
thickness 

Glass 
plies 

Carbon 
plies 

Carbon/epoxy 
volume ratio 

 [mm] [mm]   [%] 
[SG1/(M551/SG1)17]  3.31  17 15.4 
[SG1/(M552/SG1)17] 10 3.83 18 34 26.6 
[SG1/(M553/SG1)17]  4.35  51 35.1 

 
 
As seen from Table 4.2, the nominal width and the number of glass plies are the same for all 

hybrid specimens.  The geometry of the hybrid specimens tested under longitudinal compressive 

loading was chosen to fit the loading rig developed by Häberle et al. [130] and the schematic of the 

specimen geometry is shown in Figure 4.2. 
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Figure 4.2. Schematic of the UD hybrid composite specimens tested under longitudinal 
compression. 

 
As shown in Figure 4.2, a chamfer was introduced into the end tabs in order to yield less 

stress concentration at the tab-tip region of the specimen as shown by Xie et al. [131]. The total 

length and gauge length shown in  Figure 4.2 was chosen based on the slenderness ratio equation 

developed by Häberle et al. [130] and is shown as Equation (4.4 in this chapter. 

 

S =
𝑙𝑙𝑔𝑔√12
ℎ

 
(4.4) 

 
Where h is the nominal thickness of the specimen while Lg is the gauge length which is 12 mm. 

The slenderness ratio for each of the UD hybrid configuration based on its nominal thickness and 

gauge length are 12.5, 10.8, 9.5 for the specimen with 15.4%, 26.6%, and 35.1% carbon/epoxy 

volume fraction respectively. As shown by  Häberle et al. [130],  the composite specimen will attain 

its ultimate compressive strength when the slenderness ratio is between 10 and 20 with a drop in 

ultimate compressive strength if the slenderness ratio is above 20. Comparing the slenderness ratio 

for each of the UD hybrid configuration in this work with the acceptable ratio [130], it implies that 

macro buckling during testing for the proposed hybrid configurations should be avoided.  

 

4.4 Experimental methods 

4.4.1  Materials 

The materials considered for the design and used for the experiments were standard 

thickness S-glass/epoxy and E-glass/epoxy supplied by Hexcel and thin M55J carbon/epoxy 

supplied by North Thin Ply Technology. The epoxy resins in the prepregs were the aerospace grade 

913 (Hexcel) and ThinPreg 120 EPHTg-402 (North TPT). The carbon fibre is a Torayca M55J, 

classified as high modulus and produced in 6000 filament tows [132]. Basic properties of the 

applied fibre and prepreg systems can be found in Table 4.3 and Table 4.  respectively.  The fibre 

properties in Table 4.3 are based on the manufacturer’s data and were determined from 

impregnated strands except for the S-glass where single fibre tests were performed. 
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Table 4.3. Fibre properties of the applied UD prepregs. 

Fibre type Manufacturer Tensile 
modulus 

Tensile 
strain to 
failure 

Tensile 
strength 

Density CTE 

α 
[GPa] [%] [GPa] [g/cm3] [1/K] 

Torayaca M55J Toray 
 

540 0.8 4.02 1.91 -1.1.10-6 
FliteStrand SZT S-glass Owens Corning 88 5.5 4.8-5.1 2.45 2.10-6 
EC9 756 P109 E-glass Owens Corning 72 4.5 3.5 2.56 4.9.10-6 
 

Table 4.4. Cured ply properties of the applied UD prepregs. 

Prepreg 
type 

Property Fibre 
aerial 

weight 

Cured ply 
thickness 

Vf Ei εt εc G12 ν12 

 Unit [g/m2] [mm] [%] [GPa] [%] [%] [GPa]  
M55J /epoxy Average 30 0.030 52 280 a 0.6b -0.26b 3.10c 0.31c 

 COV [%] - - - - - -   
S-glass/epoxy Average 190 0.155 51 45.7 [73] 3.98 -2.33b 3.10c 0.30c 

 COV [%] - - - 3.2 1.1 -   
E-glass/epoxy Average 192 0.140 54 40.0a 3.07b - 3.38c 0.30c 

 COV [%] - - - - - -   
 a calculated for the given volume fraction. 
b based on manufacturer’s data for 60% carbon fibre volume fraction.  
C calculated with Rule of Mixtures 
 

For the prepreg systems mentioned in Table 4.,  the fibre volume fraction is obtained 

from the manufacturer’s data sheet  and the cured ply thickness (CPT) is calculated by using 

Equation 3.5 in Chapter 3. There is a reasonable agreement between the calculated and the 

measured CPT of the hybrid specimens and this is shown in Table 4.5.  

Table 4.5. Calculated and measured cured ply thickness of the UD thin-ply hybrid composites 
(the number in the bracket indicates the coefficient of variation in [%]). 
 

Designation Lay-up sequence Calculated 
thickness 

[mm] 

Measured 
thickness 

[mm] 
    

Asym. M55 [SG2/EG13/SG2/M551/SG1] 2.63 2.65 (3.7%) 
 [SG2/EG13/SG2/M552/SG1] 2.66 2.70 (1.7%) 
 [SG2/EG13/SG2/M553/SG1] 2.69 2.72 (1.5%) 
    

[SG1/(M55n/SG1)17] [SG1/(M551/SG1)17] 3.31 3.33 (1.4%) 
 [SG1/(M552/SG1)17] 3.83 3.85 (2.0%) 
 [SG1/(M553/SG1)17] 4.35 4.36 (0.5%) 

 
The measured thickness in Table 4.5 is from an average measurement of six specimens for each 

hybrid configuration.   

 
4.5  Manufacturing method 

 The investigated UD hybrid laminates for the indirect compression testing (four-point 

bending) and longitudinal compression testing were constructed by placing the 0o plies on top of 
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each other on a clean and flat surface plate in a temperature and humidity controlled clean room. 

The finished laminates were then placed inside a vacuum bag as shown in Chapter 3. The 

recommended curing cycle for this hybrid composite is identical with the curing cycle to produce 

the hybrid composites in Chapter 3.  

 For the tested hybrid specimens under longitudinal compression, it was necessary to attach 

end tabs by using an adhesive to avoid premature failure in the grip regions. The curing cycle of 

the adhesive is explained in Chapter 3. To ensure good alignment and flat surfaces, the tabs and 

ends of the specimen were then ground flat by a grinding machine. Fabrication of the all the hybrid 

specimens was done using a diamond cutting wheel. 

 
4.6 Mechanical test procedure 

4.6.1 Indirect compression (four-point bending) tests 

Four-point bending tests of the asymmetric hybrid specimens were carried out using a 

computer controlled Instron 8872 type 25 kN rated universal hydraulic test machine with a 5 kN 

load cell attached to the machine during the testing. The tests were conducted under displacement 

control at a cross-head speed of 1 mm/min. The set-up for the four-point bending tests was the 

following: the support span and inner span were 60 mm and 20 mm respectively. To avoid the 

possibility of local compressive failure of the surface glass plies under the inner loading noses due 

to high contact forces, reinforced rubber pads were located between the loading nose and specimen 

contact surface. To measure the surface strains at the compressive and tensile side, strain gauges 

of type C2A-06-062LW-120 with 4.45 x 2.03 mm overall length and width respectively were 

attached to both sides of the specimens in the centre of the gauge length. The four-point bending 

test set-up is shown in Figure 4.3. It is worth mentioning that the gauge length for this strain 

gauge type is 1.52 mm. The position of the five dots on the edge of the specimens between the 

inner loading noses was recorded with an Imetrum optical strain measurement system to measure 

the curvature of the specimen. The notation x in Figure 4.3 is the distance between centre of 

support and loading roller which will be used in Equation (4.8, and is 20 mm. 

 

 
Figure 4.3. Four-point bending test set-up of UD thin carbon/glass hybrid composite samples. 
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As the strain gauges are measuring the surface strain of the glass on the compression side, 

it is important to calculate the strain at the top level of the carbon ply on the same side. This can 

be done through Equation (4.6, where 𝜀𝜀𝑐𝑐 and  𝜀𝜀𝑔𝑔 are the top-level strain of the carbon ply and 

the surface strain of the glass ply on the compression side. This equation assumes a linear strain 

distribution in bending, which is valid as long as the beam does not twist or buckle and the 

transverse shear stresses are relatively small.  The notation yj, Z, and h has already been explained 

in Section 4.2. At least six specimens were tested of each type. 

𝜀𝜀𝑐𝑐 = 𝜀𝜀𝑔𝑔. �
𝑦𝑦𝑗𝑗 − 𝑍𝑍
ℎ − 𝑍𝑍

� 
(4.6) 

 
The input parameters to determine the top-level strain of the carbon ply, 𝜀𝜀𝑐𝑐 , for each 

hybrid configuration are shown in Table 4.6.  

 
(4.8.  Input parameters to determine the strain on the top level of the carbon ply. 

Designation h 
[mm] 

yj 
[mm] 

Z 
[mm] 

Asym. M551 2.63 2.47 1.40 
Asym. M552 2.66 2.50 1.48 
Asym. M553 2.69 2.53 1.55 

4.6.2 Direct (longitudinal) compression tests 

 Mechanical testing of the glass/carbon hybrid specimens under longitudinal compression 

loading was conducted under displacement control using a cross-head speed of 1 mm/min on a 

computer controlled Instron 600DX type 600 kN rated universal hydraulic test machine. Load and 

strain readings were logged on a computer. The specimens were end-loaded in the Imperial College 

test rig shown in Figure 4.4. Imperial College compression test rig [130]By using this test rig, the 

specimen is supported laterally over the whole length of the tabs. Specimens were clamped lightly 

in position, and then end-loaded between flat hardened plates. The high precision die set used in 

the rig minimizes frictional effects and ensures combined axial and shear load introduction from 

the end and the sides respectively. The total weight of the rig shown in Figure 4.4. is 37.55 kg and 

has been taken into account in the load measurement by the Instron machine during testing.  
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Figure 4.4. Imperial College compression test rig [130]. 

 
To measure the longitudinal surface strains, the same type of strain gauges as mentioned 

in Section 4.5.1 were used. They were attached to both sides of the specimens in the centre of the 

gauge length. An Imetrum video gauge system was also used to measure the longitudinal strain of 

the specimen’s gauge length through the thickness by tracking the speckle pattern applied on the 

side surface using spray paint as shown in Figure 4.4 and the distance between measurements is 

1.60 mm.  The thickness of the delaminated part shown in the recorded image was measured using 

the ImageJ software. Having knowledge of the nominal thickness from each UD hybrid 

configuration and the pixel size from the video gauge images, a scaling factor (mm/pixel) allows 

to calculate the thickness of the delaminated part in mm. At least six specimens were tested of each 

type. 

 

 
Figure 4.4. Strain measurement at three locations using video gauge system. 

4.7 Damage observation under optical microscopy 
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To observe the damage pattern of the asymmetric carbon/glass hybrid, one specimen from 

each hybrid type was loaded until 700 N in four-point bending and examined under a Zeiss optical 

microscope. A special device made of stainless steel that resembles the four-point bending loading 

rig in the 25 kN Instron machine was used to reload the specimens and make the cracks open 

visibly under the optical microscope. Before being observed, the specimen was ground and 

polished. Figure 4.5 shows the experimental set-up of the device with a deformed specimen being 

examined under an optical microscope.  

 
Figure 4.5. Experimental set-up of the four-point bending device with a deformed specimen 
under the optical microscope. 

 
The specimen position is fixed in place by the two supports and two loading noses. The 

distance between the loading noses is 20 mm (the notation x in Figure 4.6 )  and between the 

supports is 60 mm. The part containing the loading noses is connected to a stainless M5 allen screw 

which actuates them to move towards the specimen and to apply displacement and load as shown 

in Figure 4.6. The specimen is deformed by the loading noses until the opening of the cracks is 

visible.   

 
Figure 4.6. A four-point bending device with the specimen on top of two supports being 
deformed by two loading noses, x is the distance between the centre of loading nose and the 
centre of support. 
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4.8 Results and discussion 

4.8.1 Indirect compression (four-point bending) response 

Typical force-strain response of the asymmetric hybrid specimens under four-point 

bending is shown in Figure 4.7. During four-point bending testing, the hybrid specimen did not 

twist or buckle which made it feasible to assume a linear strain distribution and to apply (4.6 to 

calculate the strain.It is clearly shown, that the initial stiffness increases by having a greater number 

of carbon ply. An initial linear elastic response is also shown for all three hybrid specimen types 

until around -0.480% strain where there is a knee-point for the asymmetric M552 and M553 

configuration which marks the change of the force-strain slope. The first load drop at -1.50% strain 

for asymmetric M552 was due to ply splitting along the fibre direction on the compression side of 

the specimen.   

 

 
Figure 4.7. Typical four-point bending force-strain response for the three asymmetric hybrid 
configurations with the strains calculated for the top level of carbon ply. 

 
Typical damage pattern of a  failed asymmetric hybrid specimens under four-point bending 

are shown in Error! Reference source not found., Error! Reference source not found. and Error! 

Reference source not found. for the asymmetric M551, M552 and M553 hybrid configuration 

respectively. The damage pattern is shown from the top and side view respectively.  
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Figure 4.8. Typical damage pattern of an asymmetric M551 hybrid specimen showing failure at 
the top view (a) and side view (b).  

 
From the top view (Error! Reference source not found. (a) ), damage in the compression 

side consists of ply splitting and delamination for the asymmetric M551 hybrid. Delamination is 

seen from the side view ( Error! Reference source not found. (b) ) where an average layer thickness 

of 0.349 mm has delaminated from the remaining part. Based on this thickness, it can be concluded 

that the top three layers, which are the [SG1/M551/SG1]  layers have delaminated from the 

remaining glass layers. 

 

 
Figure 4.9. Typical damage pattern of an asymmetric M552 hybrid specimen showing failure at 
the top view (a) and side view (b). 

 
Ply splitting and fracture midway across the width is the damage pattern seen on the top 

surface for asymmetric M552 hybrid (Figure 4.9 (a)). From the side view (Figure 4.9 (b)), the 

delaminated part has an average  thickness of 0.482 mm. Ply splitting which occurs on the 

compression side of  the asymmetric M551 and M552 cases is a typical compressive failure of a glass 

fibre under bending [133]. This type of damage gradually accumulates near the compressive surface 

side [133] of the hybrid specimen.      
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Figure 4.10. Typical damage pattern of an asymmetric M553 hybrid specimen showing failure 
at the top view (a) and side view (b). 

 
Fracture across the width is seen from the top view of the asymmetric M553 hybrid 

configuration (Figure 4.10 (a)). A delaminated part with an average thickness of 0.661 mm is seen 

from the side of the specimen ( Figure 4.10 (b) ). For the asymmetric M552 and M553 hybrid, the 

delaminated part includes the hybrid layers on the compression side. The conclusion is made based 

on the measured average thickness of the delaminated part.  

 The top view of a typical damaged asymmetric M551, M552 and M553 hybrid configuration 

tested until 700 N is shown in Figure 4.11 which shows brighter coloured stripes across the width. 

It is also shown in Figure 4.11, that the extent of the brighter coloured area is different for different 

hybrid configuration. The asymmetric M551 hybrid has a denser bright striped area which is likely 

due to the shorter process zone around the fragmented ply [64]. To study the origin of this damage 

area, one specimen from each hybrid configuration which was tested until 700 N was observed 

under optical microscopy. The damage mechanisms observed from the edge of the asymmetric 

M552 hybrid configuration is shown in Figure 4.12.  It is worth mentioning that the damage 

mechanisms shown in Figure 4.12 is also active for the other two hybrid configurations based on 

the observation under optical microscopy.  

 
(a) 

 
(b) 

 
(c) 

Figure 4.11. Top view image of: (a) asymmetric M551 (b) asymmetric M552 (c) asymmetric M553 

hybrid configuration. 
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(a) (b) 

Figure 4.12. Damage mechanisms of asymmetric M552 hybrid configuration showing (a) 
unloaded specimen and fragmentation angle (θ) (b) loaded at -1.4% strain. 

 

Figure 4.12a shows that the carbon ply is fragmented at an angle (θ) when it is unloaded 

and when it is loaded until -1.4% strain as shown in Figure 4.12b, the fragmented carbon ply is 

displaced in the out of plane and thickness direction causing interfacial damage (in the areas shown 

by the red circles in Figure 4.12b). From the experimental work, it was observed that by removing 

the load, the fragmented carbon fibres retained to its original position  as shown in Figure 4.12a. 

By examining Figure 4.12 (b), the fragmented carbon layer is displaced as far as  0.5 to 1 times  

the diameter of a single carbon fibre. It is worth mentioning that the single carbon  fibre has a 

diameter of 5.68 µm. Since the carbon layer is fragmented at an angle, it would be interesting to 

measure this angle. The angle measurement (θ) was made for the fragmentation between the 

loading noses and the result is shown in Figure 4.13 as the fragmentation angle distribution. The 

fragmentation angle (θ) is defined from Figure 4.12a and measured by using an ImageJ software.   

Examining the distribution of the fragmentation angle in the carbon ply, it is seen that the angles 

are distributed mainly between 40o -55o. Even though the angle measurement  shown in Figure 

4.14  was made for the asymmetric M552, a similar trend was also found for the other asymmetric 

configuration and the direct compression specimen. 
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Figure 4.13. Fragmentation angle distribution. 

 

  45o angle of fracture in compression for a single carbon fibre tested in recoil compression 

was reported by Dobb et al.  [134]. They argue that the responsible damage mechanism was due 

to  the high degree of order (graphitization) and inherent sheet-like structure, which lead to easier 

shear between the basal plane than a random structure.   

The carbon ply displacement in the thickness direction is possible because of the low 

transverse modulus (E22) of the hybrid composites and some localised delamination between the 

glass and carbon ply. This displacement in the thickness direction (wedging action) is the reason 

for interfacial damage (delamination) between the ply.  The schematic evolution of wedging action 

in the carbon and glass ply is shown in Figure 4.15. 

 
Figure 4.15. Schematic of transverse displacement mechanism in carbon and glass ply. 

 



77 
 

It is shown in Figure 4.15, that with the presence of compressive loading and the ability 

of the fragmented ply to slide in the thickness direction, there will be a separation between the 

glass and carbon ply. It should be noted that when transverse displacement takes place, the carbon 

ply experiences shear stress at the fragmentation interface as shown in Figure 4.15. This shear 

stress would further cause friction between the fragmented surface. Due to delamination between 

the ply, it was possible to see the brighter coloured stripes shown in Figure 4.11. This colour is 

related to the colour of the glass/epoxy prepreg.  

 Based on the observed damage mechanisms, the change of slope in the force-strain curve 

shown in Figure 4.7 is due to periodic fragmentation of the carbon ply and local delamination 

between the fragmented carbon and glass ply. After the knee-point strain which marks the start of 

fragmentation and dispersed delamination, the load continues to rise which indicates that the 

carbon ply was still carrying some of the load.  Due to the irregular shape between the fragmented 

surfaces as shown in Figure 4.12, friction and mechanical interlocking exist which can help to 

transfer compressive load despite the fracture. 

 Because there is a change in slope and the load continues to rise after fragmentation of the 

carbon ply, it would be interesting to examine the expected contribution from the carbon ply 

before and after the fragmentation.  The contribution of the carbon ply is examined by measuring 

the initial slope and second slope of the force-strain curve as shown in  Figure 4.16, where the 

green and red straight lines are the initial and second stiffness respectively. Although Figure 4.16 

is showing the stiffness measurement method for the asymmetric M552 hybrid configuration, it is 

also applicable for the other two hybrid configurations.  

 

 
Figure 4.16. The method to determine the change of slope in a typical force-strain curve for an 
asymmetric M552 hybrid (the change in the slope is highlighted by the fitted straight red and 
green lines). 

 
As also shown in Figure 4.7, there is a strong dependency of the final failure strain on the 

number of carbon ply, with the asymmetric M553 hybrid specimens failing at lower strain compared 
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to the other two hybrid configurations. This behaviour may be because the strain energy release 

rate increases with the increased thickness of the carbon plies. The final failure strains shown in 

Table 4.7 are calculated for the top level of the carbon ply in the compression side by taking the 

migration of the neutral axis into consideration.  Table 4.7 gives the test results summary for all 

the hybrids tested under four-point bending. 

 
Table 4.7. Test results summary for Asym. M55 carbon/glass hybrid composites (the number in 
the bracket indicates the coefficient of variation in [%]). 
 

Designation Number 
of 

specimens 

Initial 
stiffness 

Second 
stiffness 

Decrease 
in slope 

Knee-point 
strain 

Final failure 
strain 

  [N/1%] [N/1%] [%] [%] [%] 
Asym. M551 6 553.9  

(3.3) 
536.5 
(3.7) 

3.1  
(3.5) 

-0.555  
(2.2) 

-2.724 
 (10.2) 

Asym. M552 6 713.7  
(5.4) 

588.0  
(5.8) 

17.5  
(7.6) 

-0.522 
(6.4) 

-1.750  
(10.0) 

Asym. M553 6 957.5  
(1.9) 

750.1  
(2.9) 

21.6  
(6.1) 

-0.507  
(2.1) 

-0.956  
(4.3) 

 

The knee-point and final failure strain for each hybrid configuration in Table 4.7 has 

already been corrected for the elastic residual strain. The method to calculate residual strain is 

shown in Chapter 3. The residual strains are -0.032%, -0.026%, -0.022% for asymmetric M551, 

M552 and M553 configuration respectively. The input parameters for each prepreg to calculate the 

elastic thermal residual strain are shown in Table 4.8. 

 
Table 4.. Cured ply properties of the applied UD prepregs as an input parameter to determine the 
thermal residual strain. 
 

Prepreg type E11 

[GPa] 

E22 

[GPa] 

CPT 

[mm] 

α11 

[1/K] 

α22 

[1/K] 

G12 

[GPa] 

ν 12 

M55/epoxy 280 6.3 [116] 0.030 -7.8*10-7 a 2.6*10-5[117] 3.1[116] 0.31[116] 

E-glass/epoxy 40 12.5 [116] 0.140 6.7*10-6 a 2.6*10-5[117] 3.3[116] 0.30[116] 

S-glass/epoxy 45.7 10.3 [116] 0.155 3.8*10-6 a 2.6*10-5[117] 3.1[116] 0.30[116] 
a calculated by using the Classical Laminate Theory (CLT) shown in Appendix A. 
 

The measured stiffness loss from the experimental results shown in Table 4.7 as “decrease 

in slope” should be compared to the contribution of carbon ply stiffness to the total laminate 

bending stiffness [D11]. The total laminate bending stiffness is calculated by using Equation (7.4. 

It should be noted that the theoretical carbon laminate bending stiffness is calculated from a given 

distance from the neutral axis (Z).  

 

𝐷𝐷11 =
1
3
�𝑍𝑍𝑘𝑘 

3−𝑍𝑍𝑘𝑘−13
𝐶𝐶

𝑘𝑘=1

.𝑄𝑄11𝑘𝑘 
(7.4)  
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Where: 

D11 : total laminate bending stiffness (Nm) 

Zk : coordinate of kth ply from the neutral axis (m) 

Zk-1 : coordinate of k-1th ply from the neutral axis (m) 

Q11k : ply stiffness matrix (N/m2) 

 
It is worth mentioning that the ply stiffness matrix in Equation (7.4. is stiffness at the fibre 

direction (Q11) of a specific reinforced ply located at a certain distance (k) from the neutral axis.  

Having knowledge of the elastic properties of the carbon plies from Table 4., it is possible to 

calculate the carbon ply stiffness (Q11).  The position of the neutral axis (Z) in Figure 4.1 is 

calculated with the classical laminate theory by incorporating the elastic properties of the 

constituent plies of the hybrid specimens. The properties of the fibre and prepregs can be found 

in Table 4.3 and Table 4. respectively. By incorporating the material properties from Table 4.3 

and Table 4. into Equation (7.4, the carbon ply contribution to the total bending stiffness [D11] 

is presented in  

Table 4.. 

Table 4.9. Carbon ply contribution to bending stiffness according to classical laminate theory. 

Designation Total laminate 
bending stiffness 

Carbon ply bending 
stiffness 

Carbon ply contribution to 
bending stiffness 

 Nm Nm [%] 
Asym. M551 80.1 9.9 12.3 
Asym. M552 90.5 17.7 19.6 
Asym. M553 100.0 24.0 24.0 

 

The reduction in D11 shown in  

Table 4.9 can be compared to the decrease in slope from the force-strain curve for all 

hybrid configuration  since bending curvature has a linear relationship with load through Equation 

(4.8:  

 

𝑘𝑘.𝐷𝐷11 = 𝐹𝐹.
𝑥𝑥
2

 (4.8) 

 

Where: 

k : bending curvature 

D11 : bending stiffness (Nm) 

F : bending load (N)  

x : perpendicular distance from central loading nose to the central support (m) as shown 

in Figure 4.3. 

 
Comparing the stiffness loss (decrease in slope) in Table 4.7 with the carbon ply contribution in  
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Table 4.9 for all three hybrid configurations, it is clearly shown that from the observed 

experiments, the asymmetric M552 and asymmetric M553  hybrid configuration have lost most of 

their bending stiffness contribution from the carbon ply. However, there is no load drop after the 

knee-point strain, and so the carbon is apparently still carrying load. For the asymmetric M551 

configuration, an insignificant stiffness loss as shown in Table 4.7 compared to the other hybrid 

configurations was found because of the small volume ratio of  the carbon/epoxy . Because the 

carbon ply was still carrying the load, then it should be able to break several times along the 

specimen’s length. To support this hypothesis, it would be interesting to compare the measured 

fragment length from the experimental results with the theoretical critical carbon fracture length.  

 

 
Figure 4.17. Through thickness direction optical microscope image of asymmetric M551 hybrid 
configuration showing fragmented carbon ply and the method to measure the distance between 
fragmentation. 

 
Figure 4.17 shows the fragmented carbon ply and the method to measure the distance 

between fragmentations. Although the method shown in Figure 4.17 is for asymmetric M551 

hybrid configuration, it is also applicable for the other two configurations. The fragment length is 

measured from the optical microscope images of each hybrid configuration by using Image J 

software. The way this length is measured is shown in Figure 4.17. Six measurements between 

cracks were taken. The average value of these six measurements is taken as the fragment length. 

The critical carbon ply length is calculated with the following Equation (4.9 and it does not take 

account of delamination between the carbon and glass ply.   

 

𝐿𝐿𝑐𝑐 =  
𝐸𝐸𝑐𝑐 . 𝜀𝜀𝑐𝑐. 𝑡𝑡𝑐𝑐 

𝜏𝜏𝑐𝑐
 

 (4.9) 

 

Where:  

Lc : critical carbon ply length (mm) 
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Ec : Young’s Modulus of carbon composite ply (GPa)  

tc : carbon ply thickness (mm) 

𝜏𝜏𝑐𝑐 : interlaminar shear yield strength (MPa) 

εc : compressive failure strain of carbon fibre ply (%) 

 

With Ec = 280 GPa, tc = 0.030 mm, 0.060 mm, 0.090 mm for asym. M551, M552 and M553 

respectively, εc = 0.555 %, 0.522 %, 0.507 % for asym. M551, M552 and M553 respectively  [88] ,  τc 

= 77.6 MPa (corrected interlaminar shear strength for 913 E-glass/epoxy taking into account 

material non-linearity under four-point bending) [135]. The calculated critical carbon ply length for 

all three-hybrid configurations are shown in Table 4.. 

 
Table 4.10. Comparison between theoretical critical length and measured fragment length for 
hybrid specimens under indirect compression (numbers in brackets indicate coefficients of 
variation in [%]). 
 

Designation Nominal carbon 
ply thickness 

Theoretical critical 
length  
(Lc) 

Measured 
fragment length 

(Lm) 

(Lc-Lm)/(Lc) 

 [mm] [mm] [mm] [%] 
Asym. M551 0.030 0.59 0.18 (5.3) 30 
Asym. M552 0.060 1.11 0.42 (4.1) 37 
Asym. M553 0.090 1.62 0.63 (5.8) 38 

 
As shown in Table 4.10, There is a significant discrepancy between the theoretical critical 

length and measured fragment length for all three configurations. The reason for the inapplicability 

of Equation (4.9 to predict the fragment length under compression is described as follows: 

Equation (4.9 is originally developed to predict the critical fragment length of fibres under tension 

loading [136]. This equation assumes  that the tensile stress in the fibre builds up from the fibre 

ends and fragmentation occurs when the stress in the fibre reaches the tensile strength. Further 

fragmentation continues until the length of the fibre is insufficient to allow the fibre to fail again. 

The final length defines the critical length ( Lc ). When the fibres are under a compression load, 

the fragmentation does not result in a stress discontinuity at the fracture point because the 

fragments  remain in contact and can still transfer a compression load (Figure 4.15). This means 

that unlike in tensile fragmentation, the measured fragment lengths shown in Table 4. are 

unrelated to the critical length as defined by the traditional load transfer model described in 

Equation (4.9.  

When a fibre composite is under four-point bending load, the compressive strain to failure 

increases with increasing strain gradient. Size effect could also play a role into the compressive 

strain to failure. Longitudinal or direct compression loading of hybrid composites is a test method 

where the specimen is subjected to a uniform stress on both ends. This test method also eliminates 

the presence of a strain gradient so it is possible to examine the “true” compressive strain to failure 

of M55 carbon/epoxy.  Section 4.8.2 will discuss the response of unidirectional thin carbon/glass 
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hybrid composites under longitudinal compressive loading. It should be noted that the same type 

of carbon and glass fibre will be used in the direct compressive loading in order to have a 

comparison with the indirect compression response.  

 

 
 
 
4.8.2  Longitudinal compression response  

4.8.2.1 Comparison between each hybrid configuration 

 Typical stress-strain curve for all the hybrid configurations tested in longitudinal 

compression is shown in  

Figure 4.18.  The compression strain is the average strain of the three strain measurements using 

the video gauge system shown in Figure 4.4. By incorporating more carbon plies into the hybrid 

laminate, the initial stiffness increases, as expected, which can be seen from the different initial 

elastic slope of each stress-strain curve in  

Figure 4.18, where the [SG1/(C3/SG1)17] configuration has the highest initial stiffness.  The images 

of the failed hybrid specimens under longitudinal compression loading are shown in  

Figure 4.19,  

Figure 4.20 and  

Figure 4.21 for the [SG1/(C1/SG1)17], [SG1/(C2/SG1)17] and [SG1/(C3/SG1)17]   hybrid 

configuration respectively.  

 
 

Figure 4.18. Typical stress-strain curve for UD thin carbon/glass hybrid configurations with 
different numbers of carbon ply. 

 
Figure 4.19 shows the damage region in the gauge section for the failed hybrid 

[SG1/(C1/SG1)]17 configuration. Delamination and fibre fracture in the gauge length are shown in 

Figure 4.19. As also shown in the same figure, delamination between the end tabs and hybrid 
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specimen occurred at the gripping region for the [SG1/(C1/SG1)]17 hybrid. An explosive type of 

failure is typically observed for this hybrid configuration at the final stage of loading.  

 

 
 

Figure 4.19. Typical image of a failed hybrid [SG1/(C1/SG1)]17 specimen showing final failure 
under longitudinal compression loading. 

 
Delamination and shear fibre fracture in the gauge length are shown in Figure 4.20 for the 

failed [SG1/(C2/SG1)]17 hybrid. Delamination near the surface of the specimen is also shown in 

Figure 4.20. Only one from six specimens from this configuration has delamination between the 

end tabs and the specimen. 

 

 
 
Figure 4.20. Typical image of a failed hybrid [SG1/(C2/SG1)]17 specimen showing final failure 
under longitudinal compression loading. 
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Figure 4.21. Typical image of a failed hybrid [SG1/(C3/SG1)]17 specimen showing final failure 
under longitudinal compression loading. 

The failed [SG1/(C3/SG1)]17 hybrid configuration in Figure 4.21 shows shear fibre fracture 

and delamination without any delamination in the end-tab regions. It is worth mentioning that 

different end-tabs type was used between [SG1/(C3/SG1)]17 with the remaining hybrid 

configurations. This is because the end-tab used for the [SG1/(C1/SG1)]17   and [SG1/(C2/SG1)]17   

was no more available. It was then decided to use an equal modulus end tabs for the 

[SG1/(C3/SG1)]17 configuration although the thickness is 1.50 mm which is 0.1 mm below the end-

tabs used for two hybrid configurations. The following section will describe the behaviour of each 

hybrid composite configuration under longitudinal compression in detail. 

 
4.8.2.2 [SG1/(C1/SG1)17] compression response 

 During compression loading of the [SG1/(C1/SG1)17] configuration, a change of slope in 

the stress-strain curve appears at an average strain of  -0.555% which is due to fragmentation of 

the carbon plies under compression [88].  This strain value has been corrected for the elastic 

residual strain calculated by using the method described in Chapter 3. The residual strain for 

[SG1/(C1/SG1)17] configuration is -0.021%. The damage mechanisms behind the reduction in 

stiffness contribution from the carbon/epoxy ply in an asymmetric M55/S-glass hybrid specimen 

under four-point bending explained in Section 4.8.1, revealed multiple translaminar shear fractures 

running at an angle of around 40o-55o through the thickness of the carbon ply and local opening 

delamination at the intersections between the inclined cracks and the glass/carbon ply interfaces. 

This damage mechanisms has also been discovered by Czél et al. [88] for asymmetric M552 under 

four-point bending.  The low transverse stiffness and low through thickness interlaminar strength 

promoted this delamination [137]. It is also believed that these same damage mechanisms were 

active in direct compression for these S-glass/M55 hybrids. It is clearly seen in  

Figure 4.18 that after -0.555% strain, the stress continues to rise further. The strain where the 

carbon plies fragmented is taken as the -0.555% “knee-point strain” on the stress-strain curve and 

is determined from the intersection point of initial non-linear curve (black curve) and reduced 

slope regions (red line) as shown in Figure 4.22 for the [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] 

hybrid configurations.  
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Figure 4.22. Knee-point stress (σk) and strain (εk) determined from the intersection point of initial 
non-linear curve (black curve) and reduced slope region (red line). 
 

As shown in Figure 4.18 for the [SG1/(C1/SG1)17] configuration, after the knee-point strain 

the stress rises further until it reaches strain values of -1.660%, after which there is a load drop 

associated with delamination at the glass and carbon interface on one side of each hybrid 

configuration. The average thickness of the delaminated part on the right side of [SG1/(C1/SG1)17] 

laminate shown in Figure 4.23 at the first load drop (-1.660% strain) is 0.33 mm. The failure modes 

of [SG1/(C1/SG1)17] configuration at each strain level and eventually at the final failure strain are 

depicted within the stress-strain curves shown in Figure 4.23.  

 

 
Figure 4.23. Failure sequence of [SG1/(C1/SG1)17] configuration at each strain level. 

 
After partial delamination between the glass and carbon plies at the right side of the 

[SG1/(C1/SG1)17] laminate resulting in the first load drop in the stress-strain curve at -1.660% strain 

shown in Figure 4.23, the load is carried by the remaining intact plies. The stress then increases until  
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another partial delamination at an average depth of 0.28 mm appears on the left side of the laminate 

near the surface, resulting in a second load drop at -2.180% strain as shown in Figure 4.23. The final 

failure at -2.23% strain for this [SG1/(C1/SG1)17] laminate is characterised as compressive failure 

together with delamination of the laminate resulting in a catastrophic/exploding failure type as shown 

in Figure 4.23. 

 
4.8.2.3 [SG1/(C2/SG1)17] compression response 

A change of slope in the stress-strain curve at an average strain of -0.554% strain also 

appears for the [SG1/(C2/SG1)17] hybrid configuration due to fragmentation of the carbon plies 

under compression. This value has been corrected for the elastic residual strain. The residual strain 

for [SG1/(C2/SG1)17] configuration is -0.014%. As shown in Figure 4.18 for the [SG1/(C2/SG1)17] 

configuration, after the knee-point strain the stress rises further until it reaches strain values of -

1.480%, after which there is a load drop associated with delamination at the glass and carbon interface 

on one side of each hybrid configuration. The failure mode for the [SG1/(C2/SG1)17] laminate consists 

of partial delamination between the glass and carbon plies with an average depth of 0.36 mm at the 

right side near the surface of the laminate which took place at -1.480% strain causing the first load 

drop followed by an increase of stress until final failure at -1.670% strain when a 

catastrophic/explosive failure type took place. The failure modes of  [SG1/(C2/SG1)17] configuration 

at each strain level and eventually at the final failure strain are depicted within the stress-strain curves 

shown in Figure 4.24. 

 
Figure 4.24. Failure sequence of [SG1/(C2/SG1)17] configuration at each strain level. 

 
4.8.2.4 [SG1/(C3/SG1)17] compression response 

The thickest laminate ply with [SG1/(C3/SG1)17] configuration, experienced sudden failure 

at an average strain of -0.50% with the typical damage modes of fragmentation followed by 

delamination. This value has been corrected for the elastic residual strain. The residual strain for 

the [SG1/(C3/SG1)17] configuration is -0.010%. The evidence of fragmentation in [SG1/(C3/SG1)17] 
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configuration is shown in Figure 4.29  which also shows delamination between carbon and glass 

plies. It is worth mentioning that the optical image in Figure 4.29 was taken from the 

[SG1/(C3/SG1)17] specimen shown in Figure 4.26(c). For the [SG1/(C3/SG1)17] hybrid, only the final 

failure mode at -0.50% strain is shown in Figure 4.25 with its typical stress-strain curve, because no 

load drop was observed before the final failure. 

 
Figure 4.25. Final failure mode of [SG1/(C3/SG1)17] configuration. 

 
 It should be noted that the same stress-strain curves shown in Figure 4.23 -Figure 4.25 are 

the same as those  shown in Figure 4.18. Overall, the behaviour of [SG1/(C1/SG1)17] and 

[SG1/(C2/SG1)17] laminates are considered as pseudo-ductile. The responsible damage mechanisms 

behind the pseudo-ductile behaviour are fragmentation of carbon ply and localised delamination 

between glass and carbon ply. Fragmentation of carbon ply and stable delamination are also 

responsible for the pseudo-ductile behaviour of unidirectional thin carbon ply/glass hybrid 

composites [60] under tensile loading.   

 
4.8.2.5 Damage mode under direct compression 

One specimen from [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] hybrid configuration discussed 

above was loaded under direct compressive loading until -0.80% strain when the test was terminated. 

The edge of each specimen was then grounded and polished before examined under Zeiss optical 

microscopy. For the [SG1/(C3/SG1)17] configuration, an interrupted test was conducted at -0.41% 

strain, well below the final failure strain of -0.50% to see if any damage had occurred, but unexpected 

premature failure took place. Figure 4.26 shows the top view image of a typical damaged found in 

[SG1/(C1/SG1)17], [SG1/(C2/SG1)17] and [SG1/(C3/SG1)17] hybrid configuration. From the interrupted 

tests of the type laminates at -0.80% strain, it is shown that the typical damage mode for the hybrid 

configuration under compression includes carbon-ply fragmentation and localized delamination. It 

was possible to observe the delamination between the glass/epoxy and carbon/epoxy ply due to the 

translucent nature of the glass/epoxy ply. The delamination area is seen as a yellow pattern 
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surrounding the dispersed fractures in the carbon ply and running across the width of the specimen, 

as shown in Figure 4.26. A larger delamination area near the surface of the laminate, is shown as a 

yellow pattern, in Figure 4.26(c) for the [SG1/(C3/SG1)17] laminate. Ply splitting was also observed 

as shown in Figure 4.26(c) (marked by red rectangles). 

 

   
   
Figure 4.26. Typical damage mode for the different hybrid laminates under direct 
compression (a) [SG1/(C1/SG1)17] at -0.8%, (b) [SG1/(C2/SG1)17] at -0.80%, and (c) 
[SG1/(C3/SG1)17] at -0.41%. 
 
 

The optical image taken from the edge of all three hybrid configurations in Figure 4.26 is 

shown in Figure 4.27-Figure 4.29  for  [SG1/(C1/SG1)17], [SG1/(C2/SG1)17] and [SG1/(C3/SG1)17] 

respectively. As shown in Figure 4.27 and Figure 4.28, carbon ply is seen fragmented periodically 

along the fibre length. For clarity a typical fragmented carbon ply is marked with red rectangle in 

Figure 4.27 for [SG1/(C1/SG1)17] configuration. 

 
Figure 4.27. Damage mode of [SG1/(C1/SG1)17] configuration at -0.80% strain. 
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Figure 4.28. Damage mode of [SG1/(C2/SG1)17] configuration at -0.80% strain. 

 

 
Figure 4.29. Damage mode of [SG1/(C3/SG1)17] configuration at -0.41% strain. 

For [SG1/(C3/SG1)17] configuration shown in Figure 4.29, fractures running at an angle 

of around 45o through the thickness of the carbon ply are indicated with the red rectangles. The 

distance between fragmentation shown in Figure 4.27 - Figure 4.28  is measured using the same 

method explained in  Figure 4.17. The comparison between the measured fragment length with 

the calculated critical carbon ply length for [SG1/(C1/SG1)17], [SG1/(C2/SG1)17], [SG1/(C3/SG1)17], 

configurations are shown in Table 4.. 
 
Table 4.11. Comparison between theoretical critical length and measured fragment length for 
hybrid specimens under direct compression (numbers in brackets indicate coefficients of variation 
in [%]). 
 

Designation Total nominal 
carbon ply 
thickness 

Theoretical 
critical length  

(Lc) 

Measured 
fragment length 

(Lm) 

(Lc-Lm)/(Lc) 

 [mm] [mm] [mm] [%] 
[SG1/(C1/SG1)17] 0.52 0.85 0.21 (5.9) 75 
[SG1/(C2/SG1)17] 1.03 1.71 0.53 (9.1) 69 
[SG1/(C3/SG1)17] 1.55 2.56 0.98 (8.2) 62 
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As seen in Table 4., there is a discrepancy between the measured fragment length and the 

calculated theoretical critical length which indicates the inapplicability of the traditional transfer 

load model to predict the fragment length in compression. 

 
4.8.2.6 Mechanical properties of UD thin-ply hybrid composites under direct compression 

 The test results summary of all three hybrid configurations under direct compression is 

shown in Table 4.. It should be noted that the strains mentioned in Table 4.12 have been corrected 

for elastic residual strain. The notation Ei, Ef, ε1,  εf   in Table 4. is the initial stiffness, final stiffness, 

first load drop and final failure strain respectively. The first load drop and final failure are explained 

in Figure 4.23 -  Figure 4.25 respectively. The method to measure the initial stiffness (Ei) and 

final stiffness (Ef)  are shown in  

Figure 4.30 

Figure 4.32 for [SG1/(C1/SG1)17], [SG1/(C2/SG1)17] and [SG1/(C3/SG1)17] respectively in which a 

tangent stiffness is being used to determine those values. 
 
Table 4.4. Mechanical properties of hybrid composites under direct compressive loading 
(numbers in brackets indicate coefficients of variation in [%]). 
 

Designation Property No. of 
specimens 

Ei 
 

Ef εk 
 

σk ε1 
 

εf 
 

   [GPa] [GPa] [%] [MPa] [%] [%] 
[SG1/(C1/SG1)17] Average 6 76.53 30.22 -0.555 344 -1.690 -2.150 

 COV (%)  (3.3) (3.4) (3.4) (3.6) (10.9) (8.1) 
[SG1/(C2/SG1)17] Average 6 98.54 23.63 -0.554 429 -1.210 -1.440 

 COV (%)  (6.8) (7.6) (3.3) (1.0) (14.2) (8.7) 
[SG1/(C3/SG1)17] Average 6 118.90 53.48 - - -0.500 -0.500 

 COV (%)  (5.9) (10.0) - - (6.9) (6.9) 
 

 
 
Figure 4.30. The method to determine initial and final stiffness for [SG1/(C1/SG1)17] 
configuration. 
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Figure 4.31. The method to determine initial and final stiffness for [SG1/(C2/SG1)17] 
configuration. 

 

 

 
 

Figure 4.32. The method to determine initial and final modulus for [SG1/(C3/SG1)17] 
configuration. 

 
 As shown in  

Figure 4.30 and  

Figure 4.31, the initial and final stiffness are determined by the green and red line respectively. 

The red lines were chosen as a measurement for the final stiffness because at those slopes, the 

fragmentation has reached saturation and the load is mainly carried by the glass plies. Part of the 

curve in  

Figure 4.30 and  

Figure 4.31  where the black line runs over is where fragmentation of carbon ply and localised 

delamination occurred. During compression loading of all three hybrid configurations, there is a 

non-linear behaviour before the knee-point strain. This is due to the non-linear behaviour of the 

carbon fibre itself which has been explained by several researchers [25], [138]. From Table 4.5, it 



92 
 

is seen that with increasing number of carbon plies incorporated in the hybrid laminates, the first 

load drop strain decreases. Figure 4.33 gives an illustration of the reduction of first load drop strain 

and final failure strain with increasing carbon ply thickness for all three hybrid configurations. 

 
Figure 4.33. First load drop strain and final failure strain as a function of carbon ply thickness. 

Different values of first load drop and final failure strains shown in Figure 4.33 is due to the 

different energy release rates for delamination after fibre fracture in the different hybrid 

configurations. Because energy is proportional to the thickness of the carbon layer as explained by 

Czél et al. [39], delamination occurs at a lower strain for the hybrid with double compared with single 

carbon plies.  It is also interesting to note that the -0.50% final failure strain for [SG1/(C3/SG1)17] 

configuration is higher than the manufacturer’s data sheet for M55J/epoxy shown in Table 4. 

which is -0.26%. This could be attributed to the better testing method used in this work and the 

advantage of using hybrid design in which the glass plies provided protection for the carbon plies 

from the high clamping force.  

The comparison between knee-point strain and final failure strain from the direct and 

indirect compression testing is shown in Table 4.6 for the hybrid configuration with different 

number of carbon plies. The notation DCT and IDCT in Table 4.6 refers to Direct Compression 

Testing and Indirect Compression Testing respectively.  

 
Table 4.6. Strain comparison between direct compression and indirect compression testing results 
(numbers in brackets indicate coefficients of variation in [%]). 
 

Number of carbon plies Knee-point strain 
[%] 

Final failure strain 
[%] 

 DCT IDCT DCT IDCT 
1 -0.555 (3.4) -0.555 (2.2) -2.150 (8.1) -2.720 (10.2) 
2 -0.554 (3.3) -0.552 (6.4) -1.440 (8.7) -1.750 (10.0) 
3 - -0.507 (2.1) -0.500 (6.9) -0.956 (4.3) 

 
 Examining the knee-point strain results from Table 4.6, the difference values obtained for 

all three hybrid configurations are not significantly large. This could suggest, that those knee-point 

strains mentioned in Table 4.6 are the compressive failure strain for M55J carbon fibre. The final 
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failure strains shown in Table 4.6 for the hybrids obtained from indirect compression testing are 

higher compared to the strains from direct compression testing. This could suggest that the strain 

gradient and the high strain embedding glass layers provided support for the carbon/epoxy layers 

in the compression thus delaying the final failure until higher strain. 

 

4.9 Conclusions 

 This chapter has presented the mechanical properties of unidirectional thin-ply hybrid 

composites subjected to indirect (four-point bending) and direct compression testing. The effect 

of different hybrid configurations was examined. The following was concluded: 

 
1. The compression response of unidirectional thin ply hybrids has been established. Gradual 

failure with a significant decrease in stiffness at around -0.50% strain and final failure at - 

2.15% and -1.44% strain has been obtained for the [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] 

hybrid configurations respectively. 

 
2. For the [SG1/(C3/SG1)17] configuration, sudden failure occurs at an average strain of -

0.500%. Even this lower strain is higher than the compression failure strain calculated 

from the manufacturer’s data sheet of -0.26%. This is attributed to a better testing method 

being used and the protection from the high clamping force provided by the glass layers. 

 
3. From the indirect compressive loading, it was found that comparison between the change 

of force-strain slope and contribution of carbon bending stiffness from Classical 

Laminated Plate Theory (CLPT) indicated that the hybrid laminates with two and three 

carbon plies has lost most of the bending stiffness contribution from the carbon. 

However, there is no load drop and apparently, the carbon is still carrying load after 

fragmentation. Due to the irregular shape between the fragmented surfaces, friction and 

mechanical interlocking may exist which can help to transfer compressive load despite the 

fractures. 

 
4. The measured fragment length from hybrid specimens tested under indirect and direct 

compression is less than the critical length calculated from the usual constant shear stress 

assumption with linear increase in stress from zero at both ends of the fragment. 

 
5. The traditional load transfer model is inable to predict the fragment length of carbon layer 

in compression because the fibre fragment is in contact and still able to transfer load.   

 
6. The carbon ply fractured at an angle is displaced in the transverse direction and this 

transverse displacement is responsible for interfacial damage (delamination) which causes 

the stiffness degradation. 
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7. A similar value of knee-point strains was obtained from indirect and direct compression 

testing which suggest that this value is the compressive strain to failure of the M55J carbon 

fibre. 

 
8. The final failure strain of the hybrids decreases with increasing carbon ply thickness which 

qualitatively complies with the energy release rate concept.  

 

 

 

Chapter 5   Flexural Response of Unidirectional Thin-Ply Hybrid Composites 

5.1  Introduction 

Unidirectional (UD) hybrid composites made of thin carbon/epoxy plies and standard 

thickness S-glass/913 epoxy plies have shown favourable pseudo-ductile response under static 

tensile loading as already shown in Chapter 3 in this thesis. This response was achieved by the 

progressive fragmentation of the carbon layer and stable delamination of the fragments from the 

embedding glass layers [1]. Previous work on the characterisation of the compression behaviour 

of unidirectional hybrid composites made of thin high strength carbon/epoxy plies sandwiched 

between several glass/epoxy plies has shown a very high strain to failure in compression, even 

higher than the tensile strain to failure of the carbon fibre quoted by the manufacturer as shown 

in Chapter 4 in this thesis. For hybrid composites consisting of thin high modulus carbon/epoxy 

plies, fragmentation of the carbon layer and stable delamination under compression was reported 

by Czél et al [88]. Based on the previous characterisation work of UD hybrid composites under 

tension [60] and compression [88], it seems possible to exploit the pseudo-ductile behaviour of 

this material in flexural loading as well where there is a combination of tensile and compressive 

loading on different sides of the hybrid. Demonstration of pseudo-ductility under flexural loading 

is essential to demonstrate their suitability for a wide range of applications. It would also be 

interesting to compare the flexural response of the UD thin ply hybrid composites with its tension 

and compression behaviour. It should be noted that indirect compression methods will be used in 

this chapter to obtain the compression properties of TC35 carbon/epoxy. In this chapter, two 

types of thin carbon plies with different modulus were used, M55J carbon/epoxy and TC35 

carbon/epoxy which are known as high modulus and standard modulus carbon fibre respectively. 

5.2 Experimental methods 

5.2.1  Materials 

The hybrid composite constituent materials considered for the design and used in the 

experimental part of the study were standard thickness S-glass/epoxy supplied by Hexcel, thin 

M55J carbon/epoxy supplied by North Thin Ply Technology, thin TC35 carbon/epoxy plies 
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commercially available from SK Chemicals under the trade name of SkyFlex USN020A. The epoxy 

resins in the prepregs were the aerospace grade 913 (Hexcel), ThinPreg 120 EPHTg-402 (North 

TPT) and K50 (SK Chemicals). The carbon fibers were Tairyfil TC35 and Torayca M55J, where 

TC35 is classified as a standard modulus carbon fibre [139] while M55J is a high modulus carbon 

fibre and produced in 6000 filament tows [132]. Basic properties of the applied fibre and prepreg 

systems can be found in Error! Reference source not found. and Table 5.11. The fibre properties 

in Error! Reference source not found. are based on the manufacturer’s data and were determined 

from impregnated strands except for the S-glass where single fibre tests were performed. 

 
Table 5.7. Fibre properties of the applied UD prepregs. 

Fibre type Manufacturer Tensile 
modulus 

Tensile 
strain to 
failure 

Tensile 
strength 

Density CTE 

α 
[GPa] [%] [GPa] [g/cm3] [1/K] 

Tairyfil TC35  Formosa 240 1.60 4.00 1.80 -4.10-7 
Torayaca M55JB         Toray 

 

540 0.80 4.02 1.91 -1.1.10-6 
FliteStrand SZT S-glass  Owens Corning 88 5.50 4.8-5.1 2.45 2.10-6 
EC9 756 P109 E-glass  Owens Corning 72 4.5 3.5 2.56 4.9.10-6 
 

Table 5.8. Cured ply properties of the applied UD prepregs. 

Prepreg 
Type 

Property Fibre 
mass 

per unit 
area 

Cured 
ply 

thickness 

Fibre 
volume 
fraction 

Initial 
elastic 

modulus 

Tensile 
strain 

to 
failure 

Compressive 
strain to 
failure 

 Unit [g/m2] [mm] [%] [GPa] [%] [%] 
TC35/epoxy 

[140] 
Average 22a 0.027b 46.9b 114.3b 1.95c - 

COV 
[%] 

- - - - 7.08 - 

M55 /epoxy 
[88] 

Average 30 0.030 52 280 d 0.6e 0.26e 
COV 
[%] 

- - - - - - 

S-glass/epoxy 
[88] 

Average 190 0.155 51 45.7 [73] 3.98 2.33e 
COV 
[%] 

- - - 3.2 1.1 - 

E-glass/epoxy 
[88] 

Average 192 0.140 54 40.0b 3.07e - 
COV 
[%] 

- - - - - - 

a  Based-on manufacturer’s data. 
b Calculated based on manufacturer’s data. 
c  First carbon layer fracture measured on [S-Glass/Carbon2/S-Glass] UD interlayer hybrid in static 

tension. 
d Calculated for the given fibre volume fraction. 
 e Based on manufacturer’s data for 60% carbon fibre volume fraction.  
 

The baseline failure strain for TC35/epoxy is an average of 5 specimen measurements in a 

[S-Glass/Carbon2/S-Glass] type sandwich hybrid specimen and it is defined as the first carbon ply 

crack visible in the specimen during static tensile loading. It should be noted that the strain to 

failure for TC35/epoxy was measured from a thin hybrid configuration, so it is expected that there 

is an  enhancement in the measured strain due to the  ‘hybrid effect’ [141].   
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For the prepreg systems mentioned in Table 5.11,  the fibre volume fraction is obtained 

from the manufacturer’s data sheet  and the cured ply thickness (CPT) is calculated by using 

Equation 3.1 in Chapter 3. There is a reasonable agreement between the calculated and the 

measured CPT of the hybrid specimens and this is shown in Table 5.12 and Table 5.9 for the 

four-point bending and tensile UD thin-ply hybrid specimens, respectively. The measured 

thickness in Table 5.12 is from an average measurement of five specimens for each hybrid 

configuration.  For the measured thickness in Table 5.10, an average measurement of seven 

specimens for [SG1/TC351/SG1], [SG1/M551/SG1], [SG1/M552/SG1] configurations was taken 

while for [SG1/TC352/SG1], only an average measurement of five specimens was taken.  

 
Table 5.11. Calculated and measured cured ply thickness of the four-point bending UD thin-ply 
hybrid composites (the number in the bracket indicates the coefficient of variation in [%]). 
 

Designation Lay-up sequence Calculated thickness 
[mm] 

Measured thickness 
[mm] 

    
TC35/S-glass [SG1/TC351/SG1]4s 2.710 2.740 (1.13) 

 [SG1/TC352/SG1]4s 2.940 2.970 (1.18) 
    

M55/S-glass [SG1/M551/SG1]4s 2.720 2.750 (0.74) 
 [SG1/M552/SG1]4s 2.960 2.980 (1.65) 

 

Error! Reference source not found.. Calculated and measured cured ply thickness of the tensile 
UD thin-ply hybrid composites (the number in the bracket indicates the coefficient of variation in 
[%]). 
 

Designation Lay-up sequence Calculated thickness 
[mm] 

Measured thickness 
[mm] 

    
TC35/S-glass [SG1/TC351/SG1] 0.333 0.343 (3.48) 

 [SG1/TC352/SG1] 0.356 0.368 (2.73) 
    

M55/S-glass [SG1/M551/SG1] 0.340 0.340 (2.86) 
 [SG1/M552/SG1] 0.370 0.371 (2.86) 

 
 
5.2.2 Specimen geometry 

  Symmetric hybrid specimens (see Error! Reference source not found.) made of thin 

carbon/epoxy plies sandwiched between several glass/epoxy plies were tested in four-point 

bending. This testing method was chosen to ensure a uniform bending moment between the 

loading noses and to avoid premature failure under the loading noses encountered more often in 

three point-bending tests. The total length of the symmetric hybrid specimens tested in four-point 

bending was 110 mm. This length was chosen to avoid premature shear failure and to ensure a 

compressive failure. 
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Figure 5.34. Cross-sectional schematic of the symmetric UD hybrid composite specimens 
tested in bending. 

 
Error! Reference source not found. shows half of the cross-sectional schematic of the 

symmetric hybrid composites where the notation yj, h and Z are the distance from the surface of 

carbon ply to the neutral axis, nominal thickness of the specimen and neutral axis respectively. 

Only half of the cross-sectional thickness is shown in Error! Reference source not found. as the 

hybrid specimen is symmetric.  The lay-up sequences for the tested hybrid configuration under 

flexural loading are shown in Table 5.5. The carbon/epoxy volume ratio shown in Error! 

Reference source not found. is calculated based on the ratio between the nominal thickness of the 

carbon/epoxy plies and the total nominal thickness of the hybrid specimen. The nominal thickness 

of the constituents to calculate the carbon/epoxy volume ratio is shown in Table 5.11. The 

notation h, w and L in Error! Reference source not found. refer to the nominal thickness, width 

and total length respectively.  

 
Error! Reference source not found.. Symmetric hybrid specimen types tested under four-point 

bending. 

Design. Lay-up sequence h Carbon
/epoxy 
volume 

ratio 

w L Support 
span 

Inner 
span 

  [mm] [%] [mm] [mm] [mm] [mm] 
 

TC35/S-glass 

[SG1/TC351/SG1]4s 2.71 8.55  
 
8 

 
 

110 

 
 

90 

 
 

30 
[SG1/TC352/SG1]4s 2.94 15.76 

 
M55/S-glass 

[SG1/M551/SG1]4s 2.72 8.95 
[SG1/M552/SG1]4s 2.96 16.44 

 
 
5.2.3    Mechanical test procedure 

The tensile tests for the hybrid specimens in this chapter were carried out using a computer 

controlled Instron 8872 Type 25 kN rated universal hydraulic test machine with wedge type 

hydraulic grips. A 25 kN rated load cell was used on the machine. The tests were conducted under 

displacement control at a cross-head speed of 2 mm/min. The tensile strain in the composite 

specimens was measured using an Imetrum video gauge within a nominal gauge length of 130 mm. 

The procedure for conducting indirect compressive testing can be found in Chapter 4, as the 

procedure is the same as in this chapter.  
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 For the four-point bending tests, the hybrid composite specimens were tested in the same 

Instron machine used for tensile testing. A 5 kN rated load cell was used on the machine for this 

testing. The set-up for the four-point bending tests was the following:  support span = 90 mm, 

inner span = 30 mm. To avoid the possibility of local compressive failure of the surface glass plies 

under the inner loading noses due to high contact forces, reinforced rubber pads were located 

between the loading nose and specimen contact surface. To measure the surface strains on the 

compressive and tensile side, strain gauges of type C2A-06-062LW-120 with 4.45 x 2.03 mm overall 

length and width respectively were attached to both sides of the specimens in the centre of the 

gauge length. It is worth mentioning that the gauge length for this strain gauge type is 1.52 mm. 

The four-point bending test set-up is shown in Figure 5.66. The white dots shown in Figure 5.66 

are used to measure the curvature of the hybrid specimens.  

 

 
Figure 5.35. Four-point bending test set-up of symmetric UD thin carbon/glass hybrid 
composites. 

 
 
5.3 Results and discussion 

5.3.1 Tensile response of [SG/TC35n/SG] & [SG/M55n/SG] configurations 

 The comparison between [SG/TC351/SG] and [SG/TC352/SG] stress-strain response 

under tensile loading is shown in Error! Reference source not found.. For both configurations, 

there is an initial linear elastic response followed by non-linear behaviour due to fragmentation of 

the carbon plies and dispersed delamination. After fragmentation reaches saturation and the glass 

plies partly carry the load, the stress continues to rise as the strain increases until the hybrids failed, 

which is marked by a load drop, as seen in Error! Reference source not found.. For the 

[SG/TC352/SG] specimens, three out of five specimens were not loaded until failure and two of 

them failed at a lower strain compared to the [SG/TC351/SG] configuration. The lower strain to 

failure of the [SG/TC352/SG] configuration could be attributed to the higher load transfer/stress 

concentration from the double carbon plies in the [SG/TC352/SG] compared to [SG/TC351/SG] 

configuration. 
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Figure 5.36. Stress-strain curves for [SG/TC351/SG] and [SG/TC352/SG] configurations. 
  

The knee-point shown in Error! Reference source not found. marks the transition from 

the linear elastic behaviour to the non-linear behaviour due to the establishment of fragmentation 

in the carbon. Beyond the knee-point, there is a non-linear region for the [SG/TC352/SG] 

configuration due to gradual fragmentation and dispersed delamination. For the [SG/TC351/SG] 

configuration, there is no obvious plateau region as shown in Error! Reference source not found. 

and the stress continues to rise even after the knee-point. It is worth mentioning that the method 

to determine the knee-point is already explained in Chapter 3. To explain the tensile response of 

[SG/TC351/SG] and [SG/TC352/SG], the recorded images during tensile loading were studied. 

Typical damage development for [SG/TC351/SG] and [SG/TC352/SG] configurations due to 

static tensile loading are shown in Figure 5.68 and Figure 5.69 respectively.  

 The tensile damage development for the [SG/TC351/SG] configuration in Figure 5.68 

shows a very dense fragmentation pattern from 2.34% to 3.23% strain with no obvious 

delamination. This damage pattern is due to the shorter process zone around the fragmented ply 

as shown by Jalalvand et al. [64] in their numerical damage analysis of UD thin carbon/glass hybrid 

composites. As also explained in [64], in the thinner hybrid laminate, the interface is less damaged 

so it is possible that the load is being transferred from the intact carbon ply to the glass ply as the 

fragmentation progresses (which mean there is no true delamination in this hybrid configuration) 

and therefore the stress continuously increases beyond the knee-point as shown in Error! 

Reference source not found.. 
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Figure 5.37. Typical damage development of [SG/TC351/SG] during tensile loading. 

  
The damage pattern for the [SG/TC352/SG] configuration in Figure 5.69 shows 

fragmentation and obvious delamination with increasing tensile strain. Due to the translucent 

nature of the glass/epoxy plies, it was possible to detect the delaminated area visually in this hybrid 

specimen type. The delamination area is shown as the lighter area which corresponds to the colour 

of the epoxy resin. While the darker area shown in Figure 5.69 is the intact area between the 

carbon and glass plies. The irregular delamination patch sizes shown in Figure 5.69 are due to 

variation of the carbon plies thickness, where the thicker parts tend to produce larger delamination 

patches. Fragmentation and dispersed delamination in this hybrid configuration are responsible for 

the non-linear region in the stress-strain curve shown in Error! Reference source not found..   

 

 
Figure 5.38. Typical damage development of [SG/TC352/SG] during tensile loading. 
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Error! Reference source not found. shows the stress-strain response of [SG/M551/SG] 

and [SG/M552/SG] configurations respectively. There is an initial linear elastic response followed 

by non-linear behaviour and increase of stress at higher strain as also shown by the two previous 

hybrid configurations. As shown in Error! Reference source not found., the non-linear 

region/plateau in the stress-strain response for both configurations is more obvious compared to 

the plateau on the [SG/TC351/SG] configuration which could also suggest more pronounced 

delamination for [SG/M551/SG] and [SG/M552/SG]. This argument is supported by the damage 

development during tensile loading shown in Figure 5.71 and Figure 5.72 for both hybrid 

configurations.    
  

 
Figure 5.39. Stress-strain curves for [SG/M551/SG] and [SG/M552/SG] configurations. 

  
The tensile damage development for the [SG/M551/SG] configuration in Figure 5.71 

shows fragmentation and dispersed delamination. The fragmentation in this hybrid was established 

at 0.84% strain, leading to a knee-point in the stress-strain curve as shown in Error! Reference 

source not found.. From 0.84% to 1.26% strain there was further gradual damage growth as shown 

in Figure 5.71 which is responsible for the non-linear region/plateau in the [SG/M551/SG] stress-

strain curve.    
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Figure 5.40. Typical damage development of [SG/M551/SG] during tensile loading. 

  

Figure 5.72 shows fragmentation and dispersed delamination growth of the 

[SG/M552/SG] configuration with increasing tensile strain. As shown in Figure 5.72, at 0.80% 

there is an establishment of fragmentation which corresponds to the knee-point in the stress-strain 

curve. Comparing the delaminated area in Figure 5.72 and Figure 5.71, it can be seen that 

[SG/M552/SG] has extensive delaminated area compared to [SG/M551/SG]. This could be 

attributed to the higher energy release rate of the hybrid with double M55 plies compared to the 

hybrid with single M55 ply.  

    

 
Figure 5.41. Typical damage development of [SG/M552/SG] during tensile loading. 
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The input parameters for each prepreg to calculate the elastic thermal residual strain are 

shown in Table 5.13.  The transverse (E22) and shear modulus (G12) for  TC35/epoxy and 

M55/epoxy are assumed similar for a high strength and high modulus carbon epoxy composites 

respectively taken from the Hexcel product datasheet [116]. While the transverse CTE (α22) for all 

the prepregs is  assumed similar to T300/5208 carbon/epoxy prepregs since the properties in 

transverse direction is governed mainly by the resin [117].   

The tensile test results summary for all four hybrid configurations being discussed is shown 

in Table 5.  which will be compared later with the four-point bending test results. The compared 

parameters will be the knee-point and final failure strain. The knee-point strain and final failure 

strain in Table 5. have been corrected for the compressive thermal residual strain for each 

configuration. The method to calculate the thermal residual strain is shown in Chapter 3.  

 
Table 5.12. Cured ply properties of the applied UD prepregs as an input parameter to determine 
the thermal residual strain. 
 

Prepreg type E11 
[GPa] 

E22 
[GPa] 

CPT 
[mm] 

α11 

[1/K] 
α22 

[1/K] 
G12 

[GPa] 
ν 12 

M55/epoxy 280 6.3 [116] 0.030 -7.80*10-7 a 2.6*10-5[117] 3.1[116] 0.31[116] 
TC35/epoxy 114.3 11  [116] 0.027 4.39*10-7 a 2.6*10-5[117] 4.4[116] 0.30[116] 

E-glass/epoxy 40 12.5[116] 0.140 6.70*10-6 a 2.6*10-5[117] 3.3[116] 0.30[116] 
S-glass/epoxy 45.7 10.3[116] 0.155 3.80*10-6 a 2.6*10-5[117] 3.1[116] 0.30[116] 

a calculated by using the Classical Laminate Theory (CLT) shown in Appendix A. 

 
  The calculated residual strain in the carbon fibre is -0.028%, -0.025%, -0.029%, -0.021% 

for the [SG/TC351/SG], [SG/TC352/SG], [SG/M551/SG], [SG/M552/SG] configurations 

respectively. 

 
Table 5.. Tensile results summary of the specimen types tested (Numbers in brackets indicates the 
coefficient of variation in [relative %]). 
 

Spec. Type Number 
of 

specimens 

Initial 
elastic 

modulus 

Strain at 
knee-point 

εk 

Final 
failure 
strain 

εf 

Nominal 
thickness 

Mode II 
energy 

release rate at 
the failure 

strain of the 
carbon ply 

  [GPa] [%] [%] [mm] [N/mm] 
[SG/TC351/SG] 7 48.87(3.7) 2.31(2.9) 3.38(8.7) 0.333 0.27 at 1.95% 
[SG/TC352/SG] 5 53.32(2.1) 1.95(7.1) 2.89a (11) 0.356 0.54 at 1.95% 
[SG/M551/SG] 7 75.26(2.6) 0.84(1.3) 3.68(4.1) 0.340 0.29 at 0.80% 
[SG/M552/SG] 7 83.31(2.4) 0.80(2.1) 3.54(1.8) 0.370 0.51 at 0.80% 

a average failure strain of two specimens. 

 
As shown in Table 5., the calculated energy release rate for the hybrids with double carbon 

plies are much higher compared to the single ply hybrids which explains the more extensive 

delaminated area for the former. It is worth mentioning that the method to calculate the energy 

release rate is explained in Chapter 3.  
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 The compression response of TC35/S-glass hybrid has not been explored before according 

to the author’s best knowledge and to study its behaviour, an asymmetric TC35/S-glass 

configuration under four-point bending with the carbon ply on the compression side was studied. 

Section 5.3.2 will discuss the compression response of the asymmetric TC35/S-glass hybrid.  

 
5.3.2  Compression response of asymmetric TC35/S-glass hybrid configuration 

 The force-strain response of the asymmetric TC352/S-glass hybrid under four-point 

bending is shown in Figure 5.73. The design lay-up for the asymmetric TC352/S-glass was 

[SG1/EG14/SG2/TC352/SG1] and the nominal thickness (h) for this configuration is 2.63 mm. It 

should also be noted that the carbon/epoxy plies were under compressive loading. The 

compressive strain shown in Figure 5.73 is calculated for the top level of the carbon plies under 

compression while the tensile strain is measured on the bottom tensile surface of the glass plies. 

The method to calculate the strain at the top carbon ply is described in Chapter 4. The input 

parameter to determine the strain for this hybrid configuration is yj = 2.47 mm and z = 1.50 mm 

with yj and z described in Chapter 4.  It is worth mentioning that the force-strain curve in Figure 

5.73 is only for one hybrid specimen which failed on the compression side while the other five 

hybrid specimens failed on the tension side where the glass plies are located. For the asymmetric 

TC351/S-glass configuration, all six specimens failed on the tension side without any failure on the 

compression side, so are not included in this section.  

 In the force-strain curve for the asymmetric TC352/S-glass hybrid, a non-linear hardening 

behaviour can be observed on the tensile side and softening on the compression side. This 

behaviour is likely due to departure from linear elastic behaviour of the carbon fibres, with the 

tensile modulus increasing with increasing strain [25], [142]–[145]. The softening on the 

compression side could be due to the tangent modulus of the carbon fibre decreasing with 

increasing compression strain [25] which can be explained due to accelerated rotation of the 

cyrstallites structure  within the carbon fibre [138]. Another explanation for the non-linearity on 

the compression side and also on the tension side just before final failure is the increasing 

geometrical non-linearity of the hybrid specimen at large deflections [88]. 
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Figure 5.42. Force-strain curve for asymmetric TC352 / S-glass hybrid composites under four-
point bending.  

  
A non linear hardening behaviour can be observed on the tensile side and softening on the 

compression side As seen in Figure 5.73. There is a load drop at -2.64% due to fibre failure 

followed by delamination on the compression side and then followed by failure of the glass plies 

on the tension side at 3.50% as observed from the recorded video gauge. The calculated residual 

strain in the carbon ply for the asymmetric TC352 / S-glass configuration is -0.025% and when this 

is considered to recalculate the compressive strain to failure, the strain is -2.665%. The 

compression strain to failure of this hybrid configuration is higher than the knee-point tensile strain 

shown in Table 5. for [SG/TC352/SG] configuration. The knee-point strain was taken as the 

comparison parameter at this point, because the carbon plies had already failed (fragmented).  

As observed from the experimental work and microscopy examination, the lack of stiffness 

loss and sudden final failure at high strains indicates that the high strength TC35 carbon/epoxy 

did not fragment under compression. However, further work is required to understand the 

mechanism behind the catastrophic failure of  TC35/S-glass hybrid composites in compression.   

A possible explanation for the high compressive strain to failure compared with typical values for 

carbon/epoxy is due to (i) elimination of stress concentration by the use of the 4 point-bending 

set-up, (ii) the strain gradient and the high strain embedding glass layers which can suppress shear 

instability, delaying the failure process of the thin carbon plies [88]. 
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(a) (b) 

Figure 5.43. Image of an asymmetric TC352/S-glass hybrid specimen failed in compression: (a) 
top view (b) edge view. 

 
The compressive failure pattern shown in Figure 5.74 (a) for this hybrid configuration 

indicates a fracture perpendicular to the fibre direction (shown by the red box) which is a typical 

compressive failure in fibre composites. Examining the damage pattern from the side view, 

indicates fibre failure and delamination on both the compression and tension side as shown in 

Figure 5.74 (b).  Examining the average thickness of the delaminated part on the compression 

side which  is around  0.21 mm, it is concluded that the top glass  and the  carbon layers  has 

delaminated from the rest of the hybrid.The failed hybrid specimen shown in Figure 5.74 is linked 

to the force-strain response in Figure 5.73.  

 
5.3.3  Flexural response of symmetric TC35/S-glass hybrid configuration 

The force-strain response under four-point bending for the [SG/TC351/SG]4s and 

[SG/TC352/SG]4s configurations is shown in Figure 5.75. It should be noted that the strain in 

Figure 5.75 is calculated for the top level of the carbon layer on the compression side and the 

bottom level of the carbon layer on the tension side. For the TC35/S-glass and M55/S-glass hybrid 

configuration, the assumed strain distribution through the thickness is linear because there was no 

twisting, buckling or shear deformation of the specimen during the testing. 
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Figure 5.44. Force-strain curve for [SG/TC351/SG]4s and [SG/TC352/SG]4s configurations. 

 
For both hybrid configurations shown in Figure 5.75, there is an initial linear elastic 

response which is followed by a non-linear response. There is an obvious change of slope for the 

[SG/TC352/SG]4s force-strain curve with a knee-point which marks the establishment of 

fragmentation in the carbon layers. The fragmentation from the tension side is responsible for the 

change of slope on the force-strain curve of this hybrid. Fragmentation was then followed by stably 

dispersed delamination between the glass and carbon plies resulting in a non-linear region as shown 

in Figure 5.75 for the [SG/TC352/SG]4s configuration. The final failure for this hybrid 

configuration occurred on the compression side due to carbon fibre failure followed by 

delamination at an average compressive strain of -2.692%. For the [SG/TC351/SG]4s 

configuration, there is no obvious knee-point seen in Figure 5.75, only initial linear response 

followed by a gradual change of slope to a plateau at constant load and final failure at the 

compression side due to the same damage mechanism as that of the [SG/TC352/SG]4s 

configuration. The final failure for this configuration occured at an average compressive strain of  

-2.988%. Although there is no obvious knee-point shown in the force-strain curve for 

[SG/TC351/SG]4s configuration, fragmentation on the tensile side was observed for this hybrid 

after the test was terminated due to failure on the compression side. The images of the failed hybrid 

specimens under four-point bending taken from the compression and tension side are shown in 

Figure 5.76 and Figure 5.77 for the [SG/TC351/SG]4s and [SG/TC352/SG]4s respectively. 
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(a) (b) 
Figure 5.45. Image of a typical failed [SG/TC351/SG]4s specimen showing (a) failure on the 
compression side and (b) failure on the tension side. 

 
As shown in Figure 5.76a, the failure pattern on the compression side for 

[SG/TC351/SG]4s contained splitting along the fibre direction and delamination while  dense 

fragmentation and dispersed delamination are observed on the tension side as shown in Figure 

5.76b. The damage consists of ply splitting along the fibre direction distributed across the width 

and localized surface delamination typically found on fibre composites with a tough matrix under 

flexural loading [133], [29].   Ply splitting is likely to be involved in both  the glass and carbon fibre 

failure under compressive loading. As observed from the experimental work, ply splitting coincides 

with the development of the plateau on the force-strain curve in Figure 5.75 for the 

[SG/TC351/SG]4s configuration. This could also suggest that the gradual development of ply 

splitting is partially responsible for the occurence of the plateau. Another responsible damage 

mechanism leading to the development of the plateau is fragmentation of the carbon from the 

tension side. When multiple fractures of  the ply occur as it fragments, the hybrid will lose the 

stiffness contribution from the carbon ply and thus the slope will change.   

 

 

 

(a) (b) 
Figure 5.46. Image of a typical failed [SG/TC352/SG]4s specimen showing (a) failure on the 
compression side and (b) failure on the tension side. 

 
Figure 5.77(a) shows the compression failure pattern of the [SG/TC352/SG]4s 

configuration which includes fracture across the whole width (marked by the red rectangle) and 

ply splitting along the fibre direction. More extensive delamination areas, as shown in Figure 

5.77(b), were found on the tension side for this hybrid compared to the [SG/TC351/SG]4s 

configuration. The extensive delamination is due to the higher energy release of the 

[SG/TC352/SG]4s configuration.   
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Since non-linearity was observed for the [SG/TC351/SG]4s and [SG/TC352/SG]4s 

configurations under four-point bending, the force-displacement curve for both hybrids  is shown 

in Figure 5.78 for examination. For the [SG/TC352/SG]4s hybrid, there is a non-linear response 

before the knee-point and this behaviour is due to geometrical non-linearity of the hybrid 

specimens at large deflections. While for the [SG/TC351/SG]4s hybrid, there is a continuous change 

of slope without a pronounced knee-point until it reaches around 800 N after which a plateau 

developed.  At a constant load of around 800 N, the displacement increases from around -18 mm 

to -25 mm as shown in Figure 5.78 which indicates geometrical non-linearity at large deflections 

and fragmentation of the carbon ply from the tension side .      

 

 
Figure 5.47. Force-displacement curve for [SG/TC351/SG]4s and [SG/TC352/SG]4s 

configurations. 
 

Because different regions of the hybrid specimens through the thickness are being 

subjected to tension and compression, it would be interesting to study the damage sequence under 

four-point bending. This could be done by assessing the evolution of the neutral axis based on the 

strain gauge measurements during four-point bending. Figure 5.79 shows the evolution of the 

neutral axis with increasing tensile strain for the [SG/TC351/SG]4s configuration. The neutral axis 

shift shown in Figure 5.79 calculated from the surface strains is measured from the bottom tensile 

surface. This method to calculate the neutral axis shift is also applied to the other hybrid 

configuration.      
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Figure 5.48. Neutral axis evolution with increasing tensile strain for [SG/TC351/SG]4s 
configuration.  

 
As seen in Figure 5.79, there is no obvious shift of the neutral axis during the loading 

which made it difficult to determine the damage sequence. This could be attributed to the fact that 

the damage in the carbon layers, fragmentation and delamination, is not sufficient to cause a shift 

of the neutral axis.  Typical damage pattern for the [SG/TC351/SG]4s  hybrid from the edge of the 

specimen is seen in Figure 5.213. 

 
Figure 5.213. Typical damage for [SG/TC351/SG]4s hybrid shown from the edge of the 
specimen (both glass and carbon fibre fractured). 

 

As seen from Figure 5.16 there is glass and carbon fibre  failure and delamination on the 

compression side. The fibre fracture itself is also responsible for the ply splitting experienced by 

this hybrid. The average thickness of the delaminated part is 0.185 mm which can be related to the 

total thickness of the top glass and the top carbon layers on the compression side. 

To further study the damage sequence of the [SG/TC351/SG]4s configuration, an 

interrupted test of one specimen from this hybrid type was conducted at -20 mm displacement. 

The edge of this specimen was then observed under optical microscopy to see if there was any 

fragmentation on the tension side.  Before being observed by optical microscopy, the edge was 

ground and polished.   

 



111 
 

 

 
Figure 5.17. Optical image of [SG/TC351/SG]4s specimen taken from the tension side after 
being loaded until -20 mm. 

 
Figure 5. shows the tension side of the hybrid specimen indicating carbon fibre 

failure/fragmentation (marked by the red rectangles) and an enlarged image of the carbon fibre 

failure which shows that the fracture runs perpendicular to the fibre direction. The dark areas 

around the glass plies (marked by the red circles) shown in Figure 5.17 are left over contamination 

from the polishing machine. It is suggested from Figure 5.17 that damage in the carbon layers 

initiated from the tension side but due to the relatively low carbon/epoxy volume ratio, the damage 

was not sufficient to cause a shift in the neutral axis.  

From microscopy examination of this hybrid, no clear indication of  carbon fibre kinking 

was found on the compression side for  the [SG/TC351/SG]4s hybrid configuration.  

Figure 5.80 shows the evolution of the neutral axis with increasing tensile strain for the 

[SG/TC352/SG]4s configuration. The neutral axis in Figure 5.80 is measured from the bottom, 

tensile surface.  It is shown in Figure 5.80 that there is a slight upward shift of the neutral axis 

towards the compression side due to fragmentation of the carbon plies on the tension side. 

Examining the neutral axis shift in  Figure 5.80, the tensile strain in which the shift occurred is at 

an average strain of 2.290%. This strain also corresponds to the average knee-point strain shown 

in Figure 5.75.  
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Figure 5.50. Neutral axis evolution with increasing tensile strain for [SG/TC352/SG]4s 
configuration.  

 
As shown in Figure 5.51, There is a neutral axis shift towards the compression side due 

to fragmentation on the tension side. The shift of the neutral axis towards the compression side 

will likely reduce the strain increase on the compression side. This behaviour leads to a delay of 

the final failure on the compression side for the [SG/TC352/SG]4s hybrid. To study the damage 

pattern of this hybrid, a microscopy image taken from the edge of a failed [SG/TC352/SG]4s 

specimen is shown in Figure 5.19. 

 
Figure 5.19. Typical damage for [SG/TC352/SG]4s hybrid shown from the edge of the 
specimen. 

 
A typical damage shown in Figure 5.19 is fibre fracture and delamination on the 

compression side. The ply splitting experienced by this hybrid also incorporates fibre fracture. The 

average thickness of the delaminated part is 0.368 mm which can be related to one hybrid sub-

laminate on the compression side. The thickness of the delaminated part of this hybrid is thicker 

than the [SG/TC351/SG]4s because there are two carbon plies and the glass failed on both sides 

of the carbon plies. The failed glass plies could also indicate carbon failure on both sides due to 

compressive stress but more work is needed to verify this statement. 

An interrupted test of one specimen from the [SG/TC352/SG]4s hybrid configuration was 

conducted under four-point bending at -18 mm (which has passed the knee-point) when the test 

was stopped. The edge of the specimen was examined by optical microscopy and the image is 

presented in Figure 5., showing the failed/fragmented carbon fibres (marked by the red 

rectangles) on the tension side. Most of the fragmented carbon fibres shown in Figure 5. have a 

fracture running perpendicular to the fibre direction as found in the [SG/TC351/SG]4s hybrid.  

From the microscopy examination on the compression side for this hybrid, no clear 

indication of carbon fibre kinking was found. Further work is needed to fully understand the 

carbon fibre failure on the compression side for both [SG/TC351/SG]4s and [SG/TC352/SG]4s 

hybrides.  
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Figure 5.20. Optical image of [SG/TC352/SG]4s specimen taken from the tension side after 
being loaded until -18 mm. 

 

It is worth mentioning that no fragmentation of the carbon plies on the compression side 

has been observed for the [SG/TC351/SG]4s or [SG/TC352/SG]4s configurations under four-point 

bending which could mean that the change of slope and shifting of the neutral axis is likely due to 

carbon ply fragmentation from the tension side. The comparison between the knee-point and 

failure strain of the symmetric TC35/S-glass hybrid composites obtained from tension, bending 

and indirect compression is shown in Table 5.. It should be noted that the knee-point strain was 

not observed from the indirect compression test of this hybrid configuration as shown in Figure 

5.73. The knee-point and failure strain in tension is obtained from Table 5.. The calculated elastic 

thermal residual strains for the [SG/TC351/SG]4s and [SG/TC352/SG]4s configurations is -0.032% 

and -0.026% respectively which has been considered for the knee-point and failure strains shown 

in Table 5..   

 

 

 

Table 5.138. Comparison between bending, tensile, and indirect compression response of 
[SG/TC351/SG4]4s and [SG/TC352/SG]4s configurations (the number in the bracket indicates the 
coefficient of variation in %). 
 

Designation No. of 
specimens 

Knee-point strain 
[%] 

Failure strain 
[%] 

      
   Bending  Bending IDCa 
  Tension Tension Comp. Tension Tension Comp.  

[SG/TC351/SG]4s 5 2.340 
(2.9) 

- - 3.411 
(8.7) 

3.060 
(5.0) 

-2.988 
(3.2) 

- 

[SG/TC352/SG]4s 5 1.950 
(7.1) 

2.290 
(9.2) 

-2.20 
(8.8) 

2.890 
(11) 

2.642 
(8.7) 

-2.692 
(5.3) 

-2.665b 

a IDC = Indirect compression. 
b failure strain result from one asymmetric hybrid specimen. 
 
 It should be noted that the knee-point and failure strains for the [SG/TC351/SG]4s and 

[SG/TC352/SG]4s configurations shown in Table 5.8 are calculated for the top level of the carbon 

ply under compression and bottom level of the carbon ply under tension. As seen from Table 5., 
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the knee-point strain in the tension and compression side for the [SG/TC352/SG]4s configuration 

is higher compared to the knee-point strain obtained from the static tensile testing. It is known 

that the higher strength in bending than in tension can be explained in terms of Weibull statistical 

strength theory [146]–[149]. It is assumed that the strength depends on critical defects which are 

statistically distributed. For the bending case, a much smaller volume of material is being subjected 

to the maximum stress than in a tension test. Due to this smaller volume, the chances of a critical 

defect are lower and thereby the strength is higher. The relationship between bending and tensile 

strength taking account of the different stressed volumes according to Weibull strength theory can 

be explored through Equation Error! Reference source not found. [147] : 

 

𝑆𝑆𝑏𝑏
𝑆𝑆𝑡𝑡

= �
𝑉𝑉𝑡𝑡
𝑉𝑉𝑏𝑏
�
1
𝑚𝑚

 
(5.2) 

 

  Where Sb and St are the mean strengths of the two specimens which can be expressed in 

either stress or strain to failure, Vt and Vb are the volumes and m is the Weibull modulus, which is 

a measure of the variability in the material.  The Weibull modulus (m) considered in this work is 

the modulus obtained for TR30/S-glass hybrid which is 25.3 [150]. Although the Weibull modulus 

used in Equation Error! Reference source not found..  is from another hybrid system, for a 

qualitative explanation of the size effect in the TC35/S-glass and M55/S-glass hybrid, it is sufficient 

to use this number.  To examine the size effect in the hybrid specimens under bending, the knee-

point strain results from the tension and bending tests shown in Table 5. are compared with the 

strain ratio calculated from Equation Error! Reference source not found.. It should be noted that 

the work in this chapter is not intended to quantify the exact strain ratio in bending for the hybrid 

systems.   The volumes for the tensile and bending specimens for the [SG/TC352/SG]4s are 

calculated as follow. It should be noted that only the thickness of the carbon plies is taken into 

account because the Weibull modulus is applicable for brittle failure and each fragmentation 

established at the knee-point is a brittle failure. 

 
For the tensile specimen, only the thickness of the two central carbon plies (t) is taken into account: 

t w Lg 𝑉𝑉𝑡𝑡 = 𝑡𝑡 × 𝑤𝑤 × 𝐿𝐿𝑔𝑔 
(mm) (mm) (mm) (mm3) 
0.06 20 130 156 

 

For the bending specimen, only the thickness of the two carbon plies (t) on the tension side is 

taken into account, assuming constant stress in the ply: 

t w Lg 𝑉𝑉𝑏𝑏 = 𝑡𝑡 × 𝑤𝑤 × 𝐿𝐿𝑔𝑔 
(mm) (mm) (mm) (mm3) 
0.06 8 30 14.4 
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Having knowledge of the [SG/TC352/SG] specimen’s geometry for tension and bending, 

the knee-point strain ratio obtained from the experimental is compared with the theoretical ratio 

calculated by using Equation Error! Reference source not found. and shown in Table 5.. The 

experimental knee-point ratio is the ratio between the knee-point strain on the tension side of the 

bending specimen and knee-point strain obtained from tensile testing. 

 
Table 5.9 Comparison between knee-point strain ratio for [SG/TC352/SG] configuration. 

Designation Vt 

(mm) 

Vb 

(mm) 

m Knee-point ratio 

(experimental) 

Knee-point ratio 

 (theoretical) 

[SG/TC352/SG]4s 156 14.4 25.3 1.17 1.10 

 
The knee-point ratio in Table 5. implies that the higher knee-point strain in bending could 

be partly attributed to the size effect present in the hybrid specimen. It is also well known that a 

“hybrid effect” is present for the hybrid specimen under tensile loading where growth of a broken 

carbon cluster is restrained but the importance of this “hybrid effect” in bending is not  understood 

yet. Further work is required to study the contribution of the “hybrid effect” in bending for the 

UD thin-ply hybrid composites.    

 
5.3.4  Flexural response of symmetric M55/S-glass hybrid configuration 

 For the [SG/M551/SG]4s and [SG/M552/SG]4s configurations, the force-strain response 

under four-point bending is shown in Figure 5.81. It should be noted that the strain in Figure 

5.81 is calculated for the top level of the carbon layer on the compression side and the bottom 

level of the carbon layer on the tension side.  

 
Figure 5.52. Force-strain curves for [SG/M551/SG]4s and [SG/M552/SG]4s configurations. 
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For both hybrid configurations shown in Figure 5.81, there is an initial linear elastic 

response which is followed by a non-linear response. There is an initial change of slope at an 

average strain of -0.540% and -0.529% for [SG/M551/SG]4s and [SG/M552/SG]4s respectively, 

which is attributed to fragmentation of the carbon plies on the compression side. Fragmentation 

of carbon plies in  compression has also been reported by Czel et al. [88] and in Chapter 4 in this 

thesis in an asymmetric M552/S-glass hybrid configuration tested under four-point bending with 

the carbon plies on the compression side. From his work, it was observed that the fragmentation 

of carbon plies in compression occurred at -0.513% strain.  Fragmentation of carbon plies under 

direct compression of [SG1/(Cn/SG1)17], where n is the number of carbon plies, has also been 

presented in Chapter 4. It was discovered that under direct compression, fragmentation of carbon 

plies for n = 1 and n = 2 carbon plies occurred at -0.555% and -0.554% strain respectively. All 

those mentioned fragmentation strain values have been corrected for residual thermal elastic strain. 

Comparing the similar values of fragmentation strain from Czel et al. [88] and Suwarta et al. [151] 

and from Chapter 4  in this work, it can be concluded that those values represent the compressive 

strain at failure for M55 carbon fibre/epoxy. 

From Figure 5.81, it is seen that for the [SG/M551/SG]4s configuration, a second knee-

point on the tensile side occurred at an average strain of 0.940%. While for the [SG/M552/SG]4s 

configuration, a second knee-point on the tension side occurred at an average strain of 0.922%.  

Both of those second knee-points are attributed to the fragmentation of the carbon plies on the 

tension side. The method to determine the first and second knee-point strain is shown in Figure 

5.22. 

 
Figure 5.22. Method to determine the first and second knee-point strain for [SG/M551/M55]4s 
and [SG/M552/SG]4s. 

 



117 
 

As seen from Figure 5.81, there are repeated load drops after the second knee-point for 

both hybrid configurations. For the [SG/M552/SG]4s configuration, the load drops are more 

pronounced compared to the [SG/M551/SG]4s configuration, and this behaviour is similar to the 

[SG/M552/SG] hybrid tested in static tensile loading shown in Figure 5.70. Those load drops are 

associated with repeated fragmentation and dispersed delamination in the hybrid composite. The 

images of the failed hybrid specimens under four-point bending are shown in Figure 5.82 and 

Figure 5.83 for [SG/M551/SG]4s and [SG/M552/SG]4s respectively. 

 

 

 

(a) (b) 
Figure 5.53. Image of the failed [SG/M551/SG]4s specimen showing (a) failure on the 
compression side and (b) failure on the tension side. 

The failed [SG/M551/SG]4s hybrid specimen in Figure 5.82(a) shows the compression 

failure pattern which contained ply splitting along the fibre direction. The ply splitting also 

incorporates fractured fibres. As also seen in Figure 5.82(a) , there  are fractured fibres distributed 

randomly across the width, while the fragmentation and dispersed delamination on the tensile side 

are shown in Figure 5.82(b) for the same hybrid specimen. The fragmentation on the tensile side 

was responsible for the repeated load drops for the [SG/M551/SG]4s   configuration as shown in 

the force-strain curve in Figure 5.81.  

 

 

 

(a) (b) 
Figure 5.54. Image of the failed [SG/M552/SG]4s specimens showing (a) failure on the 
compression side and (b) failure on the tension side. 

  
In contrast with the [SG/M551/SG]4s configuration, the tensile failure pattern for the 

[SG/M552/SG]4s  configuration shows  extensive delamination in Figure 5.83(b). This is due the 

higher mode II energy release rate for the hybrid with thicker M55 carbon layers. There is also ply 
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splitting due to broken fibres distributed randomly across the width as also found in the 

[SG/M551/SG]4s hybrid.  

 
Figure 5.55. Force-displacement curve for [SG/M551/SG]4s and [SG/M552/SG]4s 

configurations. 
  

The force-displacement curves shown in Figure 5.84 for both hybrid configurations 

indicated that before the specimens reached large deflections, there was a change in the slope due 

to fragmentation on the compression and tension sides. The evolution of the neutral axis during 

four-point bending for the [SG/M551/SG]4s and [SG/M552/SG]4s configurations is shown in 

Figure 5.85 and Figure 5.86 respectively to help explain the damage sequence. 

 
Figure 5.56. Neutral axis evolution with increasing tensile strain for [SG/M551/SG]4s 
configuration. 

  
As seen in Figure 5.85, there is a neutral axis shift towards the tension side when the 

carbon plies fragmented on the compression side. The shift occurred at around -0.540% which 

corresponds to the average first knee-point strain for the [SG/M551/SG]4s configuration. The 



119 
 

neutral axis continues to shift towards the tension side with further fragmentation on the 

compression side. After reaching an average strain value of 0.940% on the tension side, 

fragmentation on the tension side occurred causing a shift of the neutral axis back towards the 

compression side as shown in Figure 5.85. With further loading, there is no further shift of the 

neutral axis until final failure on the compression side was reached.   The overall gradual failure for 

this hybrid is partly due to fragmentation of the carbon ply on the compression side. Shifting of 

the neutral axis due to fragmentation on the tension side is likely to slow down the strain decrease 

on the compression side.  This will result in a delay of the final failure on the compression side.   

To study the damage pattern of this hybrid, a microscopy image taken from the edge of a 

failed [SG/M551/SG]4s specimen is shown in Figure 5.27. There is carbon and glass fibre fracture 

with delamination on the compression side. The fibre fracture itself is also responsible for the ply 

splitting experienced by this hybrid. The average thickness of the delaminated part is 0.186 mm 

which can be related to the total thickness of the top glass and top carbon layer on the compression 

side. 

 

 
Figure 5.27. Typical damage for [SG/M551/SG]4s hybrid shown from the edge of the specimen. 

 

 
Figure 5.57. Neutral axis evolution with increasing tensile strain for [SG/M552/SG]4s 
configuration.  
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The neutral axis evolution of the [SG/M552/SG]4s configuration is shown in Figure 5.86. 

The initial neutral axis shift for [SG/M552/SG]4s also occurred when the carbon plies fragmented 

on the compression side at an average strain of -0.529% which again corresponds to the first knee-

point strain shown in Figure 5.81. With further fragmentation from the compression side, the 

neutral axis continues to shift towards the tension side. When the average tensile strain of this 

hybrid configuration reaches 0.922%, fragmentation of the carbon plies on the tension side 

occurred, causing the neutral axis to shift back towards the compression side. This behaviour will 

result in delay of the final failure on the compression side for the  [SG/M552/SG]4s hybrid.   As 

seen in Figure 5.81, it seems that there is a greater shift of the neutral axis during fragmentation 

of the carbon plies on the tension side than in the [SG/M551/SG]4s hybrid. This is likely because 

there is more damage, fragmentation and delamination, on the [SG/M552/SG]4s hybrid due to the  

greater number of carbon plies which act as damage sites.  This behaviour continues until failure 

on the compression side occurred. Typical damage for the [SG/M552/SG]4s hybrid from the edge 

of the specimen is shown in Figure 5.58. There are delaminations on the compression and tension 

side for this hybrid configuration. The average delamination thickness on the compression side is 

0.372 mm which is related to the first hybrid sub-laminate on the compression side, 

[SG/M552/SG]. While, on the tension side, the average delamination thickness is 0.215 mm. 

Delamination on the tension side for this hybrid is due to the high energy release rate when  

incorporating thicker central carbon layers.  The delaminated thickness is higher on the 

compression side compared to the tension side because the compressive failure fractured the glass 

ply on both side of the carbon as well. 

 

 
Figure 5.59. Typical damage for [SG/M552/SG]4s hybrid shown from the edge of the specimen. 
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Figure 5.30. Optical image of [SG/M552/SG]4s specimen after being loaded until -14 mm. 
 Error! Reference source not found. shows an optical image taken from the edge of 

a [SG/M552/SG]4s specimen after it was loaded under four-point bending until -14 mm. By looking 

at the force-displacement curve in Figure 5.84 for [SG/M552/SG]4s , this displacement was chosen 

because fragmentation on the tensile and compression side has already occurred. From this point 

of view, it would be interesting to study the different damage morphology of the M55 carbon fibre 

due to tensile and compressive loading respectively. It should be noted that the N.A. notation in 

Error! Reference source not found.30 is the neutral axis which passes through the glass/epoxy 

plies, while C and T notation refers to compression and tension regions respectively. The different 

fracture patterns of the carbon fibre on the compression and tension regions are shown in the 

enlarged images in Error! Reference source not found.30.  On the compression side, the carbon 

fibre fractured at an angle while the carbon fibres on the tensile side are fractured perpendicular to 

the fibre direction. Examining the fracture on the tension side, it is seen that the fractures on the 

carbon fibre are randomly distributed which shows the strength distribution of carbon fibres . With 

further loading, the carbon layers which failed at an angle on the compression side could cause 

delamination between the glass and carbon plies. This mechanism is also explained in Chapter 4 

which discusses the direct compression response of unidirectional thin-ply hybrid composites 

made of M55/epoxy and S-glass/epoxy plies.   

 The comparison between the knee-point and failure strains of the symmetric M55/S-glass 

hybrid composites obtained from tension, bending and direct compression is shown in Table 5.. 

The knee-point and failure strains in tension are obtained from Table 5.. The calculated thermal 

residual strains for the [SG/M551/SG]4s and [SG/M552/SG]4s configurations are -0.022% and -

0.013% respectively which have been considered for the knee-point and failure strain shown in 

Table 5.. It should be noted that the direct compressions strain values are obtained from Chapter 

4. It is worth mentioning that five specimens for each [SG/M551/SG4]4s and [SG/M552/SG]4s 
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configurations were tested in four-point bending. The notation DC in Table 5. refers to the direct 

compression testing of [SG1/(Cn/SG1)17] where n is the number of carbon plies which  is either 1 

or 2. 

 
Table 5.1410. Comparison between bending, tensile, and direct compression response of 
[SG/M551/SG4]4s and [SG/M552/SG]4s configurations (the numbers in the brackets indicate the 
coefficients of variation in [%]). 
 

Designation First knee-point 
[%] 

Second knee-point 
[%] 

Failure strain 
 [%] 
  Bending  Bending Bending  
 DC Tension Comp. Tension Tension Comp. Tension Comp. DC 

[SG/M551/SG]4s -0.555 
(3.5) 

0.520 
(3.3) 

-0.540 
(1.4) 

0.840 
(1.3) 

0.940 
(1.9) 

-0.982 
(2.3) 

2.620 
(8.5) 

-2.780 
(9.7) 

-2.15 
(8.1) 

[SG/M552/SG]4s -0.554 
(3.4) 

0.512 
(1.9) 

-0.529 
(3.8) 

0.800 
(2.1) 

0.922 
(6.5) 

-0.960 
(6.7) 

2.030 
(7.6) 

-1.850 
(14) 

-1.44 
(8.7) 

 
As seen in Table 5.10, the values for the first knee point between the results obtained from 

direct compression and bending testing for both configurations are similar, from which again it 

can be concluded that this value is the  failure strain of M55 carbon fibre under compression. The 

second knee point in Table 5. refers to the fragmentation of carbon plies on the tension side of 

the bending specimen. Comparing these values with the ones obtained from static tension testing, 

the strain at which fragmentation occurred on the tension side during four-point bending is higher 

compared to the fragmentation strain in tension. To examine the size effect in the hybrid 

configuration shown in Table 5., the theoretical second knee-point ratios on the tension side are 

calculated by using Equation Error! Reference source not found.. The volumes for the tensile and 

bending specimens for the [SG/M551/SG]4s and [SG/M551/SG]4s   are calculated as follow: 

For [SG/M551/SG]4s  tensile specimen: 

T w Lg 𝑉𝑉𝑡𝑡 = 𝑡𝑡 × 𝑤𝑤 × 𝐿𝐿𝑔𝑔 
(mm) (mm) (mm) (mm3) 
0.03 20 130 78 

 

For [SG/M551/SG]4s  bending specimen: 

T w Lg 𝑉𝑉𝑏𝑏 = 𝑡𝑡 × 𝑤𝑤 × 𝐿𝐿𝑔𝑔 
(mm) (mm) (mm) (mm3) 
0.03 8 30 7.2 

 

For [SG/M552/SG]4s  tensile specimen: 

T w Lg 𝑉𝑉𝑡𝑡 = 𝑡𝑡 × 𝑤𝑤 × 𝐿𝐿𝑔𝑔 
(mm) (mm) (mm) (mm3) 
0.06 20 130 156 

For [SG/M552/SG]4s  bending specimen: 

T w Lg 𝑉𝑉𝑏𝑏 = 𝑡𝑡 × 𝑤𝑤 × 𝐿𝐿𝑔𝑔 

(mm) (mm) (mm) (mm3) 

0.06 8 30 14.4 
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The comparison between the experimental second knee-point ratio on the tension side 

with the theoretical calculated from Equation Error! Reference source not found. is shown in 

Table 5.. 

 
Table 5.1511. Comparison between knee-point strain ratio for [SG/M551/SG] and 

[SG/M552/SG]. 

Designation Knee-point ratio 
(experimental) 

Knee-point ratio 
 (theoretical) 

[SG/M552/SG]4s 1.11 1.10 
[SG/M551/SG]4s 1.15 1.10 

 
 The knee-point ratio shown in Table 5. indicates that the second knee-point strain in 

bending is higher compared to the tension knee-point strain as also found in Section 5.3.3 for the  

[SG/TC352/SG] configuration and could be due to the size effect present in the hybrid specimen.    

The final failure strain on the compression side for the bending specimen is higher compared to 

the failure strain obtained from direct compression. This could be attributed to the shifting of the 

neutral axis towards the compression side due to fragmentation of the carbon ply on the tension 

side.   

 
5.4 Conclusions 

This chapter has presented the mechanical properties of unidirectional thin-ply hybrid 

composites subjected to four-point bending and tension. The effect of different hybrid 

configurations was examined. The following was concluded: 

1. Gradual failure has been obtained for [SG/M551/SG]4s, [SG/M552/SG]4s,  

[SG/TC351/SG]4s ,  [SG/TC352/SG]4s under four-point bending.  

 
2. The sequence of damage mechanisms for the [SG/TC351/SG]4s and [SG/TC352/SG]4s 

hybrid configurations was carbon ply fragmentation and stable delamination on the tension 

side and the final failure was sudden compressive failure due to fibre failure followed by 

delamination. 

 
3. For the [SG/M551/SG]4s and [SG/M552/SG]4s hybrid configurations, the damage started 

from the compression side in the form of carbon ply fragmentation and stable 

delamination followed by fragmentation and stable delamination on the tension side. The 

final failure observed for this hybrid configurations occurred on the compression side due 

to delamination between the glass and carbon layers propagating from the fragmentations.  

 
4. The evolution of the neutral axis could be used to assess the damage sequence of hybrid 

composites during four-point bending. 
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5. The shift of the neutral axis towards the compression side will likely reduce the strain 

increase on the compression side. This behaviour leads to a delay of the final failure on the 

compression side for the hybrid configurations. 

 
6. A high fragmentation strain on the tension side of the bending specimens was obtained for 

[SG/TC352/SG]4s and [SG/M551/SG]4s, [SG/M552/SG]4s. This value is higher than the 

fragmentation strain to failure obtained from the static tensile testing. This behaviour could 

be attributed to a size effect present in the bending specimens. Further work is required to 

study the contribution of the “hybrid effect” in bending for the UD thin-ply hybrid 

composites.     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 6   Fatigue Response of Unidirectional Thin-Ply Hybrid Composites 

6.1  Introduction 

 Pseudo-ductility was observed in static tensile response of unidirectional (UD) thin-ply 

interlayer hybrids made from thin-ply carbon/epoxy plies sandwiched between standard thickness 

glass/epoxy plies, due to the fragmentation of the carbon plies and dispersed delamination between 

the carbon/glass interfaces as shown in Chapter 3 and Chapter 5 of this thesis.  
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Structural components made of hybrid fibre composites are often subjected to cyclic 

loading and understanding their long-term behaviour is important as this could help to predict 

their lifetime and schedule future maintenance. Several authors, [94], [97], [152], have reported 

experimental results for the fatigue behaviour of UD hybrid composites made of  a combination 

of high strain and low strain fibres. They were fatigued between 40% and 90% of their respective 

ultimate tensile strength.  The UD hybrid composites in their experiments, [94], [97], [152], showed 

an improvement regarding  the number of life cycles compared to the parent constituent material. 

They attributed this behaviour to the higher strain fibres which prevented further rapid crack 

extension from the first failed lower strain fibres. This led to slower fatigue damage propagation 

and enhanced the number of cycles to failure.   

A separate work to study the tensile fatigue behaviour of thin-ply quasi-isotropic (QI) 

carbon laminates by Sihn et al. [153] reported superior mechanical properties (higher residual 

tensile strength) compared to the quasi-isotropic thick ply laminates up to 50000 cycles at 60% of 

the ultimate tensile strength of the QI thin specimens. The reason behind this is the absence of 

microcracks and delamination for the thin-ply specimens due to the low energy release rate. 

A power-law relation between delamination growth and energy release rate was discovered 

by O’Brien [154] for a QI carbon composite when it was tension fatigued. At the three-fatigue 

loading levels, 86%, 93% and 100% of the maximum failure strain, the delamination grew from 

the edge of the specimen towards the centre. A linear relation between the stiffness loss and 

delamination growth was also observed and based on this, measurement of stiffness was also 

proposed to determine the extent of damage during fatigue loading. 

This chapter differs from other work on the fatigue of hybrid composites e.g. [94], [97], 

[152], as fragmentation of the stiffer constituents never occurred on their specimens during fatigue 

loading.   This chapter is also the first detailed characterisation of the fatigue behaviour of UD 

thin-ply carbon/glass hybrid composites. Two scenarios are investigated: (1) before any damage is 

introduced (pristine hybrids) and (2) after the introduction of damage (overloaded hybrids). Based 

on this study, a safe fatigue load level for UD thin-ply carbon/glass hybrid composites together 

with damage evolution characterisation and the relation between energy release rate and damage 

growth is presented.  

6.2 Experimental methods 

6.2.1  Materials 

 The hybrid composite constituent materials considered for the design and used in the 

experimental part of the study were a) standard thickness unidirectional (UD) prepreg made of S-

glass reinforced epoxy supplied by Hexcel and b) thin ply UD prepreg made from carbon 

reinforced epoxy commercially available from SK Chemicals under the trade name of SkyFlex 

USN020A. The epoxy resin systems in the prepregs were the aerospace grade 913 (Hexcel) and 

K50 (SK Chemicals). Material data of the applied fibres and prepreg systems used in this chapter 

is described in Chapter 5, Subsection 5.2.1. The measured thickness for the hybrid configuration 
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in this chapter is similar to the measured thickness of [SG/TC352/SG] hybrid mentioned in Table 

5.4 in Chapter 5. 

 

6.3 Test procedure 

 Static tension and tension-tension fatigue tests were performed on the UD interlayer thin-

ply hybrid laminates at room temperature on a computer controlled Instron 8872 type 25 kN rated 

universal hydraulic test machine with wedge type hydraulic grips. For the static tests, the hybrid 

specimens were loaded in uniaxial tension under displacement control using a crosshead speed of 

2 mm/min. Five specimens were tested in static tension to determine the fragmentation initiation 

stress level referred to as the knee-point stress (σk). The knee-point stress (σk) together with the 

strain (εk) are found from the intersection of lines fitted to the initial linear (red line) and plateau 

(green line) parts of the stress-strain curve as shown in Figure 6.60.  The saturated stress (σs) and 

strain (εs) shown in Figure 6.60. are determined by the intersection of lines fitted to the plateau 

(green line) and the second rising parts (blue line) of the stress-strain curve. The notation knee-

point (k) and saturated (s) are the damage states of the hybrid during tensile loading which is 

explained in Section 6.7.1. The inserted image of a damaged hybrid specimen shown in Figure 

6.60. displays localized delaminations surrounding the carbon ply cracks. Well bonded areas appear 

black and the locally delaminated areas just around the cracks in the carbon layer are visible as the 

lighter areas due to the translucent nature of the glass/epoxy outer layers of the hybrid laminate. 

The formation of the well bonded areas is already explained in Chapter 3. It should be noted that 

the inserted image in Figure 6.60 was recorded using a video gauge system.  

 
Figure 6.60. Typical stress-strain response of [SG/C2/SG] configuration 
displaying σk and εk as the knee-point stress and strain. The inserted image 
shows the damage state of the specimen at 3.4% strain. 

 
The fatigue testing was performed for two different scenarios, pristine and overloaded 

hybrid laminates. The pristine specimens were fatigued at two different stress levels below σk (90% 
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and 80%). For the pristine case, four specimens for each load level were tested. It should be noted 

that the knee-point stress (σk) used as a reference in the case of fatigue testing of pristine specimens 

is taken from an average value of five hybrid composites tested in static tensile loading. To pre-

fracture the other specimens, uniaxial static tensile loading was performed on the specimens under 

displacement control using a crosshead speed of 0.5 mm/min. The tests were stopped when the 

delaminated area had covered around 10%-20% of the total surface area. They were then fatigued 

at three load levels (90%, 80%, 70% of σk of the particular specimen). In the case of the overloaded 

hybrid, four specimens each were tested at 90% and 80% load levels respectively while for the 70% 

load level; three specimens were tested. All fatigue tests were conducted under load control by 

applying a sinusoidal load around the mean load at a frequency of 2 Hz and a stress ratio 

(R=σmin/σmax) of 0.1. Strains were measured using an Imetrum video gauge system with a nominal 

gauge length of 130 mm. Overall videos were recorded at increasing numbers of cycles by a video 

gauge camera with 5 Megapixel resolution and it allows a precision of measurement down to 0.01% 

strain. The video gauge records with a speed of  17 frames per second.  The delaminated area was 

evaluated from the recorded images by using a MATLAB code.  

6.4 Delamination area measurement technique 

The growth of delamination area during fatigue loading is an important damage parameter. 

Since the delaminated area for UD thin-ply hybrid composites is visible as explained in Section 

6.3, it is possible to capture the delamination growth area and measure it.  The delamination area 

was measured from the images collected by the video gauge using an in-house compiled MATLAB 

code. The images, acquired in grayscale by the Imetrum system (Figure 6.61a), were imported in 

Matlab and cropped to cover only the specimen gauge length (Figure 6.61b). Finally, they were 

converted into binary black and white images using a predefined threshold (Figure 6.61c). The 

delaminated area was calculated by counting the white pixels; a scaling factor (dimension 

mm2/pixel) allows to calculate the delaminated area in mm2. To calculate the average delamination 

length in mm during fatigue loading, the delaminated area is divided to the nominal width of the 

hybrid specimen. The four white dots shown in  Figure 6.61a were used to track the uniaxial strain 

using the video gauge system during the static loading. 
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Figure 6.61.  Image conversion process to determine the delamination area. 

 

6.5 Stiffness reduction due to delamination 

During uniaxial fatigue loading, the longitudinal stiffness (EN) of composite laminates 

degrades as damage develops [155], [156]. Because stiffness loss is easily measurable and it is a 

direct indication of damage, it has been proposed as a fatigue failure criterion [157]. In this work, 

the equation developed by O’Brien [154] to predict the stiffness loss due to delamination in 

composite laminates is used as shown in Equation (6.3. This equation is developed based on a 

simple rule of mixtures.   

 

𝐸𝐸𝑜𝑜 − 𝐸𝐸𝑁𝑁
𝐸𝐸𝑜𝑜 −  𝐸𝐸𝑓𝑓

=
𝐴𝐴𝑁𝑁
𝐴𝐴𝑜𝑜

 
(6.3)  

 

Where Eo, is the initial stiffness of the hybrid laminate before delamination of the central carbon 

layer, Ef   is the final stiffness of the hybrid laminate after the central carbon layer is fully 

delaminated, EN   and   AN is the stiffness and delaminated area at a certain number of cycles, Ao is  

the total interfacial area. Eo and Ef  can be expressed as in Equation (6.4 and Equation (6.5 

respectively [61]: 

 

𝐸𝐸𝑜𝑜 =
�𝐸𝐸𝑔𝑔(ℎ − 𝑡𝑡𝑐𝑐) + 𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐�

ℎ
 

(6.4) 

 

 

𝐸𝐸𝑓𝑓 =
�𝐸𝐸𝑔𝑔(ℎ − 𝑡𝑡𝑐𝑐)�

ℎ
 

(6.5) 

 
From Equation (6.3, the stiffness at a certain number of cycles is given as in Equation (6.6: 
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𝐸𝐸𝑁𝑁 =  𝐸𝐸𝑜𝑜 + �𝐸𝐸𝑓𝑓 −  𝐸𝐸𝑜𝑜�  
𝐴𝐴𝑁𝑁 

𝐴𝐴𝑜𝑜
 

(6.6) 

 
Equation (6.6 provides a means to correlate the observed delamination area in the UD hybrid 

laminate to the measured stiffness reduction.  

6.6 Calculation of the energy release rate 

 The strain energy release rate is an important parameter to characterize delamination 

growth from fragmentations in the carbon plies during fatigue at a constant load level. To calculate 

the strain energy release rate in terms of the carbon layer stress (σc), Equation (6.7 is adopted 

from Czel et al. [61]: 

𝐺𝐺 =
𝜎𝜎𝑐𝑐2𝑡𝑡𝑐𝑐�𝐸𝐸𝑔𝑔(ℎ − 𝑡𝑡𝑐𝑐) + 𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐�

4𝐸𝐸𝑔𝑔𝐸𝐸𝑐𝑐(ℎ − 𝑡𝑡𝑐𝑐)  
(6.7) 

 

Where E and t is the stiffness and nominal cured layer thickness while the subscript g and c refer 

to the glass and carbon layers respectively. The stress in the carbon layer (σc) can be expressed in 

terms of the overall applied stress (σ), with the assumption of equal strain through the thickness 

of the laminate [61]: 

 

𝜎𝜎𝑐𝑐 =
𝜎𝜎ℎ𝐸𝐸𝑐𝑐

𝐸𝐸𝑔𝑔 (ℎ − 𝑡𝑡𝑐𝑐) + 𝐸𝐸𝑐𝑐𝑡𝑡𝑐𝑐
 

(8.6)  

 

The notation σ in Equation (8.6  is defined as the applied fatigue stress level which was 90%, 80% 

and 70% of σk. Delamination growth under fatigue loading can be described with respect to a cyclic 

energy release rate (ΔG) [158]: 

 
∆𝐺𝐺 = 𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐺𝐺𝑚𝑚𝑚𝑚𝐶𝐶 (6.9) 

 
Where Gmax and Gmin refer to the strain energy release rate at the maximum stress (σmax) and 

minimum stress (σmin). 

 

6.7 Results and discussion 

6.7.1 The static tensile behaviour of the UD thin-ply hybrid composites 
 

Figure 6.60 shows a typical stress-strain curve of the UD interlayer thin-ply hybrid 

composites under static tension. During tensile loading, a recorded video taken from the specimen 

by the strain measurement system was visually studied to determine the first carbon layer fracture.  

The first appearance of carbon layer fracture of this hybrid composite is at 1.95% strain which is 

an average value of five specimen measurements. Starting from 2.00% strain, which is the knee-

point strain (εk), a process of multiple carbon layer fragmentation was established resulting in a 
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plateau on the stress-strain curve in Figure 6.60.  The initial carbon layer fracture and the start of 

fragmentation occurred at higher strain than the manufacturer’s data sheet failure strain of 1.60% 

as shown in Chapter 5. This could be attributed to the constraint provided by the adjacent glass 

layers to delay the formation of broken carbon fibre clusters and to delay the establishing of stable 

fragmentation process. The behaviour itself is known as the ‘hybrid effect’ and detailed explanation 

of this behaviour is provided by Wisnom et al. [141] which used a statistical strength model and 

ply level finite element model to explain and quantify the ‘ hybrid effect’. Upon further loading, 

the localized delaminations grew gradually until they almost completely joined together, with the 

fragmentation reaching saturation at 2.78% strain (εs), and 1221 MPa stress (σs). After this point, 

the additional load is carried mainly by the glass layers and the stress rises further until 3.4% strain. 

The inset in Figure 6.60 shows a specimen after the test has been interrupted at 3.4% strain and 

the irregular delamination patch sizes shown are due to carbon layer thickness variation where the 

thicker parts tend to produce larger delamination patches. Table 6.16 summarises the average of 

the five hybrid specimens tested in static tension loading showing the important parameters such 

as first carbon fracture strain, knee-point stress and strain used later to determine the fatigue load 

level in the pristine hybrid case. These values have been corrected for the calculated residual elastic 

strain in the carbon layer. The coefficient of thermal expansion (CTE) of the UD composite, αcomp, 

was calculated from  Equation (6.10 adopted from [88]: 

𝛼𝛼𝑐𝑐𝑜𝑜𝑚𝑚𝑐𝑐 =  𝜗𝜗𝑓𝑓  .  𝛼𝛼𝑓𝑓 .  
𝐸𝐸𝑓𝑓

𝐸𝐸𝑐𝑐𝑜𝑜𝑚𝑚𝑐𝑐
+ �1 −  𝜗𝜗𝑓𝑓 � .  𝛼𝛼𝑚𝑚 .  

𝐸𝐸𝑚𝑚
𝐸𝐸𝑐𝑐𝑜𝑜𝑚𝑚𝑐𝑐

                 
(6.10)  

 

where  𝜗𝜗𝑓𝑓  ,  𝛼𝛼𝑓𝑓  and 𝐸𝐸𝑓𝑓 are the volume fraction, the CTE and the elastic modulus of the fibres 

respectively while 𝛼𝛼𝑚𝑚  and 𝐸𝐸𝑚𝑚 are the CTE and modulus of the matrix material. Chapter 5 

provides the CTE values for the different fibres which were taken from the product datasheets. 

For both epoxy matrices in the hybrid composites, typical values of 𝛼𝛼𝑚𝑚  = 6.10-5 [1/K] and 𝐸𝐸𝑚𝑚 = 

3 GPa were assumed from the general literature. The principal method and detailed equation to 

calculate the elastic residual strain is shown in Chapter 3 and Appendix A respectively.  

The compressive thermal residual strains were calculated from the equilibrium-force state 

between the carbon/epoxy and glass/epoxy layers by assuming constant strain through the 

thickness and a 100 oC temperature difference from the cure temperature to room temperature 

[88]. The calculated residual elastic strain in the carbon for the presented hybrid configuration is -

0.025% and this has been accounted for in the values in Table 6.16 for the strain at first carbon 

layer failure and at the knee-point strain. 

 
Table 6.16. Results summary of the quasi static tests (Numbers in brackets indicate the coefficient 
of variation in [relative %]), the strains are corrected for residual strains. 
 

Specimen Type Initial elastic 
modulus 

Strain at first 
carbon layer 
failure 

Strain at 
knee-point 
εk 

Stress at 
knee-point 
σk 
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[GPa] [%] [%] [MPa] 
[SG /C2/SG] 53.32 (2.13) 1.95 (7.08) 2.00 (4.82) 1098 (6.77) 

 

The knee-point stress and initial stiffness were evaluated using the nominal thicknesses of the 

hybrid specimens assuming constant fibre areal densities and fibre volume fractions, neglecting the 

effect of thickness variation due to variations in resin distribution [159].  

 

6.7.2 Fatigue behaviour of the pristine UD thin-ply hybrid composites 

6.7.2.1  Fatigue response 

To determine the fatigue loading level where there is no damage in the hybrid laminates, a 

series of fatigue tests was conducted at two different load levels: 80% of σk which is at 878.4 MPa 

or in terms of strain level is at 1.60%, and at 90% of σk which in terms of stress and strain is at 

988.2 MPa and 1.81% respectively. From the experimental results for the four specimens loaded 

at 80% of σk, there was no fragmentation observed and a negligible stiffness reduction up until 

100000 cycles. From the static tension test results in section 6.7.1, the first carbon fracture was 

observed at 1.95% strain so when the hybrid composites were fatigued at 1.60% strain level, no 

fragmentation was observed because the strain was well below that for the first carbon fracture. 

Because no damage was observed at 80% of σk for the UD pristine hybrid composites, it was not 

necessary to conduct fatigue testing at 70% of σk for the same specimen type.  

For the fatigue characterisation of the UD pristine hybrid composites at 90% of σk, the 

specimens were tested until they delaminated. Figure 6.62 shows the typical normalised stiffness 

reduction (EN/Eo) and normalised delamination growth (AN/Ao) as a function of number of cycles 

at 90% of σk, where EN is the laminate stiffness at a certain number of cycles and Eo is the initial 

laminate stiffness at zero cycles. To exclude the effect of thickness variations, EN and Eo were 

evaluated using the nominal thicknesses of the hybrid specimens. 
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Figure 6.62. Typical stiffness reduction and delamination area development for UD pristine 
hybrid at 90% σk showing the three stages with the transition (Nkp) and final number of cycles 
(Nfp). 

 

The typical stiffness reduction and delamination development for UD pristine hybrid 

fatigued at 90% of σk shown in Figure 6.62  indicates three stages. These stages are defined based 

on the changes in delamination growth and stiffness reduction and this approach was also applied 

to the overloaded hybrid composites. It should be noted that the fatigue behaviour shown in 

Figure 6.62 is for specimen 2 mentioned in Figure 6.63.  Initially there was negligible 

delamination growth in the first stage when the hybrid was fatigued from 0 to 20000 cycles and 

therefore the stiffness remained constant, but ply splitting took place at the edge of this particular 

specimen at 20000 cycles, causing a 2% drop of stiffness. Although ply splitting had taken place, 

the delaminated area was compared against the original area of that laminate. In the second stage, 

from 22500-35000 cycles, the carbon layers fragmented partially across the width, resulting in a 

slow localised delamination growth and stiffness loss rate. After reaching a transition point, Nkp, as 

shown in Figure 6.62, the carbon fragmentations grew across the whole width, resulting in an 

accelerated delamination growth and stiffness loss rate between 37500 and 44500 cycles at stage 3. 

The transition point, Nkp, is found from the intersection of lines fitted to stage 2 and stage 3 of the 

graph as shown in Figure 6.62 .  The fatigue testing was then terminated at final loading cycles, 

Nfp, when delamination had covered almost the whole area of the specimen. As indicated in 

Equation (6.6, a linear relation is expected between stiffness loss and the growth of delaminated 

area, which has been confirmed from this fatigue test and is shown in  Figure 6.63. It should be 

noted that the initial stiffness was measured experimentally, and the expected final stiffness was 

calculated from the rule of mixtures in Equation (6.5 considering that the hybrid composites lost 

the contribution from the central carbon layers. By comparing the first carbon fracture strain from 

Table 6.16  with the applied strain level at 90% of σk, it is seen that the applied strain level of 

1.81% is within the statistical range for carbon fracture to take place, and therefore it is not 

surprising that fragmentation events occurred during fatigue loading, which were followed by 

delamination. Due to the low energy release rate of the UD thin-ply hybrid composites determined 

as explained in Section 6.6, the delamination grew slowly with advancing number of cycles at stage 

2.  

Figure 6.63 shows the plot between stiffness loss and delamination growth at 90% of σk 

along with the predicted stiffness loss calculated by using Equation (6.6 developed by O’Brien 

[154] based on a simple rule of mixtures. As shown in Figure 6.63, there is an approximately linear 

relation between the stiffness loss and delamination growth obtained from the experimental results. 

The deviation in the results shown in Figure 6.63 from the rule of mixtures is due to the different 

extent of ply splitting between individual hybrid specimens.  
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Figure 6.63. Stiffness and delamination area relationship for UD pristine hybrid at 90% of σk. 

 

The predicted relation between stiffness loss and delamination growth calculated from the 

rule of mixtures shows that at 100% total delamination, the hybrid should have lost 27.70% of its 

stiffness which yields a final stiffness of 72.30%. The final stiffness of the tested hybrid specimens 

went below the expected final stiffness without any carbon contribution, due to ply splitting from 

the edge of the specimens observed during testing. Because the applied strain level at 90% of σk is 

only 1.81%, well below the strain to failure of glass/epoxy which is 3.98%, the glass fibre  is unlikely 

to be fractured during fatigue loading or after reaching full delamination. Table 6.17 provides the 

stiffness loss rate summary at 90% of σk for the UD thin-ply hybrid composites at stages 1, 2 and 

3 respectively and the average number of cycles Nkp and Nfp. The stiffness loss rates shown in 

Table 6.17 are measured by plotting a linear fitted line to the respective data at stage 2 and stage 

3 respectively as shown in Figure 6.62. Variability is typically high in fatigue of fibre reinforced 

composites, but enough specimens have been tested to provide a reasonable overall 

characterization of the behavior. Comparing the Coefficient of Variation (CV) from Table 6.17 - 

Table 6.21 , the CV on the final numbers of cycles of 29%-61% is actually quite low compared to 

other published work , e.g. 57%-166% reported in Wu et al. [94].  While the CV on delamination 

growth rates of 22%-58% is also low compared to 100%-198% reported in Wisnom et al. [158]. 

 
Table 6.17. Stiffness loss rate with transition (Nkp) and final number of cycles (Nfp) summary for 
all 4 pristine hybrid composite specimens tested at 90% of σk (Numbers in brackets indicates the 
coefficient of variation in [relative %]). 
 

Specimen 
number 

Stage 1 Stage 2 Stage 3 Nkp Nfp 
%/ 1000 
cycles 

%/ 1000 
cycles 

%/ 1000 
cycles 

Cycles Cycles 

1 -0.00 -0.45 -3.66 35000 45740 
2 -0.06 -0.34 -4.39 38190 44400 
3 -0.05 -0.26 -3.34 99630 110000 
4 -0.04 -0.42 -5.47 33100 36500 
average -0.04 (26) -0.36 (23) -4.21 (22) 51480 (62) 59163 (57) 
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It is worth mentioning that the individual data for each specimen in Table 6.17 and Table 

6.42  which shows the stiffness reduction and delamination area development for pristine hybrid 

specimens fatigued at 90% of σk is given in the appendix.  

 
6.7.2.2  Failure modes 

During cyclic loading at 90% of σk, the delamination growth is visible due to the translucent 

nature of the glass plies. This is an advantage as it is possible to monitor the delamination growth 

visually. Typical delamination growth as a function of load cycles is shown in Figure 6.64, where 

in general, there is negligible delamination growth at stage 1, a slow growth of delamination at stage 

2, followed by faster growth at stage 3. Between stage 2 and stage 3 delamination growth, there is 

a transition point which has already been defined in section 6.7.2.1. The summary of delamination 

growth rates at 90% of σk at the three different stages is shown in Table 6.3. It is worth mentioning 

that the method to measure the delamination growth rates is also the same as the method to 

measure the stiffness loss rates mentioned in Section 6.7.2.1.  
 

Table 6.3. Delamination growth rate summary for all 4 pristine hybrid composite specimens tested 
at 90% of σk (Numbers in brackets indicates the coefficient of variation in [relative %]). 
 

Specimen number Stage 1 Stage 2 Stage 3 
%/ 1000 cycles % / 1000 cycles %/ 1000 cycles 

1 0.00 0.85 13.00 
2 0.01 0.64 13.20 
3 0.03 0.44 8.40 
4 0.02 0.76 17.54 
Average 0.02 (22) 0.67 (26) 13.04 (28) 

 
It is shown in Table 6.3 that there is considerable scatter in the delamination growth rate 

at all three stages, this behaviour could be attributed to statistical strength distribution of the carbon 

fibres [141] and the variability in the carbon layer thickness [160] in each hybrid specimen. Figure 

6.64 shows typical damage development in a UD pristine hybrid specimen fatigued at 90% of σk, 

where it is shown that the carbon fractures and delamination at 32500 cycles do not develop across 

the full width of the specimen. It is also interesting to note that the carbon fractures also develop 

at different locations within the specimen’s gauge length as seen for the damage development at 

32500 cycles in Figure 6.64, because some individual fibres have failed early at those locations and 

developed into clusters of broken weak fibres via matrix damage or local debonding [119].  Each 

stage of damage development shown in Figure 6.64 is linked to the specific stiffness loss stage 

shown in Figure 6.62. 
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Cycles 0 20000 32500 35000 37500 42500 42545 42680 44425 
Stage - 1 2 3 
Figure 6.64. Typical fatigue damage development for pristine UD thin-ply hybrid composite at 
90% σk. 

Looking at the damage behaviour at 20000 cycles in Figure 6.64, there is an initial very 

small patch of delamination (as shown by the red circle) and minor ply splitting at the edge of the 

specimen (shown by the arrow). Although  there is a small delaminated area at 20000 cycles, it was  

not sufficient to cause a stiffness reduction, instead the ply splitting was responsible for the minor 

stiffness loss. At 32500 cycles,  the small delaminated area increases in size and there is a partial 

delamination at the bottom left corner (which is near the end tabs). The delamination at the left 

corner of this specimen grew with a slow rate when cycled from 25000 to 35000 cycles and this 

refers to stage 2. From 32500 to 35000 cycles, the delamination originating at the left corner 

accelerated faster compared to the small patch. After reaching 37500 cycles, the partial 

delamination from the left corner becomes established across the full width of the specimen, 

indicating that the carbon fracture has also extended.  Ply splitting also took place during cyclic 

loading from 32500-42500 cycles, where the width of the split grew from approximately 0.4 mm 

to 3.9 mm. From 37500 to 42500 cycles, the small patch area (as shown by the red circle) grew 

further, indicating that the corresponding carbon layer fracture has extended, while the 

delaminated area from the bottom part of the specimen has covered 25 % of the area of the 

specimen. Small patches of delamination (shown by the green circles) also appeared at 42500 cycles  

which originated from fragmented carbon layers. With increasing number of cycles from 42545 to 

44425 cycles, the delaminated area which originated from the small patches grew in size along the 

specimen and eventually covered most of the specimen’s surface at the final stage (44425 cycles). 

It was also observed that the width of ply splitting extended from approximately 4 mm to 6.6 mm 

during fatigue loading between 42500 to 44425 cycles. Based on the observed damage from the 

four hybrid specimens under fatigue  loading at 90% of σk, the stiffness loss shown in Figure 6.62 

during fatigue loading is mainly caused by fragmentation of the carbon layers followed by the 

growth of delamination. At the final stage of fatigue loading, there is still some residual bonding 
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between the carbon and glass layers, visible as narrow black lines running across the width of the 

specimen. It should be noted that this residual bonding is too small to be able to transfer significant 

load.  

 
6.7.3 Fatigue behaviour of the overloaded UD thin-ply hybrid composites 
 
6.7.3.1  Fatigue response 
 

Figure 65.6 shows typical stiffness loss and delamination growth for an overloaded 

specimen pre-fractured until 2.3% strain and fatigued at 70% of σk. This load level is chosen to be 

described first as it is representative of the fatigue behaviour of the other two load levels and allows 

a higher number of cycles and therefore can give better insight into damage development.     

 
Figure 65.6. Typical stiffness loss and delamination area development for UD overloaded 
hybrid at 70% of σk. 

 
The initial normalised stiffnesses on  Figure 65.6 for all the overloaded hybrid composites do not 

start from 100% as there was already damage introduced in the form of fragmentation and 

dispersed delamination during the static overload, as shown in Figure 6.66 for the damage state 

at 0 cycles. It should be noted that the fatigue damage development shown in Figure 6.66 is related 

to each specific stiffness loss stage shown in Figure 65.6. 
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Cycles 0 2000 14000 20000 34000 48000 54000 
Stage 3 4 5 

Figure 6.66.Typical fatigue damage development for overloaded UD thin-ply hybrid composites 
at 70% of σk. 

 
There was a challenge to introduce a consistent extent of damage into the hybrid 

composites through a controlled static tension loading, and the initial amount of damage in terms 

of delaminated area between specimens differed. One of the reasons contributing to this behaviour 

is the local variation in the carbon layer thicknesses, where the hybrid specimens with thinner 

central carbon layers tend to have a finer distribution of fragmentation and smaller delamination 

area while for thicker central layers, a coarser distribution of damage was observed. During static 

tension loading, the initial amount of damage introduced in the hybrid composites was visually 

monitored. When the delaminated area had covered around 10%-20% of the total surface, the 

loading was stopped, and this was found to be related to approximately 95%-90% of the initial 

hybrid composite stiffness. Because there was already initial damage in the hybrid specimens across 

the full width, when they were fatigued, the normalised stiffness reduction enters directly into the 

stage of rapid stiffness loss equivalent to stage 3 of the UD pristine hybrid shown in Figure 6.62.  

After the delaminated area had covered 55%-89% of the total surface, a transition point, Nko, is 

reached where the stiffness loss rate decelerates in stage 4 because a reduced area is available for 

delamination. The transition point, Nko, for the overloaded hybrid is determined from the 

intersection point of the linear lines fitted to the accelerated stiffness loss at stage 3 and decelerated 

stiffness loss at stage 4 respectively as shown in Figure 65.6 After this particular specimen 

delaminated, the fatigue test was kept going until 54000 cycles to see if the glass layers would fail 

but they did not, so the test was stopped. This shows that the glass layers could still carry the load 

even after the carbon layers had already fractured and delaminated. This is shown as stage 5 in 

Figure 65.6, where a lower slope is reached for the stiffness loss and delamination growth rate 

because only a limited area is available for further delamination to occur and the load is mainly 

carried by the glass layers. The fatigue testing for the remaining overloaded UD hybrid composites 
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at the three load levels was terminated at the final loading cycles, Nfo, when the specimens were 

fully delaminated.    

  The comparison of typical stiffness losses for the three different fatigue load levels for the 

UD hybrid specimens is shown in Figure 6.67. Stiffness loss comparison for UD overloaded 

hybrids at 90%, 80% and 70% of σk. which indicates the dependency of stiffness loss on load level 

with significantly faster loss of stiffness at 90% of σk compared to the other two load levels. It is 

also shown in Figure 6.67 that even when the hybrid composites lose the carbon layers 

contribution when fatigued at 80% and 90% of σk, it did not fail immediately because the glass 

layers were still carrying the load.  

     
Figure 6.67. Stiffness loss comparison for UD overloaded hybrids at 90%, 80% and 70% of σk. 

 
The three stages of stiffness loss for 80% and 90% of σk are compacted in Figure 6.67 due 

to the scale chosen but are similar to those at 70% of σk.  For the UD overloaded hybrid specimens 

fatigued in stage 3, the average stiffness loss rates were -0.66%/1000 cycles, -4.15%/1000 cycles, 

-11.45%/1000 cycles for 70%, 80% and 90% of σk respectively.  The stiffness loss rate in stage 3 

for the UD overloaded hybrid specimens fatigued at 90% of σk is approximately 40% higher than 

the loss rate for the UD pristine hybrid specimens fatigued at the same load level because there are 

already more carbon layer fractures in a well distributed pattern which act as sites for delamination 

propagation. The delamination growth rate is therefore also higher for the UD overloaded hybrids 

compared to the pristine ones. For all the UD overloaded hybrid specimens tested at the three load 

levels, the stiffness loss is mainly due to propagation of delamination. As shown in Figure 6.67 

the final stiffness of the hybrids went below the expected final stiffness without the carbon 

contribution due to ply splitting from the edge of the specimen as shown in Figure 6.66 and 

possibility of glass fibre reinforced epoxy degradation in fatigue. The summary of stiffness loss 

rates at stages 3, 4 and 5 respectively for overloaded UD thin-ply hybrid composites with transition 

points (Nko) and final loading cycles (Nfo) described in terms of the number of cycles is shown in  
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Table 6.43. 

 

 

 
 
 
Table 6.43. Stiffness loss rate with transition (Nko) and final number of cycles (Nfo) summary for 
overloaded hybrid composites (Numbers in brackets indicates the coefficient of variation in 
[relative %]). 
 

Load 
level [%] 

Specimen 
number 

Stage 3 Stage 4 Stage 5 Nko Nfo 
%/ 1000 
cycles 

% / 1000 
cycles 

% / 1000 
cycles 

Cycles Cycles 

70 13 -0.30 -0.20 - 8240 72000a 
15 -0.78 -0.36 -0.14 12480 54000 
17 -0.92 -0.20 -0.06 13470 82000 
average -0.66 (48) -0.25 (37) -0.10 (58) 11393 (24) 68000 (29) 

80 5 -3.66 -0.80 -0.16 5500 20000 
6 -6.23 -1.87 -0.34 1940 10000 
7 -2.70 -1.44 -0.36 4200 12000 
8 -4.00 -1.53 -0.38 4800 30000 
average -4.15 (36) -1.41 (31) -0.31 (32) 4110 (37) 18000 (50) 

90 1 -15.30 -6.01 -1.30 1020 4400 
2 -8.60 -7.13 -1.00 980 3000 
3 -10.10 -4.02 -0.67 1050 4600 
4 -11.20 -4.48 -0.86 1700 10800 
average -11.45 (27) -5.41 (26) -0.95 (26) 1187 (29) 5700 (61) 

a fatigue testing was terminated before the specimen was fully delaminated  

 
For specimen 13 shown in  

 

 

Table 6.43., the fatigue testing was terminated before full delamination was attained due to a 

sudden fault in the testing machine. The noticeable scatter in the stiffness loss rate shown in  

 

 

Table 6.43., is due to variability of the initial damage between specimens and different extents of 

ply splitting. The faster stiffness loss rate of the overloaded UD hybrid composites at higher load 

levels is mainly due to the higher cyclic energy release rate. 

 
6.7.3.2 Failure modes  

 The damage modes of the overloaded UD thin-ply hybrid composites at 70%, 80% 

and 90% of σk consist mainly of delamination growing from the multiple fragmentation sites. The 

delamination growth as a % of the total area is taken as the damage parameter because when a 

hybrid composite is fully delaminated, it has lost the load carrying capability of the stiffer carbon 
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layers. Comparison of delamination growth as a function of load cycles for the three loading levels 

is shown in Figure 6.68, where an accelerated growth rate for a number of cycles is followed by 

reduced growth rate. As already shown in Figure 65.6  for specimens fatigued at 70% of σk, there 

are three stages of delamination growth rate for overloaded UD hybrid composites which also 

apply for the damage growth rate at 80% and 90% of σk. The delamination growth rates at the 

three stages were measured by applying a linear fit to the respective data as shown in Figure 6.68  

for the three-fatigue loading levels.  

 

 
Figure 6.68. Typical delamination development curve for overloaded UD thin-ply hybrid at 
70%, 80%, 90% of σk. 

 
Typical damage development in an overloaded UD thin-ply hybrid composites is shown in 

Figure 6.66. This is representative of the fatigue damage accumulation of all specimens at 70%, 

80% and 90% of σk. As shown in Figure 6.66., at 0 cycles, after static tension loading had been 

applied, initial damage in the form of fragmentation and delamination was present in the specimen. 

It was noticeable that the fractured areas had an irregular and staggered shape and the 

corresponding delamination areas covered around 20% of the specimen’s surface. Most of them 

did not develop into a single linear crack front across the complete specimen width. The lighter 

delaminated areas around the carbon layer fractures also indicated various crack densities, with the 

fine areas corresponding to the thinner parts of the central carbon layers while the more coarsely 

cracked areas show the thicker parts, highlighting the thickness variability of the thin carbon 

prepreg. With increasing number of cycles at constant amplitude fatigue loading, the delaminated 

areas surrounding the fragmentations grew stably and joined with the neighbouring delamination 

areas as seen in Figure 6.66 at stage 3. It is interesting to note that even though some of the carbon 

layer crack lengths are initially less than the full specimen width, the surrounding delamination 

areas were still able to grow because with advancing number of cycles, the carbon crack lengths 

were able to extend further.  The normalised delamination growth rates shown in Figure 6.68  for 
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the three load levels display an initial accelerated growth rate followed by a reduced growth rate 

due to less area available for delamination to progress. It was also observed that ply splitting 

occurred for the majority of the UD overloaded hybrid specimens tested in fatigue causing a minor 

reduction in stiffness.Table 6.44 shows the summary of delamination growth rates for the 

overloaded UD thin-ply hybrid composites at the three different fatigue loading levels. 

Table 6.44. Delamination growth rates summary for overloaded hybrid composites (Numbers in 
brackets indicate the coefficient of variation in [relative %]). 
 

Load 
level [ %] 

Specimen 
number 

Stage 3 Stage 4 Stage 5 
%/ 1000 
cycles 

% / 1000 
cycles 

% / 1000 
cycles 

70 13 1.00 0.81 - 
15 3.26 0.90 0.07 
17 2.49 0.89 0.10 
average 2.25 (51) 0.86 (6) 0.08 (25) 

80 5 11.68 4.44 0.10 
6 14.07 5.53 0.11 
7 12.10 7.30 0.13 
8 16.80 6.67 0.13 
average 13.66 (17) 5.9 (21) 0.11 (12) 

90 1 46.47 23.05 0.54 
2 39.38 19.67 0.59 
3 34.80 21.00 0.49 
4 33.00 11.15 0.30 
average 38.41(15) 18.71 (28) 0.48(26) 

 

The individual data for each specimen in  

 

 

Table 6.43 and Table 6.44 which shows the stiffness reduction and delamination area 

development for the overloaded hybrid specimens are given in the appendix.  

 
6.7.3.3 Delamination growth rates as a function of cyclic energy release rates  

It is possible to correlate the delamination growth rate with the cyclic energy release rate at 

a constant load level to quantify the life of the overloaded UD hybrid composites under fatigue 

loading  by adopting a Paris law type equation, assuming growth in a self-similar manner as shown 

in Equation (6.11: 

 
𝑑𝑑𝑎𝑎
𝑑𝑑𝑑𝑑

= 𝐶𝐶(∆𝐺𝐺)𝑚𝑚 
(6.11) 

 

Where a is the delamination length, N is the number of cycles, ΔG is the cyclic energy release rate, 

and C and m are parameters that characterise the propagation rate. This assumes that the 

delamination length grows linearly with advancing number of cycles at constant-amplitude loading. 

The parameters C and m need to be determined to have a complete relation of Equation (6.11 by 

plotting the delamination growth rates in mm/cycle as a function of cyclic energy release rates. 
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This plot on a logarithmic scale is shown in Figure 6.69 for the three fatigue load levels.  The 

delamination growth rate, da/dN, is determined from the linear portion of the plot of normalised 

delamination area versus number of cycles under each constant load amplitude. The linear portion 

is fitted with a line as shown in Figure 6.68 and the initial linear portion (stage 3) is used as the 

delamination growth rate, da/dN, plotted in Figure 6.69. It should be noted that the delamination 

growth rates shown in Table 6.44  which are in %/ 1000 cycles need to be converted to mm/cycle. 

Table 6.21 shows the summary of delamination growth rates in mm/cycle with the cyclic energy 

release rates at the three-load levels which are used to produce the plot in Figure 6.69. 

 
Table 6.21. Delamination growth rate and cyclic energy release rate summary for overloaded 
hybrid composites (Numbers in brackets indicate the coefficient of variation in [relative %]). 
 
Load level Specimen number Delamination growth rate ΔG 
[ % ]  mm/cycle N / mm 
70 13 0.0012 0.30 

15 0.0010 0.41 
17 0.0009 0.41 
average 0.0010 (14) 0.37 (17) 

80 5 0.015 0.46 
6 0.026 0.55 
7 0.014 0.49 
8 0.020 0.54 
average 0.019 (29) 0.51 (8) 

90 1 0.055 0.64 
2 0.043 0.67 
3 0.041 0.52 
4 0.039 0.53 
average 0.045 (16) 0.59 (13) 

 

As seen in Table 6.21, there are slight differences between the cyclic energy release rates 

at the same loading level. The reason behind this is because the load levels were taken as fixed 

percentages of the different values of knee-point stress, σk, for each hybrid specimen.  
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Figure 6.69. Delamination growth per cycle as a function of cyclic energy release rates for 
overloaded UD thin-ply hybrid composites at 70%,80%,90% of σk. 

As seen in Figure 6.69 the C and m parameters are 4.57 and 8.54 respectively and although 

there are only three points, the fit to a straight line is good, which implies that the delamination 

growth rates as a function of cyclic energy release rates comply with the Paris law in Equation 

(6.11. This could be used as a basis for life estimation during fatigue loading of UD thin-ply hybrid 

composites. There is a wide range of Paris law parameters for fibre reinforced composites, but 

none published for this material. The exponent, m, of 8.54 lies within the range from 3.1 to 9.6 

reported for other carbon fibre/epoxy materials [154][158][161][162]. 

 
6.8    Conclusions 

 This chapter has presented the mechanical properties of unidirectional thin-ply hybrid 

composites subjected to static and cyclic tensile loads. The effect of different loading conditions 

was examined. The following was concluded: 

 
1. When pristine hybrid specimens were fatigued at 80% of σk no stiffness reduction up until 

100000 cycles was observed because the specimens were loaded well below the first carbon 

layer fracture strain.  

 
2. It was observed that there are three stages of damage growth when UD pristine hybrid 

specimens are fatigued at 90% of σk. The first stage has negligible stiffness loss, the second 

stage involves slow growth of delamination from fragmentations, and the third stage when 

the delamination becomes established across the full width, with higher delamination rate. 

 
3. For the overloaded hybrid composites, there are three stages of damage growth. The initial 

stage, which is equivalent to the third stage for the UD pristine hybrid specimens, involves 

rapid stiffness loss and accelerated delamination growth from the existing initial fractures, 

the next stage with slower stiffness loss due to delamination approaching saturation, and 

the last stage with negligible stiffness loss rate when the specimen is fully delaminated, but 

the glass layers are still able to carry the load. When the overloaded hybrid laminates were 

fatigued at 70% and 80% of σk, they showed more gradual stiffness reduction and slower 

damage growth compared to the fatigued overloaded hybrids at 90% load level. 

 
4. The stiffness loss rate of the overloaded UD thin-ply hybrid composites fatigued at 90% 

of σk is higher compared to the pristine UD thin-ply hybrid composites because there are 

already more carbon layer fractures in a well distributed pattern which act as sites for 

delamination propagation. 

 
5. Delamination growth as a function of strain energy release rate for overloaded UD thin-

ply hybrid composites complies with the Paris law and this could be used as the basis for 

life estimation. 
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Chapter 7   Conclusions and future work 

7.1  Conclusions 

The work in this thesis  presented a comprehensive investigation on the response of 

unidirectional (UD) thin-ply interlayer hybrids made from thin-ply carbon/epoxy plies and 

standard thickness glass/epoxy plies subjected to different loading cases including quasi-static 

tensile cyclic loading, compression, bending, and fatigue loading. The response of the hybrid 
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composites in each loading case was shown to be heavily dependent on the selection of material 

and the design of the relevant stacking sequences. The ability of the thin-ply laminate to suppress 

damage allows considerable non-linearity to develop, which is governed by fibre fragmentation 

and dispersed delamination, bringing a unique failure response compared to the traditional 

composite laminates under given specific load cases.  The key findings from this experimental work 

described in Chapter 3-6 are discussed below: 

 
Chapter 3:   Quasi-static cyclic loading of UD thin-ply hybrid composites was conducted to assess 

the extent of stiffness loss with increasing applied strain. For this study, three types of hybrid 

configuration were examined: SG1/MR401/SG1, SG1/TR301/SG1, SG1/TR302/SG 1, where MR40 

is an intermediate modulus carbon fibre while TR30 is a standard modulus carbon fibre. The strain 

at first carbon ply failure and the knee point strain (εk) for the SG1/TR301/SG1 hybrid is higher 

than for the SG1/TR302/SG1 hybrid. This is due to the ‘hybrid effect’ which provides a delay in 

damage initiation due to a constraint on broken carbon cluster development. For the thinner hybrid 

with a single carbon ply, the fibre failure and fragmentation appear at a slightly higher strain because 

of the limited number of fibres through the thickness of the ply inhibiting formation of a critical 

cluster. For SG1/MR401/SG1 and SG1/TR302/SG1 configurations, the stiffness reduction over the 

course of loading was governed by fragmentation of the carbon plies and delamination between 

the carbon and glass plies. A smaller stiffness reduction for the SG1/TR301/SG1 configuration 

compared to the other hybrid configurations was observed with the fragmentation of the carbon 

ply as the main damage mechanism responsible for the reduction. With each loading cycle, there 

was a small amount of hysteresis and residual strain, which could be attributed to the significant 

reversed shear stress at the ply interfaces near the ends of the delaminated regions of the 

fragmented hybrid. The high shear stresses between the carbon and glass plies cause the matrix to 

deform, leaving a residual strain at zero load for all three hybrid configurations. Another possible 

explanation for the existence of residual strain is due to the accumulation of debris between the 

open cracks preventing the surface cracks to return to its original state when unloaded. At the final 

loading cycle for each hybrid configuration, there is a residual black-lines (intact carbon ply). The 

existence of  the residual black-lines on each hybrid configuration could be attributed to the average 

width of the intact ply  where the shear stress would not be able to reach the value required to 

damage the interface, thus leaving that particular area intact.  Based on this study, it was found that 

the quasi-static response of the hybrids is affected by the carbon/glass volume ratio, the carbon 

ply thickness and the carbon properties (modulus, strain to failure). The response of the UD thin- 

ply hybrid laminates are considered pseudo-ductile because the damage in the form of ply 

fragmentation and stable delamination, leads to gradual loss of stiffness. The stable delamination 

of this hybrid material is due to the low energy release rate of the thin carbon ply. 

 
Chapter 4:  The compression response of UD thin-ply hybrid composites was examined under 

two different loading configurations: indirect compression (four-point bending) and direct 
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compression (longitudinal) tests. The hybrid material was made of standard thickness S-

glass/epoxy ply and thin M55J carbon/epoxy ply. This carbon fibre is a high modulus type. The 

direct compression response of unidirectional thin-ply hybrids has been established. Gradual 

failure was obtained, with a decrease in stiffness at an average strain of -0.555% and -0.554% while 

the final failure strain was at an average strain of -2.150% and -1.440% for the [SG1/(C1/SG1)17] 

and [SG1/(C2/SG1)17] hybrid configuration respectively. For the [SG1/(C3/SG1)17] configuration, 

sudden failure occurred at an average strain of -0.500% strain. Even this lower strain is higher than 

the compression failure strain calculated from the manufacturer’s data sheet of -0.260%.  For 

asymmetric M551, M552 and M553 hybrid configuration, a decrease of stiffness was observed at 

around -0.555%, -0.522%, -0.507% strain respectively while the final failure strains are at around -

2.724%, -1.750% and -0.956% strain respectively. The decrease of stiffness for the hybrid 

configuration was marked by a knee-point in the stress-strain response and a similar value was 

obtained from the indirect and direct compression tests. The final failure strain of the hybrids 

decreases with increasing carbon ply thickness which qualitatively complies with the energy release 

rate concept because energy release rate is proportional to the thickness of the carbon plies. From 

the indirect compression loading results, it was found that the asymmetric hybrid laminates with 

two and three M55J carbon plies lost most of the bending stiffness contribution from the carbon 

ply after the knee point due to more extensive damage (fragmentation and dispersed delamination), 

while negligible stiffness loss was found for the asymmetric hybrid laminate with a single carbon 

ply compared to the other two asymmetric hybrid configurations. The stiffness loss for all three 

hybrid configurations was assessed by comparing the change of force-strain slope and contribution 

of carbon bending stiffness from Classical Laminated Plate Theory (CLPT). From the optical 

microscopy observation of the damaged asymmetric hybrid specimens, fragmentation of the 

carbon plies and localised delamination between the carbon and glass plies was discovered. The 

measured fragment length is less than the critical length calculated from a traditional load transfer 

model with the usual constant shear stress assumption with linear increase in stress from zero at 

both ends of the fragment normally applied for tension. The traditional load transfer model is 

unable to predict the fragment length of carbon layer in compression because the fragments are in 

contact and still able to transfer load.  Due to the irregular shape between the fragmented surfaces, 

friction and mechanical interlocking exist which can transfer compressive load despite the 

fractures, and break the carbon into even smaller pieces than the critical length. The fragmented 

carbon layers fractured at an angle that is displaced in the transverse direction. This transverse 

displacement is responsible for interfacial damage (delamination) which causes the stiffness 

degradation. The different final failure strains underpin the crucial role of the carbon/epoxy ratio 

and carbon layer thickness in unidirectional glass/carbon hybrid laminates under compressive 

loading both in indirect and direct loading configurations.  

 
Chapter 5: From the four-point bending testing of symmetric hybrid laminates, it was observed 

that gradual failure was obtained for the [SG/M551/SG]4s, [SG/M552/SG]4s,  [SG/TC351/SG]4s,  
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[SG/TC352/SG]4s hybrid configurations under four-point bending. The sequence of damage 

mechanisms for the [SG/TC351/SG]4s and [SG/TC352/SG]4s hybrid configurations was carbon ply 

fragmentation and stable delamination on the tension side and the final failure was sudden 

compressive failure due to fibre failure followed by delamination. The knee-point strain for the 

[SG/TC352/SG]4s hybrid is due to fragmentation on the tension side and was found to be 10% 

higher than the knee-point strain obtained from the static tensile testing of the [SG/TC352/SG] 

configuration. While for the [SG/M551/SG]4s and [SG/M552/SG]4s hybrid configurations, the 

damage started from the compression side in the form of carbon ply fragmentation and stable 

delamination followed by fragmentation and stable delamination on the tension side. The first 

knee-point strain for [SG/M551/SG]4s and [SG/M552/SG]4s hybrid configurations is related to 

carbon ply fragmentation on the compression side and it occurred at a similar knee-point strain 

(around -0.500%) obtained from direct compression testing for [SG1/(C1/SG1)17] and 

[SG1/(C2/SG1)17] hybrid configurations. The second knee-point strain for the [SG/M551/SG]4s 

and [SG/M552/SG]4s hybrids was found to be around 11% higher than the knee-point strain 

obtained from the static tensile test for [SG/M551/SG] and [SG/M552/SG]  configuration. The 

final failure strain on the compression side for [SG/M551/SG]4s  and [SG/M552/SG]4s   hybrids is 

higher compared to the failure strain obtained from direct compression. This could be attributed 

to the shifting of the neutral axis towards the compression side due to fragmentation of the carbon 

ply on the tension side.  This behaviour leads to a delay of the final failure on the compression 

side. A high fragmentation strain on the tension side of the bending specimens was obtained for 

[SG/TC352/SG]4s, [SG/M551/SG]4s and [SG/M552/SG]4s. This value is higher than the 

fragmentation strain to failure obtained from the static tensile testing. This behaviour could be 

attributed to a size effect present in the bending specimens. The final failure observed for all hybrid 

configurations occurred on the compression side.  The evolution of the neutral axis could be used 

to assess the damage sequence of hybrid composites during four-point bending.  

 
Chapter 6: From the fatigue testing of UD thin-ply hybrid composites, [SG/TC352/SG], under 

two scenarios:  without any initial damage (pristine hybrids) and after the introduction of damage 

in the laminates by loading past the pseudo-yield point (overloaded hybrids), it was discovered that  

when pristine hybrid specimens were fatigued at 80% of σk (knee-point stress) no stiffness 

reduction or damage up until 100000 cycles was observed because the specimens were loaded well 

below the first carbon layer fracture strain. It was observed that there are three stages of damage 

growth when UD pristine hybrid specimens are fatigued at 90% of σk. The first stage has negligible 

stiffness loss, the second stage involves slow growth of delamination from fragmentations, and the 

third stage when the delamination becomes established across the full width, with a higher 

delamination rate. For the overloaded hybrid composites, there are three stages of damage growth. 

The initial stage, which is equivalent to the third stage for the UD pristine hybrid specimens, 

involves rapid stiffness loss and accelerated delamination growth from the existing initial fractures, 

the next stage with slower stiffness loss due to delamination approaching saturation, and the last 
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stage with negligible stiffness loss rate when the specimen is fully delaminated, but the glass layers 

are still able to carry the load. When the overloaded hybrid laminates were fatigued at 70% and 

80% of σk, they showed more gradual stiffness reduction and slower damage growth compared to 

the fatigued overloaded hybrids at 90% load level. The stiffness loss rate of the overloaded UD 

thin-ply hybrid composites fatigued at 90% of σk is higher compared to the pristine UD thin-ply 

hybrid composites because there are already more carbon layer fractures which act as sites for 

delamination propagation. The final stiffness of the tested hybrid specimens went below the 

expected final stiffness without any carbon contribution, due to ply splitting from the edge of the 

specimens observed during testing.  Delamination growth as a function of the strain energy release 

rate associated with the delamination of the carbon plies for overloaded UD thin-ply hybrid 

composites complies with the Paris law and this could be used as the basis for life estimation. 

  
 The response of UD thin-ply hybrid composites has shown promising behaviour, including 

higher strain to failure compared to the carbon fibre reinforced epoxy composites, along with 

gradual failure under static and fatigue loading. The mechanical behaviour is found to be dependent 

on a combination of material and the design of stacking sequences, but there are trade-offs between 

each mechanical properties. As an example, the tensile response of UD thin-ply hybrid composites, 

for the hybrid laminates with high modulus central carbon plies, has the highest initial modulus  

but relatively low knee-point strain and stress. At the other extreme, the configuration comprising 

the highest carbon failure strain has a relatively high knee-point strain and stress but moderate 

initial modulus. Both configurations have a high final strain to failure which demonstrates that it 

is possible to combine the stiffness of carbon and final failure strain of S-glass composites. This 

indicates the flexibility in designing the stress-strain response of  UD thin-ply hybrid composites 

to meet the specific requirements. 

 The stiffness and strength of UD thin-ply hybrid composites are inferior compared to the 

traditional carbon fibre composites due to the low mechanical properties of S-glass composites. 

However, taking into account the benefits of high strain to failure and  load-carrying capacity of 

these pseudo-ductile composites, reduced safety margins is possible when designing structural 

parts made of these novel materials than current traditional composites. Together with the 

impressive fatigue performance of pristine and overloaded hybrid composites, the actual load 

design limit of  pseudo-ductile composites could be pushed close to the knee-point stress and 

therefore improve the structural efficiency of the composites. Furthermore, gradual and 

progressive failure  will ensure a non-catastrophic failure in the structure, thus any over-loading 

before final failure can be visually inspected.   

Nonetheless, there are also some drawbacks of these UD thin-ply hybrid composites 

limiting their use in industrial applications. The first limitation is the high cost of the thin-ply 

laminates compared to the standard thickness laminates. Thickness requirement of a structure is 

in the order of more than several plies, meaning that an increase of the total cost of materials and 

time for lay-up is inevitable if using thin-ply laminates. The quality of the thin-ply prepregs was 
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such that they are difficult to handle in manufacturing since the prepregs do not stick to each other 

easily without additional heat and pressure being applied. Although only moderate heat and 

pressure are needed to attach the plies together, it will add more time for the lay-up process. The 

cured thin-ply hybrid laminates can be very flexible when only one or two thin-plies are 

incorporated, making them prone to mishandling during cutting. To alleviate this limitation, a 

proper rig for machining which could guide the hybrid laminates through the cutting process is 

needed. This rig should be able to cut the thin-ply and standard thickness hybrid laminates into a 

relatively precise dimension with minimal damage.   

Another limitation is that the unidirectional thin-ply hybrid laminates can only be applied 

in the case where the structure is loaded primarily in the longitudinal fibre direction, due to the 

lack of plies in the other loading directions (90o, 45o, 30o, 60o, etc), which is not realistic in many 

industrial application. However, unidirectional hybrids have potential  to be used in rotor blades, 

where tensile and compressive stress are acting on the blade when it is flapping and with 

continuous operation, they may also suffer from fatigue loading. It has been shown in this work, 

that it is possible to achieve gradual and progressive failure in tension, compression and fatigue 

loading when using UD thin-ply hybrid composites. Because damage is visible in this hybrid 

material, it can be used as a damage indicator (sensor) for structural applications such as a gas 

pressure vessel by having the material located at the outer layer of the vessel so any overloading 

can be detected easily.  

  

7.2 Recommendation for future work 

 Characterisation of unidirectional thin-ply hybrid composites under various loading 

configurations has been presented in this thesis and several key areas in this field deserve further 

attention which will be explained below: 

 

7.2.1 Quasi-static cyclic loading of UD thin-ply hybrid composites 

 Some results of the quasi-static cyclic loading-unloading response of UD thin-ply hybrid 

laminates have shown that the stiffness loss for the hybrids was due to fragmentation of the carbon 

plies and stable delamination. Small amounts of hysteresis and residual strain due to significant 

reversed shear stress between the ply interface were observed. The high shear stresses between the 

carbon and glass plies cause the matrix to deform, leaving a residual strain at zero load point. The 

results suggested that the observed deformation is permanent at the zero load point of eacy cycle. 

However, after reaching this point, the specimens were immediately reloaded without any time for 

relaxation. To examine the permanence of the deformations, the loading at zero load point of each 

cycle could be halted for a predetermined time. If the deformations were  not permanent, then 

there  would be  a reduction of strain at zero load on the stress-strain curve. Another possible 

explanation for the existence of residual strain is due to the accumulation of debris between the 

open cracks preventing the surface cracks to return to the original state when unloaded.  
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In order to fully understand the source of hysteresis and residual strain in the UD hybrid 

laminates, it would be interesting to also conduct in-situ testing of the hybrid to study in detail the 

damage behaviour ( fibre breakage, matrix deformation, etc) of these hybrid laminates during quasi-

static cyclic loading.   

At the end of each loading cycle, there are  residual black-lines (intact carbon ply) where 

the shear stress is less than the yield shear strength at the interface, thus leaving the residual carbon 

ply undamaged. Not much information from the general literature review is known about the yield 

shear strength of the UD thin-ply hybrid composites. Because the yield shear strength is also an 

important parameter in the design of hybrid composites, experimental work to accurately 

determine the shear yield strength could be conducted in the future. 

  Subsequently, it is of interest to study the stress-strain behaviour for a complete tension-

compression loading-unloading cycle conducted on this hybrid composite. This will allow a 

complete stress-strain envelope to be observed and to study the different damage behaviour of 

both load cases. Careful specimen design needs to be considered to avoid global buckling of the 

specimen, due to the compression loading. 

 

7.2.2 Compression loading of UD thin-ply hybrid composites 

 Pseudo-ductile behaviour under direct compression loading has been successfully obtained 

for [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] hybrid configurations due to fragmentation of the 

carbon plies followed by stable delamination. It is of interest to conduct in-situ compression testing 

(inside a tomography facility) for the UD thin-ply hybrid composites to study the detailed damage 

mechanisms after fragmentation of the carbon plies. This would explain the stress or strain transfer 

mechanisms between the fragmented carbon and glass plies and deduce the residual stress or strain 

in the carbon and glass ply.  The goal is then to develop a compressive strain energy release rate 

equation for UD thin-ply hybrid composites based on the in-situ compression testing results. 

 From the compression results presented in Chapter 4, it is explained that the fibre 

fragments are in contact and still able to transfer load through the fragmented surface which further 

fractured the ply below the ‘critical length’. This means that ‘critical length’ which is usually found 

in tension to describe the effective load transfer length is not applicable to the compression case. 

A complete observation and measurement of the  fragmented ply length at a predetermined 

compressive strain level is important to conduct. The aim would be to develop a definition of 

‘critical length’ in compression which has not been explored extensively in other works. 

 Preparing hybrid specimens for longitudinal compression testing is time consuming and 

requires precise machining. An alternative testing method could be a four-point bending test of a 

sandwich beam made of a wood core and the hybrid laminates to be examined used as the top 

skin, loaded in compression, while a standard modulus carbon ply is used as the bottom skin. This 

method is less time consuming because less machining is involved compared to the hybrid 

specimens for longitudinal compression testing. The thickness of the wood core should be thick 
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enough to ensure a low enough strain gradient in the hybrid laminates, so that the compression 

strain to failure is not affected by the strain gradient. This would make the strain to failure 

comparable to the strain obtained from longitudinal compression testing.   

 The present work has focussed solely on the compression response of UD thin-ply hybrid 

composites made of standard thickness S-glass/epoxy ply and a high modulus thin carbon/epoxy 

ply. It is of interest to replace the S-glass/epoxy ply with another standard modulus thin 

carbon/epoxy ply to produce all carbon UD thin ply hybrid composites. This material combination 

has the advantage of lower density compared to carbon/glass hybrid composites and higher 

stiffness. Careful design should be carried out to select the appropriate thin carbon/epoxy which 

has sufficient strain margin to carry the load after the high modulus thin carbon/epoxy has 

fragmented.  

7.2.3 Flexural loading of UD thin-ply hybrid composites 

 Pseudo-ductile response under four-point bending has been obtained for UD thin-ply 

hybrid composites made of S-glass/epoxy and thin carbon/epoxy with two different moduli. It is 

presented in Chapter 5 that a size effect could be responsible for the high knee-point strain on 

the tension side for both hybrid configurations. To examine if there is a size effect, hybrid laminates 

with different lengths and thicknesses could be tested in four-point bending. The length of the 

laminates should be carefully designed to avoid premature failure due to shear. By changing the 

ratio between the glass and carbon plies but keeping the length constant, it is possible to study the 

hybrid effect in four-point bending.  
 

7.2.4 Fatigue loading of UD thin-ply hybrid composites 

The strain to failure of the carbon ply incorporated in the UD thin-ply hybrid composites 

for the fatigue testing described in Chapter 6 was 1.95% resulting in full delamination of the 

specimens at more than thousand number of cycles.  Incorporating  lower strain to failure carbon 

such as M55 carbon/epoxy, with its 0.80 % strain,  could potentially prolong the fatigue life of UD 

thin-ply hybrid composites, because of the lower strain in the carbon fibres, thus resulting in lower 

stress within the surrounding glass fibres leading to a slower fatigue damage propagation.  

Delamination fatigue behaviour is also governed by the matrix properties and it can be significantly 

affected by the hydrothermal conditions.  The effect of environmental factors such as temperature 

and humidity on the fatigue behaviour of UD thin-ply hybrid composites should also be explored 

to understand its response and to possibly improve the fatigue performance at different 

environments.  
 

7.2.5 Investigation of UD thin-ply hybrid composites under other loading conditions 

 The pseudo-ductile behaviour of UD thin-ply hybrid composites could also be exploited 

under different loading condition such as impact and compression after impact. With the ability of 

the thin plies to resist delamination, there is the potential to improve the impact performance of a 

structural component. A possible improvement may be seen in an increase in energy being 
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absorbed due to impact. It would also be interesting to study the compression after impact of this 

material, because as has been shown in this thesis, UD thin-ply hybrid composites are able to fail 

gradually after the carbon ply fragmented, so if it is designed properly, the ability of the UD thin-

ply hybrid composites to fail gradually by resisting sudden delamination after carbon fibre failure 

could possibly improve the structure’s performance in compression after impact tests.   

  The notched response of fibre composites is usually brittle and catastrophic failure usually 

occurs due to stress concentrations. Multiple fragmentation in thin-ply hybrid composites has the 

advantage that the stress is being distributed thereby avoiding high stress concentration in a 

structural component containing a notch.   

APPENDIX A Elastic thermal residual strain 
 
The elastic thermal residual strain which is determined by using the following method: 

1. Calculate the free thermal strains in the central carbon layer, εth ( the strain each ply would 

undergo if unconstrained). The free thermal strain in the longitudinal (𝜀𝜀𝑚𝑚𝑡𝑡ℎ) and transverse 

direction (𝜀𝜀𝑦𝑦𝑡𝑡ℎ)  as  given in Equation A.12 and Equation A.2 respectively: 

 
𝜀𝜀𝑚𝑚𝑡𝑡ℎ =  𝛼𝛼11(𝐶𝐶𝑜𝑜 − 𝐶𝐶) Equation 

A.12) 
 

          𝜀𝜀𝑦𝑦𝑡𝑡ℎ  =   𝛼𝛼22(𝐶𝐶𝑜𝑜 − 𝐶𝐶) (A.2) 
 

where, T is the curing temperature which is 125 oC and To is the room temperature assumed 

at 25 oC. α11 is calculated by using the rule of mixtures shown in Equation A.3 

 

𝛼𝛼11 =  𝜗𝜗𝑓𝑓  .  𝛼𝛼𝑓𝑓 .  
𝐸𝐸𝑓𝑓

𝐸𝐸𝑐𝑐𝑜𝑜𝑚𝑚𝑐𝑐
+ �1 −  𝜗𝜗𝑓𝑓 � .  𝛼𝛼𝑚𝑚 .  

𝐸𝐸𝑚𝑚
𝐸𝐸𝑐𝑐𝑜𝑜𝑚𝑚𝑐𝑐

 
Equation 

A.) 

 

Equation A.13 is applicable to calculate the coefficient of thermal expansion in the 0o fibre 

direction (α11) where  𝜗𝜗𝑓𝑓  ,  𝛼𝛼𝑓𝑓  and 𝐸𝐸𝑓𝑓 are the volume fraction [%], the CTE [1/K] and the 

elastic modulus of the fibres [GPa] respectively while 𝛼𝛼𝑚𝑚  and 𝐸𝐸𝑚𝑚 are the CTE and 

modulus of the matrix material. For the coefficient of thermal expansion in the transverse 

direction (𝛼𝛼22 ), typical values of 2.6*10-5 1/K was chosen from the general literature. The 

CTE values for the different fibres shown in Chapter 3, 4, 5 and 6 were taken from the 

product datasheets. For both epoxy matrices in the hybrid composite, typical values of 𝛼𝛼𝑚𝑚  

= 6.10-5 [1/K] and 𝐸𝐸𝑚𝑚 = 3 GPa were assumed from the general literature. Ecomp from Error! 

Reference source not found. is calculated based on the rule of mixtures in Equation 

A.4: 
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𝐸𝐸𝑐𝑐𝑜𝑜𝑚𝑚𝑐𝑐 =  𝐸𝐸𝑓𝑓 ∙ 𝑣𝑣𝑓𝑓 + 𝐸𝐸𝑚𝑚 ∙ �1 − 𝑣𝑣𝑓𝑓� Equation 

A.13) 

 

2. Calculate the [ Q ] matrix for each material by using Equation A.5: 

[𝑄𝑄] =  �
𝑄𝑄11 𝑄𝑄12 0
𝑄𝑄12 𝑄𝑄22 0

0 0 𝑄𝑄66
� =

⎣
⎢
⎢
⎢
⎢
⎡�

𝐸𝐸112

𝐸𝐸11 − 𝑣𝑣122 𝐸𝐸22
� �

𝑣𝑣12𝐸𝐸11𝐸𝐸22
𝐸𝐸11 − 𝑣𝑣122 𝐸𝐸22

� 0

�
𝑣𝑣12𝐸𝐸11𝐸𝐸22
𝐸𝐸11 − 𝑣𝑣122 𝐸𝐸22

� �
𝐸𝐸11𝐸𝐸22

𝐸𝐸11 − 𝑣𝑣122 𝐸𝐸22
� 0

0 0 (𝐺𝐺12)⎦
⎥
⎥
⎥
⎥
⎤

 

(A.5) 

 

3. Calculate the �  𝑄𝑄 � for each ply by using Equation A.6: 

�𝑄𝑄� =  �
𝑄𝑄11 𝑄𝑄12 𝑄𝑄16
𝑄𝑄12 𝑄𝑄22 𝑄𝑄26
𝑄𝑄16 𝑄𝑄26 𝑄𝑄66

� 

(A.6) 

 

𝑄𝑄11 ,    𝑄𝑄12 ,    𝑄𝑄16  ,   𝑄𝑄22 ,  𝑄𝑄26  ,  𝑄𝑄66   Are calculated through Equation A.7- Equation 

A.12 respectively: 

𝑄𝑄11 = 𝑄𝑄11𝑐𝑐𝑐𝑐𝑐𝑐4𝜃𝜃 + 2(𝑄𝑄12 + 2𝑄𝑄66 )𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃 + 𝑄𝑄22𝑐𝑐𝑠𝑠𝑠𝑠4𝜃𝜃 (A.7) 

 

𝑄𝑄12 = 𝑄𝑄12(𝑐𝑐𝑐𝑐𝑐𝑐4𝜃𝜃 + 𝑐𝑐𝑠𝑠𝑠𝑠4𝜃𝜃) + (𝑄𝑄11 + 𝑄𝑄12 − 4𝑄𝑄66 )𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃 (A.8) 

 

𝑄𝑄16 = (𝑄𝑄11 − 𝑄𝑄12 − 2𝑄𝑄66)𝑐𝑐𝑐𝑐𝑐𝑐3𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃 − (𝑄𝑄22 − 𝑄𝑄12 − 2𝑄𝑄66)𝑐𝑐𝑠𝑠𝑠𝑠3𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 (A.9) 

 

𝑄𝑄22 = 𝑄𝑄11𝑐𝑐𝑠𝑠𝑠𝑠4𝜃𝜃 + 2(𝑄𝑄12 + 2𝑄𝑄66 )𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃 + 𝑄𝑄22𝑐𝑐𝑐𝑐𝑐𝑐4𝜃𝜃 (A.10) 

 

𝑄𝑄26 =  (𝑄𝑄11 − 𝑄𝑄12 − 2𝑄𝑄66)𝑐𝑐𝑠𝑠𝑠𝑠3𝜃𝜃𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 − (𝑄𝑄22 − 𝑄𝑄12 − 2𝑄𝑄66)𝑐𝑐𝑐𝑐𝑐𝑐3𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠𝜃𝜃 (A.11) 

 

𝑄𝑄66 = (𝑄𝑄11 + 𝑄𝑄22 − 2𝑄𝑄12 − 2𝑄𝑄66)𝑐𝑐𝑐𝑐𝑐𝑐2𝜃𝜃𝑐𝑐𝑠𝑠𝑠𝑠2𝜃𝜃 + 𝑄𝑄66(𝑐𝑐𝑐𝑐𝑐𝑐4𝜃𝜃 + 𝑐𝑐𝑠𝑠𝑠𝑠4𝜃𝜃) (A.12) 

 

Since 𝜃𝜃  is 0 in the UD thin-ply hybrid composites , [ Q ] is equal to � 𝑄𝑄 �.  
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4. Calculate the [ Aij ], [Bij] and [ Dij] matrices by using  Equation A.13- Equation A.15 

respectively: 

𝐴𝐴𝑚𝑚𝑗𝑗 = ��𝑄𝑄𝑚𝑚𝑗𝑗�𝑘𝑘

𝐶𝐶

𝑘𝑘=1

(𝑧𝑧𝑘𝑘 − 𝑧𝑧𝑘𝑘−1) 
(A.13) 

 

𝐵𝐵𝑚𝑚𝑗𝑗 =
1
2
��𝑄𝑄𝑚𝑚𝑗𝑗�𝑘𝑘

𝐶𝐶

𝑘𝑘=1

�𝑧𝑧2𝑘𝑘 − 𝑧𝑧𝑘𝑘−12 � 
(A.14) 

 

𝐷𝐷𝑚𝑚𝑗𝑗 =
1
3
��𝑄𝑄𝑚𝑚𝑗𝑗�𝑘𝑘

𝐶𝐶

𝑘𝑘=1

�𝑧𝑧3𝑘𝑘 − 𝑧𝑧𝑘𝑘−13 � 
(A.15) 

 

Where Zk is the thickness of each ply measured from the neutral axis (Z) of the hybrid 

laminate. 

 

5. Asemble the [ A B D]  matrix and calculate the compliance by using Equation A.16: 

[𝑎𝑎𝑎𝑎𝑑𝑑] = [𝐴𝐴𝐵𝐵𝐷𝐷]−1 =

⎣
⎢
⎢
⎢
⎢
⎡

𝑎𝑎11 𝑎𝑎12 𝑎𝑎16   
𝑎𝑎12 𝑎𝑎22 𝑎𝑎26     
𝑎𝑎16 𝑎𝑎26 𝑎𝑎66    

𝑎𝑎11 𝑎𝑎12 𝑎𝑎16
𝑎𝑎12 𝑎𝑎22 𝑎𝑎26
𝑎𝑎16 𝑎𝑎26 𝑎𝑎66

       
𝑎𝑎11 𝑎𝑎21 𝑎𝑎61
𝑎𝑎12 𝑎𝑎22 𝑎𝑎62
𝑎𝑎16 𝑎𝑎26 𝑎𝑎66

    
𝑑𝑑11 𝑑𝑑12 𝑑𝑑16
𝑑𝑑12 𝑑𝑑22 𝑑𝑑26
𝑑𝑑16 𝑑𝑑26 𝑑𝑑66

      
⎦
⎥
⎥
⎥
⎥
⎤

 

(A.16) 

 

6. Calculate the thermal stress resultants by using Equation A.17: 

�
𝑑𝑑𝑚𝑚𝑡𝑡ℎ

𝑑𝑑𝑦𝑦𝑡𝑡ℎ

𝑑𝑑𝑚𝑚𝑦𝑦𝑡𝑡ℎ
� = ��

𝑄𝑄11 𝑄𝑄12 𝑄𝑄16
𝑄𝑄12 𝑄𝑄22 𝑄𝑄26
𝑄𝑄16 𝑄𝑄26 𝑄𝑄66

�

𝑘𝑘

𝐶𝐶

𝑘𝑘=1

�
𝜀𝜀𝑚𝑚𝑡𝑡ℎ

𝜀𝜀𝑦𝑦𝑡𝑡ℎ

𝛾𝛾𝑚𝑚𝑦𝑦𝑡𝑡ℎ
�

𝑘𝑘

(𝑧𝑧𝑘𝑘 − 𝑧𝑧𝑘𝑘−1) 

(A.17) 

 

7. Calculate the thermal moment resultants by using Equation A.18: 

�
𝑀𝑀𝑚𝑚
𝑡𝑡ℎ

𝑀𝑀𝑦𝑦
𝑡𝑡ℎ

𝑀𝑀𝑚𝑚𝑦𝑦
𝑡𝑡ℎ
� = ��

𝑄𝑄11 𝑄𝑄12 𝑄𝑄16
𝑄𝑄12 𝑄𝑄22 𝑄𝑄26
𝑄𝑄16 𝑄𝑄26 𝑄𝑄66

�

𝑘𝑘

𝐶𝐶

𝑘𝑘=1

�
𝜀𝜀𝑚𝑚𝑡𝑡ℎ

𝜀𝜀𝑦𝑦𝑡𝑡ℎ

𝛾𝛾𝑚𝑚𝑦𝑦𝑡𝑡ℎ
�

𝑘𝑘

1
2

(𝑧𝑧𝑘𝑘2 − 𝑧𝑧𝑘𝑘−12 ) 

(A.18) 

 

8. Calculate the midplane strains (ԑ0 )and curvatures ( k ) by using Equation A.19: 
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⎩
⎪⎪
⎨

⎪⎪
⎧ 𝜀𝜀𝑚𝑚0

𝜀𝜀𝑦𝑦0

𝛾𝛾𝑚𝑚𝑦𝑦0

𝑘𝑘𝑚𝑚
𝑘𝑘𝑦𝑦
𝑘𝑘𝑚𝑚𝑦𝑦⎭

⎪⎪
⎬

⎪⎪
⎫

=

⎣
⎢
⎢
⎢
⎢
⎡

𝑎𝑎11 𝑎𝑎12 𝑎𝑎16   
𝑎𝑎12 𝑎𝑎22 𝑎𝑎26     
𝑎𝑎16 𝑎𝑎26 𝑎𝑎66    

𝑎𝑎11 𝑎𝑎12 𝑎𝑎16
𝑎𝑎12 𝑎𝑎22 𝑎𝑎26
𝑎𝑎16 𝑎𝑎26 𝑎𝑎66

       
𝑎𝑎11 𝑎𝑎21 𝑎𝑎61
𝑎𝑎12 𝑎𝑎22 𝑎𝑎62
𝑎𝑎16 𝑎𝑎26 𝑎𝑎66

    
𝑑𝑑11 𝑑𝑑12 𝑑𝑑16
𝑑𝑑12 𝑑𝑑22 𝑑𝑑26
𝑑𝑑16 𝑑𝑑26 𝑑𝑑66

      
⎦
⎥
⎥
⎥
⎥
⎤

⎩
⎪⎪
⎨

⎪⎪
⎧𝑑𝑑𝑚𝑚

𝑡𝑡ℎ

𝑑𝑑𝑦𝑦𝑡𝑡ℎ

𝑑𝑑𝑚𝑚𝑦𝑦𝑡𝑡ℎ

𝑀𝑀𝑚𝑚
𝑡𝑡ℎ

𝑀𝑀𝑦𝑦
𝑡𝑡ℎ

𝑀𝑀𝑚𝑚𝑦𝑦
𝑡𝑡ℎ⎭
⎪⎪
⎬

⎪⎪
⎫

 

(A.19) 

 

9. For each ply, calculate the total ply strains (ԑtotal) by using Equation A.20: 

�
𝜀𝜀𝑚𝑚𝑡𝑡𝑜𝑜𝑡𝑡𝑚𝑚𝑡𝑡

𝜀𝜀𝑦𝑦𝑡𝑡𝑜𝑜𝑡𝑡𝑚𝑚𝑡𝑡

𝛾𝛾𝑚𝑚𝑦𝑦𝑡𝑡𝑜𝑜𝑡𝑡𝑚𝑚𝑡𝑡
� =  �

𝜀𝜀𝑚𝑚0

𝜀𝜀𝑦𝑦0

𝛾𝛾𝑚𝑚𝑦𝑦0
� + 𝑧𝑧 �

𝑘𝑘𝑚𝑚
𝑘𝑘𝑦𝑦
𝑘𝑘𝑚𝑚𝑦𝑦

� 

(A.20) 

 

10. After the free thermal and total ply strains have been determined, the elastic thermal 
residual strain in the 0o fibre direction, ԑel , is calculated by using Equation A.21: 

 
εel = 𝜀𝜀𝑚𝑚𝑡𝑡𝑜𝑜𝑡𝑡𝑚𝑚𝑡𝑡 − 𝜀𝜀𝑚𝑚𝑡𝑡ℎ (A.21) 

 

The elastic thermal residual strain in the transverse direction is not taken into account in 

this work since the fibre in the hyrid laminate is in the 0o direction and the load is mainly 

carried by the fibre. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



156 
 

 

 

 

 

 

 

 

 

APPENDIX B Neutral axis 

 

The position of the neutral axis (Z) for the asymmetric M55 and asymmetric TC35 hybrid 

laminates is calculated by using Equation B.1 and Equation B.2 respectively: 

 

𝑍𝑍 =
𝑍𝑍𝑆𝑆𝑆𝑆2������ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆2
+ 𝑍𝑍𝐸𝐸𝑆𝑆13������� 1

(𝑎𝑎11)𝐸𝐸𝑆𝑆13
+ 𝑍𝑍𝑆𝑆𝑆𝑆2������ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆2
+ 𝑍𝑍𝐶𝐶𝐶𝐶����� 1

(𝑎𝑎11)𝐶𝐶𝐶𝐶
+ 𝑍𝑍𝑆𝑆𝑆𝑆1������ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆1
1

(𝑎𝑎11)𝑆𝑆𝑆𝑆2
+ 1

(𝑎𝑎11)𝐸𝐸𝑆𝑆13
+ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆2
+ 1

(𝑎𝑎11)𝐶𝐶𝐶𝐶
+ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆1

 

(B.1) 

 

𝑍𝑍 =
𝑍𝑍𝑆𝑆𝑆𝑆1������ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆1
+ 𝑍𝑍𝐸𝐸𝑆𝑆14������� 1

(𝑎𝑎11)𝐸𝐸𝑆𝑆14
+ 𝑍𝑍𝑆𝑆𝑆𝑆2������ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆2
+  𝑍𝑍𝐶𝐶𝐶𝐶����� 1

(𝑎𝑎11)𝐶𝐶𝐶𝐶
+ 𝑍𝑍𝑆𝑆𝑆𝑆1������ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆1
1

(𝑎𝑎11)𝑆𝑆𝑆𝑆1
+ 1

(𝑎𝑎11)𝐸𝐸𝑆𝑆14
+ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆2
+ 1

(𝑎𝑎11)𝐶𝐶𝐶𝐶
+ 1

(𝑎𝑎11)𝑆𝑆𝑆𝑆1

 

(B.2) 

 
Where a11 is the compliance in the fibre direction and is calculated by using Equation A.5- 

Equation A.16.  With n is the number of carbon layers.  
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APPENDIX C Additional results from fatigue testing 

 
Results from fatigue testing of pristine UD thin-ply hybrid composites at 90% of σk: 

Specimen 1: 

  
Figure C.70. Stiffness reduction and delamination area development for specimen 1 fatigued 
at 90% of σk. 

 

      
Cycles 35000 37500 40000 42500 45000 

Figure C.71. Fatigue damage development for specimen 1 fatigued at 90% of σk. 
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Specimen 3: 

 
Figure C.72. Stiffness reduction and delamination area development for specimen 3 fatigued 
at 90% of σk. 

 

     
Cycles 10000 70000 10000 111000 

 

Figure C.73. Fatigue damage development for specimen 3 fatigued at 90% of σk.. 
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Specimen 4: 

 
Figure C.74. Stiffness reduction and delamination area development for specimen 4 fatigued 
at 90% of σk. 
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Figure C.75. Fatigue damage development for specimen 4 fatigued at 90% of σk.. 

 

 

 

 

 

 

 

 

 

Results from fatigue testing of overloaded UD thin-ply hybrid composites at 70% of σk: 
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Specimen 13: 

 
Figure C.76. Stiffness reduction and delamination area development for specimen 13 fatigued 
at 70% of σk 
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Figure C.77. Fatigue damage development for specimen 13 fatigued at 70% of σk. 

 

 

 

 

 

 

 

 

Specimen 15: 
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Figure C.78. Stiffness reduction and delamination area development for specimen 15 fatigued 
at 70% of σk. 
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Figure C.79. Fatigue damage development for specimen 15 fatigued at 70% of σk.. 

 

 

 

 

 

 

 

 

Results from fatigue testing of overloaded UD thin-ply hybrid composites at 80% of σk: 

Specimen 5: 
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Figure C.80. Stiffness reduction and delamination area development for specimen 5 fatigued 
at 80% of σk. 
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Figure C.81. Fatigue damage development for specimen 5 fatigued at 80% of σk.. 

 

 

 

 

 

 

 

Specimen 6: 
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Figure C.82. Fatigue damage development for specimen 6 fatigued at 80% of σk.. 

 

Specimen 7: 

 
Figure C.83. Stiffness reduction and delamination area development for specimen 7 fatigued 
at 80% of σk. 
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Figure C.84. Fatigue damage development for specimen 7 fatigued at 80% of σk.. 

 

Specimen 8 

 
Figure C.85. Stiffness reduction and delamination area development for specimen 8 fatigued 
at 80% of σk. 
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Figure C.86. Fatigue damage development for specimen 8 fatigued at 80% of σk.. 

 
Results from fatigue testing of overloaded UD thin-ply hybrid composites at 90% of σk: 

Specimen 1 
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Figure C.87. Fatigue damage development for specimen 1 fatigued at 90% of σk.. 

 

 

 

 

 

 

Specimen 2 
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Figure C.88. Stiffness reduction and delamination area development for specimen 2 fatigued 
at 90% of σk. 
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Figure C.89. Fatigue damage development for specimen 2 fatigued at 90% of σk.. 

 
 
 
 
 
 
 
 
 
 
 
Specimen 3 
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Figure C.21. Stiffness reduction and delamination area development for specimen 3 fatigued at 
90% of σk. 
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Figure C.22. Fatigue damage development for specimen 3 fatigued at 90% of σk.. 

 
 

 

 

 

 

 

 

 

Specimen 4 
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Figure C.23. Stiffness reduction and delamination area development for specimen 4 fatigued 
at 90% of σk. 
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Figure C.24. Fatigue damage development for specimen 4 fatigued at 90% of σk.. 
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ABSTRACT





Fibre composite materials suffer from sudden, brittle failure which limits their usage. It is possible to alleviate this limitation and expand the design space by using unidirectional (UD) thin ply hybrid composites that display non-linear ‘pseudo-ductile’ stress-strain. In real applications, structural parts made of fibre composites are often subjected to different loading conditions. It is important to be able to design a thin-ply hybrid composite that will fail in a pseudo-ductile manner under different loading conditions such as tension, compression, and bending. The durability of thin-ply hybrid composites under cyclic loading is also an important factor when designing structural parts made of thin-ply hybrids. The aim of this thesis is to explore the pseudo-ductility of unidirectional thin ply hybrid composites under tension, compression, bending and fatigue.

The incorporation of thin, spread tow ply carbon-epoxy prepreg material (ply thicknesses 0.03-0.06 mm) within a UD interlayer glass/carbon hybrid system yielded a non-linear stress-strain response under tensile loading. Hybrid configurations consisting of thin ply carbon layers with standard thickness glass layers were investigated. Video gauge images showed that fragmentation of carbon layers followed by stable delamination is responsible for the pseudo-ductile response. The loading-unloading-reloading response of glass/carbon hybrids shows a gradual loss of stiffness as fragmentation and localised delamination are present and increase with increasing strain. It was deduced that the low energy release rate of the thin ply carbon layers is responsible for the stable delamination. 

Favourable pseudo-ductile strain has been achieved for hybrid configurations made of thin high modulus carbon/epoxy layers and standard thickness high strain glass/epoxy layers under longitudinal compression. The pseudo-ductile response is again due to progressive fragmentation and dispersed delamination of the thin ply carbon/epoxy layers. For the hybrid with thicker carbon layers, sudden failure occurs at a lower strain. The different damage behaviours underpin the crucial role of the carbon layer thickness and glass/carbon ratio in the unidirectional glass/carbon hybrid laminates under uniaxial compressive loading. Indirect compression of asymmetric hybrids made with different numbers of layers of high modulus carbon/epoxy sandwiched between high strain glass layers tested in four-point bending also showed a noticeable change of force-strain slope due to fragmentation and dispersed delamination of the carbon/epoxy layers on the compression side. 

The flexural response of hybrid laminates made of thin high strength carbon epoxy layers and high strain glass layers has been shown to exhibit a noticeable stiffness change, via a combination of gradual failure by fragmentation of the carbon layers on the tensile side and very high fibre strain at failure on the compression side. For the hybrid laminates made of thin high modulus carbon epoxy layers and high strain glass layers, fragmentation has been observed on both the tension and compresson sides of the hybrid beams. Fragmentation and dispersed delamination on the tension side 

delayed damage accumulation on the compression side until higher final strain to failure. A high fragmentation strain on the tension side was obtained for the hybrid laminates in bending. This value is higher than the fragmentation strain to failure obtained from the static tensile testing. 

The tensile fatigue behaviour of hybrid laminates made of high strength carbon epoxy and high strain glass epoxy shows a gradual stiffness reduction due to slow delamination growth when the pristine hybrid laminates were fatigued at 90% load level and no significant damage at 80% load level. When the overloaded hybrid laminates were fatigued at 70% and 80% load level, they showed gradual stiffness reduction and slow damage growth compared to the fatigued overloaded hybrids at 90% load level. At 70%, 80% and 90% load level, the overloaded hybrid laminates did not fail immediately but delaminated slowly. The delamination at different numbers of cycles was visually observable and, therefore, this hybrid system can also be used as an early warning for future maintenance and replacements in structural applications subjected to cyclic loading.
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		Figure 2.6. Typical experimental stress-strain curve of a unidirectional glass/carbon hybrid composite.
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		Figure 2.7. Tensile stress-strain curve for hybrid glass/carbon-epoxy-composites. The continuous line represents the experimental work and the short-dashed line (OABC) is the curve predicted by the de-bonding theory.
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		Figure 2.8. Debonded areas (vertical white regions spaced at around 1 mm) seen on the surface of the tested hybrid composite.
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		Figure 2.9. The failure mode dependency of intermingled glass-carbon hybrid laminates on carbon-glass volume ratio.
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		Figure 2.10. Load-strain curves for hybrid specimens consisting of one central CFRP ply sandwiched between two plies of GFRP.
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		Figure 2.11. Load-strain curves for laminates with thick and thin carbon ply (a) 0.38 mm carbon-ply & 1.02 mm glass-ply and (b) 0.13 mm carbon-ply & 1.14 mm glass-ply.
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		Figure 2.12. Stress-strain curve of the unbonded case (frictional) and bonded case (elastic) as shown by the dashed line and solid line respectively. The stress plateau marks the multiple fracture of the low strain matrix (cement) embedded with high strain fibers.
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		Figure 2.13. Carbon fibre tow guided by the rolls being fed into the air duct which enables them to spread out due to tension-free state.
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		Figure 2.14. Schematic of the pressure gradient from the inner to the outer fibres due to airflow causing fibre spreading.
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		Figure 2.15. Configuration of hybrid laminate showing the location of glass and carbon plies respectively. To achieve pseudo-ductility via gradual failure of the carbon ply, the ratio of glass ply to carbon ply thickness can be adjusted. 
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		Figure 2.16. Stress-strain curves for selected thin-ply hybrid laminates. The lay-ups are [SG2/Cn/SG2] & [SG/Cn/SG]. Pseudo-ductile response is shown for n =1 & 2 of the [SG/Cn/SG] configuration.
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		Figure 2.17. Different damage patterns for selected thin-ply hybrid laminates. The lay-ups are [EG2/C/EG2] and [EG2/C2/EG2]. The localised delamination is shown as a yellow striped pattern around the visible cracks in the carbon ply.
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		Figure 2.18. Damage mode map showing the damage and failure behaviour of interply hybrid laminates in terms of the absolute and relative thickness of the CFRP ply. The boundaries between different damage processes give a simple method to choose an optimal layup.
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		Figure 2.19. Stress-strain curves are shown for a selection of the glass-carbon laminates modelled and tested. The layups shown are [EG2/Cn/EG2], where n increases, left to right, from 1 to 3.
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		34
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		Figure 3.1. Schematic of thin-ply hybrid composite specimen (a)side view and (b)top view.
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		Figure 3.2. Configuration for vacuum bag autoclave cure of a composite laminate.
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		Figure 3.3. The recommended cure cycle for the hybrid laminates.
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		Figure 3.4. Instron test machine set up with the supporting equipment.
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		Figure 3.9. Typical cyclic stress-strain curve for [SG1/MR401/SG1].
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		Figure 3.16. Typical cyclic stress-strain curve for [SG1/TR301/SG1] hybrid.
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		Figure 4.28. Damage mode of [SG1/(C2/SG1)17] configuration at -0.80% strain.
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		Figure 4.29. Damage mode of [SG1/(C3/SG1)17] configuration at -0.41% strain.
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Chapter 1 Introduction



Carbon fibre reinforced polymer composites (CFRP) are an attractive choice of material for the aerospace, transportation, sport equipment, oil and gas industries as they exhibit desirable properties including low density coupled with high stiffness and strength, excellent fatigue and corrosion resistance, resulting in outstanding properties compared to traditional structural materials, such as aluminium or steel. 

The aerospace industry has become the prominent consumer of fibre reinforced polymer over the past decade [1] with civil aircraft such as Boeing 787 and Airbus A350 XWB containing a considerable amount of CFRP in their structural part compared to the previous types. For Boeing 787, 50 weight % consists of CFRP materials, mostly used for the fuselage and wing skins [2], [3].  Whereas for the previous Boeing 777, the application of CFRP was restricted within a limited number of components (flaps, stabilisers, fairings, and tail) which cover only 12 weight % of the aircraft parts [2], [3]. Figure 1.1 shows the increase of CFRP utilization in the Boeing 787 compared to Boeing 777. The Airbus XWB 350 burns 25% less fuel partly because 53% of its airframe weight is composites [4].

		



		Figure 1.1. Image showing the increasing utilisation of fibre composites in aerospace. Left: Boeing 777, with limited number of components made of composites. Right: Boeing 787, the coloured regions show the location of composite parts. Figure obtained from ref: [2].







Other areas of application such as in the automotive industry have seen the launch of the BMWi3 electric car with extensive use of CFRP for the cabin of the car as a means to save weight and energy [5]. Lamborghini having the experience of using CFRP for its car production for nearly 30 years, has produced its first CFRP monocoque structure,  thus improving the power-to-weight ratio of the car [6]. The sports goods industry has also moved steadily towards CFRP materials in the case of golf shafts and tennis racquets to improve the ability of the applicant to swing the shaft or hit faster owing to the low density of CFRP. High durability and greater flexibility to design sports equipment have also helped the increased consumption of CFRP [7] in this field.

The application of CFRP has also extended to the oil and gas industry in the last few decades. With corrosive environments, composites with their low density and high mechanical properties are gaining attention for application in aggressive environments where metallic pipes could no longer meet the requirements [8]–[10]. Fibre composites have also been used in renewable energy applications such as wind turbines, where the blades are made of either glass fibre, carbon fibre or glass/carbon hybrid composites. These materials offer design flexibility to optimize the aerodynamic performance of the blades, low density, high specific stiffness and strength, also high fatigue resistance [11].

As has been shown, using composites has led to weight and fuel saving as well as improved structural efficiency. However, the brittle nature of a composite structure, as shown in Figure 1.2  hinders the design freedom and full exploitation of the outstanding mechanical properties.

		



		Figure 1.2. Failed structural component mode of carbon fibre composites showing catastrophic failure. Figure obtained from ref:[12].







 Failure of this material type is usually sudden, without sufficient warning and little amount of residual load carrying capacity, which currently limits its application, therefore improvement to enhance the failure mode of fibre composites is needed. Creating pseudo-ductile or ductile fibre composites with progressive failure mechanisms similar to metals’ yielding and strain hardening assuring detectable warning and a wide margin between damage initiation and final failure is certainly of high interest. This could stretch the application of fibre composites towards high-volume, safety-critical applications such as in the automotive and construction industries.











Chapter 2 Literature Review

2.1 Composite materials

2.1.1 Definition

A general definition of a “composite” is a “thing made of two or more different parts or elements”. A composite material is assembled from two materials or more with significantly different properties, which, when combined, produced a material with a set of performance characteristics different and greater than the individual components. The new materials would be lighter, stronger or less expensive when compared to the traditional monolithic materials which in turn makes them more attractive. Examples of composite materials and their area of application is given in Table 2.1. The two constituents in a composite material are known as the matrix and reinforcement respectively. The general definition of those constituents will be given in Section 2.1.2.

Table 2.1. Example Composite materials and their application.

		Composite type

		Matrix

		Reinforcement

		Areas of Application



		Organic matrix composites

		Elastomers

Rubber  

Resin

		Wood fibre

Glass fibre

Carbon fibre

Microspheres

Steel fibre

		Packaging

Building

Woodwork

Automobiles

Sports



		Mineral matrix composites

		Cement

Carbon

Ceramic

		Carbon fibre

Ceramic fibre

		Aviation

Biomedicine

Sports

Space



		Metallic matrix composites

		Aluminium



		Carbon fibre

Boron fibre

		Space







2.1.2 General characteristics

In a composite material, the reinforcement is distributed within the matrix. In the case where there are several reinforcements of different properties in the matrix, the composite is said to be a hybrid. The reinforcement is usually stiffer and stronger than the matrix, while the matrix typically has a higher elongation to failure compared to the reinforcement. Each constituent in a composite material has its own role with the reinforcement acting as a load carrying component which is bound together by the matrix. The desired properties of composite materials stem from: the properties of the constituents, the geometry of the reinforcement and its distribution, the properties of the matrix-reinforcement interface. The shape, size, concentration and orientation of the reinforcement will determine the characteristics of the composite. 







2.1.3 Classification of composite materials

This section will discuss the classification of composites which is particularly based on the geometry of its reinforcement. Two types of reinforcement are generally being used in a composite material: fibres and particles. 

2.1.3.1 Fibre composites

The reinforcement being used in a composite material comes in the form of continuous or discontinuous, chopped or short fibres. To tailor the mechanical properties of the composite, it is possible to modify the arrangement of the fibres and their orientation. Fibres are the most widely used form of reinforcement and typically occupy a volume fraction between 0.3 and 0.7. The reinforcing fibres come with various architectures such as:

1. Unidirectional (UD)	: all fibres oriented in the same direction.

2. Multidirectional	:  fibres oriented such that properties are developed in different directions.

3. Cross-ply laminates	: alternate UD plies are stacked perpendicular to each other.

4. Woven structures	: structure made from two sets of threads interlaced with each other.

5. Chopped strand mat (CSM)	: random orientation of fibres in one plane.

6. 3-D random arrangement	: random orientation of fibres in all directions.

Continuous fibres are generally used for unidirectional, multidirectional, and cross-ply laminates while discontinuous fibres are used for chopped strand mat (CSM) and 3-D random arrangement respectively. Continuous and discontinuous fibres are distinguished from their different length-to-diameter (l/d) ratio (aspect ratio). Continuous fibres have a preferred orientation, while discontinuous or short fibre may have a random orientation. Examples of composite architectures made of continuous reinforcement such as unidirectional, woven cloth, and helical winding are shown in Figure 2.1, while for  discontinuous reinforcement, the examples given are chopped fibre and random mat as shown in  Figure 2.2.



		



		 Figure 2.1. Fibre architectures made of continuous reinforcement. Figure obtained from ref: [13].







		



		Figure 2.2. Fibre architectures made of discontinuous reinforcement. Figure obtained from ref: [13].







2.1.3.2 Particle composites

For particle composites, the reinforcement is in the form of particles which in contrast to fibres, do not usually have an aspect-ratio and privileged direction. When it comes to strengthening composites, particulate reinforcement is less effective than fibre reinforcement. Certain properties of materials or matrices such as resistance to abrasion, resistance to high temperature, decrease of shrinkage, increase in toughness are generally improved by incorporating particles. Nevertheless, the improvements are less than would be achieved in a fibre reinforced composite. This type of composite is outside the study scope of this thesis and will not be discussed further.





2.2 Damage mechanisms in unidirectional (UD) fibre composites

Damage will occur in structural parts made of fibre composites due to the strength or strain being exceeded. This section is dedicated to explaining the damage mechanisms in unidirectional (UD) fibre composites under tension, compression, bending and fatigue loading.

2.2.1 Tensile damage mechanisms

When the force acting parallel to the axis of the fibres goes beyond the strength or strain of the fibres, it is bound to cause the fibre to fracture into two or more segments. Based on Rosen’s work [14],  the failure in fibre composites under tensile loading can be explained as due to the statistical distribution of flaws or imperfections. The accumulation of fibre fractures at such defects or flaws within a composite is responsible for failure. The experimental study of the failure mode of a unidirectional glass fibre reinforced composite under tensile loading  [14] shows fibre fracture at random locations rather than cumulatively at the site of the initial break which is due to variation of fibre strength. In his work [14], Rosen explained that the presence of variability in fibre strength will offset the effect of stress concentration in the vicinity of broken fibre which also explains the random fibre fracture locations. The failure model in unidirectional fibre reinforced composites due to multiple fractures within a length close enough to interact, as  proposed by Rosen, is shown in Figure 2.3 (a). 

		



		Figure 2.3. Tensile failure model of unidirectional fibre composite. Figure 2.3(a) adapted from ref: [14]  and not to be scaled with Figure 2.3(b) and Figure 2.3(c) obtained from ref:[15]. 







There are two different failure modes in tension which have been widely recognized, tensile fracture due to dispersed (scattered) failure of fibres and fracture results from localized failure [15]. In dispersed failure, the fracture surface resembles brushlike, as in Figure 2.3(b), and  is associated with fibre composites that have some combination of the following factors: (i) weak interface bonding between matrix and fibre, (ii) a matrix with low yield strength, (iii) fibres with large variability in strength, (iv) composites with smaller fibre volume fraction [15]. In the second failure mode, the initiation and growth of local clusters of fibre breaks becomes unstable creating a catastrophic crack [15]. In the localized failure case, the fracture surface tends to be planar as shown in Figure 2.3(c). Closely examining the fracture surface in Figure 2.3(c), the fracture looks like a stair-shape fashion. For this particular failure mode, the fibre-matrix interface bonding tends to be stronger, the matrix is more elastic, the variability in fibre strength is much lower, and the composite contains a larger fibre volume fraction [15]. 

The tensile behaviour of carbon fibre has also been explored extensively from a statistical [16]–[20] as well as fracture mechanics [21]–[23]  point of view. Based on those studies, it is shown that defects, which occur statistically within the fibre, determine the single fibre tensile strength. From the nanostructure point of view, the tensile strength of PAN-based carbon fibre  in the absence of large flaws is controlled by the disordered region rather than the crystallites [24]. This implies that the key to further improvements in the tensile strength of carbon fibre is the fine tuning of the fibre nanostructure.



2.2.2 Compression damage mechanisms

The compressive strength of UD fibre composites is generally 50% lower than their tensile strength which makes it a design limiting feature [25]. The dominant compressive failure mode for UD fibre composites is localized shear instability or fibre kinking; other failure modes such as shear failure may also occur [26]. The kinking mechanism in UD fibre composite is mainly caused by fibre misalignment together with plastic shear deformation in the matrix [27], [28]. The compression responses for glass fibre and carbon fibre composites were found to be different as reported by Lee and Waas [29]. Glass fibre composites exhibit a combination of splitting and kink band failure modes whereas the compressive failure mode for carbon fibre composites is mainly kinking. From their experimental results, it is shown that the carbon fibre composite had a lower compressive strength than the glass fibre composite, while the carbon fibre composite demonstrated higher stiffness [29]. Based on their analytical model to predict splitting, it was shown that the axial stiffness ratio between fibre and matrix, the fibre volume fraction, the fibre diameter, and interfacial toughness are all important parameters which determine the occurrence of splitting failure in compressively loaded fibre reinforced composites [29]. 



2.2.3 Flexural damage mechanisms

When a UD fibre composite is loaded under bending, different regions through the thickness are subjected to tensile or compressive stresses. The stresses under bending yield different damage mechanisms in the tension and compression regions. Moreno et al. [30], [31] conducted an experimental three-point bending and analytical study to examine the effect of dissimilar behaviour of UD carbon fibre reinforced composites under tension and compression in the fibre direction. Different span to thickness ratios were used to determine whether shear or flexural failure will occur in the specimen. They discovered a shear failure near the neutral axis for low span to thickness ratios and compressive failure for higher span to thickness ratios. The non-symmetrical failure modes found experimentally in their UD fibre composite confirmed the different response of material under tension and compression. 

The flexural failure mode under four-point bending for UD glass fibre composite was found to be dependent on the interface strength [32]. When the interface strength decreases, it  leads to a reduction of the flexural strength and a change of failure mode to interlaminar shear.. The tensile failure mechanism in laminates was comprised of fibre fracture, transverse matrix cracking and longitudinal matrix cracking. For the glass fibre composite failing in compression, microbuckling of the fibre is responsible for failure on the compression side.   



2.2.4 Fatigue damage mechanisms

Fatigue damage mechanisms in UD fibre composites depend on the loading mode, whether it is tensile or compressive mode, and if the loading is parallel or inclined to the fibre direction. This section will only consider tensile loading and discuss the fatigue damage mechanisms for loading parallel to the fibre direction. The strain-life model for carbon, Kevlar and glass fibre composites is thought to comprise of three regimes, as identified by Harris et al. [33] in which each has a separate controlling . Their description is consistentl with the earlier proposed fatigue life model for UD fibre composite presented by Talreja  [34]. The fatigue life diagram for UD fibre composites under loading parallel to the fibre direction is shown in Figure 2.4. As shown in Figure 2.4 , the dashed line centred between the horizontal band indicates the  static composite fracture strain, ԑc , corresponds to fibre breakage and subsequent interfacial debonding (regime 1).

		



		Figure 2.4. Fatigue life diagram for UD fibre composites. Figure adapted from ref:[34].







The vertical line between this horizontal band implies that there is a scatter on the fracture strain.  The region below the lower bound of the fibre-breakage scatter band and above the fatigue limit of the matrix, ԑm , is a sloping band (regime 2) corresponds to matrix cracking and interfacial shear failure. These two damage mechanisms may occur simultaneously in one band towards the end of fatigue life. The occurrence of  some or all of these stages will clearly depend on the characteristics of the constituents and the lay-up geometry. The fatigue data from Harris et al. [33] replotted in terms of maximum strain versus number of cycles clearly shows the influence of fibre stiffness ( Figure 2.5). The high applied strains in the glass fibre composite  rapidly lead to stage 2 (sloping band) of the Talreja model. The higher stiffness of the aramid fibre delay this stage until 

an advanced number of cycles, whereas the applied strains in the carbon fibre composite are barely high enough to exceed the matrix fatigue life and so the strain/log life curve remains almost flat. 

		



		Figure 2.5. Initial strain versus log life curves for fibre composites consisting of carbon, E-glass, kevlar fibre reinforced epoxy resin matrix. The points on the extreme left of this graph (N = ½)  are tensile failure strains of the composites. Figure obtained from ref:[33].







The damage mechanisms of UD fibre reinforced composites have been reviewed based on different loading conditions. It is thought that the statistical distribution of flaws within a fibre composite plays a major role in the fibre failure under tensile stresses. While fibre kinking is responsible for the failure of fibre composite under compressive loading. Different span to thickness ratios and interlaminar strength of fibre composite will determine whether flexural (compressive or tensile) or shear failure will occur under flexural loading. The fatigue lifetime of fibre composite under tensile loading is influenced by the applied strain and fibre stiffness. Based on the level of applied strain, different fatigue damage mechanisms are obtained. It can be concluded that the reinforcing fibres as the main load carrying component play a major role in the failure of fibre composites.  



2.3 Tensile behaviour of UD hybrid composites

Fibre hybrid composites are a combination of two or more fibres in a matrix. Hybridisation could alleviate the drawbacks of one of the fibre types while keeping the benefits of the other. It could also lead to synergetic effects that neither of the constituents possesses [35]. Due to their attractive properties, they have found a wide range of application and many studies on the mechanical properties have been conducted.  The tensile response of UD glass-carbon-glass sandwich laminates was explored by Hayashi et al. [36]. A typical stress-strain curve from this work is displayed in Figure 2.6.



		



		Figure 2.6. Typical experimental stress-strain curve of a unidirectional glass/carbon hybrid composite. Figure adapted from ref: [36].









As can be observed in Figure 2.6, the first carbon ply failure of this hybrid specimen occurs at a peak stress of 650 MPa and 1.19% strain. This was followed by sudden stress drop probably related with unstable delamination between the fractured carbon and the intact glass ply due to excessive released strain energy. The remaining glass ply would continue to carry the load from 1.5% strain until final failure of the hybrid laminate at 2.3% strain.  In the original work by Hayashi et al.  [36], it was stated that the stress-strain curve was obtained from a load-controlled tension test. It should be noted that if the hybrid specimen were tested under load control, it would have already failed completely at the carbon ply failure strain as load-drops are not tolerated by the test machine. Based on this, it is suggested that the stress-strain curve in Figure 2.6. was obtained from a displacement-controlled tension testing.  The explanation for the unstable delamination at the first carbon failure is that a thick carbon ply (0.45 – 0.5 mm) was incorporated in this unidirectional hybrid configuration which releases high energy upon fracture. 

The behaviour of  hybrid composite made of alternating plies of unidirectional glass/carbon-epoxy (interply) under tensile loading was explored by Aveston et al. in [37]. The tensile stress-strain curve of this material is shown in Figure 2.7 with the non-linearity in this curve is due to multiple fractures (fragmentation) of the carbon ply followed by partial debonding between the glass and carbon ply. The OABC curve shown in Figure 2.7 is predicted by the de-bonding theory developed by Aveston et.al. [37], [38]. A basic assumption of this theory is that the shear strength has a constant limiting value. For the line A-B, there is a process of multiple fractures of the low strain carbon fibre and delamination between the carbon and glass ply. After the failure of the carbon fibre ply, the stress distribution in the vicinity of this crack varied linearly from zero at the fractured site up to the stress value of the low strain fibres prior to failure at a site away from the fracture. The continuous curve OABC’ in Figure 2.7 itself displays an initial linear slope (EfVf + EmVm) and deviates from linearity when the carbon fibre reinforced ply fractured. In their work, the subscript ‘f’ refers to the low strain carbon fibre while ‘m’ refers to the combination of matrix and high strain glass fibre while E refers to Young Modulus and V refers to volume fraction. The final slope for the experimental curve decreases gradually to the stiffness value of EmVm but with an offset, which suggests that there is partial bonding between the carbon and glass ply, which help to transfer some load. The debonded area in their specimen is shown as a visible regular pattern of white regions on the specimen surface running perpendicular to the fibre direction as shown in Figure 2.8, which was visible due to the translucent nature of the glass ply, a similar phenomenon found in the work of Czél et al. [39]. Aveston et al. [37] also reported an increase of 50% in carbon strain to failure in the interply hybrid composite compared to the all carbon fibre composite specimen. Caution is needed because the carbon baseline strain is most probably affected by stress-concentration at the end-tabs, causing premature failure of the carbon fibre composite, underestimating the carbon failure strain.  

		



		Figure 2.7. Tensile stress-strain curve for hybrid glass/carbon-epoxy-composites. The continuous line represents the experimental work and the short-dashed line (OABC) is the curve predicted by the de-bonding theory. Figure obtained from ref: [37].







		



		Figure 2.8. Debonded areas (vertical white regions spaced at around 1 mm) seen on the surface of the tested hybrid composite. Figure obtained from ref: [37].







The effect of introducing glass fibre on the failure stress and strain of a hybrid laminate was explored by Aveston et al. [40]. The material configuration in their work was aligned intermingled carbon and glass fibre in an epoxy matrix. Based on their experimental observation, they developed a theory on the failure mode dependency of hybrid composite on carbon-glass volume ratio as can be observed from Figure 2.9, a clear transition point from single fracture to multiple fractures (fragmentation) of the carbon fibre is predicted from their theory. The notations in Figure 2.9 are described as: Vcarbon & Vglass denote the volume fraction of carbon & glass fibre respectively, the stresses c, g and ’g are the strengths of the carbon fibre reinforced polymer (CFRP) , glass fibre reinforced polymer (GFRP) and the stress in the glass fibre at the failure strain of the carbon fibre, respectively. Increasing the proportion of carbon fibre will lower the laminate strength and failure will take place as a single fracture, as there is not enough glass fibre to withstand the load transferred by the broken carbon fibre. Increasing the volume fraction (Vf) of glass fibre allows them to carry the load after the carbon fibre fractured, leading to multiple fractures of the carbon fibre. Before the transition to multiple carbon fracture, the laminate fails with a single fracture at the strain to failure of the carbon fibre. After the transition point to multiple fracture of the carbon, the laminate fails at the failure strain of the glass fibres. As also reported from previous work by Aveston et al.[37], the tensile strain to failure of the CFRP ply in this hybrid system occurs at a higher strain than that of the pure CFRP composite laminate [40]. Their work [40] has allowed simple analysis to describe a straightforward relationship presented for the interactions between the high strain and low strain components of hybrid composites. 

		



		Figure 2.9. The failure mode dependency of intermingled glass-carbon hybrid laminates on carbon-glass volume ratio. Figure obtained from ref: [40].







Bunsell et al. [41] adapted the concept of gradual failure to interply hybrid laminate which contain carbon fibre reinforced polymer (CFRP) and glass fibre reinforced polymer (GFRP) plies in a laminate. The tensile tests were performed on unidirectional laminates with different ratios of CFRP to GFRP (1:1 and 1:2). The laminate tensile response for the 1:1 ratio did not show any noticeable differences whether the GFRP was on the outside of the CFRP or vice versa. While for the 1:2 ratio, only the CFRP ply sandwiched between the two plies of GFRP was tested to keep the symmetry of the laminate. The different failure strain of the carbon and glass fibres allowed the gradual failure to occur in the hybrid laminates, in the form of multiple fractures (fragmentation) across the entire width of the CFRP ply just like in [38],[40]. The behaviour of unidirectional hybrid laminates with different ratios of CFRP to GFRP under uniaxial tension revealed similar behaviour to the load-strain curves depicted in Figure 2.10.



		



		Figure 2.10. Load-strain curves for hybrid specimens consisting of one central CFRP ply sandwiched between two plies of GFRP. Figure obtained from ref: [41].







The load-strain curves shown in  Figure 2.10. consisting of a linear elastic region before the first failure in the CFRP ply followed by subsequent small load drops due to the multiple fractures of the CFRP ply and final failure due to glass ply fracture. The acoustic emission shown in  Figure 2.10 also recorded increasing amount of multiple fractures.  

Manders et al.[42] studied the effect of the glass/carbon volume ratio and the dispersion on the tensile mechanical properties of unidirectional (UD) glass/carbon/glass sandwich laminates. Two different load-strain curves for different carbon to glass ratios are shown in Figure 2.11.

		



		Figure 2.11. Load-strain curves for laminates with thick and thin carbon ply (a) 0.38 mm carbon-ply & 1.02 mm glass-ply and (b) 0.13 mm carbon-ply & 1.14 mm glass-ply. Figure obtained from ref: [42].







The progressive load drops for the thinner carbon ply in Figure 2.11 (shown by the black arrow) was due to multiple fractures (fragmentation) of the central carbon ply followed by partial delamination between the glass and carbon plies. In the case of the thicker carbon ply (0.38 mm), the sudden load drop was due to carbon fibre ply failure followed by unstable delamination of the failed ply along the gauge length. The stress rises further when only the glass ply is taking the load. Based on the load-strain curve in Figure 2.11,  it is concluded that for the thinner carbon ply (0.13 mm), higher tensile strains to failure were achieved than in thick-ply, 35% increase in carbon strain to failure was reported in this work [42]. It was also reported that for thinner central carbon plies, or lower carbon to glass ratio, a lower extent of delamination between the glass and carbon plies was observed. 

Previous work by Aveston et al. [43] has shown that it is possible to achieve gradual failure by multiple fractures (fragmentation) of the matrix (low strain material) when the strain to failure of the fibre is higher than that for the matrix. To achieve this, the volume fraction of the matrix should be low, and the strength of the fibre should be greater than the strength of the matrix, to avoid fracturing the fibre. This work demonstrated a stress-strain curve with elongation at constant stress which would occur after the initial point of matrix fracture as shown in Figure 2.12. The strain increases until the cracks in the matrix saturate and the fibres carry all the load, which is shown as a section of increasing stress up to the failure of the fibres in Figure 2.12. For this to occur, the assumptions made in the study are the following: the matrix has uniform stress without a distribution and that it has constant interfacial shear strength. Aveston et al. [43] also assumed that the fibres are able to ‘slip’ through the fractured matrix material after they have debonded, which is predominantly not the case for the intermingled and interply hybrid composites. The tensile stress–strain response depicted in Figure 2.12 shows a stress plateau which marks the multiple fracture of the matrix for the partially bonded / frictional case (dashed line) while for the bonded / elastic case (continuous line) is replaced by a slight increase of stress. This stress increase for the bonded / elastic case is due to the load sharing between the matrix and fibre. At one point, there is a further increase in stress for both curves where the undamaged high strain material (fibre) takes all the load. 



		



		Figure 2.12. Stress-strain curve of the unbonded case (frictional) and bonded case (elastic) as shown by the dashed line and solid line respectively. The stress plateau marks the multiple fracture of the low strain matrix (cement) embedded with high strain fibers. Figure obtained from ref: [43].







An equation based on a stress-criterion developed by Aveston et al. [38] to predict interfacial debonding taking into account the maximum interfacial shear stress was also proposed, which suggests that intermingled and interply laminated composites are prone to partial debonding.

Other work on hybrid composites [44]–[47] has showed the potential to introduce gradual failure over a range of strains by combining different types of fibre, either into an intermingled [48], [49] or by creating interply hybrid structures [41],[36] . Summarising the early published work, there is potential to obtain gradual failure in hybrid composite and higher failure strains than in single fibre type composites by incorporating thin carbon plies or keeping a low carbon to glass ratio in a glass/carbon hybrid composite system.  



2.4 Thin-ply composites

The previous work on hybrid composites incorporated relatively thick carbon plies in a glass/carbon epoxy hybrid system [36], [42]  The thick carbon ply may cause delamination between the failed ply after the first carbon ply failure due to the high strain energy release rate. The carbon fibre also has low strain to failure which is not of particular interest for industries due to limited exploitation of the carbon fibre mechanical properties. Subsequently, this section will discuss thin-ply composites, which offer a potential new material architecture for composite applications.

Thin-ply technology has drawn industries attention in the past few decades due to the advantages it offers compared to the standard thickness plies, such as more flexibility to design composite laminates. A decrease of ply thickness would result in an increase of delamination initiation stress as shown by Leguillon’s model for angle ply [ ±]s laminate specimens with different layups = 10o, 20o, 30o [50] due to the lower energy release rate of the thin laminate. It was also shown by Kim [51] that this thickness effect alters the delamination onset stress for different layups of: [±30n/90]s, [±30n/90n]s, [0n/±45n/90n]s, [0/±45/90n]s, [0/90n/±45]s, [0n/90n/±45n]s, etc., where n is the number of repeated plies. It should be noted that for the above-mentioned layups, the stacking sequence and volume fraction of each ply orientation remained the same, only the number of repeated plies changed. The overall result shows that with decreasing number n, the delamination onset stress increases. 

The efforts to reduce ply thickness below the conventional 0.125 mm thickness have proven to be slow and costly. As mentioned by Sihn et al. [52], sometimes the fibres in the ply can be damaged during the process of manufacture [52]. Kawabe [53] introduced a breakthrough technology to make thin-plies by using a pneumatic technique to spread the fibre tows. The tows are drawn over a set of guide rolls with a duct in between that is connected to a vacuum source below the tow. The air is sucked downwards, making the fibre bundle uniformly dispersed (Figure 2.13). The pressure differential between the outer and inner fibres of the tow causes the fibres to spread out uniformly as shown in Figure 2.14. As a result of the low airflow velocity, the spreading out of the filaments does not cause significant damage to the individual fibres. Kawabe [53] has stated that there is an optimum airflow velocity and tow sag to create uniformly dispersed tow. It should also be noted that the feed velocity of the tow itself has almost no effect on the spreading width of the tow within a reasonable range. This technology has been used to spread-out conventional heavy tows such as 12K filament carbon tows (nominally containing 12000 individual filaments) with an original 11 mm width into a thin tape with a new dimension of 20 mm width [53]. After it has been spread and impregnated with epoxy resin, an aerial weight of 40 g/m2 CFRP material can be achieved.



		



		Figure 2.13. Carbon fibre tow guided by the rolls being fed into the air duct which enables them to spread out due to tension-free state. Figure obtained from ref: [52].







		



		Figure 2.14. Schematic of the pressure gradient from the inner to the outer fibres due to airflow causing fibre spreading. Figure obtained from ref: [52].







This tow spreading technology has been adapted and fully industrialised by several companies such as SK Chemicals, North Thin-ply Technology (NTPT), and Chomarat. SK Chemicals are able to manufacture carbon fibre prepregs with an aerial weight of 20 g/m2 and a thickness of 0.025 mm. Meanwhile, North Thin-ply Technology can produce thin-ply material covering a wide range of fibre types (carbon, glass, aramid, quartz, polymer fibre) with an aerial weight as low as 18 g/m2. Bi-axial thin-ply non-crimp fabrics (NCF) using combinations of [0/25] and [0/45] layups in areal weights of 75 g/m2 or 150 g/m2 are also being manufactured by Chomarat.

Another experimental study by Kim et al. [54] on the effect of ply thickness on edge delamination in a laminate with a lay-up of [±45n/0n/90n]s , has proven that with decreasing ply thickness, the occurrence of transverse micro cracking and delamination can be suppressed. Experimental and numerical studies conducted by Saito et.al. [55] suggested that by using thin 90o ply in [0o/90on/0o] laminates, the stress for transverse crack initiation can be increased and thus crack penetration into the 90o ply can be suppressed. With this potential, several studies of thin-ply materials manufactured by the tow spreading process have been undertaken [52], [56]–[59]. 

Sihn et al. [52] conducted a series of experimental tests on thin (tp = 0.04 mm) and thick-ply (tp = 0.2 mm) laminates. The testing included quasi-static and fatigue tension tests of unnotched and open hole laminates and compression after impact (CAI). Quasi Isotropic (QI) CFRP [45/0/-45/90]n, where n is the number of repeated plies were employed during the experiments. The quasi-static tension tests revealed that the ultimate tensile strength of thin-ply laminates (tp = 0.04 mm) is approximately 10% higher compared to the thick-ply one (tp = 0.2 mm) and were linear up until the final failure. As for the fatigue testing, after 50,000 cycles at 60% of the unnotched thin-ply laminate strength, the thin-ply laminate retains its static tensile strength. In contrast, the thick-ply laminate showed strength and stiffness reductions of 17%.  X-Ray computed tomography (XCT) images of the thick-ply laminates at 50,000 cycles, showed extensive micro-cracking and delamination from the free edge. While for the thin-ply specimens, there was little or no visible damage after 50,000 cycles. In static open hole tension tests (OHT), the ultimate tensile strength of the thin specimens is approximately 10% lower than that of the thick specimens. XCT images of the thick specimens show fibre splitting and many microcracks near the hole edge as well as the outer free edges. These damage mechanisms relaxed the stress concentration near the hole, which resulted in higher notched strength for the thick specimen. Acoustic emission (AE) event counts of the QI thin and thick specimens monitored during OHT loading, revealed fewer damage events for the thin-ply specimens. This agrees with the lower level of damage observed in the thin-ply laminates on the XCT images. For Impact testing, the results were not conclusive, as the ultrasound c-scans indicated that the thin and thick specimens displayed a similar depth and size of delamination area, nevertheless, the thin specimens sustained a higher stress level for bifurcations from the strain gauge measurement on the front and back faces of the laminate under CAI testing. This higher bifurcation load suggests that the thin-ply laminates are able to withstand higher loads without delamination than the thick-ply laminates.

 Yokozeki et al. [58] performed an extensive study on the damage resistance and strength properties of thin-ply and thick-ply quasi-isotropic (QI) carbon fibre reinforced polymer (CFRP) laminates. The QI laminates were made of [45/0/-45/90]ns symmetric lay-up where n is the number of repeated plies. The experimental study covered quasi-static tension, cyclic tension, open hole compression test (OHC), unnotched compression tests (UNC) and compression after impact (CAI). The areal weights of the standard thickness prepreg and the thin-ply prepreg were 145 g/m2 and 75 g/m2, respectively. While the thickness of the standard and thin-ply prepregs are 0.14 mm and 0.07 mm, respectively. The thin-ply laminates showed 20% higher ultimate tensile strength than the thick-ply laminates under static tension loading. Acoustic emission (AE) signal monitoring and X-ray images of both laminate types indicated that the thin-ply laminate has higher damage resistance over the course of static loading. The stress-strain curve of the thin-ply laminate is linear up until final failure and it exhibits brittle failure as already shown by Sihn et al. [52]. For the fatigue tests, thin-ply laminates were found to be less susceptible to the propagation of free-edge delamination over the course of cyclic loading and in turn yielded higher fatigue strength and a longer fatigue life. As for the UNC, OHC and CAI tests, positive trends for the thin-ply laminate were seen. An increase of 16% in compressive strength for the thin-ply laminates under UNC conditions was obtained. The ability of thin-ply laminates to resist delamination growth contributes to the compressive stability and higher strength under OHC and CAI test.  

Out-of-plane responses of thin and thick-ply laminates have also been investigated by Yokozeki et al. [59]. The material type and quasi-isotropic (QI) stacking sequence from the previous work [58] were kept and specimens were subjected to quasi-static indentation. It was shown from the experiments, that there are different damage mechanisms between standard ply thickness and thin-ply laminates. The thin-ply laminates were more resistant to damage accumulation compared to the standard ply thickness laminates at the same deflection. Microscopic observations for these two laminate types showed more damage sites developed in the thick laminates. The damage processes for the two laminates were different: accumulation and growth of delamination and matrix cracks were observed in standard ply thickness laminates, while sudden fibre fractures occurred in thin-ply laminates. From their finite element analysis, it is suggested that the different delamination positions affect the damage process in the two laminates. X-ray inspection for both laminate types at the same deflection revealed considerable delamination on the tensile side of standard thickness laminates in contrast to the thin-ply laminates. This implies that the standard thickness laminates are prone to matrix cracking on the tensile side. While for the thin-ply laminates, delamination sites grow in the middle of the laminate away from the tensile side. This shows that thin-ply laminates have more resistance to the growth of matrix cracks on the tension side. By having high resistance against matrix cracking and delaminations near the tensile surface, there is no reduction of stress in the fibre direction and thus fibre failure at the tensile side would suddenly occur in thin-ply laminates as observed during indentation tests. While the fibre fracture on the tensile side is delayed in the standard thickness laminates due to the delamination growth near the tensile side and thus stress in the fibre direction is reduced. The fibre breakage of thin-ply laminates occurs at higher stresses compared to the standard thickness laminates when the same deflection was applied. This implies that the thick laminates suffer extensive delamination growth and loss of stiffness before final failure. 

The ply thickness effects in QI laminates of NTPT materials with [45/90/45/0]ns lay-up sequence were investigated by Amacher et al. [57]. The investigated laminates were made with three different areal weights of carbon fibre reinforced polymer material: 30, 100 and 300 g/m2, referred to as thin, intermediate and thick, respectively. For each of these ply thicknesses, several mechanical tests such as unnotched tension, open-hole tension, fatigue, open-hole compression, bolted joint bearing tests were conducted. For the QI laminates in this work, the number of sub-laminate plies are n=1, n=3 and n=10 for 300, 100 and 30 g/m2 materials, respectively to keep the same overall thickness. The specimen dimensions including the laminate thickness were kept constant. Static tensile tests revealed that the thin-ply laminates failed at 1644 MPa (15% higher strength than the thick-ply laminates) as also concluded from the work of Sihn et.al. [52], while the intermediate ply thickness laminates failed between the two values of the other laminates. For the thick-ply laminates, the onset of damage was earlier at 248 MPa, in the form of transverse cracking and delaminations. In contrast, only a limited amount of damage occurred in the thin-ply laminates before brittle final failure with a single crack running perpendicular to the loading direction. The ability of thin-ply laminates to resist damage led to brittle failure at a lower stress compared to the thick-ply one for quasi-static open-hole tension tests, which is comparable with the results from the work of Shin et al. [52]. This was due to damage development that took place in the thick-ply laminates, leading to the redistribution of stresses around the hole. For open-hole fatigue tests, the results that compared well with the work of Shin et al. [52] were identified. During cyclic loading, damage detection of the specimens by using acoustic emission indicated more intense damage accumulation in the thick-ply laminates than in the thin-ply ones. This was also supported by the ultrasound C-scan images that were taken at 50000 cycles when the fatigue testing was stopped. The thick-ply laminates also displayed significantly lower fatigue life, failing at 20000 cycles, at the same stress level (315 MPa) as that for thin-ply laminates which survived for more than one million cycles and did not show any sign of damage. Thin-ply laminates displayed high strength during quasi-static open-hole compression tests, where they failed at 18% higher stress than the thick-ply laminates. The bolted joint bearing tests conducted at both room temperature and in ‘hot-wet’ conditions at 90oC showed that the thin-ply laminates failed at 23% and 138% higher stresses at each condition, respectively. The thick-ply laminates developed delaminations followed by local crushing of the laminate around the bolt, while the thin-ply laminates only displayed local crushing in the vicinity of the joint.

	Thin-ply laminates have also been successfully used to inhibit the instability of fibre composites in compression as reported by Amacher, et al. [56]. They compared the compressive performance between three different ply thicknesses: thick (300 g/m2), intermediate (100 g/m2), and thin (30 g/m2). For the thin laminates there was an increase of 21% and 24% in compressive strength compared to the intermediate and thick laminates, respectively. This is because the resin rich regions usually found in standard thickness laminates are minimised and this could further supress the compressive instability. Based on the state of the art presented above, it has been shown that incorporating thin-plies in laminates (thickness below standard thickness of 0.125 mm) can increase the strength, failure strain and suppress damage. The ability to resist transverse matrix cracking and delamination can increase the peak strength of the thin-ply laminates. Although The final failure of the thin-ply laminates under uniaxial tension is of a brittle nature. Where damage resistance is the key requirement for applications, the behaviour of thin-ply composites is interesting for further investigation.



2.5 Pseudo-ductility of UD thin-ply hybrid composites

As shown in the previous work on hybrid composites [40]–[42], hybridisation can be used to achieve a controlled and gradual failure behaviour of the material when incorporating low thickness carbon plies in a glass/carbon hybrid system. It has been discussed in Section 2.4 on thin-ply composites that this material has the ability to suppress damage such as matrix cracking and delamination due to its low energy release rate. With the advent of tow spreading technology [53] to produce thin carbon prepregs, it is possible to combine this material with high strain glass plies.

The availability of thin-ply prepregs has attracted researchers to develop thin-ply hybrid composites [60]–[64]. These hybrids are made of thin carbon fibre reinforced polymer (CFRP) prepregs (0.03 mm) and standard thickness glass fibre reinforced polymer (GFRP) prepregs (0.155 mm), with the CF ply located in the middle of the laminate, as depicted in Figure 2. 15.

		



		Figure 2.15. Configuration of hybrid laminate showing the location of glass and carbon plies respectively. To achieve pseudo-ductility via gradual failure of the carbon ply, the ratio of glass ply to carbon ply thickness can be adjusted. Not to scale.







Work which was undertaken by Czél et al. recently [21], [22] focuses on combining the benefits of thin-ply laminates with the non-linear, gradual failure that hybrid laminates can exhibit. The work conducted by Czél et al. [39][60] has shown that the thin-ply hybrid configuration (as shown in Figure 2.15.) produced gradual failure and pseudo-ductile response as shown in Figure 2.16.

		



		Figure 2.16. Stress-strain curves for selected thin-ply hybrid laminates. The lay-ups are [SG2/Cn/SG2] & [SG/Cn/SG]. Pseudo-ductile response is shown for n =1 & 2 of the [SG/Cn/SG] configuration. Figure obtained from ref: [60].









They demonstrated that if the carbon in a glass/carbon hybrid is thin enough (less than about 0.06 mm which is two carbon plies), catastrophic delamination propagation around the first carbon ply fracture can be suppressed and therefore further fractures in the carbon ply may occur. If the load is increased and the glass ply is not broken, then the fragmented carbon ply may start to pull-out in a stable manner. A change in failure mode occurred as the thickness of the carbon ply was increased. All configurations showed an initial linear stress-strain response up to an initial fracture of the carbon ply. After this point the behaviour was dependent on the number of carbon plies: For a [SG/Cn/SG] hybrid configuration, where SG is the glass ply and C is the carbon ply respectively, a single ply of glass fibre on each side was used so in total two glass plies were utilised. For n = 1 — the stress level continued to rise at a lower slope before final failure of the specimens; for n = 2 — a long, horizontal stress plateau was observed following the initial carbon ply fracture and the failure again occurred after a second rising part in the stress-strain curve; for n = 3 — a load drop corresponding to delamination was seen immediately after initial carbon ply fracture, followed by a plateau at a lower stress than that at first fracture, finally there was an increase in stress prior to failure; for n = 4 — a similar load drop was exhibited, followed by a shorter plateau and a second rising part. As observed by Czél et al. [39] in their experimental work, there was a change in damage mechanisms as the number of carbon plies (n) increased beyond two. During tensile loading of the thin-ply hybrid composites, multiple fractures in the carbon ply occurred for the laminates with n = 1 and n = 2. As Figure 2.17  presents, the damage patterns are shown as a black and yellow stripe. Well bonded areas appear black and the locally delaminated areas just around the cracks in the carbon layer are visible as the yellow stripes due to the translucent nature

of the glass/epoxy outer ply of the hybrid laminate. The yellow stripe corresponds to the colour of the epoxy resin. 

		



		Figure 2.17. Different damage patterns for selected thin-ply hybrid laminates. The lay-ups are [EG2/C/EG2] and [EG2/C2/EG2]. The localised delamination is shown as a yellow striped pattern around the visible cracks in the carbon ply. Figure obtained from ref: [39].









	The localised delamination shown in Figure 2.17 took place at either side of the specimens [39], showing that thin carbon ply effectively suppressed the unstable delamination growth after the first carbon fibre fracture. It is also shown that the spacing of fractures changes with carbon ply thickness. The hybrid with a single carbon ply (n = 1) developed a high density of fragmentations compared to the double carbon ply type specimen. As for the hybrid with three (n=3) and four (n=4) carbon plies, sudden growth of delamination from the initial carbon fracture dominates the failure behaviour. It was observed that a single delamination extended out from the fracture at the carbon-glass interfaces immediately after the first carbon ply fractured. This unstable growth of delamination is responsible for the stress drop as shown in Figure 2.16 for the hybrid configurations with thicker carbon plies. During the stress plateau, further growth of delamination at the carbon-glass interfaces took place. The stress increase at the end of the plateau marks the load transfer from the damaged carbon ply to the undamaged glass ply. In terms of first carbon strain to failure, the hybrid with single and double carbon plies exhibited different initial carbon strain to failure, where its failure strain increased with decreasing number of carbon plies. The reason behind the strain enhancements in thin-ply hybrid composites is explained by Wisnom et al. [65], as their model illustrated that for thin-ply hybrid laminates, the glass plies were able to delay the failure of the carbon ply by constraining  the growth of broken carbon fibre clusters at the boundaries of the thin carbon ply. The final failure of the thin-ply hybrid composites occurred at a strain lower than the glass fibre failure strain mentioned by the manufacturer (5.5%), displaying a similar trend as presented by Kretsis [47] and Swolfs [66]. It should be noted that the pseudo-ductile responses shown in Figure 2.16 for [SG/Cn/SG] with n =1 and 2 are possible because the selected thin-ply carbon laminates had reduced strain energy release rates at the first carbon ply fracture, as pointed out in the previous work by Czél et al. [39], thereby avoiding catastrophic delamination. These results build on earlier studies [38], [40], [41] which reported that the layup configuration and properties of each material within the hybrid laminate influences the stress-strain response; in other words, the stiffness, failure strain, modulus and thickness of the constituent plies determine the failure type, (brittle or pseudo-ductile). 

Jalalvand et.al. [64] investigated the failure mechanisms exhibited by the thin-ply hybrid laminates that were tested in their previous work [39]. Their numerical model is capable of predicting the failure mechanisms, e.g. in glass-carbon-glass hybrids. The finite element analysis (FEA) method in [64] was able to capture the stress-strain behaviour of the four glass/carbon hybrid configurations with varying carbon ratios tested by Czél et al. [39]. For the two thinner laminates, the model successfully captured the initial linear region but underestimated the stress and strain of the first carbon fibre fracture; the predicted amount of pseudo-ductility for those laminates was less than that observed experimentally. For the thicker laminates (n = 3 and 4), where n is the number of carbon ply utilised, better overall predictions were made, as the model was able to predict the strain for the load-drops, their magnitude, the stress plateau and final increases in stress. The predicted damage mechanisms based on the numerical modelling correlated well with those observed experimentally, hence allowing a damage mode map to be constructed showing the dependence of these failure modes on the relative and absolute CFRP thickness.





Figure 2.18. Damage mode map showing the damage and failure behaviour of interply hybrid laminates in terms of the absolute and relative thickness of the CFRP ply. The boundaries between different damage processes give a simple method to choose an optimal layup. Figure obtained from ref:[64].



The damage mode map in Figure 2.18 which shows the boundaries between the areas corresponding to different damage mechanisms of CFRP fragmentation, delamination at the carbon-glass interfaces and catastrophic failure gives a simple and clear method to design thin-ply hybrid composites. Although finite element analysis (FEA) has successfully predicted the damage mechanisms and can inform laminate design through a damage mode map for thin-ply hybrid composites, it is computationally expensive. An analytical method was later developed by Jalalvand et. al. [67] that employed a representative volume element to predict the stress-strain response. To fully capture the thin-ply hybrids behaviour, discrete sections of the response were modelled: initial linear response, first carbon ply failure, subsequent damage and final failure. Different failure criteria were used for the thin-ply hybrid damage mechanisms: a stress-based criterion defined the initial fragmentation of the CFRP ply; an energy-based formulation to describe the onset of delamination and the final failure of the laminate, determined by a probabilistic approach that applied a distribution to the strength of the glass ply in the fibre direction. To build up the stress-strain response, the stress state in the laminate was compared to the stress level needed to trigger a particular type of damage. The stress-strain response from this work agrees well with the experimental results from [39], as shown in Figure 2.19.



		



		Figure 2.19. Stress-strain curves are shown for a selection of the glass-carbon laminates modelled and tested. The layups shown are [EG2/Cn/EG2], where n increases, left to right, from 1 to 3. Figure obtained from: [34].









For the hybrid laminates with n=1 and n =2, where n is the number of carbon plies employed, the model was able to predict the stress and strain at initial carbon ply failure. The fragmentation of the carbon ply was predicted as the stress plateau, but the model was not able to capture the fluctuations in stress. For the thick laminates (n = 3), the load drop due to delamination was also predicted, as well as the width of the plateau and the subsequent stress increase. In parallel to this work [67], a new series of experiments with thin carbon ply and standard thickness S-glass ply was performed. By incorporating higher modulus and higher strain S-glass the hybrid laminate could be made more efficient by using fewer S-glass plies to sustain the load transfer from the failed carbon plies. As before, the model developed by Jalalvand et al. [67] correlated well with the experimental results, with all aspects of damage evolution being captured. From the previous work on thin-ply hybrid composites, pseudo-ductile response has been successfully achieved and understood under tension loading. The results discussed in the literature review for pseudo-ductile behaviour so far is related to the design and modelling framework developed for uniaxial tension loading only, while the pseudo-ductile response under compression and bending has not been investigated extensively before. 



2.6 Compressive behaviour of UD hybrid composites

The hybrid composites discussed above have shown desirable pseudo-ductile failure in tension by hybridising unidirectional (UD) standard thickness glass and thin carbon prepreg plies and exploiting the stable fragmentation and dispersed delamination of the carbon ply, therefore avoiding catastrophic failure [39],[68]. In practice, there are load scenarios other than tension that need to be considered when designing structural components made of thin-ply hybrid composites. Compression behaviour of fibre reinforced polymer composites is of significant interest in structural design as it usually limits the potential application of the material if the part is not properly designed to withstand compressive loading. It has been shown that the shear instability of the fibre within a relatively unsupportive matrix dictates the compressive failure modes of many fibre reinforced polymer composites. Previous work on the compressive properties of unidirectional (UD) fibre composites have shown that the principle failure mechanism of fibre micro buckling is governed by this instability which is influenced predominantly by the initial misalignment of the fibres and the stress-strain response of the matrix [26], [28], [77]–[81], [69]–[76]. The instability itself induces high shear strain in the matrix followed by fibre buckling. Instability initiates the failure, creating fibre kinking that leads to catastrophic failure [70],[26],[78]. When initially parallel misaligned fibres are loaded in axial compression, they start to rotate, and this will induce shear stress in and out of plane as shown in Figure 2.20. For simplicity, only in-plane shear stress is shown in Figure 2.20. 

		



		Figure 2.20. Schematic showing the failure mechanisms of a unidirectional fibre composite under longitudinal compression loading. (a) initial misaligned and parallel fibres (b) increased misalignment due to applying load (c) kinking with shear stress between fibre and matrix.







The kinked fibre will deform all together thus reducing the strength of the fibre composite. In other words, it is the overall instability that usually governs the failure of fibre composites under compression. So in general, the compressive performance of fibre composites is mainly governed by initial fibre misalignment, and shear characteristics of the composite – dominated by the matrix and the stress-strain response of the matrix in shear [69] [26],[74],[76],[82]. As already shown by previous studies [74][79], the failure may also initiate at shear stresses lower than the yield strength of the matrix, due to local reduction of modulus caused by the non-linear response of the matrix. 

	Hybridisation of low strain carbon fibre with high strain glass fibre is one method to improve compressive strength due to the ability to resist kink band propagation as mentioned by Chaudhuri, et.al. [83]. The reason behind this idea is related to the suscepbility of carbon /epoxy composites to initial fibre misalignment due to their shear characteristics (sucah as ultimate shear strain and  initial shear modulus) and small fibre diameter [84]  causing premature failure under compression. On the other hand, S-glass/epoxy composites are less sensitive to initial fibre misalignment due to their larger fibre diameter and better shear characteristics compared to the carbon/epoxy [82]. To demonstrate this idea, hybrid composites made of unidirectional commingled S-glass fibre at the tow level with carbon fibre were submitted to uniaxial compression loading [83]. A Griffith type fracture criterion was introduced by Chaudhuri et al. [83] to determine the required glass-carbon ratio for the toughness enhancement against kink band formation. From the model, it was concluded that with the minimum glass fibre content of 15%, an increase in toughness against kink band propagation can be achieved. This translates into a 4.4% increase in compression strength for the hybrids compared to an all carbon composite [83]. There was also a change in failure mode from the all carbon composites to the hybrid one. The commingled carbon/glass/epoxy specimens displayed multiple fracture of fibres, and the baseline carbon composites showed catastrophic brittle fracture.

Sudarisman, et. al. [85] studied the effect of combining silicon carbide fibres with carbon fibres to produce unidirectional interply hybrid composites. They found no significant increase in compressive strength, compression modulus, and work of fracture compared to all carbon fibre composites and due to the higher density of SiC, the specific compressive strength and elastic modulus generally decreased. The failure mode consisted of fibre crushing for pure SiC fibre composites and the presence of longitudinal fibre splitting with kink band for the hybrid specimens. It was noted from their work, that the presence of carbon fibre in the hybrid specimen controlled /limited the compressive properties of the hybrids[85].

	The compressive toughness properties of multidirectional hybrid composites composed of a combination of high strength (HS) and intermediate modulus (IM) carbon fibres was explored by Tsampas, et al. [86]. The lay-up of the laminate being used in this study was [0/90/45/-45]2S employed to study the sensitivity to specimen geometry and loading conditions. The result of the compact compression tests of the hybrids revealed superior compressive performance in comparison to the monolithic configurations of HS and IM. An increased peak load of ~18% and 4% relative to the HS and IM plain carbon laminates, respectively, were observed for the hybrids. After the peak load, there was a gradual failure in the compact compression testing for the hybrid material. The improvement in failure load and the gradual failure type of the hybrid material is due to the improvement of the in-plane shear support from the stiffer material and higher delamination fracture toughness [86].

	Iqbal et al. [87] explored the effect of glass to carbon fibre ratio and laminate geometry on the compressive properties of hybrid composites. Unidirectional intra-ply and inter-ply hybrid composites were experimentally tested in longitudinal compression loading. When having the same carbon to glass ratio, e.g. 50%, the results for the intra-ply laminates displayed an increase of 31% for the compressive failure strain compared to the plain carbon laminates. Meanwhile for the interply, there was an improvement in failure strain of about 30% compared to the plain carbon one. In general, when the carbon fibre content in the hybrid laminates increases, the compressive failure strain decreases [87]. The compressive strength for the intraply hybrid is 3.5% higher compared to the interply hybrid laminate for 50% carbon-to-glass ratio. The intraply hybrid laminates have better compressive properties compared to the interply one due to the higher degree of carbon ply dispersion within the intraply laminates. The carbon ply is surrounded by higher strain glass plies which constrains the possible damage development. Their findings highlight the importance of a high degree of carbon ply dispersion to gain an improvement of failure strain and strength in compression loading. 

	Czél et al. [88] have reported a benign change of slope in the load-compressive strain curve of an asymmetric unidirectional hybrid composite made of a thin high modulus M55 carbon/epoxy and thick glass/epoxy plies loaded in four-point bending which was due to the progressive fragmentation of the carbon ply on the compression side of the specimen. The four-point bending method was selected to prevent local failure under the loading nose and to achieve uniform bending moment between the loading noses. This phenomenon of carbon ply fragmentation in compression has not been reported elsewhere and it is also one of the research topics of this thesis. 

	The previous work to characterize the compressive performance of fibre composites has led to the use of hybridisation between high strain and low strain fibres to prevent kink band propagation. Thin-ply laminates have also been used to inhibit compressive instability. By combining standard thickness glass with thin intermediate modulus carbon ply laminates, it is possible to achieve better performance in compression due to suppression of instability compared to monolithic laminates. However, there is still lacking experimental results on compression characterisation of thin high modulus carbon/epoxy plies with standard thickness s-glass/epoxy to examine if whether the failure behaviour of this hybrid is governed by instability.

2.7 Flexural behaviour of UD hybrid composites

Previous work to achieve gradual failure in fibre composites under tension [21], [22] and compression [87] [88] loading has been successful by hybridising low strain and high strain fibre materials. Based on these successful results, there is a possibility to achieve gradual failure of fibre reinforced polymer composites under flexural loading as different regions of the cross-section simultaneously undergo tensile and compressive loading.

Dong et al. [89] conducted three point bending experiments on unidirectional carbon/glass intraply hybrids with the following stacking sequences: C6, G1C4, G2C3, G5. For each of the hybrid configurations, the glass ply was loaded on the compression side. The chosen configurations were chosen to achieve a thickness around 2 mm.  The obtained average flexural strengths for G2C3 configuration from the experiments are 40.2% and 9.2% higher than the pure carbon and pure glass reference composites respectively. While for the G1C4 configuration, it is 90.6% and 48.2% higher than the pure carbon and glass reference composites. The achieved strength for the hybrids was higher than the values predicted by both finite element analysis and classical laminate theory. From the microscopy of the failed specimens, the hybrid laminates with G2C3 configuration failed on the compressive side with the tensile side relatively undamaged. In contrast to the previous hybrid laminates, for the G1C4 configuration, failure occurred on the tensile side where carbon ply resides, while the glass ply on the compression side are relatively undamaged. This failure type may have contributed to the higher flexural strength for this particular configuration.

Similarly to Dong et al. [89], Giancaspro et al. [90] employed a three point bending test set-up to assess the flexural properties of unidirectional carbon/glass interply hybrid laminates. Three configurations of hybrid laminates were utilised in this study: E-Glass ply sandwiched between carbon ply, asymmetric carbon/glass hybrid laminates, alternating lay-up of carbon and E-glass ply to make symmetric hybrid laminates. They noticed that the pure carbon fibre composites failed mainly on the compression side, while the E-glass fibre composites failed on the tension side. As for the hybrid laminates, the flexural strength increased when the carbon fibre plies were added to the tension side, while the addition of the carbon fibre plies to the compression face did not give significant increases in flexural strength. In the latter case, the failure mode changed from failure in the tension side to fibre crushing on the compression side.  The same thing could be said for the E-Glass plies sandwiched between carbon ply configurations, where having the carbon on the tension and compression side also did not improve the flexural strength, with failure on the compression side. They discovered that the pre-buckled shape of the carbon tows facilitates local compressive failure, followed by global failure of the specimens. 

The flexural properties of hybrid unidirectional  polymer composites containing a mixture of silicon carbide (SiC) and carbon (C) fibres were evaluated by Davies et al. [85] using the three point bending method. The examined interply hybrid configuration is an asymmetric SiC/Carbon hybrid laminate where the SiC ply were positioned close to the compressive side. Three different span-to-thickness, (S/d) ratios of 16, 32, 64 were used to study the flexural response of hybrid laminates. In general, the flexural strength, maximum flexural strain, and flexural modulus increased with increasing S/d. This behaviour is attributed to the reduced effect of shear. The failure type for the hybrids tested with three S/d ratios is compressive failure beneath the roller with fibre micro-buckling observed on the compression side. Due to the high stress concentration under the loading nose in three-point bending, compressive failure beneath the roller is considered premature failure. This work demonstrated that replacing 12.5 vol% of carbon fibre on the compression side by silicon carbide fibre increased the flexural strength by 22% compared to a pure carbon fibre laminate. It is also suggested that silicon carbide fibre has a compressive-to-tensile strength ratio similar to glass fibre, higher than that for carbon fibre, therefore they can improve the properties of pure carbon laminates.

According to Giancaspro et al. [90] and Dong et al. [91], an optimal level of glass fibre is required to achieve maximum flexural strength. Dong et al. [91] stated that the highest flexural strength in carbon/glass hybrids was achieved at a relative content of 12.5% of glass fibre, all of which are placed on the compressive side. A symmetric layup is hence not the optimal design for a hybrid composite that will be subjected to flexural loads [89], [91] as agreed by Giancaspro et al. [90]. Further optimisation showed that the flexural strength can be improved if the fibre volume fraction within the glass fibre reinforced plies is higher than in the carbon fibre reinforced plies.

The mechanical properties of unidirectional glass/carbon hybrid laminates under three point bending was examined by Prusty et al. [92]. The examined laminate structures in their study were symmetric and asymmetric glass/carbon interply hybrid lay-ups. For the asymmetric lay-up, they discovered that the presence of carbon/epoxy at the tensile side leads to enhanced strength and modulus but at the same time makes the hybrid prone to catastrophic failure. Whereas, placing the entire carbon/epoxy on the compressive side yielded progressive failure behaviour as seen in the glass/epoxy composite. While for the symmetric glass/carbon hybrid laminates catastrophic failure and delamination on the tensile side due to the brittle nature of carbon/epoxy was observed.

	For all the above-mentioned studies, the failure on the compression side includes sudden carbon fibre failure. The phenomenon of fragmentation of carbon plies on the compression side under bending has not been reported before by other researchers apart from Czél et al [88] for very thin carbon plies, therefore it is interesting to explore the effect of fragmentation on the bending performance of unidirectional thin-ply hybrid composites in this thesis. As the previous work on bending performance of hybrid composites was done by using three-point bending technique, which make the specimen prone to premature failure due to contact forces under the loading nose on the compression side, the work in this thesis will use four-point bending technique to avoid premature failure and to have a uniform bending moment between loading noses.

2.8 Fatigue behaviour of UD hybrid composites

Structural components made of hybrid composites are often subjected to cyclic loading and understanding their long-term behaviour is important as this could help to predict their lifetime and schedule future maintenance. The model presented by Burks et al. [93] demonstrated that CFRP performs better in fatigue loading, in comparison to GFRP, due to the fact that the state of stress within the matrix material is considerably lower for CFRP composites, thus eliminating (or at least delaying) fatigue damage initiation. 

The tensile fatigue behaviour of unidirectional carbon and basalt fibre-reinforced composites with their hybrid composites was investigated by Wu et al. [94]. For basalt/carbon hybrid composites, the S-N (strength versus number of cycles) curves were shifted to higher numbers of cycles, in comparison to the all basalt fibre composites. They attributed this behaviour to the different strain to failure between the basalt and carbon fibre where the basalt fibre with higher strain to failure prevents the continuous fracture of the carbon fibre and the rough surface of basalt fibre [95] contributed to mechanical interlocking between the basalt and carbon layers thus promoting sufficient bonding between them, thereby delaying the delamination propagation. 

Peijs et al. [96] discovered flat S-N curves for unidirectional hybrid composite made of polyethylene fibre and carbon fibre compared to pure carbon composites. Their finding confirm the work  by Wu et al. [94] stating the benefits of using two different modulus fibres on the fatigue properties. The lower modulus PE fibres prevent further rapid crack extension from the first failed carbon fibres. This leads to slower fatigue damage propagation, further demonstrating the excellent mechanical properties of PE/carbon fibre hybrids. Based on their work, the tensile fatigue resistance of hybrid composites can be improved by: (1) increasing the dispersion between the fibres using the intermingling concept and, (2) increasing the fibre– matrix adhesion of the PE fibres by a surface treatment. 

Dickson et al. [97],[98] explored the tensile fatigue behaviour of  unidirectional (UD) carbon/glass and carbon/kevlar hybrids. A positive hybrid effect was shown for carbon/kevlar hybrids [98] where the fatigue stress level for a given number of cycles to failure was shown to vary linearly with the increasing relative ratio of carbon and kevlar fibres. As for the carbon/glass hybrids [97], a similar hybrid effect was confirmed as a lower slope for the hybrid’s S-N curve compared with that of the pure glass and pure carbon composites for a range of fatigue load level from 40% and 90% of their respective ultimate tensile strength. 

Dai et al. [99] presented a 3D model to describe the fatigue behaviour of glass/carbon hybrid composites under tension-tension loading. It was demonstrated in their paper [99] that an improvement in the fatigue lifetime of the hybrid composite compared to the all glass fibre composite was attainable. This was possible because further cracks propagating from the lower strain carbon fibre were delayed by the presence of the higher strain glass fibre, thus reducing the likelihood of further carbon fibre failure and improving the fatigue lifetime of the hybrid composite. 

The previous work on characterization of the fatigue behaviour of hybrid composites shows the advantages of mixing two different modulus fibres to enhance the fatigue life of the material by increasing the dispersion between two fibre types with different modulus. The lower modulus fibre prevents further rapid crack extension from the failed high modulus fibres. This leads to slower fatigue damage propagation and enhances the number of cycles to failure. Using thin-ply laminates is another technique to increase the dispersion of the high modulus fibre composite. Although the fatigue response of other hybrid composites was already reported, as mentioned above, the fatigue behaviour of unidirectional (UD) thin-ply hybrid composites has not been explored before according to the author’s best knowledge. Fatigue characterization of UD thin-ply hybrid composites will also be explored in this work. 



2.9 Overview of pseudo-ductile composites

Several mechanisms have been proposed to add pseudo-ductility or ductility to fibre composites such as (1) fibre reorientation: the design and evaluation of composite architectures that create ductility via geometrical rearrangement of fibre orientation and shearing of the matrix [100], [101] or from excess length due to in or out-of-plane waviness [102], (2) interface modification on the fibre level [103], [104] or ply level [105] or by designing discontinuities on the ply level [73], [106], [107] to delay failure and generate non-linearity through controlled failure, (3) hybridization: the design of laminated composite by using the combination of fibres with different strains to failure [39], [62], [68], [108]  to achieve gradual failure, (4) the design and production of novel materials such as carbon nanotube fibres [109] and cellulose nanocrystal (CNC) fibres [110], which can be intrinsically ductile. 

The ductility in composite materials resulting from exploiting the fibre reorientation concepts was explored by Fuller et al. [100], [101]. They investigated [ 5]s lay-ups consisting of thin-ply (0.03 mm) carbon-epoxy prepreg material oriented at different angles from 15o to 45o. When under tensile load, a non-linear stress-strain behaviour can be achieved with this configuration, while also suppressing edge delamination that normally causes premature failure for standard thickness angle-ply laminates [50]. The stress-strain response for these thin-ply angle-ply laminates is shown in Figure 2.21 demonstrating the ductility in [305]s  laminate.

		





		Figure 2.21. Tensile stress-strain curve of typical thin-ply angle-ply laminates showing the pseudo-ductility of [305]s  laminate. Figure obtained from ref: [100].









The non-linearity for stress-strain response in Figure 2.21 is due to shearing in the matrix. The degree of non-linearity increases after passing the shear yield point of the resin. The matrix contributes to this increase in the rotation as it plastically deforms allowing continued realignment of the fibre. Hence the pseudo-ductile behaviour in the thin-ply angle-ply laminates is due to a combination of plasticity and fibre reorientation [100]. It should also be noted from Figure 2.21  that with increasing off-axis fibre angle, the yield point (y and y) decreases while the pseudo-ductile strain (d) increases. As a consequence, the final failure strain (x’) increases while the final failure stress (x’) decreases with increasing off-axis fibre angle.  

Utilising aligned discontinuous fibres to create pseudo-ductile response was explored by Yu et al. [108] after inventing the HiPerDiF technology. This method allows the production of tow or tape type prepregs from highly aligned discontinuous fibres (80% of the fibre can be oriented within ±3°), resulting in high stiffness composites. Two different material configurations were employed with the High-Performance Discontinuous Fibre in full first time (HiPerDiF) method [111], high strength carbon/E-glass and high modulus carbon/E-glass hybrid composites, where both fibre types are discontinuous. The high strength carbon/E-glass hybrid did not produce pseudo-ductility because of the low tensile strength of the E-glass fibres (2400 MPa) compared to the high strength carbon fibres (4344 MPa) and high  volume ratio of high strength carbon and E-glass fibres [108]. A pseudo-ductile response was obtained for the intermingled hybrid composites composed of high modulus carbon/E-glass fibre as shown in Figure 2.22. In the intermingled hybrid, the high modulus carbon is mixed with E-glass at the fibre level. The high modulus carbon itself has a strain to failure around 0.4% [108]. The observed pseudo-ductile behaviour was the result of the fragmentation in the low strain carbon fibre.

		



		Figure 2.22. Typical tensile stress-strain response of high modulus carbon/E-glass hybrid with different carbon ratios. Pseudo-ductility is clearly shown from 0.2 to 0.4% carbon ratio. Figure obtained from ref: [108].







The knee-point stress-strain in Figure 2.22 for 0.10-0.40 relative carbon ratio is due to the multiple fractures of the carbon fibres, and this marks the transition between the elastic and plateau part of the curves. With increasing carbon content in the discontinuous hybrids, there is a different shape in the transition. In the specimens with low relative carbon volume ratios, most carbon fibre are surrounded by high elongation glass fibres, and there is little carbon clustering. Therefore, each carbon fibre fragments individually which results in a smooth transition between the elastic and plateau parts in the stress-strain curve in Figure 2.22. When the carbon content increases, there is a sharper transition point because of simultaneous fracture of carbon fibre clusters in the hybrid [24].     

Czél et al. [39], [68] investigated the mechanical properties and failure modes of unidirectional (UD) interply glass/carbon hybrids incorporating thin carbon ply (0.03 mm) under tensile loading. The glass-carbon hybrid composites show progressive damage mechanisms (i.e. fragmentation of the carbon ply) and stable dispersed delamination after the first carbon ply fracture due to the low energy release rate [39] resulting in a pseudo-ductile stress-strain response. The so-called stable delamination refers to stable pull out of the fragmented carbon ply from the undamaged glass ply, which prevents the catastrophic failure of the hybrid composite after the first carbon ply fracture. To achieve the desirable pseudo-ductile responses in hybrid composites under tensile loading, appropriate material properties, and suitable values of relative thickness (i.e. thickness ratio of low strain material (LSM) to high strain material (HSM)) and absolute thickness of low strain material (LSM) need to be selected, as guided by the design framework developed by Jalalvand et al. [62]–[64].

2.10 Research scope 

In real applications, structural parts made of fibre composites are often subjected to variable loading conditions. It is important to be able to design a thin-ply hybrid composites that will fail in a pseudo-ductile manner under different loading conditions such as compression and bending. The durability of thin-ply hybrid composites under cyclic loading is also an important factor when designing structural parts. Only limited research to assess pseudo-ductile behaviour of unidirectional (UD) thin-ply hybrid composite under fatigue, compression and bending has been done to date. The motivation of this study is to understand the mechanical behaviour and damage mechanisms of pseudo-ductile unidirectional thin-ply hybrid composites under tension, compression, bending and fatigue loading by using experimental material characterization, microstructural damage evaluation and analytical methods. In order to achieve the aim of this study, the following objectives have been identified for each loading cases:

1. Explore the response of pseudo-ductile UD thin-ply hybrid composites to repeated quasi-static tensile loading-unloading cycles and to understand the effect of damage accumulation on the load carrying capacity of thin-ply hybrid composites.  

2. Explore the pseudo-ductility and gradual failure of UD thin-ply hybrid composites in compressive loading. 

3. Investigate the flexural behaviour of UD thin-ply hybrid composites with pseudo-ductile tensile and compressive behaviour.   

4. Characterisation of  the fatigue behaviour of UD thin-ply hybrid composites, as well as to understand the damage evolution under cyclic loading.

2.11 Thesis outline



To fullfill the objectives above, extensive work has been carried out and presented in the following chapters in this thesis:  

Chapter 1 – Introduction

Detailed explanation of the motivation behind the work conducted in this thesis which covers the application of carbon fibre composites, the advantages and disadvantages of fibre composites, engineering effort to alleviate the disadvantages.



Chapter 2- Literature Review

Discussion and evaluation of the available literature work on the definition of composite materials, fibre architecture and damage mechanisms in composites, tensile behaviour of UD hybrid composites, thin-ply composites and pseudo-ductile behaviour of unidirectional thin-ply hybrid composite, several mechanisms proposed to add pseudo-ductility or ductility to fibre composites, the mechanical behaviour (compression, bending and fatigue) of hybrid composites.



Chapter 3 - Quasi-Static Tensile Response of UD Thin-ply Hybrid Composites      

Covers experimental static and loading-unloading tensile testing of unidirectional (UD) thin-ply hybrids, covering combinations of high strain and low strain materials to achieve gradual failure. Detailed analysis of the material is performed via stress-strain curve analysis to establish the extent of pseudo-ductility. Analysis on the relation between the damage accumulation and load carrying capacity is also presented. 



Chapter 4- Compression Response of UD Thin-ply Hybrid Composites

Examines the potential of thin-ply hybrid composites to exhibit pseudo-ductility under compression. Covering testing of high strain and low strain material combinations to achieve gradual failure. Post-failure analysis is performed via optical microscopy to establish the factors governing the failure. Investigates the parameters that determine the pseudo-ductility under compression.



Chapter 5 - Flexural Response of UD Thin-ply Hybrid Composites

Examines the potential of thin-ply hybrids to exhibit pseudo-ductility under flexural loading. Material combinations which show the most promising results in terms of pseudo-ductility and initial stiffness from Chapter 3 and Chapter 4 are selected for further flexural testing. Investigation of the parameters that govern the pseudo-ductility under flexural loading.



Chapter 6 - Fatigue Response of UD Thin-ply Hybrid Composites

Investigation of the cyclic loading behaviour of undamaged (pristine) and damaged (pre-fractured) unidirectional (UD) thin-ply hybrid composites. Based on this study, a safe fatigue load level for UD thin-ply carbon/glass hybrid composites together with damage evolution characterisation and the relation between energy release rate and damage growth is presented.



Chapter 7 - Conclusions and Future Work

This chapter summarises the outcomes and the conclusions drawn from the research. Suggestions and recommendations for possible future research are included as well. 

Chapter 3   Response of Unidirectional Thin-Ply Hybrid Composites to Quasi-Static Cyclic Loading

3.1 	Introduction

	Pseudo-ductile response with gradual failure under tensile loading has been demonstrated by Czél et al. [39], [60] in a unidirectional (UD) thin-ply hybrid composites configuration. Their work on hybrids involved the combination of central thin carbon plies (0.03 mm) sandwiched between standard thickness glass plies (0.155 mm). The responsible damage mechanisms which lead to pseudo-ductile tensile response were fragmentation of the central carbon ply and stable delamination after the carbon fragmented due to the low energy release rate of the thin-ply hybrid composites [2].  To attract the attention of a wider range of industries on using thin-ply hybrid composites, their mechanical properties which include the behaviour under cyclic loading needs understanding. This chapter is dedicated to studying the response of UD thin-ply hybrid composites to repeated quasi-static tensile loading-unloading cycles and the effect of damage accumulation on the load carrying capacity of thin-ply hybrid composites.  



3.2	Experimental methods

3.2.1 	Materials

	The thin-ply prepreg material being used for this study was carbon fibre reinforced polymer (CFRP) manufactured by SK Chemicals, South Korea. Two different types of thin carbon ply designated ‘USN020A’ and ‘UIN050A’ were used in the hybrid system. For the USN020A prepreg type, the code U, S, N, 020 and A indicate unidirectional fibres, standard fibre strength, no scrim, the fibre areal weight in g/m2 and nominal resin weight content of 41% [112] respectively. While for prepreg type UIN050A, the code U, A, and N have the same indication as for the previous USN020A prepreg type, as for I and 050 indicate intermediate modulus fibre and the fibre areal weight in g/m2. The carbon fibres for USN020A are a Mitsubishi Rayon TR30, classified as high strength, standard modulus and produced in 6000 filament tows [113] and for UIN050A, the fibres are a Mitsubishi rayon MR40, classified as intermediate modulus and produced in 12000 filament tows [113]. The matrix material is SK Chemicals semi-toughened epoxy, designated K50 [114]. For the high strain material, standard thickness S-glass/epoxy prepreg supplied by Hexcel was used, and the fibres are FliteStrand S ZT S-glass manufactured by Owens Corning [115]. The material data for the fibres and prepregs are presented in Table 3.1 and Table 3.2 respectively. 







Table 3.1. Fibre properties of the applied UD prepregs (Carbon fibre types: SM-standard modulus and IM- intermediate modulus).



		Fibre type

		Manufacturer

		Tensile modulus

		Tensile strain to failure

		Tensile strength

		Density

		CTE

α



		

		

		[GPa]

		[%]

		[GPa]

		[g/cm3]

		[1/K]



		Pyrofil TR30 carbon

				Mitsubishi Rayon







		234 (SM)

		1.9 [88]

		4.41

		1.79

		-4.10-7



		Pyrofil MR40 carbon

		Mitsubishi Rayon

		295 (IM)

		1.5

		4.41

		1.76

		-1.1*10-6



		FliteStrand SZT S- glass

		Owens Corning

		88

		5.5

		4.8-5.1

		2.45

		2.10-6







Table 3.2. Cured ply properties of the applied UD prepregs.

		Prepreg

type

		Property

		Fibre mass per unit areab

		Cured ply thickness

		Fibre volume fraction

		Initial elastic modulus

		Tensile strain to failure



		

		Unit

		[g/m2]

		[mm]

		[%]

		[GPa]

		[%]



		TR30 /epoxy

		Average

		21.2 [39]

		0.029 [39]

		40.5 [39]

		101.7a [39]

		1.5a [39]



		

		COV [%]

		4.0 [39]

		-

		-

		2.8 [39]

		7.5 [39]



		MR40 /epoxy

		Average

		50 [60]

		0.061[60]

		45b [60]

		134.6 [60]

		-



		

		COV [%]

		-

		-

		-

		-

		-



		S-glass/epoxy

		Average

		190  [88]

		0.155 [88]

		51b [88]

		45.7[88]

		3.98 [88]



		

		COV [%]

		-

		-

		-

		3.2 [88]

		1.1 [88]





     a Measured on 16 ply UD laminates with 100/10 mm free length/width.

b Based on manufacturer’s data.  



The actual basic properties of TR30/epoxy prepreg in this study were obtained from the work by Czél et al. [39].   The fibre volume fraction was calculated based on the measured mass fraction of the the thin carbon prepreg. To measure the mass of the carbon fibre, the resin was burnt off  in an atmospheric furnace for 60 minutes at 500 oC  from ten  100 mm square thin prepreg samples. The weight of the remaining carbon fibre was then measured on a precision balance AS 220 with 0.1 mg readability. Based on the mass fraction measurement, the calculated carbon fibre volume fraction for the thin prepreg  is vf = 40.5% [39]. The average thicknesses of the cured thin carbon prepreg measured by using an optical microscopy on a polished cross-sectional samples indicate carbon ply thicknesses of  29.3 µm [39]. 

	For MR40/epoxy and S-glass/epoxy, the fibre volume fraction is obtained from the manufacturer’s data sheet  and the cured ply thickness (CPT)  in mm  is calculated by using Equation 3. 1 [116].



		

		(3.1)







The notation wf , ρf and Vf refers to fibre mass per unit area [g/cm2] , fibre density [g/cm3], fibre volume fraction [%] respectively. As for the coeffiecient of thermal expansion (CTE) mentioned in Table 3.2 , the manufacturer did not give any explanation on how the CTE was measured. A similar value of CTE for the  carbon prepregs being used in this work was also reported by Laurin et. al. [117]. There is a reasonable agremeent between the calculated CPT from Equation 3.1 with the measured ply thickness for all prepregs with only 1%-3% discrepancy between those two as shown in Table 3.3.



Table 3.3. Calculated and measured cured ply thickness of the UD thin-ply hybrid composites (the number in the bracket indicates the coefficient of variation in [%]).



		Designation

		Lay-up sequence

		Calculated thickness

[mm]

		Measured thickness

[mm]



		

		

		

		



		MR40/S-Glass

		[SG1/MR401/SG1]

		0.371

		0.378 (1.40)



		

		

		

		



		TR30/S-Glass

		[SG1/TR301/SG1]

		0.339

		0.342 (2.10)



		

		[SG1/TR302/SG1]

		0.368

		0.371(1.90)







The measured thickness in Table 3.3. is from an average measurement of six specimens for each hybrid configuration.  



3.2.2	Specimen geometry

	In this study, the geometry of the UD hybrid specimens tested within the experimental part were UD, parallel edge tensile specimens with the following dimensions 240/160/20/h (mm)-overall length (L)/Lf free length/W-width/h-variable thickness respectively (see Figure 3.1). 

		

(a)



		





(b)



		Figure 3.1. Schematic of thin-ply hybrid composite specimen (a)side view and (b)top view.







The notation tg and tc in Figure 3.1 refers to the nominal thickness of the carbon and glass ply respectively.



3.2.3	Manufacturing method

	The required 0o plies were cut from large rolls of Skyflex and Hexcel prepreg with the size of 300 x 300 mm. To preserve the useful lifetime of the material, it was sealed within a plastic bag and stored in a freezer at -20 oC and only removed for lay-up.

	The UD hybrid laminates were constructed by placing the 0o plies on top of each other by using a clean, flat surface wooden plate in a temperature- and humidity-controlled clean room. The plies were laid-up on top of a wooden plate to ensure the alignment of the 0o fibres as the plate acts as a guideline. The layup sequence investigated in this work was [SG/Cn/SG], where n = 1,2, is the number of central carbon plies (C) with SG standing for S-glass.  For the hybrid combination of S-glass/MR40 carbon, only a single ply of carbon was used while for S-glass/TR30 carbon, single and double plies of carbon were used. The finished laminates were then placed inside a vacuum bag as shown in a schematic in Figure 3.2. In order to have a good surface finish on the hybrid laminates, a silicon plate with a thickness of 2.40 mm was located between the release film and the specimen as shown in Figure 3.2.

	To consolidate the hybrid laminates, it was necessary to cure them inside an autoclave under the cycle defined by the manufacturer (Figure 3.3, adapted from [114]). Both resin systems (K50 and 913) in the hybrid laminates have a curing temperature of 125oC and were found to be compatible, although no details were provided by the suppliers on the chemical formulation of the resins. Curing took place under elevated pressure (6.89 bar), with the laminate itself under vacuum (-0.95 bar). The pressure difference between the autoclave chamber and the vacuum bag helps to consolidate the hybrid laminates. 



		



		Figure 3.2. Configuration for vacuum bag autoclave cure of a composite laminate.







		



		Figure 3.3. The recommended cure cycle for the hybrid laminates. Adapted from [5].







It is worth mentioning that the manufacturing method described in this section and  the recommended cure cycle shown in Figure 3.3 will also be used to cure the hybrid specimens tested under compression, bending and fatigue.



3.2.4 	Mechanical test procedure

	Two types of mechanical testing were conducted on the UD thin-ply hybrid composites:  static tensile and quasi-static cyclic loading.  Both of those tests were performed at room temperature on a computer controlled Instron 8801 type 100 kN rated universal hydraulic test machine with wedge type hydraulic grips. A 25 kN rated load cell was used on the machine. For the static tests, the hybrid specimens were loaded in uniaxial tension under displacement control using a crosshead speed of 2 mm/min.  For each hybrid configuration, three specimens were tested in static tensile loading. The quasi-static cyclic tests were conducted under displacement control at 

a cross-head speed of 2 mm/min for both the loading and unloading phases, with immediate reloading. The number of quasi-static loading cycles was chosen based on the static tensile testing results of each hybrid configuration. A sufficient number of cycles was chosen to be able to study the effect of damage development on the load carrying capacity of the UD thin-ply hybrid   composites.  For the composites with one ply and two plies of TR 30, seven cycles were chosen, each with a certain displacement limit, after which the load returns to zero. The chosen displacements with their corresponding nominal laminate strains in brackets for thin-ply hybrid  composites with 1 ply and 2 plies of TR30 were: 2.5 mm (1.56 %), 3 mm (1.87 %), 3.5 mm (2.18%), 4 mm (2.5%), 4.5 mm (2.81 %), 5 mm (3.12%), 5.65 mm (3.53 %). For the other hybrid  composite materials with 1 ply of MR 40 carbon fibre, the chosen displacements with their corresponding laminate strains in brackets were: 2.5 mm (1.56 %), 3 mm (1.87 %), 3.5 mm (2.18%), 4 mm (2.5%), 4.5 mm (2.81 %), 5 mm (3.12%), 5.5 mm (3.43 %). For each type of hybrid, three specimens were tested. To measure the strains with a nominal gauge length of 130 mm, an Imetrum video gauge system with 5 Megapixel resolution was used and it allows a precision measurement down to 0.01% strain. The video gauge records with a speed of  17 frames per second. Videos recorded by the video gauge camera were kept for studying the damage development. Figure 3.4 shows the experimental setup for this study.

		



		Figure 3.4. Instron test machine set up with the supporting equipment.









3.2.5 	 Delamination area measurement technique

Typical damage development found during static tensile loading  was fragmentation of the carbon/epoxy ply followed by delamination between the fragmented ply and glass/epoxy ply, as reported by Czél et al. [39]. Due to the translucent nature of the glass/epoxy ply on the outside of the hybrid laminate, it was possible to detect the delamination surrounding the fragmented carbon 

ply [39]. The growth of delamination area will be used as a measure of damage during quasi-static cyclic loading and its correlation with the load carrying capacity of UD thin-ply hybrid composites will be deduced. The delamination area was measured from the images collected by the video gauge using an in-house developed MATLAB code. The images, acquired in grayscale by the video extensometer system (Figure 3.5a), are imported into MATLAB and cropped to cover only the specimen gauge length (Figure 3.5b). Finally, they are converted into binary black and white images using a predefined threshold (Figure 3.5c). The delaminated area was calculated by counting the white pixels and it was then compared against the total surface area to express it in terms of % area. The four white dots shown in Figure 3.5a were used to track the uniaxial strain using the video gauge system during the static loading. It should be noted from Figure 3.5a that well bonded areas appear black and the locally delaminated areas just around the cracks in the carbon ply are visible as the lighter areas due to the translucent nature of the glass/epoxy outer ply of the hybrid laminate. 

		



		Figure 3.5. Image conversion process to determine the delamination area.







3.3 	Results and discussion

3.3.1	 Static loading response

Three specimen configurations were tested. These configurations were chosen based on the pseudo-ductile behaviour they have demonstrated in previous research [60]. The stress-strain curves of these hybrids with initial linear elastic behaviour followed by non-linearity and a plateau for the SG1/TR302/SG1 and SG1/MR401/SG1 configurations are shown in Figure 3.6. The term “plateau” will be used if there is an increase of strain at a near constant stress in a stress-strain curve response of a hybrid composite.  For the SG1/TR301/SG1 hybrids, there is a reduced slope after the non-linearity point. The configurations of the tested specimens are given in Table 3.4 along with their calculated mode II energy release rate at the expected failure strain of the carbon fibres (ε). The equation to calculate the energy release rate is adopted from the work by Czél et al. [39] and it is written in terms of the overall applied strain ε in Equation 3.2.

		

		( 3.2)







The assumption for the energy release rate in Equation 3.2. is that the hybrid laminate loses the contribution from the carbon ply after the low strain ply fractures and delaminates from the laminate. This a reasonable assumption, since after the low strain ply  fractures and delaminates, it does not contribute anymore to carrying load.  The notation g and c in Equation 3.2. refers to glass/epoxy and carbon/epoxy respectively while E, h, and t are the material modulus, total laminate thickness and thickness of each ply.



Table 3.4. Specimen types tested within the present study (Specimen type designation: SG-S Glass, C- Carbon, with numbers corresponding to the number of constituents prepreg ply, Carbon types: SM-standard modulus, IM-intermediate modulus).



		Spec. Type

		Carbon fibre type

		Nominal

thickness

		Mode II energy release rate at the failure strain of the carbon ply



		

		-

		(mm)

		(N/mm)



		SG1/MR401/SG1

		IM

		0.371

		0.736 at 1.50%



		SG1/TR301/SG1

		SM

		0.339

		0.322 at 1.90%



		SG1/TR302/SG1

		SM

		0.368

		0.715 at 1.90%









The calculated energy release rates shown in Table 3.4 for the three configurations are all lower than the fracture toughness (GIIC) of the glass/carbon composites, 1.1 N/mm [39], which has been measured by Czel et al. [39] on a similar hybrid specimens but with a cut through the entire carbon layer across the width. This indicates that after the first fracture of the carbon ply, unstable delamination and pull-out of the central carbon ply is not expected in these specimen types. 

		



		Figure 3.6. Stress-strain curves of various S-glass/high strength carbon hybrid. The outlier dots are the noise coming from the video gauge system.







Figure 3.6 shows the stress-strain response of the hybrid configurations tested in this work, which indicate different responses between the hybrids comprising high strength (standard modulus) TR30 carbon plies with that comprising intermediate modulus MR 40 carbon plies. Comparing the initial modulus of glass/epoxy ply in Table 3.2 with the that of hybrid configuration in Table 3.6, it is noticed that there is a modulus increase of 10.5%, 19.3%, and 38.2% for SG1/TR301/SG1, SG1/TR302/SG1, SG1/MR401/SG1 respectively. The damage mechanism for SG1/TR301/SG1 was observed as a dispersed fragmentation dominated failure, where damage in the form of short cracks develops in parallel across the specimen width. The fragmentation itself, appeared in the carbon ply between the knee transition points (2.19% and 2.50%). Due to the translucent glass ply, the gradual crack development was visible during tensile loading and reached saturation at 2.50%. Between the knee transition points, there is a reduced of slope from the initial linear elastic region and smooth transition due to the damage mechanisms observed. After the second saturation point (2.50%), the stress rises because the tensile machine still imposes a load on the hybrid specimen and the additional load is mainly carried by the glass plies (this phenomenon is also relevant for the SG1/MR401/SG1 and SG1/TR302/SG1 configurations). The explanation behind the gradual failure in SG1/1TR301/SG1 is the low GII, as shown in Table 3.4, for this configuration due to the very low carbon ply thickness. 

A favourable pseudo-ductile response was also obtained for the SG1/TR302/SG1configuration, displaying two pronounced knee transition points (1.90% and 2.76%). The first knee transition point (1.90%) referred to as εk, is where the fragmentation of the carbon/epoxy ply becomes established [65], and from εk, gradual damage development in the form of fragmentation and dispersed delamination appears in the specimen until it saturates at 2.76%. Contrary to the previous hybrid configuration with a single TR30 carbon ply which has short cracks, the fragmentation in SG1/TR302/SG1 consisted of long and relatively straight cracks across the whole specimen width followed by stable pull-out of the fragmented carbon ply. Because of carbon ply fragmentation and dispersed delamination, a wide plateau between the first knee point strain (1.90%) and second knee point strain (2.76%) can be observed in this configuration, thus providing enough strain margin before the final failure event.  After careful examination of a typical damaged SG1/TR302/SG1  hybrid specimen when the test was interrupted at 2.76% strain, it can be concluded that the damaged pattern (fragmentation, delamination and intact carbon ply),  is identical on the front and back face of the specimen as shown in Figure 3.7. The cracks shown in Figure 3.7  looks like a stair-shaped  tortuous path  across the whole width of the specimen. The variation of fibre strength results in distributed fibre breaks at random locations rather than cumulatively at the site of the initial break which creates a tortuous crack path [14]. As the fibre breaks, the overload in the adjacent fibre is redistributed, and when it exceeds the strength of a weak fibre segment, the fibre will fracture and serve as an initiation point for the next fibre failure. 



		

		



		(a)

		(b)



		Figure 3.7. Identical damage pattern on the front face (a) and back face (b) of SG1/TR302/SG1  hybrid specimen at 2.76% strain. The shape of the intact carbon ply is identical on both sides.







It is also expected that an identical damage pattern on both sides is present for SG1/TR301/SG1  and SG1/MR401/SG1  hybrid configurations providing that there is marginal thickness variations across the width.

	The hybrid with SG1/MR401/SG1 configuration also displays favourable pseudo-ductile failure behaviour as shown in Figure 3.6, with two obvious transition points (1.53% and 2.31%). Multiple fragmentations and dispersed delamination also appear in this hybrid configuration contributing to the failure type and a plateau between the first knee point strain (1.53%) and second knee point strain (2.31%). The type of damage observed in SG1/MR401/SG1 was well distributed multiple crack formation (fragmentation) across the specimen’s surface area. 

	All three hybrid configurations display pseudo-ductile response during static tensile loading with a noticeable difference in their first carbon strain to failure and knee-point strain where the fragmentation of the carbon ply has been established. As shown in Table 3.6, the SG1/MR401/SG1 hybrid configuration has the lowest first carbon strain to failure and knee-point strain compared to the SG1/TR301/SG1 and SG1/TR302/SG1 configurations which can be explained due to the lower strain to failure of MR40 carbon fibre shown in Table 3.4.

The tensile results summary for the investigated hybrid configurations is shown in Table 3.6. Because the tensile test results are affected by the small thermal residual strains arising from the  mismatch in the coefficient of thermal expansion between the glass and carbon layers, the strains shown in Table 3.6 have been corrected for the elastic thermal residual strain in the 0o fibre direction with the detailed equation shown in Appendix A. The elastic thermal strains were calculated from the equilibrium-force state between the carbon/epoxy and glass/epoxy layers by assuming constant strain through the thickness and a 100 oC temperature difference from the cure temperature to room temperature. Classical Laminate Theory was incorporated to calculate the elastic thermal strains as shown in Appendix A.  The elastic thermal residual strain in the transverse direction is not taken into account in this work since the fibre in the hyrid laminate is in the 0o direction and the load is mainly carried by the fibre. The cured ply properties of the applied UD prepregs to determine the elastic thermal residual strain are shown in Table 3.5. 



Table 3.5. Cured ply properties of the applied UD prepregs as an input parameter to determinethe thermal residual strain.



		Prepreg type

		E11

		E22

		CPT

		α11

		α22

		G12

		ν 12



		

		[GPa]

		[GPa]

		[mm]

		[1/K]

		[1/K]

		[GPa]

		



		TR30/epoxy

		101.7

		9[116]

		0.029

		7.20*10-7 a

		2.6*10-5[117]

		4.4[116]

		0.25[116]



		MR40/epoxy

		134.6

		9[116]

		0.061

		-3.49*10-7 a

		2.6*10-5[117]

		4.4[116]

		0.27[116]



		S-glass/epoxy

		45.7

		10.3[116]

		0.155

		3.8*10-6 a

		2.6*10-5[117]

		3.1[116]

		0.30[116]





a calculated by using the Classical Laminate Theory (CLT) shown in Appendix A.



The calculated residual elastic strains in the carbon for the presented hybrid configuration are -0.0224%, -0.0261%, -0.0266% for SG1/TR302/SG1, SG1/TR301/SG1, SG1/MR401/SG1 respectively and this has been accounted for in the values in Table 3.6 for the strain at first carbon layer failure and at the knee-point strain.

The knee point stress (σk) and strain (εk) are found from the intersection of lines fitted to the initial linear (red line) and plateau (green line) parts of the stress-strain curves. For the second knee, the transition strain (εs) , is determined by the intersection of lines fitted to the plateau (green line) and the second rising part (blue line) of the stress-strain curves, as shown in Figure 3.8. It was possible to measure the first carbon fracture strain in the hybrid specimens from the recorded video gauge instrument as the first carbon crack is visible due to the translucent nature of the glass ply. As noted from Table 3.6, the strain at first carbon ply failure and knee point strain (εk) for the SG1/TR301/SG1 hybrid is higher than for the SG1/TR302/SG1 hybrid. This is due to the ‘hybrid effect’  which provides a delay of damage initiation due to a restraint on broken carbon cluster development [65]. For the thinner hybrid with a single carbon ply, the fibre failure and fragmentation appear at a slightly higher strain because of  the limited number of fibres through the thickness of the ply inhibiting formation of a critical cluster [65].     



Table 3.6. Tensile results summary of the specimen types tested (Numbers in brackets indicates the coefficient of variation in [relative %]).



		Spec. Type

		No. of specimens

		Initial

elastic modulus

		Strain at first carbon ply failure

		Strain at knee point

εk

		Stress at knee point

σk

		Pseudo-ductile

εpd



		

		

		[GPa]

		[%]

		[%]

		[MPa]

		[%]



		SG1/MR401/SG1

		3

		63.11 

(2.3)

		1.53 (2.4)

		1.55

 (1.3)

		983.9

 (2.6)

		1.19 (12.40)



		SG1/TR301/SG1

		3

		48.91 

(2.1)

		2.13 (2.5)

		2.19

 (1.4)

		1106.5 

(3.1)

		-



		SG1/TR302/SG1

		3

		56.52 

(3.8)

		1.85 (2.2)

		1.90 

(1.5)

		1074.2 

(4.0)

		-









		



		Figure 3.8. Method to determine knee point stress (σk) and strain (εk), second knee transition strain (εs) and pseudo-ductile strain (εpd) for a typical pseudo-ductile response of (SG1/MR401/SG1).





	

As shown in Figure 3.8, the pseudo-ductile strain (εpd) is defined between the strain of a point on the initial linear elastic line and the strain at the failure stress. The pseudo-ductile strain for SG1/TR301/SG1 and SG1/TR302/SG1 hybrid configurations were not given in Table 3.6, because the testing was stopped before the final glass failure took place. Although the method in Figure 3.8 is shown for the (SG1/MR401/SG1) configuration, it could also be applied to the other hybrid configurations.  In Section 3.3.2 discussing quasi-static cyclic loading response of the three hybrid configurations, the method in Figure 3.8 will also be used as there are knee-points present during the quasi-static cyclic loading.



3.3.2 Quasi-static cyclic loading response

3.3.2.1 [SG1/MR401/SG1] response 

The typical loading-unloading behaviour for an [SG1/MR401/SG1] specimen is presented in Figure 3.9. The cyclic responses show initial linear behaviour followed by non-linear behaviour and an increase of stress at higher strains after saturation of fragmentation. 

		



		Figure 3.9. Typical cyclic stress-strain curve for [SG1/MR401/SG1].





The notation from 1 until 6 in Figure 3.9. refers to the following peak strains: 1.45%, 1.82 %, 2.17%, 2.45%, 2.77 %, 3.05% respectively, from which the specimen was unloaded and subsequently reloaded. It should be noted that when tested under displacement control, each of the peak strains in the actual stress-strain curves shown in Figure 3.9 did not reach the intended nominal peak strains mentioned, in Section 3.2.4. During the first displacement loading, there was an initial linear response, and the subsequent unloading followed almost the same path because the damage threshold was not exceeded. The second loading trajectory overlaid the first but went beyond the initial failure strain of the carbon into the plateau region of the stress-strain response. The damage mechanism of the [SG1/MR401/SG1] configuration within the plateau region shows a progressive fragmentation of the carbon ply followed by dispersed delamination as depicted in Figure 3.10 for each applied strain. The first knee-point in Figure 3.9. which is at 1.57% is where the fragmentation of the carbon ply has been established causing a reduction of stiffness.  It is also visible that after 2.45% strain, the fragmentation has attained saturation and the delamination area did not grow significantly further, which agrees with the second knee point (2.45%) in Figure 3.9. As shown in Figure 3.10 for the damage at 2.45% strain, the black-lines correspond to the intact carbon-ply which do not have a sufficient length to carry any more load, as a consequence, the additional load is carried by the glass plies and because there is no more fragmentation or delamination, there is a stress increase as shown in Figure 3.10.  

		

		

		

		

		

		

		



		Strain:

		1.82%

		2.17%

		2.40%

		2.45%

		2.77 %

		3.05%



		Figure 3.10. Typical damage development at each strain for [SG1/MR401/SG1] hybrid.





Lack of delamination on the intact carbon-ply (residual black-lines) at 3.05% strain shown in Figure 3.10 is possibly due to insufficient stress. The shear stresses  acting on the intact carbon-ply are less than the yield shear stress and thus the material is undamaged, leaving  residual black-lines on the hybrid composite. The bright area which corresponds to the delaminated area is where only frictional shear applies and assumed to carry no loads. This mechanism also applies for the formation of residual black-lines in the [SG1/TR301/SG1] and [SG1/TR302/SG1] hybrid configurations.

As shown in Figure 3.9., after the specimen is immediately reloaded from zero load, there is a linear elastic behaviour followed by a non-linear behaviour with a knee-point marking the transition. This knee-point is due to fragmentation in the carbon ply.  Further fragmentation from the knee-point to the applied peak strain can be attributed to the failure of further weak carbon clusters [10]. When the carbon ply had already fractured across the width as shown in Figure 3.10., the high interlaminar shear stress which developed between the glass and the fractured carbon ply caused  delamination between those plies. 

As the damage progresses, the hybrid loses its stiffness gradually due to fragmentation and stable delamination. There is also a small amount of hysteresis which is believed to be due to reversed high interlaminar shear stresses in the regions around the carbon ply fractures. Due to the compressive stresses around the fracture tip, friction can also apply some interlaminar shear stresses to the intact carbon ply [118]. The high shear stresses between the carbon and glass plies cause the matrix to deform, leaving a residual strain at zero load for all three hybrid configurations. Another possible explanation for the existence of residual strain is due to the accumulation of debris between the open cracks preventing the surface cracks to return to its original state when unloaded.  It is also worth mentioning that all the hybrid configurations mentioned in this work experience vertical ply splitting from the edge as shown in the damage mechanism at 3.05% applied strain in Figure 3.10. It was also observed that residual bonding between the glass and carbon plies still exists at the final peak strain of 3.05% as shown in Figure 3.10, in the form of black-lines running perpendicular to the specimen’s length which means that the hybrid had not totally delaminated. To quantify the stiffness loss due to damage growth, the secant modulus for all the UD thin-ply hybrid  composites  was evaluated at each reloading step between 0 MPa and 600 MPa as shown schematically in Figure 3.11. This value was chosen as it is in the elastic region before any further damage takes place.  The same method was also used to measure the initial modulus of the [SG1/TR301/SG1] and [SG1/TR302/SG1] hybrid composites. 



Figure 3.11. Schematic drawing to define the secant stiffness for all thin-ply hybrid composites.

Stiffness loss as a function of applied peak strain is shown in Figure 3.12, which shows  a gradual loss of stiffness due to fragmentation and stable delamination with increasing applied peak strain from 1.82% to 2.45%, after which the stiffness approaches the expected value with no carbon contribution at higher strain.  After the fragmentation reached saturation at 2.45% strain, with further cyclic loading, the measured stiffness remains nearly constant up until 3.05% where the testing was terminated. The  stable delamination after fragmentation during quasi-static cyclic loading is due to the low energy release rate of UD thin-ply hybrid  composites [39]. The error bar in Figure 3.12 shows a low coefficient of variation between 1.10%-2.40% which indicates the repeatability of the test series. The initial E0 and expected final stiffness Ef is calculated by using Equation 3.3 and Equation 3.4 respectively adopted from the work by Czél et al. [39].
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		Figure 3.12. Stiffness loss at each applied peak strain for [SG1/MR401/SG1].







There is agreement between the value of the measured initial stiffness with the theoretical initial stiffness calculated using Equation 3.3.  As already mentioned before, the gradual stiffness loss of the hybrid is due to fragmentation of the carbon ply and stable delamination between the glass and carbon ply. Because each fragmentation is associated with delamination area surrounding it, then it would be interesting to be able to draw a relation between delamination growth and stiffness loss for UD thin-ply hybrid composites under quasi-static cyclic loading as delamination in this type of hybrid is visually observable.  To correlate the stiffness loss with subsequent delamination growth during quasi-static cyclic loading, the images taken from the recording video gauge at different peak strain levels were analysed using an in-house developed MATLAB code as explained in Section 3.2.5. 

		



		Figure 3.13. Stiffness loss with growing delaminated area for [SG1/MR401/SG1] hybrid configuration showing the error bar in both axes.







Figure 3.13 shows a plot of stiffness loss, as a function of normalised delamination area for the average data of 3 specimens. It is shown in Figure 3.13, that there is a gradual loss of stiffness from 15% to 61% delamination area. This is because multiple fragmentation of carbon ply followed by delamination growing from those fragmentation sites occurred during quasi-static cyclic loading. The normalised stiffness approached saturation when there was no significant additional fragmentation and delamination growth with further loading. As shown in Figure 3.10, for the damage development from 2.45% to 3.05% strain, there is no significant damage growth in the hybrid specimen. At 61% delamination area, the stiffness loss reaches saturation, and this could be attributed to the high shear stress between the intact carbon and glass ply causing deformation at the interface which hinders load transfer and leads to loss of stiffness contribution.  Having a closer examination of the normalised delamination area from 61% to 75%, it is seen that the normalised stiffness is around 2% above the expected final stiffness with no carbon contribution.  This could mean that the remaining carbon ply shown as black-lines running perpendicular along specimen width in Figure 3.10 still contributes to minor load carrying capacity. It is also worth mentioning that the error bars shown in Figure 3.13 for the normalised delamination area, imply significant variation of delamination size between each of the hybrid specimens during the quasi-static cyclic loading. 

It would be interesting to measure the width of the residual intact carbon ply fragments which may still contribute slightly to the  load carrying capacity. The method to measure the width of the residual black-lines is shown in Figure 3.14 for a [SG1/MR401/SG1] hybrid specimen after it has been loaded until 3.05% strain. Measurements on six residual black-lines were made to draw the  width distribution.  This method is also applicable  to measure the width of the residual intact carbon ply on the [SG1/TR301/SG1] and [SG1/TR302/SG1] hybrid configurations.  



		



		Figure 3.14. Method to measure the width of the residual black-lines on a [SG1/MR401/SG1] hybrid configuration.







Figure 3.15 shows the measured average width distribution of the residual black-lines on a [SG1/MR401/SG1] hybrid configuration at 3.05% strain. The average width of the residual black-lines is between 0.350-0.900 mm where the shear stress would not be able to reach the yield stress, thus leaving the ply interface intact.  

		



		Figure 3.15. Width distribution of the residual black-lines on a [SG1/MR401/SG1] hybrid configuration.









3.3.2.2	[SG1/TR301/SG1] response

A typical experimental result for the [SG1/TR301/SG1] laminate is presented in Figure 3.16. In general, there is an initial linear elastic behaviour before the first knee-point followed by non-linear behaviour with a continuous increase of stress at higher strains after the knee-point strain of 2.20% until 3.50%, with the fragmentation saturating before then. It was observed that beyond the knee-point, there was a dense fragmentation and localised delamination in this hybrid configuration which is due to the shorter process zone around the fragmented ply as shown by Jalalvand et al. [64] in their numerical damage analysis of UD thin carbon/glass hybrid composites. As also explained in [64], in the thinner hybrid laminate, the interface is less damaged so it is possible that the load is being transferred from the intact carbon ply to the glass ply as the fragmentation progresses which means that the [SG1/TR301/SG1] configuration does not delaminate under quasi static cyclic loading   and therefore the stress continuously increases beyond the knee-point as shown in Figure 3.16. Figure 3.17 shows the damage pattern at each peak strain for the [SG1/TR301/SG1] configuration, showing a denser fragmentation area compared to the [SG1/MR401/SG1] specimens in Figure 3.10. and [SG1/TR302/SG1] in Figure 3.21.

		



		Figure 3.16. Typical cyclic stress-strain curve for [SG1/TR301/SG1] hybrid.





The notation from 1 until 7 in Figure 3.16 refers to the following peak strains: 1.54 %, 1.86 %, 2.17%, 2.47%, 2.81 %, 3.13%, 3.52% respectively. As shown in Figure 3.16, initial linear response is shown for the first, second and third loading cycles, because the damage threshold has not been exceeded. For the fourth loading trajectory, it overlaid the rest but went beyond the initial failure strain of the carbon into the increasing region of the stress-strain response. It was observed from this work, that the carbon ply in this hybrid configuration failed at an initial strain of 2.31% which is higher compared to the 1.90% strain to failure of the fibre mentioned in Table 3.1, which  means that the outer glass ply provided constraint on further carbon fractures forming a critical broken cluster, thus delaying the initial failure strain of the carbon ply until a higher strain (hybrid effect). It should be noted that the criterion for carbon ply failure is the first visible fracture during loading.  Within the non-linear region (from 2.47% to 3.52% strain), progressive fragmentation of the carbon ply with small fragment spacing took place. It was challenging to observe the growth of fragmentation with subsequent loading strain due to its small scale as indicated in Figure 3.17. 



		



		Figure 3.17. Typical damage pattern at each peak strain for [SG1/TR301/SG1] hybrid.







The increasing stress beyond the knee-point means that after fragmentation of the carbon ply, no real delamination develops as occurred in the [SG1/MR401/SG1] configuration. This delamination is the reason behind the plateau in the stress-strain curve of [SG1/MR401/SG1] and [SG1/TR302/SG1] configurations. Dense fragmentation is already shown at 2.47% strain in Figure 3.17. and with increasing strain, fragmentation grew continuously. As the damage progressed, a small amount of hysteresis also developed which is attributed to reversed high interlaminar shear stress in the regions around the carbon ply fractures. As explained in Section 3.2.1, this shear stress could be affected by friction between the glass and carbon ply because of the presence of compressive stresses around the crack tip. As depicted in Figure 3.17, residual bonding between the glass and carbon ply still exists at the final peak strain of 3.52% in the form of black-lines running perpendicular to the specimens’ length. After the fragmentation is saturated at 3.52% strain, the [SG1/TR301/SG1] hybrid configuration has lost 50% stiffness contribution from the carbon ply. 



		



		Figure 3.18. Stiffness loss at each peak strain for [SG1/TR301/SG1] hybrid.







Stiffness loss as a function of applied peak strain for [SG1/TR301/SG1] hybrid  is shown in Figure 3.18, which clearly shows a constant stiffness up to the first three peak strains followed by gradual loss of stiffness from the fourth until the final peak strain due to fragmentation of the UD thin-ply hybrid composites [39]. It is shown in Figure 3.18 that the final stiffness is substantially higher than the final expected stiffness, which could be attributed to substantial intact area of carbon. The error bar for the normalised stiffness in Figure 3.18  shows a low coefficient of variation between 0.9%-1.50% which also indicates the consistency of the tests. 

	The measured width distribution of the residual black-lines in a [SG1/TR301/SG1] hybrid configuration at 3.52% peak strain is shown in Figure 3.19.  The average width of the residual black-lines is between 0.300-0.850 mm where the shear stress would not be able to reach the yield stress, thus leaving the ply interface intact. 

		



		Figure 3.19. Width distribution of the residual black-lines on a [SG1/TR301/SG1] hybrid configuration.







 3.3.2.3 [SG1/TR302/SG1] response

A typical experimental result for the [SG1/TR302/SG1] laminate is presented in Figure 3.20. The cyclic responses show initial linear elastic behaviour before the first knee-point strain of 2.03% followed by non-linear behaviour after the knee-point strain and slight increase of stress at the final peak strain of 3.13%. 

		



		Figure 3.20. Typical cyclic stress-strain curve for [SG1/TR302/SG1].





	The notation from 1 until 6 in Figure 3.20 refers to the following peak strains: 1.61 %, 1.86 %, 2.07%, 2.35%, 2.67 %, 3.13% respectively. Figure 3.20 shows the initial linear response for the loading and unloading curves for the first and second loading cycles when it was loaded below the damage threshold. The third loading trajectory overlaid the first and second path but went beyond the knee point strain of the hybrid into the plateau region of the stress-strain response. It was observed from this work, that the first visible carbon fracture occurred at a strain of 2.01% which is higher compared to the failure strain of TR30 fibre mentioned in Table 3.1. This hybrid effect is lower than that of the [SG1/TR301/SG1] laminate because of the higher ply thickness which meant that the weak clusters in the [SG1/TR302/SG1] laminate were able to grow into macroscopic fractures at lower strain due to less restriction on forming clusters of broken fibres. Because the weak clusters have more surrounding carbon fibre, once a fibre breaks, it would more easily propagate, thus producing failure at a lower strain. Within the plateau region, progressive fragmentation of the carbon ply followed by dispersed delamination occurred as shown in Figure 3.21, a typical damage mechanism for [SG1/TR302/SG1] hybrid configuration. It is shown in Figure 3.23, that damage development took the form of carbon ply fragmentation and substantial delamination growth around the fractures at each loading cycle in contrast to the hybrid with single TR30 carbon ply, where the fragmentation pattern was significantly denser, and delamination was limited (see Figure 3.17). The damage pattern at 2.07% strain shows a different type of damage growth. The red circle shows a short fibre fracture and smaller average delaminated area compared to the delaminated area shown by the blue circle. The fibre fracture shown by the blue circle was able to extend across the whole width because some individual fibres have failed at those locations and developed into clusters of broken weak fibres via matrix damage or local debonding [119]. The different fracture length across the width shown by the red and blue circles also indicates the strength variability within the carbon fibre. The larger average delaminated area shown by the blue circle indicates a locally thicker carbon ply compared to the area shown by the red circle. The thicker carbon ply will provide enough energy to propagate the delamination further after the carbon fibre fractures. 



		

		

		

		

		

		



		Strain :

		2.07%

		2.35%

		2.67%

		3.13%

		3.50%



		Figure 3.21. Damage pattern at each peak strain for [SG1/TR302/SG1] hybrid.









When the carbon ply is fully fragmented at 3.13% strain as shown in Figure 3.21, the additional load is taken by the glass ply and the stress starts to increase at 3.13% as shown in Figure 3.20. Because of the compressive stress around the crack tip, friction between plies causes a small amount of hysteresis for the [SG1/TR302/SG1] configuration. Extensive vertical ply splitting from the edge as shown in Figure 3.21 occurred, causing the final stiffness to go insignificantly below its expected final value without any carbon contribution, as shown in Figure 3.22. The black-lines running perpendicular to the specimen shown in Figure 3.21 are areas of residual bonding between the glass and carbon ply which shows that this hybrid specimen is not fully delaminated and the carbon was still able to carry some load. If there was no vertical ply splitting, the final stiffness of [SG1/TR302/SG1] configuration should not the reach the expected final stiffness line  at all because the residual intact carbon-ply was able to carry minor load. 

		



		Figure 3.22. Stiffness loss at each applied peak strain for [SG1/TR302/SG1].







Stiffness loss as a function of applied peak strain is shown in Figure 3.22, which shows a gradual stiffness loss  with increasing fragmentation and stable delamination  [39] approaching the expected value with no carbon contribution at higher strain. The error bars in Figure 3.22 show a coefficient of variation between 0.40%-7.80% which indicates the consistency of specimen responses, but it is still higher compared to the two previous hybrid laminates. This is due the susceptibility of some of the [SG1/TR302/SG1] specimens to vertical ply splitting at higher strains.

		



		Figure 3.23. Stiffness loss with growing delaminated area for [SG1/TR302/SG1].







Figure 3.23 shows a plot of stiffness loss, as a function of normalised delamination area for the averaged measurements of three specimens. It is shown in Figure 3.23, that there is a gradual loss of stiffness from 12% to 68% delamination area with the final normalised stiffness going insignificantly below the expected final stiffness. The measured width distribution of the residual black-lines in a [SG1/TR302/SG1] hybrid configuration at 3.50% peak strain is shown in Figure 3.24. The average width of the residual black-lines of a [SG1/TR302/SG1] hybrid configuration is between 0.200-1.00 mm. With this average width, the shear stress would not exceed the yield  stress,thus preventing further delamination into the area of the residual black-lines. By comparing the average width of the residual black-lines of the three hybrid configurations, it seems that the average width is similar. This could be attributed to the similar distance required to go from zero shear stress at the centre of the black area to reach the shear stress at which interfacial damage occurs and changes the appearance. Nonetheless more work is needed to support this argument. 

		



		Figure 3.24. Width distribution of the residual black-lines on a [SG1/TR302/SG1] hybrid configuration.







3.4. Conclusions

The following conclusions were drawn from the study of continuous glass/carbon hybrid laminates under quasi-static cyclic loading:

1. The quasi static response of the hybrids is affected by the carbon/glass volume ratio, the carbon ply thickness and the carbon properties (modulus, strain to failure).

2. There is a small amount of hysteresis and residual strain, which can be attributed to two reasons: the significant reversed shear stress at the ply interfaces near the ends of the several delaminated regions of the fragmented hybrid deforming the matrix and the accumulation of debris between the open cracks preventing the surface cracks to return to its original state when unloaded.  

3. The response of the UD thin-ply hybrid laminate is considered pseudo-ductile because the damage in the form of ply fragmentation and localized delamination, leads to gradual loss of stiffness [120].

4. The extent of stiffness loss is governed by the density of fragmentation and the corresponding delamination pattern. 

5. The existence of  the residual black-lines (intact carbon ply) on each hybrid configuration could be attributed to the average width of the intact ply  where the shear stress would not be able to reach the value required to damage the interface, thus leaving that particular area intact.  











































Chapter 4   Compression Response of Unidirectional Thin-Ply Hybrid Composites



4.1 	Introduction

It is well known that carbon fibre possesses high specific tensile modulus and strength, which make them an attractive choice for structural application where weight saving is one of the important parameters but one of their limitations is the lower axial compression strength compared with the tensile strength [121]–[124]. In general, the compressive failure of carbon fibre composites is a catastrophic phenomenon and therefore, it is not easy to monitor the nature and sequence of failure mechanisms experimentally. Several works performed to study the compression performance of unidirectional carbon fibre composites [27], [28], [74], [125]–[129] discovered that the initial failure mechanism appears to be shear instability related to yielding of the matrix and the pre-existing fibre misalignment. The failure mechanism of carbon fibre composites suggests that the compressive strength is controlled by the matrix properties and closely related to the in-plane and out-of-plane shear stress-strain behaviour of the lamina and the fibre initial misalignment. It was also reported that there is a decreasing value of compressive strength with increasing thickness of the fibre composite which was attributed to premature failures due to end crushing for the thicker specimens [129].

UD M40JB carbon laminates with three different ply thicknesses were experimentally tested in longitudinal compression by Amacher et al. [57], and it was shown that the compressive strength increased with decreasing ply thickness. The optical microscopy examination of those specimens revealed more uniform microstructure and better fibre alignment with smaller resin rich areas for the thinnest plies, which yielded a better compressive performance. 

It has been reported by Czél et al. [88] that there is a distinct change of slope in the load-compressive strain curve of an asymmetric UD hybrid composite made of a thin high modulus M55J carbon/epoxy ply sandwiched between thick glass/epoxy ply and loaded in four-point bending due to the progressive fragmentation of the carbon ply on the compression side. The change of slope was observed at around -0.513% strain which marks the initial fragmentation of the carbon ply, and although it progressively fragmented under compressive loading, the hybrid composite specimens continued carrying load until final failure on the compression side at -2.310% strain. From the observed damaged specimens, they reported fragmentation of carbon plies in this hybrid composite which is not generally observed in compression tests. 

Based on the work by Amacher et al. [57] and Czél et al. [88] , there is a possibility to obtain better performance and gradual failure under compressive loading by combining UD thin carbon/epoxy ply with standard thickness glass/epoxy. There is still lacking experimental results on compression characterisation of UD thin high modulus M55J carbon/epoxy plies with standard thickness S-glass/epoxy where the number of carbon plies varies. Therefore, the effect of incorporating different numbers of thin carbon plies in a hybrid configuration under indirect compressive (four-point bending) and direct (longitudinal) compressive loading will be examined in this chapter to explore the pseudo-ductile behaviour of unidirectional thin-ply hybrid composites due to fragmentation of the carbon ply. 



4.2 	Specimen design for indirect compression (four-point bending) testing

The selected four-point bending test setup was first chosen to study the failure mechanisms of UD thin-ply hybrid composites due to the benefit with this setup of very simple specimen preparation with no need for end-tabbing and precision machining (e.g. grinding) typically utilised for direct compression specimens.

Compressive or tensile strains at a specific “ply”, depend on its distance from the neutral axis (centroid) of the beam. For this specimen, there is a strain gradient across the thickness, which is usually assumed to be linear according to the classical beam theory. This is a straightforward method of putting a thin carbon/epoxy ply in compression as a part of a hybrid beam specimen.

The chosen design to study the compressive failure mechanisms of UD thin M55J carbon ply was an asymmetric one, where the carbon ply was located close to the compression surface of the specimen. The hybrid specimens were designed to be thick enough to undergo significant surface strains at relatively small deflections in order to minimize the geometric non-linearity of the load-deflection response. This was achieved by adding several plies of cheaper E-glass/epoxy plies to a three-ply hybrid sub-laminate of S-glass/epoxy plies and various numbers of carbon plies (see Table 4.1 for the lay-up sequences).  The carbon/epoxy volume ratio shown in Table 4.1  , is calculated based on the ratio between the nominal thickness of the carbon/epoxy plies and the total nominal thickness of the hybrid specimen. The nominal thickness of the constituents to calculate the carbon/epoxy volume ratio is shown in Table 4.4. The notation h, w and L in Table 4.1 is the nominal thickness, width and total length respectively. 



Table 4.1.  Asymmetric hybrid specimen types tested under four-point bending.

		Design.

		Lay-up sequence

		h

		Carbon/epoxy volume ratio

		w

		L

		Support span

		Inner

span



		

		

		[mm]

		[%]

		[mm]

		[mm]

		[mm]

		[mm]



		

Asym. M55n

		[SG2/EG13/SG2/M551/SG1]

		2.63

		1.14

		

8

		

80

		

60

		

20



		

		[SG2/EG13/SG2/M552/SG1]

		2.66

		2.25

		

		

		

		



		

		[SG2/EG13/SG2/M553/SG1]

		2.69

		3.34

		

		

		

		







It is important to note that the proposed setup for the four point-bending tests shown in  Table 4.1 and  Figure 4.3 was to ensure that the carbon ply failure takes place between the inner loading noses where the bending moment is maximum and constant. The cross-sectional schematic of the bending specimens is shown in Figure 4.1, where h, yj and z are the nominal thickness, the distance of the top of the carbon ply from the base, and the neutral axis respectively, which is needed to calculate the compressive strain at the top of the carbon ply using  Equation 4.3  in Section 4.6.1. The position of the neutral axis (Z) is calculated through Equation 4.1 which is based on classical laminate theory. The notations ZSG, ZEG, ZC are the neutral axis of the S-glass, -E-glass and carbon plies respectively, measured from the bottom surface to the middle of each ply  as shown in the schematic in Figure 4.1, and a11 is the compliance of each  ply  calculated using the elastic properties shown in  Table 4.4. With n is the number of carbon layers. Detailed  equation of the neutral axis is shown in Appendix A and Appendix B. 
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		Figure 4.1. Cross-sectional schematic of the asymmetric UD hybrid composite specimens.







4.3 	Specimen design for direct (longitudinal) compression testing

	To study the longitudinal compression response of UD thin-ply hybrid composites, alternating plies of S-glass/epoxy and M55 carbon/epoxy  were chosen (see Table 4.2 for the lay-up sequences). 













Table 4.2. Hybrid specimen types tested under longitudinal compression.

		Specimen configuration

		Nominal width

		Nominal thickness

		Glass plies

		Carbon plies

		Carbon/epoxy volume ratio



		

		[mm]

		[mm]

		

		

		[%]



		[SG1/(M551/SG1)17]

		

		3.31

		

		17

		15.4



		[SG1/(M552/SG1)17]

		10

		3.83

		18

		34

		26.6



		[SG1/(M553/SG1)17]

		

		4.35

		

		51

		35.1









As seen from Table 4.2, the nominal width and the number of glass plies are the same for all hybrid specimens.  The geometry of the hybrid specimens tested under longitudinal compressive loading was chosen to fit the loading rig developed by Häberle et al. [130] and the schematic of the specimen geometry is shown in Figure 4.2.



		



		Figure 4.2. Schematic of the UD hybrid composite specimens tested under longitudinal compression.







As shown in Figure 4.2, a chamfer was introduced into the end tabs in order to yield less stress concentration at the tab-tip region of the specimen as shown by Xie et al. [131]. The total length and gauge length shown in  Figure 4.2 was chosen based on the slenderness ratio equation developed by Häberle et al. [130] and is shown as Equation 4.2 in this chapter.



		

		(4.2)







Where h is the nominal thickness of the specimen while Lg is the gauge length which is 12 mm. The slenderness ratio for each of the UD hybrid configuration based on its nominal thickness and gauge length are 12.5, 10.8, 9.5 for the specimen with 15.4%, 26.6%, and 35.1% carbon/epoxy volume fraction respectively. As shown by  Häberle et al. [130],  the composite specimen will attain its ultimate compressive strength when the slenderness ratio is between 10 and 20 with a drop in ultimate compressive strength if the slenderness ratio is above 20. Comparing the slenderness ratio for each of the UD hybrid configuration in this work with the acceptable ratio [130], it implies that macro buckling during testing for the proposed hybrid configurations should be avoided. 



4.4	Experimental methods

4.4.1 	Materials

The materials considered for the design and used for the experiments were standard thickness S-glass/epoxy and E-glass/epoxy supplied by Hexcel and thin M55J carbon/epoxy supplied by North Thin Ply Technology. The epoxy resins in the prepregs were the aerospace grade 913 (Hexcel) and ThinPreg 120 EPHTg-402 (North TPT). The carbon fibre is a Torayca M55J, classified as high modulus and produced in 6000 filament tows [132]. Basic properties of the applied fibre and prepreg systems can be found in Table 4.3 and Table 4.4  respectively.  The fibre properties in Table 4.3 are based on the manufacturer’s data and were determined from impregnated strands except for the S-glass where single fibre tests were performed.



Table 4.3. Fibre properties of the applied UD prepregs.

		Fibre type

		Manufacturer

		Tensile modulus

		Tensile strain to failure

		Tensile strength

		Density

		CTE

α



		

		

		[GPa]

		[%]

		[GPa]

		[g/cm3]

		[1/K]



		Torayaca M55J

				Toray







		540

		0.8

		4.02

		1.91

		-1.1.10-6



		FliteStrand SZT S-glass

		Owens Corning

		88

		5.5

		4.8-5.1

		2.45

		2.10-6



		EC9 756 P109 E-glass

		Owens Corning

		72

		4.5

		3.5

		2.56

		4.9.10-6







Table 4.4. Cured ply properties of the applied UD prepregs.

		Prepreg

type

		Property

		Fibre aerial weight

		Cured ply thickness

		Vf

		Ei

		εt

		εc

		G12

		ν12



		

		Unit

		[g/m2]

		[mm]

		[%]

		[GPa]

		[%]

		[%]

		[GPa]

		



		M55J /epoxy

		Average

		30

		0.030

		52

		280 a

		0.6b

		-0.26b

		3.10c

		0.31c



		

		COV [%]

		-

		-

		-

		-

		-

		-

		

		



		S-glass/epoxy

		Average

		190

		0.155

		51

		45.7 [73]

		3.98

		-2.33b

		3.10c

		0.30c



		

		COV [%]

		-

		-

		-

		3.2

		1.1

		-

		

		



		E-glass/epoxy

		Average

		192

		0.140

		54

		40.0a

		3.07b

		-

		3.38c

		0.30c



		

		COV [%]

		-

		-

		-

		-

		-

		-

		

		





 a calculated for the given volume fraction.

b based on manufacturer’s data for 60% carbon fibre volume fraction. 

C calculated with Rule of Mixtures



For the prepreg systems mentioned in Table 4.4,  the fibre volume fraction is obtained from the manufacturer’s data sheet  and the cured ply thickness (CPT) is calculated by using Equation 3.1 in Chapter 3. There is a reasonable agreement between the calculated and the measured CPT of the hybrid specimens and this is shown in Table 4.5. 

Table 4.5. Calculated and measured cured ply thickness of the UD thin-ply hybrid composites (the number in the bracket indicates the coefficient of variation in [%]).



		Designation

		Lay-up sequence

		Calculated thickness

[mm]

		Measured thickness

[mm]



		

		

		

		



		Asym. M55

		[SG2/EG13/SG2/M551/SG1]

		2.63

		2.65 (3.7%)



		

		[SG2/EG13/SG2/M552/SG1]

		2.66

		2.70 (1.7%)



		

		[SG2/EG13/SG2/M553/SG1]

		2.69

		2.72 (1.5%)



		

		

		

		



		[SG1/(M55n/SG1)17]

		[SG1/(M551/SG1)17]

		3.31

		3.33 (1.4%)



		

		[SG1/(M552/SG1)17]

		3.83

		3.85 (2.0%)



		

		[SG1/(M553/SG1)17]

		4.35

		4.36 (0.5%)







The measured thickness in Table 4.5 is from an average measurement of six specimens for each hybrid configuration.  



4.5 	Manufacturing method

	The investigated UD hybrid laminates for the indirect compression testing (four-point bending) and longitudinal compression testing were constructed by placing the 0o plies on top of each other on a clean and flat surface plate in a temperature and humidity controlled clean room. The finished laminates were then placed inside a vacuum bag as shown in Chapter 3. The recommended curing cycle for this hybrid composite is identical with the curing cycle to produce the hybrid composites in Chapter 3. 

	For the tested hybrid specimens under longitudinal compression, it was necessary to attach end tabs by using an adhesive to avoid premature failure in the grip regions. The curing cycle of the adhesive is explained in Chapter 3. To ensure good alignment and flat surfaces, the tabs and ends of the specimen were then ground flat by a grinding machine. Fabrication of the all the hybrid specimens was done using a diamond cutting wheel.



4.6	Mechanical test procedure

4.6.1	Indirect compression (four-point bending) tests

Four-point bending tests of the asymmetric hybrid specimens were carried out using a computer controlled Instron 8872 type 25 kN rated universal hydraulic test machine with a 5 kN load cell attached to the machine during the testing. The tests were conducted under displacement control at a cross-head speed of 1 mm/min. The set-up for the four-point bending tests was the following: the support span and inner span were 60 mm and 20 mm respectively. To avoid the possibility of local compressive failure of the surface glass plies under the inner loading noses due to high contact forces, reinforced rubber pads were located between the loading nose and specimen contact surface. To measure the surface strains at the compressive and tensile side, strain gauges of type C2A-06-062LW-120 with 4.45 x 2.03 mm overall length and width respectively were attached to both sides of the specimens in the centre of the gauge length. The four-point bending test set-up is shown in Figure 4.3. It is worth mentioning that the gauge length for this strain gauge type is 1.52 mm. The position of the five dots on the edge of the specimens between the inner loading noses was recorded with an Imetrum optical strain measurement system to measure the curvature of the specimen. The notation x in Figure 4.3 is the distance between centre of support and loading roller which will be used in Equation 4.5, and is 20 mm.



		



		Figure 4.3. Four-point bending test set-up of UD thin carbon/glass hybrid composite samples.







As the strain gauges are measuring the surface strain of the glass on the compression side, it is important to calculate the strain at the top level of the carbon ply on the same side. This can be done through Equation 4.3, where and   are the top-level strain of the carbon ply and the surface strain of the glass ply on the compression side. This equation assumes a linear strain distribution in bending, which is valid as long as the beam does not twist or buckle and the transverse shear stresses are relatively small.  The notation yj, Z, and h has already been explained in Section 4.2. At least six specimens were tested of each type.

		

		(4.3)







The input parameters to determine the top-level strain of the carbon ply,  , for each hybrid configuration are shown in Table 4.6. 



Table 4.6.  Input parameters to determine the strain on the top level of the carbon ply.

		Designation

		h

[mm]

		yj

[mm]

		Z

[mm]



		Asym. M551

		2.63

		2.47

		1.40



		Asym. M552

		2.66

		2.50

		1.48



		Asym. M553

		2.69

		2.53

		1.55





4.6.2	Direct (longitudinal) compression tests

	Mechanical testing of the glass/carbon hybrid specimens under longitudinal compression loading was conducted under displacement control using a cross-head speed of 1 mm/min on a computer controlled Instron 600DX type 600 kN rated universal hydraulic test machine. Load and strain readings were logged on a computer. The specimens were end-loaded in the Imperial College test rig shown in Figure 4.4. By using this test rig, the specimen is supported laterally over the whole length of the tabs. Specimens were clamped lightly in position, and then end-loaded between flat hardened plates. The high precision die set used in the rig minimizes frictional effects and ensures combined axial and shear load introduction from the end and the sides respectively. The total weight of the rig shown in Figure 4.4. is 37.55 kg and has been taken into account in the load measurement by the Instron machine during testing. 

		



		Figure 4.4. Imperial College compression test rig [130].







To measure the longitudinal surface strains, the same type of strain gauges as mentioned in Section 4.5.1 were used. They were attached to both sides of the specimens in the centre of the gauge length. An Imetrum video gauge system was also used to measure the longitudinal strain of the specimen’s gauge length through the thickness by tracking the speckle pattern applied on the side surface using spray paint as shown in Figure 4.5 and the distance between measurements is 1.60 mm.  The thickness of the delaminated part shown in the recorded image was measured using the ImageJ software. Having knowledge of the nominal thickness from each UD hybrid configuration and the pixel size from the video gauge images, a scaling factor (mm/pixel) allows to calculate the thickness of the delaminated part in mm. At least six specimens were tested of each type.



		



		Figure 4.5. Strain measurement at three locations using video gauge system.





4.7	Damage observation under optical microscopy

To observe the damage pattern of the asymmetric carbon/glass hybrid, one specimen from each hybrid type was loaded until 700 N in four-point bending and examined under a Zeiss optical microscope. A special device made of stainless steel that resembles the four-point bending loading rig in the 25 kN Instron machine was used to reload the specimens and make the cracks open visibly under the optical microscope. Before being observed, the specimen was ground and polished. Figure 4.6 shows the experimental set-up of the device with a deformed specimen being examined under an optical microscope. 

		



		Figure 4.6. Experimental set-up of the four-point bending device with a deformed specimen under the optical microscope.







The specimen position is fixed in place by the two supports and two loading noses. The distance between the loading noses is 20 mm (the notation x in Figure 4.7 )  and between the supports is 60 mm. The part containing the loading noses is connected to a stainless M5 allen screw which actuates them to move towards the specimen and to apply displacement and load as shown in Figure 4.7. The specimen is deformed by the loading noses until the opening of the cracks is visible.  

		



		Figure 4.7. A four-point bending device with the specimen on top of two supports being deformed by two loading noses, x is the distance between the centre of loading nose and the centre of support.







4.8	Results and discussion

4.8.1	Indirect compression (four-point bending) response

Typical force-strain response of the asymmetric hybrid specimens under four-point bending is shown in Figure 4.8. During four-point bending testing, the hybrid specimen did not twist or buckle which made it feasible to assume a linear strain distribution and to apply Equation 4.3 to calculate the strain.It is clearly shown, that the initial stiffness increases by having a greater number of carbon ply. An initial linear elastic response is also shown for all three hybrid specimen types until around -0.480% strain where there is a knee-point for the asymmetric M552 and M553 configuration which marks the change of the force-strain slope. The first load drop at -1.50% strain for asymmetric M552 was due to ply splitting along the fibre direction on the compression side of the specimen.  



		



		Figure 4.8. Typical four-point bending force-strain response for the three asymmetric hybrid configurations with the strains calculated for the top level of carbon ply.







Typical damage pattern of a  failed asymmetric hybrid specimens under four-point bending are shown in Figure 4.9, Figure 4.10 and Figure 4.11 for the asymmetric M551, M552 and M553 hybrid configuration respectively. The damage pattern is shown from the top and side view respectively. 

		





		Figure 4.9. Typical damage pattern of an asymmetric M551 hybrid specimen showing failure at the top view (a) and side view (b). 







From the top view (Figure 4.9 (a) ), damage in the compression side consists of ply splitting and delamination for the asymmetric M551 hybrid. Delamination is seen from the side view ( Figure 4.9 (b) ) where an average layer thickness of 0.349 mm has delaminated from the remaining part. Based on this thickness, it can be concluded that the top three layers, which are the [SG1/M551/SG1]  layers have delaminated from the remaining glass layers.



		



		Figure 4.10. Typical damage pattern of an asymmetric M552 hybrid specimen showing failure at the top view (a) and side view (b).







Ply splitting and fracture midway across the width is the damage pattern seen on the top surface for asymmetric M552 hybrid (Figure 4.10 (a)). From the side view (Figure 4.10 (b)), the delaminated part has an average  thickness of 0.482 mm. Ply splitting which occurs on the compression side of  the asymmetric M551 and M552 cases is a typical compressive failure of a glass fibre under bending [133]. This type of damage gradually accumulates near the compressive surface side [133] of the hybrid specimen.     

		



		Figure 4.11. Typical damage pattern of an asymmetric M553 hybrid specimen showing failure at the top view (a) and side view (b).







Fracture across the width is seen from the top view of the asymmetric M553 hybrid configuration (Figure 4.11 (a)). A delaminated part with an average thickness of 0.661 mm is seen from the side of the specimen ( Figure 4.11 (b) ). For the asymmetric M552 and M553 hybrid, the delaminated part includes the hybrid layers on the compression side. The conclusion is made based on the measured average thickness of the delaminated part. 

	The top view of a typical damaged asymmetric M551, M552 and M553 hybrid configuration tested until 700 N is shown in Figure 4.12 which shows brighter coloured stripes across the width. It is also shown in Figure 4.12, that the extent of the brighter coloured area is different for different hybrid configuration. The asymmetric M551 hybrid has a denser bright striped area which is likely due to the shorter process zone around the fragmented ply [64]. To study the origin of this damage area, one specimen from each hybrid configuration which was tested until 700 N was observed under optical microscopy. The damage mechanisms observed from the edge of the asymmetric M552 hybrid configuration is shown in Figure 4.13.  It is worth mentioning that the damage mechanisms shown in Figure 4.13 is also active for the other two hybrid configurations based on the observation under optical microscopy. 

		



		(a)



		



		(b)



		



		(c)



		Figure 4.12. Top view image of: (a) asymmetric M551 (b) asymmetric M552 (c) asymmetric M553 hybrid configuration.







		

		



		(a)

		(b)



		Figure 4.13. Damage mechanisms of asymmetric M552 hybrid configuration showing (a) unloaded specimen and fragmentation angle (θ) (b) loaded at -1.4% strain.







Figure 4.13a shows that the carbon ply is fragmented at an angle (θ) when it is unloaded and when it is loaded until -1.4% strain as shown in Figure 4.13b, the fragmented carbon ply is displaced in the out of plane and thickness direction causing interfacial damage (in the areas shown by the red circles in Figure 4.13b). From the experimental work, it was observed that by removing the load, the fragmented carbon fibres retained to its original position  as shown in Figure 4.13a. By examining Figure 4.13 (b), the fragmented carbon layer is displaced as far as  0.5 to 1 times  the diameter of a single carbon fibre. It is worth mentioning that the single carbon  fibre has a diameter of 5.68 µm. Since the carbon layer is fragmented at an angle, it would be interesting to measure this angle. The angle measurement (θ) was made for the fragmentation between the loading noses and the result is shown in Figure 4.14 as the fragmentation angle distribution. The fragmentation angle (θ) is defined from Figure 4.13a and measured by using an ImageJ software.   Examining the distribution of the fragmentation angle in the carbon ply, it is seen that the angles are distributed mainly between 40o -55o. Even though the angle measurement  shown in Figure 4.14  was made for the asymmetric M552, a similar trend was also found for the other asymmetric configuration and the direct compression specimen.



		



		Figure 4.14. Fragmentation angle distribution.







 	45o angle of fracture in compression for a single carbon fibre tested in recoil compression was reported by Dobb et al.  [134]. They argue that the responsible damage mechanism was due to  the high degree of order (graphitization) and inherent sheet-like structure, which lead to easier shear between the basal plane than a random structure.  

The carbon ply displacement in the thickness direction is possible because of the low transverse modulus (E22) of the hybrid composites and some localised delamination between the glass and carbon ply. This displacement in the thickness direction (wedging action) is the reason for interfacial damage (delamination) between the ply.  The schematic evolution of wedging action in the carbon and glass ply is shown in Figure 4.15.

		



		Figure 4.15. Schematic of transverse displacement mechanism in carbon and glass ply.







It is shown in Figure 4.15, that with the presence of compressive loading and the ability of the fragmented ply to slide in the thickness direction, there will be a separation between the glass and carbon ply. It should be noted that when transverse displacement takes place, the carbon ply experiences shear stress at the fragmentation interface as shown in Figure 4.15. This shear stress would further cause friction between the fragmented surface. Due to delamination between the ply, it was possible to see the brighter coloured stripes shown in Figure 4.12. This colour is related to the colour of the glass/epoxy prepreg. 

	Based on the observed damage mechanisms, the change of slope in the force-strain curve shown in Figure 4.8 is due to periodic fragmentation of the carbon ply and local delamination between the fragmented carbon and glass ply. After the knee-point strain which marks the start of fragmentation and dispersed delamination, the load continues to rise which indicates that the carbon ply was still carrying some of the load.  Due to the irregular shape between the fragmented surfaces as shown in Figure 4.13, friction and mechanical interlocking exist which can help to transfer compressive load despite the fracture.

	Because there is a change in slope and the load continues to rise after fragmentation of the carbon ply, it would be interesting to examine the expected contribution from the carbon ply before and after the fragmentation.  The contribution of the carbon ply is examined by measuring the initial slope and second slope of the force-strain curve as shown in  Figure 4.16, where the green and red straight lines are the initial and second stiffness respectively. Although Figure 4.16 is showing the stiffness measurement method for the asymmetric M552 hybrid configuration, it is also applicable for the other two hybrid configurations. 



		



		Figure 4.16. The method to determine the change of slope in a typical force-strain curve for an asymmetric M552 hybrid (the change in the slope is highlighted by the fitted straight red and green lines).







As also shown in Figure 4.8, there is a strong dependency of the final failure strain on the number of carbon ply, with the asymmetric M553 hybrid specimens failing at lower strain compared to the other two hybrid configurations. This behaviour may be because the strain energy release rate increases with the increased thickness of the carbon plies. The final failure strains shown in Table 4.7 are calculated for the top level of the carbon ply in the compression side by taking the migration of the neutral axis into consideration.  Table 4.7 gives the test results summary for all the hybrids tested under four-point bending.



Table 4.7. Test results summary for Asym. M55 carbon/glass hybrid composites (the number in the bracket indicates the coefficient of variation in [%]).



		Designation

		Number of specimens

		Initial stiffness

		Second stiffness

		Decrease

in slope

		Knee-point strain

		Final failure strain



		

		

		[N/1%]

		[N/1%]

		[%]

		[%]

		[%]



		Asym. M551

		6

		553.9 

(3.3)

		536.5

(3.7)

		3.1 

(3.5)

		-0.555 

(2.2)

		-2.724

 (10.2)



		Asym. M552

		6

		713.7 

(5.4)

		588.0 

(5.8)

		17.5 

(7.6)

		-0.522

(6.4)

		-1.750 

(10.0)



		Asym. M553

		6

		957.5 

(1.9)

		750.1 

(2.9)

		21.6 

(6.1)

		-0.507 

(2.1)

		-0.956 

(4.3)







The knee-point and final failure strain for each hybrid configuration in Table 4.7 has already been corrected for the elastic residual strain. The method to calculate residual strain is shown in Chapter 3. The residual strains are -0.032%, -0.026%, -0.022% for asymmetric M551, M552 and M553 configuration respectively. The input parameters for each prepreg to calculate the elastic thermal residual strain are shown in Table 4.8.



Table 4.8. Cured ply properties of the applied UD prepregs as an input parameter to determine the thermal residual strain.



		Prepreg type

		E11

[GPa]

		E22

[GPa]

		CPT

[mm]

		α11

[1/K]

		α22

[1/K]

		G12

[GPa]

		ν 12



		M55/epoxy

		280

		6.3 [116]

		0.030

		-7.8*10-7 a

		2.6*10-5[117]

		3.1[116]

		0.31[116]



		E-glass/epoxy

		40

		12.5 [116]

		0.140

		6.7*10-6 a

		2.6*10-5[117]

		3.3[116]

		0.30[116]



		S-glass/epoxy

		45.7

		10.3 [116]

		0.155

		3.8*10-6 a

		2.6*10-5[117]

		3.1[116]

		0.30[116]





a calculated by using the Classical Laminate Theory (CLT) shown in Appendix A.



The measured stiffness loss from the experimental results shown in Table 4.7 as “decrease in slope” should be compared to the contribution of carbon ply stiffness to the total laminate bending stiffness [D11]. The total laminate bending stiffness is calculated by using Equation 4.4. It should be noted that the theoretical carbon laminate bending stiffness is calculated from a given distance from the neutral axis (Z). 



		



		(4.4) 







Where:

		D11

		:

		total laminate bending stiffness (Nm)



		Zk

		:

		coordinate of kth ply from the neutral axis (m)



		Zk-1

		:

		coordinate of k-1th ply from the neutral axis (m)



		Q11k

		:

		ply stiffness matrix (N/m2)







It is worth mentioning that the ply stiffness matrix in Equation 4.4. is stiffness at the fibre direction (Q11) of a specific reinforced ply located at a certain distance (k) from the neutral axis.  Having knowledge of the elastic properties of the carbon plies from Table 4.4, it is possible to calculate the carbon ply stiffness (Q11).  The position of the neutral axis (Z) in Figure 4.1 is calculated with the classical laminate theory by incorporating the elastic properties of the constituent plies of the hybrid specimens. The properties of the fibre and prepregs can be found in Table 4.3 and Table 4.4 respectively. By incorporating the material properties from Table 4.3 and Table 4.4 into Equation 4.4, the carbon ply contribution to the total bending stiffness [D11] is presented in Table 4.9.

Table 4.9. Carbon ply contribution to bending stiffness according to classical laminate theory.

		Designation

		Total laminate bending stiffness

		Carbon ply bending stiffness

		Carbon ply contribution to bending stiffness



		

		Nm

		Nm

		[%]



		Asym. M551

		80.1

		9.9

		12.3



		Asym. M552

		90.5

		17.7

		19.6



		Asym. M553

		100.0

		24.0

		24.0







The reduction in D11 shown in Table 4.9 can be compared to the decrease in slope from the force-strain curve for all hybrid configuration  since bending curvature has a linear relationship with load through Equation 4.5: 



		

		(4.5)







Where:

		k

		:

		bending curvature



		D11

		:

		bending stiffness (Nm)



		F

		:

		bending load (N) 



		x

		:

		perpendicular distance from central loading nose to the central support (m) as shown in Figure 4.3.







Comparing the stiffness loss (decrease in slope) in Table 4.7 with the carbon ply contribution in Table 4.9 for all three hybrid configurations, it is clearly shown that from the observed experiments, the asymmetric M552 and asymmetric M553  hybrid configuration have lost most of their bending stiffness contribution from the carbon ply. However, there is no load drop after the knee-point strain, and so the carbon is apparently still carrying load. For the asymmetric M551 configuration, an insignificant stiffness loss as shown in Table 4.7 compared to the other hybrid configurations was found because of the small volume ratio of  the carbon/epoxy . Because the carbon ply was still carrying the load, then it should be able to break several times along the specimen’s length. To support this hypothesis, it would be interesting to compare the measured fragment length from the experimental results with the theoretical critical carbon fracture length. 



		



		Figure 4.17. Through thickness direction optical microscope image of asymmetric M551 hybrid configuration showing fragmented carbon ply and the method to measure the distance between fragmentation.







Figure 4.17 shows the fragmented carbon ply and the method to measure the distance between fragmentations. Although the method shown in Figure 4.17 is for asymmetric M551 hybrid configuration, it is also applicable for the other two configurations. The fragment length is measured from the optical microscope images of each hybrid configuration by using Image J software. The way this length is measured is shown in Figure 4.17. Six measurements between cracks were taken. The average value of these six measurements is taken as the fragment length. The critical carbon ply length is calculated with the following Equation 4.6 and it does not take account of delamination between the carbon and glass ply.  



		

		 (4.6)







Where: 

		Lc

		:

		critical carbon ply length (mm)



		Ec

		:

		Young’s Modulus of carbon composite ply (GPa) 



		tc

		:

		carbon ply thickness (mm)



		

		:

		interlaminar shear yield strength (MPa)



		εc

		:

		compressive failure strain of carbon fibre ply (%)






With Ec = 280 GPa, tc = 0.030 mm, 0.060 mm, 0.090 mm for asym. M551, M552 and M553 respectively, εc = 0.555 %, 0.522 %, 0.507 % for asym. M551, M552 and M553 respectively  [88] ,  τc = 77.6 MPa (corrected interlaminar shear strength for 913 E-glass/epoxy taking into account material non-linearity under four-point bending) [135]. The calculated critical carbon ply length for all three-hybrid configurations are shown in Table 4.10.



Table 4.10. Comparison between theoretical critical length and measured fragment length for hybrid specimens under indirect compression (numbers in brackets indicate coefficients of variation in [%]).



		Designation

		Nominal carbon ply thickness

		Theoretical critical length 

(Lc)

		Measured fragment length (Lm)

		(Lc-Lm)/(Lc)



		

		[mm]

		[mm]

		[mm]

		[%]



		Asym. M551

		0.030

		0.59

		0.18 (5.3)

		30



		Asym. M552

		0.060

		1.11

		0.42 (4.1)

		37



		Asym. M553

		0.090

		1.62

		0.63 (5.8)

		38







As shown in Table 4.10, There is a significant discrepancy between the theoretical critical length and measured fragment length for all three configurations. The reason for the inapplicability of Equation 4.6 to predict the fragment length under compression is described as follows: Equation 4.6 is originally developed to predict the critical fragment length of fibres under tension loading [136]. This equation assumes  that the tensile stress in the fibre builds up from the fibre ends and fragmentation occurs when the stress in the fibre reaches the tensile strength. Further fragmentation continues until the length of the fibre is insufficient to allow the fibre to fail again. The final length defines the critical length ( Lc ). When the fibres are under a compression load, the fragmentation does not result in a stress discontinuity at the fracture point because the fragments  remain in contact and can still transfer a compression load (Figure 4.15). This means that unlike in tensile fragmentation, the measured fragment lengths shown in Table 4.10 are unrelated to the critical length as defined by the traditional load transfer model described in Equation 4.6. 

When a fibre composite is under four-point bending load, the compressive strain to failure increases with increasing strain gradient. Size effect could also play a role into the compressive strain to failure. Longitudinal or direct compression loading of hybrid composites is a test method where the specimen is subjected to a uniform stress on both ends. This test method also eliminates the presence of a strain gradient so it is possible to examine the “true” compressive strain to failure of M55 carbon/epoxy.  Section 4.8.2 will discuss the response of unidirectional thin carbon/glass hybrid composites under longitudinal compressive loading. It should be noted that the same type of carbon and glass fibre will be used in the direct compressive loading in order to have a comparison with the indirect compression response. 









4.8.2 	Longitudinal compression response	

4.8.2.1 Comparison between each hybrid configuration

	Typical stress-strain curve for all the hybrid configurations tested in longitudinal compression is shown in Figure 4.18.  The compression strain is the average strain of the three strain measurements using the video gauge system shown in Figure 4.5. By incorporating more carbon plies into the hybrid laminate, the initial stiffness increases, as expected, which can be seen from the different initial elastic slope of each stress-strain curve in Figure 4.18, where the [SG1/(C3/SG1)17] configuration has the highest initial stiffness.  The images of the failed hybrid specimens under longitudinal compression loading are shown in Figure 4.19, Figure 4.20 and Figure 4.21 for the [SG1/(C1/SG1)17], [SG1/(C2/SG1)17] and [SG1/(C3/SG1)17]   hybrid configuration respectively. 

		



		

Figure 4.18. Typical stress-strain curve for UD thin carbon/glass hybrid configurations with different numbers of carbon ply.







Figure 4.19 shows the damage region in the gauge section for the failed hybrid [SG1/(C1/SG1)]17 configuration. Delamination and fibre fracture in the gauge length are shown in Figure 4.19. As also shown in the same figure, delamination between the end tabs and hybrid specimen occurred at the gripping region for the [SG1/(C1/SG1)]17 hybrid. An explosive type of failure is typically observed for this hybrid configuration at the final stage of loading. 



		



		

Figure 4.19. Typical image of a failed hybrid [SG1/(C1/SG1)]17 specimen showing final failure under longitudinal compression loading.







Delamination and shear fibre fracture in the gauge length are shown in Figure 4.20 for the failed [SG1/(C2/SG1)]17 hybrid. Delamination near the surface of the specimen is also shown in Figure 4.20. Only one from six specimens from this configuration has delamination between the end tabs and the specimen.



		



		

Figure 4.20. Typical image of a failed hybrid [SG1/(C2/SG1)]17 specimen showing final failure under longitudinal compression loading.







		



		

Figure 4.21. Typical image of a failed hybrid [SG1/(C3/SG1)]17 specimen showing final failure under longitudinal compression loading.





The failed [SG1/(C3/SG1)]17 hybrid configuration in Figure 4.21 shows shear fibre fracture and delamination without any delamination in the end-tab regions. It is worth mentioning that different end-tabs type was used between [SG1/(C3/SG1)]17 with the remaining hybrid configurations. This is because the end-tab used for the [SG1/(C1/SG1)]17   and [SG1/(C2/SG1)]17   was no more available. It was then decided to use an equal modulus end tabs for the [SG1/(C3/SG1)]17 configuration although the thickness is 1.50 mm which is 0.1 mm below the end-tabs used for two hybrid configurations. The following section will describe the behaviour of each hybrid composite configuration under longitudinal compression in detail.



4.8.2.2 [SG1/(C1/SG1)17] compression response

	During compression loading of the [SG1/(C1/SG1)17] configuration, a change of slope in the stress-strain curve appears at an average strain of  -0.555% which is due to fragmentation of the carbon plies under compression [88].  This strain value has been corrected for the elastic residual strain calculated by using the method described in Chapter 3. The residual strain for [SG1/(C1/SG1)17] configuration is -0.021%. The damage mechanisms behind the reduction in stiffness contribution from the carbon/epoxy ply in an asymmetric M55/S-glass hybrid specimen under four-point bending explained in Section 4.8.1, revealed multiple translaminar shear fractures running at an angle of around 40o-55o through the thickness of the carbon ply and local opening delamination at the intersections between the inclined cracks and the glass/carbon ply interfaces. This damage mechanisms has also been discovered by Czél et al. [88] for asymmetric M552 under four-point bending.  The low transverse stiffness and low through thickness interlaminar strength promoted this delamination [137]. It is also believed that these same damage mechanisms were active in direct compression for these S-glass/M55 hybrids. It is clearly seen in Figure 4.18 that after -0.555% strain, the stress continues to rise further. The strain where the carbon plies fragmented is taken as the -0.555% “knee-point strain” on the stress-strain curve and is determined from the intersection point of initial non-linear curve (black curve) and reduced slope regions (red line) as shown in Figure 4.22 for the [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] hybrid configurations. 



Figure 4.22. Knee-point stress (σk) and strain (εk) determined from the intersection point of initial non-linear curve (black curve) and reduced slope region (red line).



As shown in Figure 4.18 for the [SG1/(C1/SG1)17] configuration, after the knee-point strain the stress rises further until it reaches strain values of -1.660%, after which there is a load drop associated with delamination at the glass and carbon interface on one side of each hybrid configuration. The average thickness of the delaminated part on the right side of [SG1/(C1/SG1)17] laminate shown in Figure 4.23 at the first load drop (-1.660% strain) is 0.33 mm. The failure modes of [SG1/(C1/SG1)17] configuration at each strain level and eventually at the final failure strain are depicted within the stress-strain curves shown in Figure 4.23. 





Figure 4.23. Failure sequence of [SG1/(C1/SG1)17] configuration at each strain level.



After partial delamination between the glass and carbon plies at the right side of the [SG1/(C1/SG1)17] laminate resulting in the first load drop in the stress-strain curve at -1.660% strain shown in Figure 4.23, the load is carried by the remaining intact plies. The stress then increases until 

another partial delamination at an average depth of 0.28 mm appears on the left side of the laminate near the surface, resulting in a second load drop at -2.180% strain as shown in Figure 4.23. The final failure at -2.23% strain for this [SG1/(C1/SG1)17] laminate is characterised as compressive failure together with delamination of the laminate resulting in a catastrophic/exploding failure type as shown in Figure 4.23.



4.8.2.3 [SG1/(C2/SG1)17] compression response

A change of slope in the stress-strain curve at an average strain of -0.554% strain also appears for the [SG1/(C2/SG1)17] hybrid configuration due to fragmentation of the carbon plies under compression. This value has been corrected for the elastic residual strain. The residual strain for [SG1/(C2/SG1)17] configuration is -0.014%. As shown in Figure 4.18 for the [SG1/(C2/SG1)17] configuration, after the knee-point strain the stress rises further until it reaches strain values of -1.480%, after which there is a load drop associated with delamination at the glass and carbon interface on one side of each hybrid configuration. The failure mode for the [SG1/(C2/SG1)17] laminate consists of partial delamination between the glass and carbon plies with an average depth of 0.36 mm at the right side near the surface of the laminate which took place at -1.480% strain causing the first load drop followed by an increase of stress until final failure at -1.670% strain when a catastrophic/explosive failure type took place. The failure modes of  [SG1/(C2/SG1)17] configuration at each strain level and eventually at the final failure strain are depicted within the stress-strain curves shown in Figure 4.24.



Figure 4.24. Failure sequence of [SG1/(C2/SG1)17] configuration at each strain level.



4.8.2.4 [SG1/(C3/SG1)17] compression response

The thickest laminate ply with [SG1/(C3/SG1)17] configuration, experienced sudden failure at an average strain of -0.50% with the typical damage modes of fragmentation followed by delamination. This value has been corrected for the elastic residual strain. The residual strain for the [SG1/(C3/SG1)17] configuration is -0.010%. The evidence of fragmentation in [SG1/(C3/SG1)17] configuration is shown in Figure 4.29  which also shows delamination between carbon and glass plies. It is worth mentioning that the optical image in Figure 4.29 was taken from the [SG1/(C3/SG1)17] specimen shown in Figure 4.26(c). For the [SG1/(C3/SG1)17] hybrid, only the final failure mode at -0.50% strain is shown in Figure 4.25 with its typical stress-strain curve, because no load drop was observed before the final failure.



Figure 4.25. Final failure mode of [SG1/(C3/SG1)17] configuration.



 It should be noted that the same stress-strain curves shown in Figure 4.23 -Figure 4.25 are the same as those  shown in Figure 4.18. Overall, the behaviour of [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] laminates are considered as pseudo-ductile. The responsible damage mechanisms behind the pseudo-ductile behaviour are fragmentation of carbon ply and localised delamination between glass and carbon ply. Fragmentation of carbon ply and stable delamination are also responsible for the pseudo-ductile behaviour of unidirectional thin carbon ply/glass hybrid composites [60] under tensile loading.  



4.8.2.5 Damage mode under direct compression

One specimen from [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] hybrid configuration discussed above was loaded under direct compressive loading until -0.80% strain when the test was terminated. The edge of each specimen was then grounded and polished before examined under Zeiss optical microscopy. For the [SG1/(C3/SG1)17] configuration, an interrupted test was conducted at -0.41% strain, well below the final failure strain of -0.50% to see if any damage had occurred, but unexpected premature failure took place. Figure 4.26 shows the top view image of a typical damaged found in [SG1/(C1/SG1)17], [SG1/(C2/SG1)17] and [SG1/(C3/SG1)17] hybrid configuration. From the interrupted tests of the type laminates at -0.80% strain, it is shown that the typical damage mode for the hybrid configuration under compression includes carbon-ply fragmentation and localized delamination. It was possible to observe the delamination between the glass/epoxy and carbon/epoxy ply due to the translucent nature of the glass/epoxy ply. The delamination area is seen as a yellow pattern surrounding the dispersed fractures in the carbon ply and running across the width of the specimen, as shown in Figure 4.26. A larger delamination area near the surface of the laminate, is shown as a yellow pattern, in Figure 4.26(c) for the [SG1/(C3/SG1)17] laminate. Ply splitting was also observed as shown in Figure 4.26(c) (marked by red rectangles).



		

		

		



		

		

		



		Figure 4.26. Typical damage mode for the different hybrid laminates under direct compression (a) [SG1/(C1/SG1)17] at -0.8%, (b) [SG1/(C2/SG1)17] at -0.80%, and (c) [SG1/(C3/SG1)17] at -0.41%.









The optical image taken from the edge of all three hybrid configurations in Figure 4.26 is shown in Figure 4.27-Figure 4.29  for  [SG1/(C1/SG1)17], [SG1/(C2/SG1)17] and [SG1/(C3/SG1)17] respectively. As shown in Figure 4.27 and Figure 4.28, carbon ply is seen fragmented periodically along the fibre length. For clarity a typical fragmented carbon ply is marked with red rectangle in Figure 4.27 for [SG1/(C1/SG1)17] configuration.

		



		Figure 4.27. Damage mode of [SG1/(C1/SG1)17] configuration at -0.80% strain.









		



		Figure 4.28. Damage mode of [SG1/(C2/SG1)17] configuration at -0.80% strain.







		



		Figure 4.29. Damage mode of [SG1/(C3/SG1)17] configuration at -0.41% strain.





For [SG1/(C3/SG1)17] configuration shown in Figure 4.29, fractures running at an angle of around 45o through the thickness of the carbon ply are indicated with the red rectangles. The distance between fragmentation shown in Figure 4.27 - Figure 4.29  is measured using the same method explained in  Figure 4.17. The comparison between the measured fragment length with the calculated critical carbon ply length for [SG1/(C1/SG1)17], [SG1/(C2/SG1)17], [SG1/(C3/SG1)17], configurations are shown in Table 4.11.



Table 4.11. Comparison between theoretical critical length and measured fragment length for hybrid specimens under direct compression (numbers in brackets indicate coefficients of variation in [%]).



		Designation

		Total nominal carbon ply thickness

		Theoretical critical length 

(Lc)

		Measured fragment length (Lm)

		(Lc-Lm)/(Lc)



		

		[mm]

		[mm]

		[mm]

		[%]



		[SG1/(C1/SG1)17]

		0.52

		0.85

		0.21 (5.9)

		75



		[SG1/(C2/SG1)17]

		1.03

		1.71

		0.53 (9.1)

		69



		[SG1/(C3/SG1)17]

		1.55

		2.56

		0.98 (8.2)

		62







As seen in Table 4.11, there is a discrepancy between the measured fragment length and the calculated theoretical critical length which indicates the inapplicability of the traditional transfer load model to predict the fragment length in compression.



4.8.2.6 Mechanical properties of UD thin-ply hybrid composites under direct compression

	The test results summary of all three hybrid configurations under direct compression is shown in Table 4.12. It should be noted that the strains mentioned in Table 4.12 have been corrected for elastic residual strain. The notation Ei, Ef, 1,  f   in Table 4.12 is the initial stiffness, final stiffness, first load drop and final failure strain respectively. The first load drop and final failure are explained in Figure 4.23 -  Figure 4.25 respectively. The method to measure the initial stiffness (Ei) and final stiffness (Ef)  are shown in Figure 4.30-Figure 4.32 for [SG1/(C1/SG1)17], [SG1/(C2/SG1)17] and [SG1/(C3/SG1)17] respectively in which a tangent stiffness is being used to determine those values.



Table 4.12. Mechanical properties of hybrid composites under direct compressive loading (numbers in brackets indicate coefficients of variation in [%]).



		Designation

		Property

		No. of specimens

		Ei



		Ef

		k



		k

		1



		f





		

		

		

		[GPa]

		[GPa]

		[%]

		[MPa]

		[%]

		[%]



		[SG1/(C1/SG1)17]

		Average

		6

		76.53

		30.22

		-0.555

		344

		-1.690

		-2.150



		

		COV (%)

		

		(3.3)

		(3.4)

		(3.4)

		(3.6)

		(10.9)

		(8.1)



		[SG1/(C2/SG1)17]

		Average

		6

		98.54

		23.63

		-0.554

		429

		-1.210

		-1.440



		

		COV (%)

		

		(6.8)

		(7.6)

		(3.3)

		(1.0)

		(14.2)

		(8.7)



		[SG1/(C3/SG1)17]

		Average

		6

		118.90

		53.48

		-

		-

		-0.500

		-0.500



		

		COV (%)

		

		(5.9)

		(10.0)

		-

		-

		(6.9)

		(6.9)





		





		

Figure 4.30. The method to determine initial and final stiffness for [SG1/(C1/SG1)17] configuration.





	



		



		

Figure 4.31. The method to determine initial and final stiffness for [SG1/(C2/SG1)17] configuration.









		



		

Figure 4.32. The method to determine initial and final modulus for [SG1/(C3/SG1)17] configuration.







	As shown in Figure 4.30 and Figure 4.31, the initial and final stiffness are determined by the green and red line respectively. The red lines were chosen as a measurement for the final stiffness because at those slopes, the fragmentation has reached saturation and the load is mainly carried by the glass plies. Part of the curve in Figure 4.30 and Figure 4.31  where the black line runs over is where fragmentation of carbon ply and localised delamination occurred. During compression loading of all three hybrid configurations, there is a non-linear behaviour before the knee-point strain. This is due to the non-linear behaviour of the carbon fibre itself which has been explained by several researchers [25], [138]. From Table 4.12, it is seen that with increasing number of carbon plies incorporated in the hybrid laminates, the first load drop strain decreases. Figure 4.33 gives an illustration of the reduction of first load drop strain and final failure strain with increasing carbon ply thickness for all three hybrid configurations.



Figure 4.33. First load drop strain and final failure strain as a function of carbon ply thickness.

Different values of first load drop and final failure strains shown in Figure 4.33 is due to the different energy release rates for delamination after fibre fracture in the different hybrid configurations. Because energy is proportional to the thickness of the carbon layer as explained by Czél et al. [39], delamination occurs at a lower strain for the hybrid with double compared with single carbon plies.  It is also interesting to note that the -0.50% final failure strain for [SG1/(C3/SG1)17] configuration is higher than the manufacturer’s data sheet for M55J/epoxy shown in Table 4.4 which is -0.26%. This could be attributed to the better testing method used in this work and the advantage of using hybrid design in which the glass plies provided protection for the carbon plies from the high clamping force. 

The comparison between knee-point strain and final failure strain from the direct and indirect compression testing is shown in Table 4.13 for the hybrid configuration with different number of carbon plies. The notation DCT and IDCT in Table 4.13 refers to Direct Compression Testing and Indirect Compression Testing respectively. 



Table 4.13. Strain comparison between direct compression and indirect compression testing results (numbers in brackets indicate coefficients of variation in [%]).



		Number of carbon plies

		Knee-point strain

[%]

		Final failure strain

[%]



		

		DCT

		IDCT

		DCT

		IDCT



		1

		-0.555 (3.4)

		-0.555 (2.2)

		-2.150 (8.1)

		-2.720 (10.2)



		2

		-0.554 (3.3)

		-0.552 (6.4)

		-1.440 (8.7)

		-1.750 (10.0)



		3

		-

		-0.507 (2.1)

		-0.500 (6.9)

		-0.956 (4.3)







	Examining the knee-point strain results from Table 4.13, the difference values obtained for all three hybrid configurations are not significantly large. This could suggest, that those knee-point strains mentioned in Table 4.13 are the compressive failure strain for M55J carbon fibre. The final failure strains shown in Table 4.13 for the hybrids obtained from indirect compression testing are higher compared to the strains from direct compression testing. This could suggest that the strain gradient and the high strain embedding glass layers provided support for the carbon/epoxy layers in the compression thus delaying the final failure until higher strain.



4.9	Conclusions

	This chapter has presented the mechanical properties of unidirectional thin-ply hybrid composites subjected to indirect (four-point bending) and direct compression testing. The effect of different hybrid configurations was examined. The following was concluded:



1. The compression response of unidirectional thin ply hybrids has been established. Gradual failure with a significant decrease in stiffness at around -0.50% strain and final failure at - 2.15% and -1.44% strain has been obtained for the [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] hybrid configurations respectively.



2. For the [SG1/(C3/SG1)17] configuration, sudden failure occurs at an average strain of -0.500%. Even this lower strain is higher than the compression failure strain calculated from the manufacturer’s data sheet of -0.26%. This is attributed to a better testing method being used and the protection from the high clamping force provided by the glass layers.



3. From the indirect compressive loading, it was found that comparison between the change of force-strain slope and contribution of carbon bending stiffness from Classical Laminated Plate Theory (CLPT) indicated that the hybrid laminates with two and three carbon plies has lost most of the bending stiffness contribution from the carbon. However, there is no load drop and apparently, the carbon is still carrying load after fragmentation. Due to the irregular shape between the fragmented surfaces, friction and mechanical interlocking may exist which can help to transfer compressive load despite the fractures.



4. The measured fragment length from hybrid specimens tested under indirect and direct compression is less than the critical length calculated from the usual constant shear stress assumption with linear increase in stress from zero at both ends of the fragment.



5. The traditional load transfer model is inable to predict the fragment length of carbon layer in compression because the fibre fragment is in contact and still able to transfer load.  



6. The carbon ply fractured at an angle is displaced in the transverse direction and this transverse displacement is responsible for interfacial damage (delamination) which causes the stiffness degradation.



7. A similar value of knee-point strains was obtained from indirect and direct compression testing which suggest that this value is the compressive strain to failure of the M55J carbon fibre.



8. The final failure strain of the hybrids decreases with increasing carbon ply thickness which qualitatively complies with the energy release rate concept. 







Chapter 5   Flexural Response of Unidirectional Thin-Ply Hybrid Composites

5.1 	Introduction

Unidirectional (UD) hybrid composites made of thin carbon/epoxy plies and standard thickness S-glass/913 epoxy plies have shown favourable pseudo-ductile response under static tensile loading as already shown in Chapter 3 in this thesis. This response was achieved by the progressive fragmentation of the carbon layer and stable delamination of the fragments from the embedding glass layers [1]. Previous work on the characterisation of the compression behaviour of unidirectional hybrid composites made of thin high strength carbon/epoxy plies sandwiched between several glass/epoxy plies has shown a very high strain to failure in compression, even higher than the tensile strain to failure of the carbon fibre quoted by the manufacturer as shown in Chapter 4 in this thesis. For hybrid composites consisting of thin high modulus carbon/epoxy plies, fragmentation of the carbon layer and stable delamination under compression was reported by Czél et al [88]. Based on the previous characterisation work of UD hybrid composites under tension [60] and compression [88], it seems possible to exploit the pseudo-ductile behaviour of this material in flexural loading as well where there is a combination of tensile and compressive loading on different sides of the hybrid. Demonstration of pseudo-ductility under flexural loading is essential to demonstrate their suitability for a wide range of applications. It would also be interesting to compare the flexural response of the UD thin ply hybrid composites with its tension and compression behaviour. It should be noted that indirect compression methods will be used in this chapter to obtain the compression properties of TC35 carbon/epoxy. In this chapter, two types of thin carbon plies with different modulus were used, M55J carbon/epoxy and TC35 carbon/epoxy which are known as high modulus and standard modulus carbon fibre respectively.

5.2	Experimental methods

5.2.1 	Materials

The hybrid composite constituent materials considered for the design and used in the experimental part of the study were standard thickness S-glass/epoxy supplied by Hexcel, thin M55J carbon/epoxy supplied by North Thin Ply Technology, thin TC35 carbon/epoxy plies commercially available from SK Chemicals under the trade name of SkyFlex USN020A. The epoxy resins in the prepregs were the aerospace grade 913 (Hexcel), ThinPreg 120 EPHTg-402 (North TPT) and K50 (SK Chemicals). The carbon fibers were Tairyfil TC35 and Torayca M55J, where TC35 is classified as a standard modulus carbon fibre [139] while M55J is a high modulus carbon fibre and produced in 6000 filament tows [132]. Basic properties of the applied fibre and prepreg systems can be found in Table 5.1 and Table 5.2. The fibre properties in Table 5.1 are based on the manufacturer’s data and were determined from impregnated strands except for the S-glass where single fibre tests were performed.



Table 5.1. Fibre properties of the applied UD prepregs.

		Fibre type

		Manufacturer

		Tensile modulus

		Tensile strain to failure

		Tensile strength

		Density

		CTE

α



		

		

		[GPa]

		[%]

		[GPa]

		[g/cm3]

		[1/K]



		Tairyfil TC35 

		Formosa

		240

		1.60

		4.00

		1.80

		-4.10-7



		Torayaca M55JB 

				       Toray







		540

		0.80

		4.02

		1.91

		-1.1.10-6



		FliteStrand SZT S-glass 

		Owens Corning

		88

		5.50

		4.8-5.1

		2.45

		2.10-6



		EC9 756 P109 E-glass 

		Owens Corning

		72

		4.5

		3.5

		2.56

		4.9.10-6







Table 5.2. Cured ply properties of the applied UD prepregs.

		Prepreg

Type

		Property

		Fibre mass per unit area

		Cured ply thickness

		Fibre volume fraction

		Initial elastic modulus

		Tensile strain to failure

		Compressive strain to failure



		

		Unit

		[g/m2]

		[mm]

		[%]

		[GPa]

		[%]

		[%]



		TC35/epoxy [140]

		Average

		22a

		0.027b

		46.9b

		114.3b

		1.95c

		-



		

		COV [%]

		-

		-

		-

		-

		7.08

		-



		M55 /epoxy [88]

		Average

		30

		0.030

		52

		280 d

		0.6e

		0.26e



		

		COV [%]

		-

		-

		-

		-

		-

		-



		S-glass/epoxy [88]

		Average

		190

		0.155

		51

		45.7 [73]

		3.98

		2.33e



		

		COV [%]

		-

		-

		-

		3.2

		1.1

		-



		E-glass/epoxy [88]

		Average

		192

		0.140

		54

		40.0b

		3.07e

		-



		

		COV [%]

		-

		-

		-

		-

		-

		-





a  Based-on manufacturer’s data.

b Calculated based on manufacturer’s data.

c  First carbon layer fracture measured on [S-Glass/Carbon2/S-Glass] UD interlayer hybrid in static tension.

d Calculated for the given fibre volume fraction.

 e Based on manufacturer’s data for 60% carbon fibre volume fraction. 



The baseline failure strain for TC35/epoxy is an average of 5 specimen measurements in a [S-Glass/Carbon2/S-Glass] type sandwich hybrid specimen and it is defined as the first carbon ply crack visible in the specimen during static tensile loading. It should be noted that the strain to failure for TC35/epoxy was measured from a thin hybrid configuration, so it is expected that there is an  enhancement in the measured strain due to the  ‘hybrid effect’ [141].  

For the prepreg systems mentioned in Table 5.2,  the fibre volume fraction is obtained from the manufacturer’s data sheet  and the cured ply thickness (CPT) is calculated by using Equation 3.1 in Chapter 3. There is a reasonable agreement between the calculated and the measured CPT of the hybrid specimens and this is shown in Table 5.3 and Table 5.4 for the four-point bending and tensile UD thin-ply hybrid specimens, respectively. The measured thickness in Table 5.3 is from an average measurement of five specimens for each hybrid configuration.  For the measured thickness in Table 5.4, an average measurement of seven specimens for [SG1/TC351/SG1], [SG1/M551/SG1], [SG1/M552/SG1] configurations was taken while for [SG1/TC352/SG1], only an average measurement of five specimens was taken. 



Table 5.3. Calculated and measured cured ply thickness of the four-point bending UD thin-ply hybrid composites (the number in the bracket indicates the coefficient of variation in [%]).



		Designation

		Lay-up sequence

		Calculated thickness

[mm]

		Measured thickness

[mm]



		

		

		

		



		TC35/S-glass

		[SG1/TC351/SG1]4s

		2.710

		2.740 (1.13)



		

		[SG1/TC352/SG1]4s

		2.940

		2.970 (1.18)



		

		

		

		



		M55/S-glass

		[SG1/M551/SG1]4s

		2.720

		2.750 (0.74)



		

		[SG1/M552/SG1]4s

		2.960

		2.980 (1.65)







Table 5.4. Calculated and measured cured ply thickness of the tensile UD thin-ply hybrid composites (the number in the bracket indicates the coefficient of variation in [%]).



		Designation

		Lay-up sequence

		Calculated thickness

[mm]

		Measured thickness

[mm]



		

		

		

		



		TC35/S-glass

		[SG1/TC351/SG1]

		0.333

		0.343 (3.48)



		

		[SG1/TC352/SG1]

		0.356

		0.368 (2.73)



		

		

		

		



		M55/S-glass

		[SG1/M551/SG1]

		0.340

		0.340 (2.86)



		

		[SG1/M552/SG1]

		0.370

		0.371 (2.86)









5.2.2	Specimen geometry

	 Symmetric hybrid specimens (see Figure 5.1) made of thin carbon/epoxy plies sandwiched between several glass/epoxy plies were tested in four-point bending. This testing method was chosen to ensure a uniform bending moment between the loading noses and to avoid premature failure under the loading noses encountered more often in three point-bending tests. The total length of the symmetric hybrid specimens tested in four-point bending was 110 mm. This length was chosen to avoid premature shear failure and to ensure a compressive failure.



		



		Figure 5.1. Cross-sectional schematic of the symmetric UD hybrid composite specimens tested in bending.







Figure 5.1 shows half of the cross-sectional schematic of the symmetric hybrid composites where the notation yj, h and Z are the distance from the surface of carbon ply to the neutral axis, nominal thickness of the specimen and neutral axis respectively. Only half of the cross-sectional thickness is shown in Figure 5.1 as the hybrid specimen is symmetric.  The lay-up sequences for the tested hybrid configuration under flexural loading are shown in Table 5.5. The carbon/epoxy volume ratio shown in Table 5.5 is calculated based on the ratio between the nominal thickness of the carbon/epoxy plies and the total nominal thickness of the hybrid specimen. The nominal thickness of the constituents to calculate the carbon/epoxy volume ratio is shown in Table 5.2. The notation h, w and L in Table 5.5 refer to the nominal thickness, width and total length respectively. 



Table 5.5. Symmetric hybrid specimen types tested under four-point bending.

		Design.

		Lay-up sequence

		h

		Carbon/epoxy volume ratio

		w

		L

		Support span

		Inner

span



		

		

		[mm]

		[%]

		[mm]

		[mm]

		[mm]

		[mm]



		

TC35/S-glass

		[SG1/TC351/SG1]4s

		2.71

		8.55

		



8

		



110

		



90

		



30



		

		[SG1/TC352/SG1]4s

		2.94

		15.76

		

		

		

		



		

M55/S-glass

		[SG1/M551/SG1]4s

		2.72

		8.95

		

		

		

		



		

		[SG1/M552/SG1]4s

		2.96

		16.44

		

		

		

		









5.2.3    Mechanical test procedure

The tensile tests for the hybrid specimens in this chapter were carried out using a computer controlled Instron 8872 Type 25 kN rated universal hydraulic test machine with wedge type hydraulic grips. A 25 kN rated load cell was used on the machine. The tests were conducted under displacement control at a cross-head speed of 2 mm/min. The tensile strain in the composite specimens was measured using an Imetrum video gauge within a nominal gauge length of 130 mm. The procedure for conducting indirect compressive testing can be found in Chapter 4, as the procedure is the same as in this chapter. 

	For the four-point bending tests, the hybrid composite specimens were tested in the same Instron machine used for tensile testing. A 5 kN rated load cell was used on the machine for this testing. The set-up for the four-point bending tests was the following:  support span = 90 mm, inner span = 30 mm. To avoid the possibility of local compressive failure of the surface glass plies under the inner loading noses due to high contact forces, reinforced rubber pads were located between the loading nose and specimen contact surface. To measure the surface strains on the compressive and tensile side, strain gauges of type C2A-06-062LW-120 with 4.45 x 2.03 mm overall length and width respectively were attached to both sides of the specimens in the centre of the gauge length. It is worth mentioning that the gauge length for this strain gauge type is 1.52 mm. The four-point bending test set-up is shown in Figure 5.2. The white dots shown in Figure 5.2 are used to measure the curvature of the hybrid specimens. 



		



		Figure 5.2. Four-point bending test set-up of symmetric UD thin carbon/glass hybrid composites.









5.3 Results and discussion

5.3.1 Tensile response of [SG/TC35n/SG] & [SG/M55n/SG] configurations

	The comparison between [SG/TC351/SG] and [SG/TC352/SG] stress-strain response under tensile loading is shown in Figure 5.3. For both configurations, there is an initial linear elastic response followed by non-linear behaviour due to fragmentation of the carbon plies and dispersed delamination. After fragmentation reaches saturation and the glass plies partly carry the load, the stress continues to rise as the strain increases until the hybrids failed, which is marked by a load drop, as seen in Figure 5.3. For the [SG/TC352/SG] specimens, three out of five specimens were not loaded until failure and two of them failed at a lower strain compared to the [SG/TC351/SG] configuration. The lower strain to failure of the [SG/TC352/SG] configuration could be attributed to the higher load transfer/stress concentration from the double carbon plies in the [SG/TC352/SG] compared to [SG/TC351/SG] configuration.



		



		

Figure 5.3. Stress-strain curves for [SG/TC351/SG] and [SG/TC352/SG] configurations.





	

The knee-point shown in Figure 5.3 marks the transition from the linear elastic behaviour to the non-linear behaviour due to the establishment of fragmentation in the carbon. Beyond the knee-point, there is a non-linear region for the [SG/TC352/SG] configuration due to gradual fragmentation and dispersed delamination. For the [SG/TC351/SG] configuration, there is no obvious plateau region as shown in Figure 5.3 and the stress continues to rise even after the knee-point. It is worth mentioning that the method to determine the knee-point is already explained in Chapter 3. To explain the tensile response of [SG/TC351/SG] and [SG/TC352/SG], the recorded images during tensile loading were studied. Typical damage development for [SG/TC351/SG] and [SG/TC352/SG] configurations due to static tensile loading are shown in Figure 5.4 and Figure 5.5 respectively. 

	The tensile damage development for the [SG/TC351/SG] configuration in Figure 5.4 shows a very dense fragmentation pattern from 2.34% to 3.23% strain with no obvious delamination. This damage pattern is due to the shorter process zone around the fragmented ply as shown by Jalalvand et al. [64] in their numerical damage analysis of UD thin carbon/glass hybrid composites. As also explained in [64], in the thinner hybrid laminate, the interface is less damaged so it is possible that the load is being transferred from the intact carbon ply to the glass ply as the fragmentation progresses (which mean there is no true delamination in this hybrid configuration) and therefore the stress continuously increases beyond the knee-point as shown in Figure 5.3.

		



		Figure 5.4. Typical damage development of [SG/TC351/SG] during tensile loading.





	

The damage pattern for the [SG/TC352/SG] configuration in Figure 5.5 shows fragmentation and obvious delamination with increasing tensile strain. Due to the translucent nature of the glass/epoxy plies, it was possible to detect the delaminated area visually in this hybrid specimen type. The delamination area is shown as the lighter area which corresponds to the colour of the epoxy resin. While the darker area shown in Figure 5.5 is the intact area between the carbon and glass plies. The irregular delamination patch sizes shown in Figure 5.5 are due to variation of the carbon plies thickness, where the thicker parts tend to produce larger delamination patches. Fragmentation and dispersed delamination in this hybrid configuration are responsible for the non-linear region in the stress-strain curve shown in Figure 5.3.  



		



		Figure 5.5. Typical damage development of [SG/TC352/SG] during tensile loading.





	

Figure 5.6 shows the stress-strain response of [SG/M551/SG] and [SG/M552/SG] configurations respectively. There is an initial linear elastic response followed by non-linear behaviour and increase of stress at higher strain as also shown by the two previous hybrid configurations. As shown in Figure 5.6, the non-linear region/plateau in the stress-strain response for both configurations is more obvious compared to the plateau on the [SG/TC351/SG] configuration which could also suggest more pronounced delamination for [SG/M551/SG] and [SG/M552/SG]. This argument is supported by the damage development during tensile loading shown in Figure 5.7 and Figure 5.8 for both hybrid configurations.   





		



		Figure 5.6. Stress-strain curves for [SG/M551/SG] and [SG/M552/SG] configurations.





	

The tensile damage development for the [SG/M551/SG] configuration in Figure 5.7 shows fragmentation and dispersed delamination. The fragmentation in this hybrid was established at 0.84% strain, leading to a knee-point in the stress-strain curve as shown in Figure 5.6. From 0.84% to 1.26% strain there was further gradual damage growth as shown in Figure 5.7 which is responsible for the non-linear region/plateau in the [SG/M551/SG] stress-strain curve.   



		



		Figure 5.7. Typical damage development of [SG/M551/SG] during tensile loading.





	

Figure 5.8 shows fragmentation and dispersed delamination growth of the [SG/M552/SG] configuration with increasing tensile strain. As shown in Figure 5.8, at 0.80% there is an establishment of fragmentation which corresponds to the knee-point in the stress-strain curve. Comparing the delaminated area in Figure 5.8 and Figure 5.7, it can be seen that [SG/M552/SG] has extensive delaminated area compared to [SG/M551/SG]. This could be attributed to the higher energy release rate of the hybrid with double M55 plies compared to the hybrid with single M55 ply. 

   

		



		Figure 5.8. Typical damage development of [SG/M552/SG] during tensile loading.







The input parameters for each prepreg to calculate the elastic thermal residual strain are shown in Table 5.6.  The transverse (E22) and shear modulus (G12) for  TC35/epoxy and M55/epoxy are assumed similar for a high strength and high modulus carbon epoxy composites respectively taken from the Hexcel product datasheet [116]. While the transverse CTE (α22) for all the prepregs is  assumed similar to T300/5208 carbon/epoxy prepregs since the properties in transverse direction is governed mainly by the resin [117].  

The tensile test results summary for all four hybrid configurations being discussed is shown in Table 5.7  which will be compared later with the four-point bending test results. The compared parameters will be the knee-point and final failure strain. The knee-point strain and final failure strain in Table 5.7 have been corrected for the compressive thermal residual strain for each configuration. The method to calculate the thermal residual strain is shown in Chapter 3. 



Table 5.6. Cured ply properties of the applied UD prepregs as an input parameter to determine the thermal residual strain.



		Prepreg type

		E11

[GPa]

		E22

[GPa]

		CPT

[mm]

		α11

[1/K]

		α22

[1/K]

		G12

[GPa]

		ν 12



		M55/epoxy

		280

		6.3 [116]

		0.030

		-7.80*10-7 a

		2.6*10-5[117]

		3.1[116]

		0.31[116]



		TC35/epoxy

		114.3

		11  [116]

		0.027

		4.39*10-7 a

		2.6*10-5[117]

		4.4[116]

		0.30[116]



		E-glass/epoxy

		40

		12.5[116]

		0.140

		6.70*10-6 a

		2.6*10-5[117]

		3.3[116]

		0.30[116]



		S-glass/epoxy

		45.7

		10.3[116]

		0.155

		3.80*10-6 a

		2.6*10-5[117]

		3.1[116]

		0.30[116]





a calculated by using the Classical Laminate Theory (CLT) shown in Appendix A.



 	The calculated residual strain in the carbon fibre is -0.028%, -0.025%, -0.029%, -0.021% for the [SG/TC351/SG], [SG/TC352/SG], [SG/M551/SG], [SG/M552/SG] configurations respectively.



Table 5.7. Tensile results summary of the specimen types tested (Numbers in brackets indicates the coefficient of variation in [relative %]).



		Spec. Type

		Number of specimens

		Initial elastic modulus

		Strain at knee-point

εk

		Final failure strain

εf

		Nominal thickness

		Mode II energy release rate at the failure strain of the carbon ply



		

		

		[GPa]

		[%]

		[%]

		[mm]

		[N/mm]



		[SG/TC351/SG]

		7

		48.87(3.7)

		2.31(2.9)

		3.38(8.7)

		0.333

		0.27 at 1.95%



		[SG/TC352/SG]

		5

		53.32(2.1)

		1.95(7.1)

		2.89a (11)

		0.356

		0.54 at 1.95%



		[SG/M551/SG]

		7

		75.26(2.6)

		0.84(1.3)

		3.68(4.1)

		0.340

		0.29 at 0.80%



		[SG/M552/SG]

		7

		83.31(2.4)

		0.80(2.1)

		3.54(1.8)

		0.370

		0.51 at 0.80%





a average failure strain of two specimens.



As shown in Table 5.7, the calculated energy release rate for the hybrids with double carbon plies are much higher compared to the single ply hybrids which explains the more extensive delaminated area for the former. It is worth mentioning that the method to calculate the energy release rate is explained in Chapter 3. 

	The compression response of TC35/S-glass hybrid has not been explored before according to the author’s best knowledge and to study its behaviour, an asymmetric TC35/S-glass configuration under four-point bending with the carbon ply on the compression side was studied. Section 5.3.2 will discuss the compression response of the asymmetric TC35/S-glass hybrid. 



5.3.2 	Compression response of asymmetric TC35/S-glass hybrid configuration

	The force-strain response of the asymmetric TC352/S-glass hybrid under four-point bending is shown in Figure 5.9. The design lay-up for the asymmetric TC352/S-glass was [SG1/EG14/SG2/TC352/SG1] and the nominal thickness (h) for this configuration is 2.63 mm. It should also be noted that the carbon/epoxy plies were under compressive loading. The compressive strain shown in Figure 5.9 is calculated for the top level of the carbon plies under compression while the tensile strain is measured on the bottom tensile surface of the glass plies. The method to calculate the strain at the top carbon ply is described in Chapter 4. The input parameter to determine the strain for this hybrid configuration is yj = 2.47 mm and z = 1.50 mm with yj and z described in Chapter 4.  It is worth mentioning that the force-strain curve in Figure 5.9 is only for one hybrid specimen which failed on the compression side while the other five hybrid specimens failed on the tension side where the glass plies are located. For the asymmetric TC351/S-glass configuration, all six specimens failed on the tension side without any failure on the compression side, so are not included in this section. 

	In the force-strain curve for the asymmetric TC352/S-glass hybrid, a non-linear hardening behaviour can be observed on the tensile side and softening on the compression side. This behaviour is likely due to departure from linear elastic behaviour of the carbon fibres, with the tensile modulus increasing with increasing strain [25], [142]–[145]. The softening on the compression side could be due to the tangent modulus of the carbon fibre decreasing with increasing compression strain [25] which can be explained due to accelerated rotation of the cyrstallites structure  within the carbon fibre [138]. Another explanation for the non-linearity on the compression side and also on the tension side just before final failure is the increasing geometrical non-linearity of the hybrid specimen at large deflections [88].



		



		Figure 5.9. Force-strain curve for asymmetric TC352 / S-glass hybrid composites under four-point bending. 





	

A non linear hardening behaviour can be observed on the tensile side and softening on the compression side As seen in Figure 5.9. There is a load drop at -2.64% due to fibre failure followed by delamination on the compression side and then followed by failure of the glass plies on the tension side at 3.50% as observed from the recorded video gauge. The calculated residual strain in the carbon ply for the asymmetric TC352 / S-glass configuration is -0.025% and when this is considered to recalculate the compressive strain to failure, the strain is -2.665%. The compression strain to failure of this hybrid configuration is higher than the knee-point tensile strain shown in Table 5.7 for [SG/TC352/SG] configuration. The knee-point strain was taken as the comparison parameter at this point, because the carbon plies had already failed (fragmented). 

As observed from the experimental work and microscopy examination, the lack of stiffness loss and sudden final failure at high strains indicates that the high strength TC35 carbon/epoxy did not fragment under compression. However, further work is required to understand the mechanism behind the catastrophic failure of  TC35/S-glass hybrid composites in compression.   A possible explanation for the high compressive strain to failure compared with typical values for carbon/epoxy is due to (i) elimination of stress concentration by the use of the 4 point-bending set-up, (ii) the strain gradient and the high strain embedding glass layers which can suppress shear instability, delaying the failure process of the thin carbon plies [88].



		

		



		(a)

		(b)



		Figure 5.10. Image of an asymmetric TC352/S-glass hybrid specimen failed in compression: (a) top view (b) edge view.







The compressive failure pattern shown in Figure 5.10 (a) for this hybrid configuration indicates a fracture perpendicular to the fibre direction (shown by the red box) which is a typical compressive failure in fibre composites. Examining the damage pattern from the side view, indicates fibre failure and delamination on both the compression and tension side as shown in Figure 5.10 (b).  Examining the average thickness of the delaminated part on the compression side which  is around  0.21 mm, it is concluded that the top glass  and the  carbon layers  has delaminated from the rest of the hybrid.The failed hybrid specimen shown in Figure 5.10 is linked to the force-strain response in Figure 5.9. 



5.3.3	 Flexural response of symmetric TC35/S-glass hybrid configuration

The force-strain response under four-point bending for the [SG/TC351/SG]4s and [SG/TC352/SG]4s configurations is shown in Figure 5.11. It should be noted that the strain in Figure 5.11 is calculated for the top level of the carbon layer on the compression side and the bottom level of the carbon layer on the tension side. For the TC35/S-glass and M55/S-glass hybrid configuration, the assumed strain distribution through the thickness is linear because there was no twisting, buckling or shear deformation of the specimen during the testing.



		



		Figure 5.11. Force-strain curve for [SG/TC351/SG]4s and [SG/TC352/SG]4s configurations.







For both hybrid configurations shown in Figure 5.11, there is an initial linear elastic response which is followed by a non-linear response. There is an obvious change of slope for the [SG/TC352/SG]4s force-strain curve with a knee-point which marks the establishment of fragmentation in the carbon layers. The fragmentation from the tension side is responsible for the change of slope on the force-strain curve of this hybrid. Fragmentation was then followed by stably dispersed delamination between the glass and carbon plies resulting in a non-linear region as shown in Figure 5.11 for the [SG/TC352/SG]4s configuration. The final failure for this hybrid configuration occurred on the compression side due to carbon fibre failure followed by delamination at an average compressive strain of -2.692%. For the [SG/TC351/SG]4s configuration, there is no obvious knee-point seen in Figure 5.11, only initial linear response followed by a gradual change of slope to a plateau at constant load and final failure at the compression side due to the same damage mechanism as that of the [SG/TC352/SG]4s configuration. The final failure for this configuration occured at an average compressive strain of  -2.988%. Although there is no obvious knee-point shown in the force-strain curve for [SG/TC351/SG]4s configuration, fragmentation on the tensile side was observed for this hybrid after the test was terminated due to failure on the compression side. The images of the failed hybrid specimens under four-point bending taken from the compression and tension side are shown in Figure 5.12 and Figure 5.13 for the [SG/TC351/SG]4s and [SG/TC352/SG]4s respectively.



		

		



		(a)

		(b)



		Figure 5.12. Image of a typical failed [SG/TC351/SG]4s specimen showing (a) failure on the compression side and (b) failure on the tension side.







As shown in Figure 5.12a, the failure pattern on the compression side for [SG/TC351/SG]4s contained splitting along the fibre direction and delamination while  dense fragmentation and dispersed delamination are observed on the tension side as shown in Figure 5.12b. The damage consists of ply splitting along the fibre direction distributed across the width and localized surface delamination typically found on fibre composites with a tough matrix under flexural loading [133], [29].   Ply splitting is likely to be involved in both  the glass and carbon fibre failure under compressive loading. As observed from the experimental work, ply splitting coincides with the development of the plateau on the force-strain curve in Figure 5.11 for the [SG/TC351/SG]4s configuration. This could also suggest that the gradual development of ply splitting is partially responsible for the occurence of the plateau. Another responsible damage mechanism leading to the development of the plateau is fragmentation of the carbon from the tension side. When multiple fractures of  the ply occur as it fragments, the hybrid will lose the stiffness contribution from the carbon ply and thus the slope will change.  



		

		



		(a)

		(b)



		Figure 5.13. Image of a typical failed [SG/TC352/SG]4s specimen showing (a) failure on the compression side and (b) failure on the tension side.







Figure 5.13(a) shows the compression failure pattern of the [SG/TC352/SG]4s configuration which includes fracture across the whole width (marked by the red rectangle) and ply splitting along the fibre direction. More extensive delamination areas, as shown in Figure 5.13(b), were found on the tension side for this hybrid compared to the [SG/TC351/SG]4s configuration. The extensive delamination is due to the higher energy release of the [SG/TC352/SG]4s configuration.  

Since non-linearity was observed for the [SG/TC351/SG]4s and [SG/TC352/SG]4s configurations under four-point bending, the force-displacement curve for both hybrids  is shown in Figure 5.14 for examination. For the [SG/TC352/SG]4s hybrid, there is a non-linear response before the knee-point and this behaviour is due to geometrical non-linearity of the hybrid specimens at large deflections. While for the [SG/TC351/SG]4s hybrid, there is a continuous change of slope without a pronounced knee-point until it reaches around 800 N after which a plateau developed.  At a constant load of around 800 N, the displacement increases from around -18 mm to -25 mm as shown in Figure 5.14 which indicates geometrical non-linearity at large deflections and fragmentation of the carbon ply from the tension side .     



		



		Figure 5.14. Force-displacement curve for [SG/TC351/SG]4s and [SG/TC352/SG]4s configurations.







Because different regions of the hybrid specimens through the thickness are being subjected to tension and compression, it would be interesting to study the damage sequence under four-point bending. This could be done by assessing the evolution of the neutral axis based on the strain gauge measurements during four-point bending. Figure 5.15 shows the evolution of the neutral axis with increasing tensile strain for the [SG/TC351/SG]4s configuration. The neutral axis shift shown in Figure 5.15 calculated from the surface strains is measured from the bottom tensile surface. This method to calculate the neutral axis shift is also applied to the other hybrid configuration.     



		



		Figure 5.15. Neutral axis evolution with increasing tensile strain for [SG/TC351/SG]4s configuration. 







As seen in Figure 5.15, there is no obvious shift of the neutral axis during the loading which made it difficult to determine the damage sequence. This could be attributed to the fact that the damage in the carbon layers, fragmentation and delamination, is not sufficient to cause a shift of the neutral axis.  Typical damage pattern for the [SG/TC351/SG]4s  hybrid from the edge of the specimen is seen in Figure 5.16.

		



		Figure 5.16. Typical damage for [SG/TC351/SG]4s hybrid shown from the edge of the specimen (both glass and carbon fibre fractured).







As seen from Figure 5.16 there is glass and carbon fibre  failure and delamination on the compression side. The fibre fracture itself is also responsible for the ply splitting experienced by this hybrid. The average thickness of the delaminated part is 0.185 mm which can be related to the total thickness of the top glass and the top carbon layers on the compression side.

To further study the damage sequence of the [SG/TC351/SG]4s configuration, an interrupted test of one specimen from this hybrid type was conducted at -20 mm displacement. The edge of this specimen was then observed under optical microscopy to see if there was any fragmentation on the tension side.  Before being observed by optical microscopy, the edge was ground and polished.  





		



		Figure 5.17. Optical image of [SG/TC351/SG]4s specimen taken from the tension side after being loaded until -20 mm.









Figure 5.17 shows the tension side of the hybrid specimen indicating carbon fibre failure/fragmentation (marked by the red rectangles) and an enlarged image of the carbon fibre failure which shows that the fracture runs perpendicular to the fibre direction. The dark areas around the glass plies (marked by the red circles) shown in Figure 5.17 are left over contamination from the polishing machine. It is suggested from Figure 5.17 that damage in the carbon layers initiated from the tension side but due to the relatively low carbon/epoxy volume ratio, the damage was not sufficient to cause a shift in the neutral axis. 

From microscopy examination of this hybrid, no clear indication of  carbon fibre kinking was found on the compression side for  the [SG/TC351/SG]4s hybrid configuration. 

Figure 5.18 shows the evolution of the neutral axis with increasing tensile strain for the [SG/TC352/SG]4s configuration. The neutral axis in Figure 5.18 is measured from the bottom, tensile surface.  It is shown in Figure 5.18 that there is a slight upward shift of the neutral axis towards the compression side due to fragmentation of the carbon plies on the tension side. Examining the neutral axis shift in  Figure 5.18, the tensile strain in which the shift occurred is at an average strain of 2.290%. This strain also corresponds to the average knee-point strain shown in Figure 5.11. 

		



		Figure 5.18. Neutral axis evolution with increasing tensile strain for [SG/TC352/SG]4s configuration. 







As shown in Figure 5.18, There is a neutral axis shift towards the compression side due to fragmentation on the tension side. The shift of the neutral axis towards the compression side will likely reduce the strain increase on the compression side. This behaviour leads to a delay of the final failure on the compression side for the [SG/TC352/SG]4s hybrid. To study the damage pattern of this hybrid, a microscopy image taken from the edge of a failed [SG/TC352/SG]4s specimen is shown in Figure 5.19.

		



		Figure 5.19. Typical damage for [SG/TC352/SG]4s hybrid shown from the edge of the specimen.







A typical damage shown in Figure 5.19 is fibre fracture and delamination on the compression side. The ply splitting experienced by this hybrid also incorporates fibre fracture. The average thickness of the delaminated part is 0.368 mm which can be related to one hybrid sub-laminate on the compression side. The thickness of the delaminated part of this hybrid is thicker than the [SG/TC351/SG]4s because there are two carbon plies and the glass failed on both sides of the carbon plies. The failed glass plies could also indicate carbon failure on both sides due to compressive stress but more work is needed to verify this statement.

An interrupted test of one specimen from the [SG/TC352/SG]4s hybrid configuration was conducted under four-point bending at -18 mm (which has passed the knee-point) when the test was stopped. The edge of the specimen was examined by optical microscopy and the image is presented in Figure 5.20, showing the failed/fragmented carbon fibres (marked by the red rectangles) on the tension side. Most of the fragmented carbon fibres shown in Figure 5.20 have a fracture running perpendicular to the fibre direction as found in the [SG/TC351/SG]4s hybrid. 

From the microscopy examination on the compression side for this hybrid, no clear indication of carbon fibre kinking was found. Further work is needed to fully understand the carbon fibre failure on the compression side for both [SG/TC351/SG]4s and [SG/TC352/SG]4s hybrides. 

		



		Figure 5.20. Optical image of [SG/TC352/SG]4s specimen taken from the tension side after being loaded until -18 mm.







It is worth mentioning that no fragmentation of the carbon plies on the compression side has been observed for the [SG/TC351/SG]4s or [SG/TC352/SG]4s configurations under four-point bending which could mean that the change of slope and shifting of the neutral axis is likely due to carbon ply fragmentation from the tension side. The comparison between the knee-point and failure strain of the symmetric TC35/S-glass hybrid composites obtained from tension, bending and indirect compression is shown in Table 5.8. It should be noted that the knee-point strain was not observed from the indirect compression test of this hybrid configuration as shown in Figure 5.9. The knee-point and failure strain in tension is obtained from Table 5.7. The calculated elastic thermal residual strains for the [SG/TC351/SG]4s and [SG/TC352/SG]4s configurations is -0.032% and -0.026% respectively which has been considered for the knee-point and failure strains shown in Table 5.8.  







Table 5.8. Comparison between bending, tensile, and indirect compression response of [SG/TC351/SG4]4s and [SG/TC352/SG]4s configurations (the number in the bracket indicates the coefficient of variation in %).



		Designation

		No. of specimens

		Knee-point strain

[%]

		Failure strain

[%]



		

		

		

		

		

		



		

		

		

		Bending

		

		Bending

		IDCa



		

		

		Tension

		Tension

		Comp.

		Tension

		Tension

		Comp.

		



		[SG/TC351/SG]4s

		5

		2.340

(2.9)

		-

		-

		3.411

(8.7)

		3.060

(5.0)

		-2.988 (3.2)

		-



		[SG/TC352/SG]4s

		5

		1.950

(7.1)

		2.290

(9.2)

		-2.20

(8.8)

		2.890

(11)

		2.642

(8.7)

		-2.692 (5.3)

		-2.665b





a IDC = Indirect compression.

b failure strain result from one asymmetric hybrid specimen.



	It should be noted that the knee-point and failure strains for the [SG/TC351/SG]4s and [SG/TC352/SG]4s configurations shown in Table 5.8 are calculated for the top level of the carbon ply under compression and bottom level of the carbon ply under tension. As seen from Table 5.8, the knee-point strain in the tension and compression side for the [SG/TC352/SG]4s configuration is higher compared to the knee-point strain obtained from the static tensile testing. It is known that the higher strength in bending than in tension can be explained in terms of Weibull statistical strength theory [146]–[149]. It is assumed that the strength depends on critical defects which are statistically distributed. For the bending case, a much smaller volume of material is being subjected to the maximum stress than in a tension test. Due to this smaller volume, the chances of a critical defect are lower and thereby the strength is higher. The relationship between bending and tensile strength taking account of the different stressed volumes according to Weibull strength theory can be explored through Equation 5.1 [147] :



		

		(5.1)







 	Where Sb and St are the mean strengths of the two specimens which can be expressed in either stress or strain to failure, Vt and Vb are the volumes and m is the Weibull modulus, which is a measure of the variability in the material.  The Weibull modulus (m) considered in this work is the modulus obtained for TR30/S-glass hybrid which is 25.3 [150]. Although the Weibull modulus used in Equation 5.1.  is from another hybrid system, for a qualitative explanation of the size effect in the TC35/S-glass and M55/S-glass hybrid, it is sufficient to use this number.  To examine the size effect in the hybrid specimens under bending, the knee-point strain results from the tension and bending tests shown in Table 5.6 are compared with the strain ratio calculated from Equation 5.1. It should be noted that the work in this chapter is not intended to quantify the exact strain ratio in bending for the hybrid systems.   The volumes for the tensile and bending specimens for the [SG/TC352/SG]4s are calculated as follow. It should be noted that only the thickness of the carbon plies is taken into account because the Weibull modulus is applicable for brittle failure and each fragmentation established at the knee-point is a brittle failure.



For the tensile specimen, only the thickness of the two central carbon plies (t) is taken into account:

		t

		w

		Lg

		



		(mm)

		(mm)

		(mm)

		(mm3)



		0.06

		20

		130

		156







For the bending specimen, only the thickness of the two carbon plies (t) on the tension side is taken into account, assuming constant stress in the ply:

		t

		w

		Lg

		



		(mm)

		(mm)

		(mm)

		(mm3)



		0.06

		8

		30

		14.4







Having knowledge of the [SG/TC352/SG] specimen’s geometry for tension and bending, the knee-point strain ratio obtained from the experimental is compared with the theoretical ratio calculated by using Equation 5.1 and shown in Table 5.9. The experimental knee-point ratio is the ratio between the knee-point strain on the tension side of the bending specimen and knee-point strain obtained from tensile testing.



Table 5.9 Comparison between knee-point strain ratio for [SG/TC352/SG] configuration.

		Designation

		Vt

(mm)

		Vb

(mm)

		m

		Knee-point ratio (experimental)

		Knee-point ratio

 (theoretical)



		[SG/TC352/SG]4s

		156

		14.4

		25.3

		1.17

		1.10







The knee-point ratio in Table 5.9 implies that the higher knee-point strain in bending could be partly attributed to the size effect present in the hybrid specimen. It is also well known that a “hybrid effect” is present for the hybrid specimen under tensile loading where growth of a broken carbon cluster is restrained but the importance of this “hybrid effect” in bending is not  understood yet. Further work is required to study the contribution of the “hybrid effect” in bending for the UD thin-ply hybrid composites.   



5.3.4	 Flexural response of symmetric M55/S-glass hybrid configuration

	For the [SG/M551/SG]4s and [SG/M552/SG]4s configurations, the force-strain response under four-point bending is shown in Figure 5.21. It should be noted that the strain in Figure 5.21 is calculated for the top level of the carbon layer on the compression side and the bottom level of the carbon layer on the tension side. 

		



		Figure 5.21. Force-strain curves for [SG/M551/SG]4s and [SG/M552/SG]4s configurations.





	

For both hybrid configurations shown in Figure 5.21, there is an initial linear elastic response which is followed by a non-linear response. There is an initial change of slope at an average strain of -0.540% and -0.529% for [SG/M551/SG]4s and [SG/M552/SG]4s respectively, which is attributed to fragmentation of the carbon plies on the compression side. Fragmentation of carbon plies in  compression has also been reported by Czel et al. [88] and in Chapter 4 in this thesis in an asymmetric M552/S-glass hybrid configuration tested under four-point bending with the carbon plies on the compression side. From his work, it was observed that the fragmentation of carbon plies in compression occurred at -0.513% strain.  Fragmentation of carbon plies under direct compression of [SG1/(Cn/SG1)17], where n is the number of carbon plies, has also been presented in Chapter 4. It was discovered that under direct compression, fragmentation of carbon plies for n = 1 and n = 2 carbon plies occurred at -0.555% and -0.554% strain respectively. All those mentioned fragmentation strain values have been corrected for residual thermal elastic strain. Comparing the similar values of fragmentation strain from Czel et al. [88] and Suwarta et al. [151] and from Chapter 4  in this work, it can be concluded that those values represent the compressive strain at failure for M55 carbon fibre/epoxy.

From Figure 5.21, it is seen that for the [SG/M551/SG]4s configuration, a second knee-point on the tensile side occurred at an average strain of 0.940%. While for the [SG/M552/SG]4s configuration, a second knee-point on the tension side occurred at an average strain of 0.922%.  Both of those second knee-points are attributed to the fragmentation of the carbon plies on the tension side. The method to determine the first and second knee-point strain is shown in Figure 5.22.

		



		Figure 5.22. Method to determine the first and second knee-point strain for [SG/M551/M55]4s and [SG/M552/SG]4s.







As seen from Figure 5.21, there are repeated load drops after the second knee-point for both hybrid configurations. For the [SG/M552/SG]4s configuration, the load drops are more pronounced compared to the [SG/M551/SG]4s configuration, and this behaviour is similar to the [SG/M552/SG] hybrid tested in static tensile loading shown in Figure 5.6. Those load drops are associated with repeated fragmentation and dispersed delamination in the hybrid composite. The images of the failed hybrid specimens under four-point bending are shown in Figure 5.23 and Figure 5.24 for [SG/M551/SG]4s and [SG/M552/SG]4s respectively.



		

		



		(a)

		(b)



		Figure 5.23. Image of the failed [SG/M551/SG]4s specimen showing (a) failure on the compression side and (b) failure on the tension side.





The failed [SG/M551/SG]4s hybrid specimen in Figure 5.23(a) shows the compression failure pattern which contained ply splitting along the fibre direction. The ply splitting also incorporates fractured fibres. As also seen in Figure 5.23(a) , there  are fractured fibres distributed randomly across the width, while the fragmentation and dispersed delamination on the tensile side are shown in Figure 5.23(b) for the same hybrid specimen. The fragmentation on the tensile side was responsible for the repeated load drops for the [SG/M551/SG]4s   configuration as shown in the force-strain curve in Figure 5.21. 



		

		



		(a)

		(b)



		Figure 5.24. Image of the failed [SG/M552/SG]4s specimens showing (a) failure on the compression side and (b) failure on the tension side.





	

In contrast with the [SG/M551/SG]4s configuration, the tensile failure pattern for the [SG/M552/SG]4s  configuration shows  extensive delamination in Figure 5.24(b). This is due the higher mode II energy release rate for the hybrid with thicker M55 carbon layers. There is also ply splitting due to broken fibres distributed randomly across the width as also found in the [SG/M551/SG]4s hybrid. 

		



		Figure 5.25. Force-displacement curve for [SG/M551/SG]4s and [SG/M552/SG]4s configurations.





	

The force-displacement curves shown in Figure 5.25 for both hybrid configurations indicated that before the specimens reached large deflections, there was a change in the slope due to fragmentation on the compression and tension sides. The evolution of the neutral axis during four-point bending for the [SG/M551/SG]4s and [SG/M552/SG]4s configurations is shown in Figure 5.26 and Figure 5.27 respectively to help explain the damage sequence.

		



		Figure 5.26. Neutral axis evolution with increasing tensile strain for [SG/M551/SG]4s configuration.





	

As seen in Figure 5.26, there is a neutral axis shift towards the tension side when the carbon plies fragmented on the compression side. The shift occurred at around -0.540% which corresponds to the average first knee-point strain for the [SG/M551/SG]4s configuration. The neutral axis continues to shift towards the tension side with further fragmentation on the compression side. After reaching an average strain value of 0.940% on the tension side, fragmentation on the tension side occurred causing a shift of the neutral axis back towards the compression side as shown in Figure 5.26. With further loading, there is no further shift of the neutral axis until final failure on the compression side was reached.   The overall gradual failure for this hybrid is partly due to fragmentation of the carbon ply on the compression side. Shifting of the neutral axis due to fragmentation on the tension side is likely to slow down the strain decrease on the compression side.  This will result in a delay of the final failure on the compression side.  

To study the damage pattern of this hybrid, a microscopy image taken from the edge of a failed [SG/M551/SG]4s specimen is shown in Figure 5.27. There is carbon and glass fibre fracture with delamination on the compression side. The fibre fracture itself is also responsible for the ply splitting experienced by this hybrid. The average thickness of the delaminated part is 0.186 mm which can be related to the total thickness of the top glass and top carbon layer on the compression side.



		



		Figure 5.27. Typical damage for [SG/M551/SG]4s hybrid shown from the edge of the specimen.







		



		Figure 5.28. Neutral axis evolution with increasing tensile strain for [SG/M552/SG]4s configuration. 





	

The neutral axis evolution of the [SG/M552/SG]4s configuration is shown in Figure 5.28. The initial neutral axis shift for [SG/M552/SG]4s also occurred when the carbon plies fragmented on the compression side at an average strain of -0.529% which again corresponds to the first knee-point strain shown in Figure 5.21. With further fragmentation from the compression side, the neutral axis continues to shift towards the tension side. When the average tensile strain of this hybrid configuration reaches 0.922%, fragmentation of the carbon plies on the tension side occurred, causing the neutral axis to shift back towards the compression side. This behaviour will result in delay of the final failure on the compression side for the  [SG/M552/SG]4s hybrid.   As seen in Figure 5.28, it seems that there is a greater shift of the neutral axis during fragmentation of the carbon plies on the tension side than in the [SG/M551/SG]4s hybrid. This is likely because there is more damage, fragmentation and delamination, on the [SG/M552/SG]4s hybrid due to the 

greater number of carbon plies which act as damage sites.  This behaviour continues until failure on the compression side occurred. Typical damage for the [SG/M552/SG]4s hybrid from the edge of the specimen is shown in Figure 5.29. There are delaminations on the compression and tension side for this hybrid configuration. The average delamination thickness on the compression side is 0.372 mm which is related to the first hybrid sub-laminate on the compression side, [SG/M552/SG]. While, on the tension side, the average delamination thickness is 0.215 mm. Delamination on the tension side for this hybrid is due to the high energy release rate when  incorporating thicker central carbon layers.  The delaminated thickness is higher on the compression side compared to the tension side because the compressive failure fractured the glass ply on both side of the carbon as well.



		



		Figure 5.29. Typical damage for [SG/M552/SG]4s hybrid shown from the edge of the specimen.









		



		

Figure 5.30. Optical image of [SG/M552/SG]4s specimen after being loaded until -14 mm.





	

Figure 5.30 shows an optical image taken from the edge of a [SG/M552/SG]4s specimen after it was loaded under four-point bending until -14 mm. By looking at the force-displacement curve in Figure 5.25 for [SG/M552/SG]4s , this displacement was chosen because fragmentation on the tensile and compression side has already occurred. From this point of view, it would be interesting to study the different damage morphology of the M55 carbon fibre due to tensile and compressive loading respectively. It should be noted that the N.A. notation in Figure 5.30 is the neutral axis which passes through the glass/epoxy plies, while C and T notation refers to compression and tension regions respectively. The different fracture patterns of the carbon fibre on the compression and tension regions are shown in the enlarged images in Figure 5.30.  On the compression side, the carbon fibre fractured at an angle while the carbon fibres on the tensile side are fractured perpendicular to the fibre direction. Examining the fracture on the tension side, it is seen that the fractures on the carbon fibre are randomly distributed which shows the strength distribution of carbon fibres . With further loading, the carbon layers which failed at an angle on the compression side could cause delamination between the glass and carbon plies. This mechanism is also explained in Chapter 4 which discusses the direct compression response of unidirectional thin-ply hybrid composites made of M55/epoxy and S-glass/epoxy plies.  

	The comparison between the knee-point and failure strains of the symmetric M55/S-glass hybrid composites obtained from tension, bending and direct compression is shown in Table 5.10. The knee-point and failure strains in tension are obtained from Table 5.7. The calculated thermal residual strains for the [SG/M551/SG]4s and [SG/M552/SG]4s configurations are -0.022% and -0.013% respectively which have been considered for the knee-point and failure strain shown in Table 5.10. It should be noted that the direct compressions strain values are obtained from Chapter 4. It is worth mentioning that five specimens for each [SG/M551/SG4]4s and [SG/M552/SG]4s configurations were tested in four-point bending. The notation DC in Table 5.10 refers to the direct compression testing of [SG1/(Cn/SG1)17] where n is the number of carbon plies which  is either 1 or 2.



Table 5.10. Comparison between bending, tensile, and direct compression response of [SG/M551/SG4]4s and [SG/M552/SG]4s configurations (the numbers in the brackets indicate the coefficients of variation in [%]).



		Designation

		First knee-point

[%]

		Second knee-point

[%]

		Failure strain



		

		

		

		[%]



		

		

		Bending

		

		Bending

		Bending

		



		

		DC

		Tension

		Comp.

		Tension

		Tension

		Comp.

		Tension

		Comp.

		DC



		[SG/M551/SG]4s

		-0.555

(3.5)

		0.520

(3.3)

		-0.540

(1.4)

		0.840

(1.3)

		0.940

(1.9)

		-0.982

(2.3)

		2.620

(8.5)

		-2.780

(9.7)

		-2.15

(8.1)



		[SG/M552/SG]4s

		-0.554

(3.4)

		0.512

(1.9)

		-0.529

(3.8)

		0.800

(2.1)

		0.922

(6.5)

		-0.960

(6.7)

		2.030

(7.6)

		-1.850

(14)

		-1.44

(8.7)







As seen in Table 5.10, the values for the first knee point between the results obtained from direct compression and bending testing for both configurations are similar, from which again it can be concluded that this value is the  failure strain of M55 carbon fibre under compression. The second knee point in Table 5.10 refers to the fragmentation of carbon plies on the tension side of the bending specimen. Comparing these values with the ones obtained from static tension testing, the strain at which fragmentation occurred on the tension side during four-point bending is higher compared to the fragmentation strain in tension. To examine the size effect in the hybrid configuration shown in Table 5.10, the theoretical second knee-point ratios on the tension side are calculated by using Equation 5.1. The volumes for the tensile and bending specimens for the [SG/M551/SG]4s and [SG/M551/SG]4s   are calculated as follow:

For [SG/M551/SG]4s  tensile specimen:

		T

		w

		Lg

		



		(mm)

		(mm)

		(mm)

		(mm3)



		0.03

		20

		130

		78







For [SG/M551/SG]4s  bending specimen:

		T

		w

		Lg

		



		(mm)

		(mm)

		(mm)

		(mm3)



		0.03

		8

		30

		7.2







For [SG/M552/SG]4s  tensile specimen:

		T

		w

		Lg

		



		(mm)

		(mm)

		(mm)

		(mm3)



		0.06

		20

		130

		156





For [SG/M552/SG]4s  bending specimen:

		T

		w

		Lg

		



		(mm)

		(mm)

		(mm)

		(mm3)



		0.06

		8

		30

		14.4







The comparison between the experimental second knee-point ratio on the tension side with the theoretical calculated from Equation 5.1 is shown in Table 5.11.



Table 5.11. Comparison between knee-point strain ratio for [SG/M551/SG] and [SG/M552/SG].

		Designation

		Knee-point ratio (experimental)

		Knee-point ratio

 (theoretical)



		[SG/M552/SG]4s

		1.11

		1.10



		[SG/M551/SG]4s

		1.15

		1.10







 The knee-point ratio shown in Table 5.11 indicates that the second knee-point strain in bending is higher compared to the tension knee-point strain as also found in Section 5.3.3 for the 

[SG/TC352/SG] configuration and could be due to the size effect present in the hybrid specimen.    The final failure strain on the compression side for the bending specimen is higher compared to the failure strain obtained from direct compression. This could be attributed to the shifting of the neutral axis towards the compression side due to fragmentation of the carbon ply on the tension side.  



5.4 Conclusions

This chapter has presented the mechanical properties of unidirectional thin-ply hybrid composites subjected to four-point bending and tension. The effect of different hybrid configurations was examined. The following was concluded:

1. Gradual failure has been obtained for [SG/M551/SG]4s, [SG/M552/SG]4s,  [SG/TC351/SG]4s ,  [SG/TC352/SG]4s under four-point bending. 



2. The sequence of damage mechanisms for the [SG/TC351/SG]4s and [SG/TC352/SG]4s hybrid configurations was carbon ply fragmentation and stable delamination on the tension side and the final failure was sudden compressive failure due to fibre failure followed by delamination.



3. For the [SG/M551/SG]4s and [SG/M552/SG]4s hybrid configurations, the damage started from the compression side in the form of carbon ply fragmentation and stable delamination followed by fragmentation and stable delamination on the tension side. The final failure observed for this hybrid configurations occurred on the compression side due to delamination between the glass and carbon layers propagating from the fragmentations. 



4. The evolution of the neutral axis could be used to assess the damage sequence of hybrid composites during four-point bending.



5. The shift of the neutral axis towards the compression side will likely reduce the strain increase on the compression side. This behaviour leads to a delay of the final failure on the compression side for the hybrid configurations.



6. A high fragmentation strain on the tension side of the bending specimens was obtained for [SG/TC352/SG]4s and [SG/M551/SG]4s, [SG/M552/SG]4s. This value is higher than the fragmentation strain to failure obtained from the static tensile testing. This behaviour could be attributed to a size effect present in the bending specimens. Further work is required to study the contribution of the “hybrid effect” in bending for the UD thin-ply hybrid composites.    









































Chapter 6   Fatigue Response of Unidirectional Thin-Ply Hybrid Composites

6.1 	Introduction

	Pseudo-ductility was observed in static tensile response of unidirectional (UD) thin-ply interlayer hybrids made from thin-ply carbon/epoxy plies sandwiched between standard thickness glass/epoxy plies, due to the fragmentation of the carbon plies and dispersed delamination between the carbon/glass interfaces as shown in Chapter 3 and Chapter 5 of this thesis. 

Structural components made of hybrid fibre composites are often subjected to cyclic loading and understanding their long-term behaviour is important as this could help to predict their lifetime and schedule future maintenance. Several authors, [94], [97], [152], have reported experimental results for the fatigue behaviour of UD hybrid composites made of  a combination of high strain and low strain fibres. They were fatigued between 40% and 90% of their respective ultimate tensile strength.  The UD hybrid composites in their experiments, [94], [97], [152], showed an improvement regarding  the number of life cycles compared to the parent constituent material. They attributed this behaviour to the higher strain fibres which prevented further rapid crack extension from the first failed lower strain fibres. This led to slower fatigue damage propagation and enhanced the number of cycles to failure.  

A separate work to study the tensile fatigue behaviour of thin-ply quasi-isotropic (QI) carbon laminates by Sihn et al. [153] reported superior mechanical properties (higher residual tensile strength) compared to the quasi-isotropic thick ply laminates up to 50000 cycles at 60% of the ultimate tensile strength of the QI thin specimens. The reason behind this is the absence of microcracks and delamination for the thin-ply specimens due to the low energy release rate.

A power-law relation between delamination growth and energy release rate was discovered by O’Brien [154] for a QI carbon composite when it was tension fatigued. At the three-fatigue loading levels, 86%, 93% and 100% of the maximum failure strain, the delamination grew from the edge of the specimen towards the centre. A linear relation between the stiffness loss and delamination growth was also observed and based on this, measurement of stiffness was also proposed to determine the extent of damage during fatigue loading.

This chapter differs from other work on the fatigue of hybrid composites e.g. [94], [97], [152], as fragmentation of the stiffer constituents never occurred on their specimens during fatigue loading.   This chapter is also the first detailed characterisation of the fatigue behaviour of UD thin-ply carbon/glass hybrid composites. Two scenarios are investigated: (1) before any damage is introduced (pristine hybrids) and (2) after the introduction of damage (overloaded hybrids). Based on this study, a safe fatigue load level for UD thin-ply carbon/glass hybrid composites together with damage evolution characterisation and the relation between energy release rate and damage growth is presented. 

6.2	Experimental methods

6.2.1 	Materials

	The hybrid composite constituent materials considered for the design and used in the experimental part of the study were a) standard thickness unidirectional (UD) prepreg made of S-glass reinforced epoxy supplied by Hexcel and b) thin ply UD prepreg made from carbon reinforced epoxy commercially available from SK Chemicals under the trade name of SkyFlex USN020A. The epoxy resin systems in the prepregs were the aerospace grade 913 (Hexcel) and K50 (SK Chemicals). Material data of the applied fibres and prepreg systems used in this chapter is described in Chapter 5, Subsection 5.2.1. The measured thickness for the hybrid configuration in this chapter is similar to the measured thickness of [SG/TC352/SG] hybrid mentioned in Table 5.4 in Chapter 5.



6.3	Test procedure

	Static tension and tension-tension fatigue tests were performed on the UD interlayer thin-ply hybrid laminates at room temperature on a computer controlled Instron 8872 type 25 kN rated universal hydraulic test machine with wedge type hydraulic grips. For the static tests, the hybrid specimens were loaded in uniaxial tension under displacement control using a crosshead speed of 2 mm/min. Five specimens were tested in static tension to determine the fragmentation initiation stress level referred to as the knee-point stress (σk). The knee-point stress (σk) together with the strain (εk) are found from the intersection of lines fitted to the initial linear (red line) and plateau (green line) parts of the stress-strain curve as shown in Figure 6.1.  The saturated stress (σs) and strain (εs) shown in Figure 6.1. are determined by the intersection of lines fitted to the plateau (green line) and the second rising parts (blue line) of the stress-strain curve. The notation knee-point (k) and saturated (s) are the damage states of the hybrid during tensile loading which is explained in Section 6.7.1. The inserted image of a damaged hybrid specimen shown in Figure 6.1. displays localized delaminations surrounding the carbon ply cracks. Well bonded areas appear black and the locally delaminated areas just around the cracks in the carbon layer are visible as the lighter areas due to the translucent nature of the glass/epoxy outer layers of the hybrid laminate. The formation of the well bonded areas is already explained in Chapter 3. It should be noted that the inserted image in Figure 6.1 was recorded using a video gauge system. 

		



		Figure 6.1. Typical stress-strain response of [SG/C2/SG] configuration displaying σk and εk as the knee-point stress and strain. The inserted image shows the damage state of the specimen at 3.4% strain.







The fatigue testing was performed for two different scenarios, pristine and overloaded hybrid laminates. The pristine specimens were fatigued at two different stress levels below σk (90% and 80%). For the pristine case, four specimens for each load level were tested. It should be noted that the knee-point stress (σk) used as a reference in the case of fatigue testing of pristine specimens is taken from an average value of five hybrid composites tested in static tensile loading. To pre-fracture the other specimens, uniaxial static tensile loading was performed on the specimens under displacement control using a crosshead speed of 0.5 mm/min. The tests were stopped when the delaminated area had covered around 10%-20% of the total surface area. They were then fatigued at three load levels (90%, 80%, 70% of σk of the particular specimen). In the case of the overloaded hybrid, four specimens each were tested at 90% and 80% load levels respectively while for the 70% load level; three specimens were tested. All fatigue tests were conducted under load control by applying a sinusoidal load around the mean load at a frequency of 2 Hz and a stress ratio (R=σmin/σmax) of 0.1. Strains were measured using an Imetrum video gauge system with a nominal gauge length of 130 mm. Overall videos were recorded at increasing numbers of cycles by a video gauge camera with 5 Megapixel resolution and it allows a precision of measurement down to 0.01% strain. The video gauge records with a speed of  17 frames per second.  The delaminated area was evaluated from the recorded images by using a MATLAB code. 

6.4	Delamination area measurement technique

The growth of delamination area during fatigue loading is an important damage parameter. Since the delaminated area for UD thin-ply hybrid composites is visible as explained in Section 6.3, it is possible to capture the delamination growth area and measure it.  The delamination area was measured from the images collected by the video gauge using an in-house compiled MATLAB code. The images, acquired in grayscale by the Imetrum system (Figure 6.2a), were imported in Matlab and cropped to cover only the specimen gauge length (Figure 6.2b). Finally, they were converted into binary black and white images using a predefined threshold (Figure 6.2c). The delaminated area was calculated by counting the white pixels; a scaling factor (dimension mm2/pixel) allows to calculate the delaminated area in mm2. To calculate the average delamination length in mm during fatigue loading, the delaminated area is divided to the nominal width of the hybrid specimen. The four white dots shown in  Figure 6.2a were used to track the uniaxial strain using the video gauge system during the static loading.





		



		Figure 6.2.  Image conversion process to determine the delamination area.







6.5	Stiffness reduction due to delamination

During uniaxial fatigue loading, the longitudinal stiffness (EN) of composite laminates degrades as damage develops [155], [156]. Because stiffness loss is easily measurable and it is a direct indication of damage, it has been proposed as a fatigue failure criterion [157]. In this work, the equation developed by O’Brien [154] to predict the stiffness loss due to delamination in composite laminates is used as shown in Equation 6.1. This equation is developed based on a simple rule of mixtures.  



		

		(6.1) 







Where Eo, is the initial stiffness of the hybrid laminate before delamination of the central carbon layer, Ef   is the final stiffness of the hybrid laminate after the central carbon layer is fully delaminated, EN   and   AN is the stiffness and delaminated area at a certain number of cycles, Ao is 

the total interfacial area. Eo and Ef  can be expressed as in Equation 6.2 and Equation 6.3 respectively [61]:



		

		(6.2)









		

		(6.3)







From Equation 6.1, the stiffness at a certain number of cycles is given as in Equation 6.4:



		

		(6.4)







Equation 6.4 provides a means to correlate the observed delamination area in the UD hybrid laminate to the measured stiffness reduction. 

6.6	Calculation of the energy release rate

	The strain energy release rate is an important parameter to characterize delamination growth from fragmentations in the carbon plies during fatigue at a constant load level. To calculate the strain energy release rate in terms of the carbon layer stress (σc), Equation 6.5 is adopted from Czel et al. [61]:

		

		(6.5)







Where E and t is the stiffness and nominal cured layer thickness while the subscript g and c refer to the glass and carbon layers respectively. The stress in the carbon layer (σc) can be expressed in terms of the overall applied stress (σ), with the assumption of equal strain through the thickness of the laminate [61]:



		

		(6.6) 







The notation σ in Equation 6.6  is defined as the applied fatigue stress level which was 90%, 80% and 70% of σk. Delamination growth under fatigue loading can be described with respect to a cyclic energy release rate (ΔG) [158]:



		

		(6.7)







Where Gmax and Gmin refer to the strain energy release rate at the maximum stress (σmax) and minimum stress (σmin).



6.7	Results and discussion

6.7.1	The static tensile behaviour of the UD thin-ply hybrid composites



Figure 6.1 shows a typical stress-strain curve of the UD interlayer thin-ply hybrid composites under static tension. During tensile loading, a recorded video taken from the specimen by the strain measurement system was visually studied to determine the first carbon layer fracture. 

The first appearance of carbon layer fracture of this hybrid composite is at 1.95% strain which is an average value of five specimen measurements. Starting from 2.00% strain, which is the knee-point strain (εk), a process of multiple carbon layer fragmentation was established resulting in a plateau on the stress-strain curve in Figure 6.1.  The initial carbon layer fracture and the start of fragmentation occurred at higher strain than the manufacturer’s data sheet failure strain of 1.60% as shown in Chapter 5. This could be attributed to the constraint provided by the adjacent glass layers to delay the formation of broken carbon fibre clusters and to delay the establishing of stable fragmentation process. The behaviour itself is known as the ‘hybrid effect’ and detailed explanation of this behaviour is provided by Wisnom et al. [141] which used a statistical strength model and ply level finite element model to explain and quantify the ‘ hybrid effect’. Upon further loading, the localized delaminations grew gradually until they almost completely joined together, with the fragmentation reaching saturation at 2.78% strain (εs), and 1221 MPa stress (σs). After this point, the additional load is carried mainly by the glass layers and the stress rises further until 3.4% strain. The inset in Figure 6.1 shows a specimen after the test has been interrupted at 3.4% strain and the irregular delamination patch sizes shown are due to carbon layer thickness variation where the thicker parts tend to produce larger delamination patches. Table 6.1 summarises the average of the five hybrid specimens tested in static tension loading showing the important parameters such as first carbon fracture strain, knee-point stress and strain used later to determine the fatigue load level in the pristine hybrid case. These values have been corrected for the calculated residual elastic strain in the carbon layer. The coefficient of thermal expansion (CTE) of the UD composite, αcomp, was calculated from  Equation 6.8 adopted from [88]:

		

		(6.8) 







where ,  and  are the volume fraction, the CTE and the elastic modulus of the fibres respectively while  and  are the CTE and modulus of the matrix material. Chapter 5 provides the CTE values for the different fibres which were taken from the product datasheets. For both epoxy matrices in the hybrid composites, typical values of  = 6.10-5 [1/K] and  = 3 GPa were assumed from the general literature. The principal method and detailed equation to calculate the elastic residual strain is shown in Chapter 3 and Appendix A respectively. 

The compressive thermal residual strains were calculated from the equilibrium-force state between the carbon/epoxy and glass/epoxy layers by assuming constant strain through the thickness and a 100 oC temperature difference from the cure temperature to room temperature [88]. The calculated residual elastic strain in the carbon for the presented hybrid configuration is -0.025% and this has been accounted for in the values in Table 6.1 for the strain at first carbon layer failure and at the knee-point strain.



Table 6.1. Results summary of the quasi static tests (Numbers in brackets indicate the coefficient of variation in [relative %]), the strains are corrected for residual strains.



		Specimen Type

		Initial elastic modulus

		Strain at first carbon layer failure

		Strain at knee-point

εk

		Stress at knee-point

σk



		

		[GPa]

		[%]

		[%]

		[MPa]



		[SG /C2/SG]

		53.32 (2.13)

		1.95 (7.08)

		2.00 (4.82)

		1098 (6.77)







The knee-point stress and initial stiffness were evaluated using the nominal thicknesses of the hybrid specimens assuming constant fibre areal densities and fibre volume fractions, neglecting the effect of thickness variation due to variations in resin distribution [159]. 



6.7.2	Fatigue behaviour of the pristine UD thin-ply hybrid composites

6.7.2.1	 Fatigue response

To determine the fatigue loading level where there is no damage in the hybrid laminates, a series of fatigue tests was conducted at two different load levels: 80% of σk which is at 878.4 MPa or in terms of strain level is at 1.60%, and at 90% of σk which in terms of stress and strain is at 988.2 MPa and 1.81% respectively. From the experimental results for the four specimens loaded at 80% of σk, there was no fragmentation observed and a negligible stiffness reduction up until 100000 cycles. From the static tension test results in section 6.7.1, the first carbon fracture was observed at 1.95% strain so when the hybrid composites were fatigued at 1.60% strain level, no fragmentation was observed because the strain was well below that for the first carbon fracture. Because no damage was observed at 80% of σk for the UD pristine hybrid composites, it was not necessary to conduct fatigue testing at 70% of σk for the same specimen type. 

For the fatigue characterisation of the UD pristine hybrid composites at 90% of σk, the specimens were tested until they delaminated. Figure 6.3 shows the typical normalised stiffness reduction (EN/Eo) and normalised delamination growth (AN/Ao) as a function of number of cycles at 90% of σk, where EN is the laminate stiffness at a certain number of cycles and Eo is the initial laminate stiffness at zero cycles. To exclude the effect of thickness variations, EN and Eo were evaluated using the nominal thicknesses of the hybrid specimens.

		   



		Figure 6.3. Typical stiffness reduction and delamination area development for UD pristine hybrid at 90% σk showing the three stages with the transition (Nkp) and final number of cycles (Nfp).







The typical stiffness reduction and delamination development for UD pristine hybrid fatigued at 90% of σk shown in Figure 6.3  indicates three stages. These stages are defined based on the changes in delamination growth and stiffness reduction and this approach was also applied to the overloaded hybrid composites. It should be noted that the fatigue behaviour shown in Figure 6.3 is for specimen 2 mentioned in Figure 6.4.  Initially there was negligible delamination growth in the first stage when the hybrid was fatigued from 0 to 20000 cycles and therefore the stiffness remained constant, but ply splitting took place at the edge of this particular specimen at 20000 cycles, causing a 2% drop of stiffness. Although ply splitting had taken place, the delaminated area was compared against the original area of that laminate. In the second stage, from 22500-35000 cycles, the carbon layers fragmented partially across the width, resulting in a slow localised delamination growth and stiffness loss rate. After reaching a transition point, Nkp, as shown in Figure 6.3, the carbon fragmentations grew across the whole width, resulting in an accelerated delamination growth and stiffness loss rate between 37500 and 44500 cycles at stage 3. The transition point, Nkp, is found from the intersection of lines fitted to stage 2 and stage 3 of the graph as shown in Figure 6.3 .  The fatigue testing was then terminated at final loading cycles, Nfp, when delamination had covered almost the whole area of the specimen. As indicated in Equation 6.4, a linear relation is expected between stiffness loss and the growth of delaminated area, which has been confirmed from this fatigue test and is shown in  Figure 6.4. It should be noted that the initial stiffness was measured experimentally, and the expected final stiffness was calculated from the rule of mixtures in Equation 6.3 considering that the hybrid composites lost the contribution from the central carbon layers. By comparing the first carbon fracture strain from Table 6.1  with the applied strain level at 90% of σk, it is seen that the applied strain level of 1.81% is within the statistical range for carbon fracture to take place, and therefore it is not surprising that fragmentation events occurred during fatigue loading, which were followed by delamination. Due to the low energy release rate of the UD thin-ply hybrid composites determined as explained in Section 6.6, the delamination grew slowly with advancing number of cycles at stage 2. 

Figure 6.4 shows the plot between stiffness loss and delamination growth at 90% of σk along with the predicted stiffness loss calculated by using Equation 6.4 developed by O’Brien [154] based on a simple rule of mixtures. As shown in Figure 6.4, there is an approximately linear relation between the stiffness loss and delamination growth obtained from the experimental results. The deviation in the results shown in Figure 6.4 from the rule of mixtures is due to the different extent of ply splitting between individual hybrid specimens. 



		



		Figure 6.4. Stiffness and delamination area relationship for UD pristine hybrid at 90% of σk.







The predicted relation between stiffness loss and delamination growth calculated from the rule of mixtures shows that at 100% total delamination, the hybrid should have lost 27.70% of its stiffness which yields a final stiffness of 72.30%. The final stiffness of the tested hybrid specimens went below the expected final stiffness without any carbon contribution, due to ply splitting from the edge of the specimens observed during testing. Because the applied strain level at 90% of σk is only 1.81%, well below the strain to failure of glass/epoxy which is 3.98%, the glass fibre  is unlikely to be fractured during fatigue loading or after reaching full delamination. Table 6.2 provides the stiffness loss rate summary at 90% of σk for the UD thin-ply hybrid composites at stages 1, 2 and 3 respectively and the average number of cycles Nkp and Nfp. The stiffness loss rates shown in Table 6.2 are measured by plotting a linear fitted line to the respective data at stage 2 and stage 3 respectively as shown in Figure 6.3. Variability is typically high in fatigue of fibre reinforced composites, but enough specimens have been tested to provide a reasonable overall characterization of the behavior. Comparing the Coefficient of Variation (CV) from Table 6.2 - Table 6.7 , the CV on the final numbers of cycles of 29%-61% is actually quite low compared to other published work , e.g. 57%-166% reported in Wu et al. [94].  While the CV on delamination growth rates of 22%-58% is also low compared to 100%-198% reported in Wisnom et al. [158].



Table 6.2. Stiffness loss rate with transition (Nkp) and final number of cycles (Nfp) summary for all 4 pristine hybrid composite specimens tested at 90% of σk (Numbers in brackets indicates the coefficient of variation in [relative %]).



		Specimen number

		Stage 1

		Stage 2

		Stage 3

		Nkp

		Nfp



		

		%/ 1000 cycles

		%/ 1000

cycles

		%/ 1000 cycles

		Cycles

		Cycles



		1

		-0.00

		-0.45

		-3.66

		35000

		45740



		2

		-0.06

		-0.34

		-4.39

		38190

		44400



		3

		-0.05

		-0.26

		-3.34

		99630

		110000



		4

		-0.04

		-0.42

		-5.47

		33100

		36500



		average

		-0.04 (26)

		-0.36 (23)

		-4.21 (22)

		51480 (62)

		59163 (57)







It is worth mentioning that the individual data for each specimen in Table 6.2 and Table 6.3  which shows the stiffness reduction and delamination area development for pristine hybrid specimens fatigued at 90% of σk is given in the appendix. 



6.7.2.2	 Failure modes

During cyclic loading at 90% of σk, the delamination growth is visible due to the translucent nature of the glass plies. This is an advantage as it is possible to monitor the delamination growth visually. Typical delamination growth as a function of load cycles is shown in Figure 6.5, where in general, there is negligible delamination growth at stage 1, a slow growth of delamination at stage 2, followed by faster growth at stage 3. Between stage 2 and stage 3 delamination growth, there is a transition point which has already been defined in section 6.7.2.1. The summary of delamination growth rates at 90% of σk at the three different stages is shown in Table 6.3. It is worth mentioning that the method to measure the delamination growth rates is also the same as the method to measure the stiffness loss rates mentioned in Section 6.7.2.1. 



Table 6.3. Delamination growth rate summary for all 4 pristine hybrid composite specimens tested at 90% of σk (Numbers in brackets indicates the coefficient of variation in [relative %]).



		Specimen number

		Stage 1

		Stage 2

		Stage 3



		

		%/ 1000 cycles

		% / 1000 cycles

		%/ 1000 cycles



		1

		0.00

		0.85

		13.00



		2

		0.01

		0.64

		13.20



		3

		0.03

		0.44

		8.40



		4

		0.02

		0.76

		17.54



		Average

		0.02 (22)

		0.67 (26)

		13.04 (28)







It is shown in Table 6.3 that there is considerable scatter in the delamination growth rate at all three stages, this behaviour could be attributed to statistical strength distribution of the carbon fibres [141] and the variability in the carbon layer thickness [160] in each hybrid specimen. Figure 6.5 shows typical damage development in a UD pristine hybrid specimen fatigued at 90% of σk, where it is shown that the carbon fractures and delamination at 32500 cycles do not develop across the full width of the specimen. It is also interesting to note that the carbon fractures also develop at different locations within the specimen’s gauge length as seen for the damage development at 32500 cycles in Figure 6.5, because some individual fibres have failed early at those locations and developed into clusters of broken weak fibres via matrix damage or local debonding [119].  Each stage of damage development shown in Figure 6.5 is linked to the specific stiffness loss stage shown in Figure 6.3.
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Figure 6.5. Typical fatigue damage development for pristine UD thin-ply hybrid composite at 90% σk.

Looking at the damage behaviour at 20000 cycles in Figure 6.5, there is an initial very small patch of delamination (as shown by the red circle) and minor ply splitting at the edge of the specimen (shown by the arrow). Although  there is a small delaminated area at 20000 cycles, it was 

not sufficient to cause a stiffness reduction, instead the ply splitting was responsible for the minor stiffness loss. At 32500 cycles,  the small delaminated area increases in size and there is a partial delamination at the bottom left corner (which is near the end tabs). The delamination at the left corner of this specimen grew with a slow rate when cycled from 25000 to 35000 cycles and this refers to stage 2. From 32500 to 35000 cycles, the delamination originating at the left corner accelerated faster compared to the small patch. After reaching 37500 cycles, the partial delamination from the left corner becomes established across the full width of the specimen, indicating that the carbon fracture has also extended.  Ply splitting also took place during cyclic loading from 32500-42500 cycles, where the width of the split grew from approximately 0.4 mm to 3.9 mm. From 37500 to 42500 cycles, the small patch area (as shown by the red circle) grew further, indicating that the corresponding carbon layer fracture has extended, while the delaminated area from the bottom part of the specimen has covered 25 % of the area of the specimen. Small patches of delamination (shown by the green circles) also appeared at 42500 cycles  which originated from fragmented carbon layers. With increasing number of cycles from 42545 to 44425 cycles, the delaminated area which originated from the small patches grew in size along the specimen and eventually covered most of the specimen’s surface at the final stage (44425 cycles). It was also observed that the width of ply splitting extended from approximately 4 mm to 6.6 mm during fatigue loading between 42500 to 44425 cycles. Based on the observed damage from the four hybrid specimens under fatigue  loading at 90% of σk, the stiffness loss shown in Figure 6.3 during fatigue loading is mainly caused by fragmentation of the carbon layers followed by the growth of delamination. At the final stage of fatigue loading, there is still some residual bonding between the carbon and glass layers, visible as narrow black lines running across the width of the specimen. It should be noted that this residual bonding is too small to be able to transfer significant load. 



6.7.3	Fatigue behaviour of the overloaded UD thin-ply hybrid composites



6.7.3.1 	Fatigue response



Figure 6.6 shows typical stiffness loss and delamination growth for an overloaded specimen pre-fractured until 2.3% strain and fatigued at 70% of σk. This load level is chosen to be described first as it is representative of the fatigue behaviour of the other two load levels and allows a higher number of cycles and therefore can give better insight into damage development.    

		



		Figure 6.6. Typical stiffness loss and delamination area development for UD overloaded hybrid at 70% of σk.







The initial normalised stiffnesses on  Figure 6.6 for all the overloaded hybrid composites do not start from 100% as there was already damage introduced in the form of fragmentation and dispersed delamination during the static overload, as shown in Figure 6.7 for the damage state at 0 cycles. It should be noted that the fatigue damage development shown in Figure 6.7 is related to each specific stiffness loss stage shown in Figure 6.6.
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Figure 6.7.Typical fatigue damage development for overloaded UD thin-ply hybrid composites at 70% of σk.



There was a challenge to introduce a consistent extent of damage into the hybrid composites through a controlled static tension loading, and the initial amount of damage in terms of delaminated area between specimens differed. One of the reasons contributing to this behaviour is the local variation in the carbon layer thicknesses, where the hybrid specimens with thinner central carbon layers tend to have a finer distribution of fragmentation and smaller delamination area while for thicker central layers, a coarser distribution of damage was observed. During static tension loading, the initial amount of damage introduced in the hybrid composites was visually monitored. When the delaminated area had covered around 10%-20% of the total surface, the loading was stopped, and this was found to be related to approximately 95%-90% of the initial hybrid composite stiffness. Because there was already initial damage in the hybrid specimens across the full width, when they were fatigued, the normalised stiffness reduction enters directly into the stage of rapid stiffness loss equivalent to stage 3 of the UD pristine hybrid shown in Figure 6.3.  After the delaminated area had covered 55%-89% of the total surface, a transition point, Nko, is reached where the stiffness loss rate decelerates in stage 4 because a reduced area is available for delamination. The transition point, Nko, for the overloaded hybrid is determined from the intersection point of the linear lines fitted to the accelerated stiffness loss at stage 3 and decelerated stiffness loss at stage 4 respectively as shown in Figure 6.6 After this particular specimen delaminated, the fatigue test was kept going until 54000 cycles to see if the glass layers would fail but they did not, so the test was stopped. This shows that the glass layers could still carry the load even after the carbon layers had already fractured and delaminated. This is shown as stage 5 in Figure 6.6, where a lower slope is reached for the stiffness loss and delamination growth rate because only a limited area is available for further delamination to occur and the load is mainly carried by the glass layers. The fatigue testing for the remaining overloaded UD hybrid composites at the three load levels was terminated at the final loading cycles, Nfo, when the specimens were fully delaminated.   

 	The comparison of typical stiffness losses for the three different fatigue load levels for the UD hybrid specimens is shown in Figure 6.8  which indicates the dependency of stiffness loss on load level with significantly faster loss of stiffness at 90% of σk compared to the other two load levels. It is also shown in Figure 6.8 that even when the hybrid composites lose the carbon layers contribution when fatigued at 80% and 90% of σk, it did not fail immediately because the glass layers were still carrying the load. 

		    



		Figure 6.8. Stiffness loss comparison for UD overloaded hybrids at 90%, 80% and 70% of σk.







The three stages of stiffness loss for 80% and 90% of σk are compacted in Figure 6.8 due to the scale chosen but are similar to those at 70% of σk.  For the UD overloaded hybrid specimens fatigued in stage 3, the average stiffness loss rates were -0.66%/1000 cycles, -4.15%/1000 cycles, -11.45%/1000 cycles for 70%, 80% and 90% of σk respectively.  The stiffness loss rate in stage 3 for the UD overloaded hybrid specimens fatigued at 90% of σk is approximately 40% higher than the loss rate for the UD pristine hybrid specimens fatigued at the same load level because there are already more carbon layer fractures in a well distributed pattern which act as sites for delamination propagation. The delamination growth rate is therefore also higher for the UD overloaded hybrids compared to the pristine ones. For all the UD overloaded hybrid specimens tested at the three load levels, the stiffness loss is mainly due to propagation of delamination. As shown in Figure 6.8 the final stiffness of the hybrids went below the expected final stiffness without the carbon contribution due to ply splitting from the edge of the specimen as shown in Figure 6.7 and possibility of glass fibre reinforced epoxy degradation in fatigue. The summary of stiffness loss rates at stages 3, 4 and 5 respectively for overloaded UD thin-ply hybrid composites with transition points (Nko) and final loading cycles (Nfo) described in terms of the number of cycles is shown in Table 6.4.











Table 6.4. Stiffness loss rate with transition (Nko) and final number of cycles (Nfo) summary for overloaded hybrid composites (Numbers in brackets indicates the coefficient of variation in [relative %]).



		Load level [%]

		Specimen

number

		Stage 3

		Stage 4

		Stage 5

		Nko

		Nfo



		

		

		%/ 1000 cycles

		% / 1000 cycles

		% / 1000 cycles

		Cycles

		Cycles



		70

		13

		-0.30

		-0.20

		-

		8240

		72000a



		

		15

		-0.78

		-0.36

		-0.14

		12480

		54000



		

		17

		-0.92

		-0.20

		-0.06

		13470

		82000



		

		average

		-0.66 (48)

		-0.25 (37)

		-0.10 (58)

		11393 (24)

		68000 (29)



		80

		5

		-3.66

		-0.80

		-0.16

		5500

		20000



		

		6

		-6.23

		-1.87

		-0.34

		1940

		10000



		

		7

		-2.70

		-1.44

		-0.36

		4200

		12000



		

		8

		-4.00

		-1.53

		-0.38

		4800

		30000



		

		average

		-4.15 (36)

		-1.41 (31)

		-0.31 (32)

		4110 (37)

		18000 (50)



		90

		1

		-15.30

		-6.01

		-1.30

		1020

		4400



		

		2

		-8.60

		-7.13

		-1.00

		980

		3000



		

		3

		-10.10

		-4.02

		-0.67

		1050

		4600



		

		4

		-11.20

		-4.48

		-0.86

		1700

		10800



		

		average

		-11.45 (27)

		-5.41 (26)

		-0.95 (26)

		1187 (29)

		5700 (61)





a fatigue testing was terminated before the specimen was fully delaminated 



For specimen 13 shown in Table 6.4., the fatigue testing was terminated before full delamination was attained due to a sudden fault in the testing machine. The noticeable scatter in the stiffness loss rate shown in Table 6.4., is due to variability of the initial damage between specimens and different extents of ply splitting. The faster stiffness loss rate of the overloaded UD hybrid composites at higher load levels is mainly due to the higher cyclic energy release rate.



6.7.3.2 Failure modes 

	The damage modes of the overloaded UD thin-ply hybrid composites at 70%, 80% and 90% of σk consist mainly of delamination growing from the multiple fragmentation sites. The delamination growth as a % of the total area is taken as the damage parameter because when a hybrid composite is fully delaminated, it has lost the load carrying capability of the stiffer carbon layers. Comparison of delamination growth as a function of load cycles for the three loading levels is shown in Figure 6.9, where an accelerated growth rate for a number of cycles is followed by reduced growth rate. As already shown in Figure 6.6  for specimens fatigued at 70% of σk, there are three stages of delamination growth rate for overloaded UD hybrid composites which also apply for the damage growth rate at 80% and 90% of σk. The delamination growth rates at the three stages were measured by applying a linear fit to the respective data as shown in Figure 6.9  for the three-fatigue loading levels. 



		



		Figure 6.9. Typical delamination development curve for overloaded UD thin-ply hybrid at 70%, 80%, 90% of σk.







Typical damage development in an overloaded UD thin-ply hybrid composites is shown in Figure 6.7. This is representative of the fatigue damage accumulation of all specimens at 70%, 80% and 90% of σk. As shown in Figure 6.7., at 0 cycles, after static tension loading had been applied, initial damage in the form of fragmentation and delamination was present in the specimen. It was noticeable that the fractured areas had an irregular and staggered shape and the corresponding delamination areas covered around 20% of the specimen’s surface. Most of them did not develop into a single linear crack front across the complete specimen width. The lighter delaminated areas around the carbon layer fractures also indicated various crack densities, with the fine areas corresponding to the thinner parts of the central carbon layers while the more coarsely cracked areas show the thicker parts, highlighting the thickness variability of the thin carbon prepreg. With increasing number of cycles at constant amplitude fatigue loading, the delaminated areas surrounding the fragmentations grew stably and joined with the neighbouring delamination areas as seen in Figure 6.7 at stage 3. It is interesting to note that even though some of the carbon layer crack lengths are initially less than the full specimen width, the surrounding delamination areas were still able to grow because with advancing number of cycles, the carbon crack lengths were able to extend further.  The normalised delamination growth rates shown in Figure 6.9  for the three load levels display an initial accelerated growth rate followed by a reduced growth rate due to less area available for delamination to progress. It was also observed that ply splitting occurred for the majority of the UD overloaded hybrid specimens tested in fatigue causing a minor reduction in stiffness.Table 6.5 shows the summary of delamination growth rates for the overloaded UD thin-ply hybrid composites at the three different fatigue loading levels.

Table 6.5. Delamination growth rates summary for overloaded hybrid composites (Numbers in brackets indicate the coefficient of variation in [relative %]).



		Load level [ %]

		Specimen number

		Stage 3

		Stage 4

		Stage 5



		

		

		%/ 1000 cycles

		% / 1000 cycles

		% / 1000 cycles



		70

		13

		1.00

		0.81

		-



		

		15

		3.26

		0.90

		0.07



		

		17

		2.49

		0.89

		0.10



		

		average

		2.25 (51)

		0.86 (6)

		0.08 (25)



		80

		5

		11.68

		4.44

		0.10



		

		6

		14.07

		5.53

		0.11



		

		7

		12.10

		7.30

		0.13



		

		8

		16.80

		6.67

		0.13



		

		average

		13.66 (17)

		5.9 (21)

		0.11 (12)



		90

		1

		46.47

		23.05

		0.54



		

		2

		39.38

		19.67

		0.59



		

		3

		34.80

		21.00

		0.49



		

		4

		33.00

		11.15

		0.30



		

		average

		38.41(15)

		18.71 (28)

		0.48(26)







The individual data for each specimen in Table 6.5 and Table 6.6 which shows the stiffness reduction and delamination area development for the overloaded hybrid specimens are given in the appendix. 



6.7.3.3 Delamination growth rates as a function of cyclic energy release rates 

It is possible to correlate the delamination growth rate with the cyclic energy release rate at a constant load level to quantify the life of the overloaded UD hybrid composites under fatigue loading  by adopting a Paris law type equation, assuming growth in a self-similar manner as shown in Equation 6.9:



		

		(6.9)







Where a is the delamination length, N is the number of cycles, ΔG is the cyclic energy release rate, and C and m are parameters that characterise the propagation rate. This assumes that the delamination length grows linearly with advancing number of cycles at constant-amplitude loading. The parameters C and m need to be determined to have a complete relation of Equation 6.9 by plotting the delamination growth rates in mm/cycle as a function of cyclic energy release rates. This plot on a logarithmic scale is shown in Figure 6.10 for the three fatigue load levels.  The delamination growth rate, da/dN, is determined from the linear portion of the plot of normalised delamination area versus number of cycles under each constant load amplitude. The linear portion is fitted with a line as shown in Figure 6.9 and the initial linear portion (stage 3) is used as the delamination growth rate, da/dN, plotted in Figure 6.10. It should be noted that the delamination growth rates shown in Table 6.5  which are in %/ 1000 cycles need to be converted to mm/cycle. Table 6.6 shows the summary of delamination growth rates in mm/cycle with the cyclic energy release rates at the three-load levels which are used to produce the plot in Figure 6.10.



Table 6.6. Delamination growth rate and cyclic energy release rate summary for overloaded hybrid composites (Numbers in brackets indicate the coefficient of variation in [relative %]).



		Load level

		Specimen number

		Delamination growth rate

		ΔG



		[ % ]

		

		mm/cycle

		N / mm



		70

		13

		0.0012

		0.30



		

		15

		0.0010

		0.41



		

		17

		0.0009

		0.41



		

		average

		0.0010 (14)

		0.37 (17)



		80

		5

		0.015

		0.46



		

		6

		0.026

		0.55



		

		7

		0.014

		0.49



		

		8

		0.020

		0.54



		

		average

		0.019 (29)

		0.51 (8)



		90

		1

		0.055

		0.64



		

		2

		0.043

		0.67



		

		3

		0.041

		0.52



		

		4

		0.039

		0.53



		

		average

		0.045 (16)

		0.59 (13)







As seen in Table 6.6, there are slight differences between the cyclic energy release rates at the same loading level. The reason behind this is because the load levels were taken as fixed percentages of the different values of knee-point stress, σk, for each hybrid specimen. 



		 



		Figure 6.10. Delamination growth per cycle as a function of cyclic energy release rates for overloaded UD thin-ply hybrid composites at 70%,80%,90% of σk.





As seen in Figure 6.10 the C and m parameters are 4.57 and 8.54 respectively and although there are only three points, the fit to a straight line is good, which implies that the delamination growth rates as a function of cyclic energy release rates comply with the Paris law in Equation 6.9. This could be used as a basis for life estimation during fatigue loading of UD thin-ply hybrid composites. There is a wide range of Paris law parameters for fibre reinforced composites, but none published for this material. The exponent, m, of 8.54 lies within the range from 3.1 to 9.6 reported for other carbon fibre/epoxy materials [154][158][161][162].



6.8    Conclusions

	This chapter has presented the mechanical properties of unidirectional thin-ply hybrid composites subjected to static and cyclic tensile loads. The effect of different loading conditions was examined. The following was concluded:



1. When pristine hybrid specimens were fatigued at 80% of σk no stiffness reduction up until 100000 cycles was observed because the specimens were loaded well below the first carbon layer fracture strain. 



2. It was observed that there are three stages of damage growth when UD pristine hybrid specimens are fatigued at 90% of σk. The first stage has negligible stiffness loss, the second stage involves slow growth of delamination from fragmentations, and the third stage when the delamination becomes established across the full width, with higher delamination rate.



3. For the overloaded hybrid composites, there are three stages of damage growth. The initial stage, which is equivalent to the third stage for the UD pristine hybrid specimens, involves rapid stiffness loss and accelerated delamination growth from the existing initial fractures, the next stage with slower stiffness loss due to delamination approaching saturation, and the last stage with negligible stiffness loss rate when the specimen is fully delaminated, but the glass layers are still able to carry the load. When the overloaded hybrid laminates were fatigued at 70% and 80% of σk, they showed more gradual stiffness reduction and slower damage growth compared to the fatigued overloaded hybrids at 90% load level.



4. The stiffness loss rate of the overloaded UD thin-ply hybrid composites fatigued at 90% of σk is higher compared to the pristine UD thin-ply hybrid composites because there are already more carbon layer fractures in a well distributed pattern which act as sites for delamination propagation.



5. Delamination growth as a function of strain energy release rate for overloaded UD thin-ply hybrid composites complies with the Paris law and this could be used as the basis for life estimation.































































Chapter 7   Conclusions and future work

7.1 	Conclusions

The work in this thesis  presented a comprehensive investigation on the response of unidirectional (UD) thin-ply interlayer hybrids made from thin-ply carbon/epoxy plies and standard thickness glass/epoxy plies subjected to different loading cases including quasi-static tensile cyclic loading, compression, bending, and fatigue loading. The response of the hybrid composites in each loading case was shown to be heavily dependent on the selection of material and the design of the relevant stacking sequences. The ability of the thin-ply laminate to suppress damage allows considerable non-linearity to develop, which is governed by fibre fragmentation and dispersed delamination, bringing a unique failure response compared to the traditional composite laminates under given specific load cases.  The key findings from this experimental work described in Chapter 3-6 are discussed below:



Chapter 3:   Quasi-static cyclic loading of UD thin-ply hybrid composites was conducted to assess the extent of stiffness loss with increasing applied strain. For this study, three types of hybrid configuration were examined: SG1/MR401/SG1, SG1/TR301/SG1, SG1/TR302/SG 1, where MR40 is an intermediate modulus carbon fibre while TR30 is a standard modulus carbon fibre. The strain at first carbon ply failure and the knee point strain (εk) for the SG1/TR301/SG1 hybrid is higher than for the SG1/TR302/SG1 hybrid. This is due to the ‘hybrid effect’ which provides a delay in damage initiation due to a constraint on broken carbon cluster development. For the thinner hybrid with a single carbon ply, the fibre failure and fragmentation appear at a slightly higher strain because of the limited number of fibres through the thickness of the ply inhibiting formation of a critical cluster. For SG1/MR401/SG1 and SG1/TR302/SG1 configurations, the stiffness reduction over the course of loading was governed by fragmentation of the carbon plies and delamination between the carbon and glass plies. A smaller stiffness reduction for the SG1/TR301/SG1 configuration compared to the other hybrid configurations was observed with the fragmentation of the carbon ply as the main damage mechanism responsible for the reduction. With each loading cycle, there was a small amount of hysteresis and residual strain, which could be attributed to the significant reversed shear stress at the ply interfaces near the ends of the delaminated regions of the fragmented hybrid. The high shear stresses between the carbon and glass plies cause the matrix to deform, leaving a residual strain at zero load for all three hybrid configurations. Another possible explanation for the existence of residual strain is due to the accumulation of debris between the open cracks preventing the surface cracks to return to its original state when unloaded. At the final loading cycle for each hybrid configuration, there is a residual black-lines (intact carbon ply). The existence of  the residual black-lines on each hybrid configuration could be attributed to the average width of the intact ply  where the shear stress would not be able to reach the value required to damage the interface, thus leaving that particular area intact.  Based on this study, it was found that the quasi-static response of the hybrids is affected by the carbon/glass volume ratio, the carbon ply thickness and the carbon properties (modulus, strain to failure). The response of the UD thin-

ply hybrid laminates are considered pseudo-ductile because the damage in the form of ply fragmentation and stable delamination, leads to gradual loss of stiffness. The stable delamination of this hybrid material is due to the low energy release rate of the thin carbon ply.



Chapter 4:  The compression response of UD thin-ply hybrid composites was examined under two different loading configurations: indirect compression (four-point bending) and direct compression (longitudinal) tests. The hybrid material was made of standard thickness S-glass/epoxy ply and thin M55J carbon/epoxy ply. This carbon fibre is a high modulus type. The direct compression response of unidirectional thin-ply hybrids has been established. Gradual failure was obtained, with a decrease in stiffness at an average strain of -0.555% and -0.554% while the final failure strain was at an average strain of -2.150% and -1.440% for the [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] hybrid configuration respectively. For the [SG1/(C3/SG1)17] configuration, sudden failure occurred at an average strain of -0.500% strain. Even this lower strain is higher than the compression failure strain calculated from the manufacturer’s data sheet of -0.260%.  For asymmetric M551, M552 and M553 hybrid configuration, a decrease of stiffness was observed at around -0.555%, -0.522%, -0.507% strain respectively while the final failure strains are at around -2.724%, -1.750% and -0.956% strain respectively. The decrease of stiffness for the hybrid configuration was marked by a knee-point in the stress-strain response and a similar value was obtained from the indirect and direct compression tests. The final failure strain of the hybrids decreases with increasing carbon ply thickness which qualitatively complies with the energy release rate concept because energy release rate is proportional to the thickness of the carbon plies. From the indirect compression loading results, it was found that the asymmetric hybrid laminates with two and three M55J carbon plies lost most of the bending stiffness contribution from the carbon ply after the knee point due to more extensive damage (fragmentation and dispersed delamination), while negligible stiffness loss was found for the asymmetric hybrid laminate with a single carbon ply compared to the other two asymmetric hybrid configurations. The stiffness loss for all three hybrid configurations was assessed by comparing the change of force-strain slope and contribution of carbon bending stiffness from Classical Laminated Plate Theory (CLPT). From the optical microscopy observation of the damaged asymmetric hybrid specimens, fragmentation of the carbon plies and localised delamination between the carbon and glass plies was discovered. The measured fragment length is less than the critical length calculated from a traditional load transfer model with the usual constant shear stress assumption with linear increase in stress from zero at both ends of the fragment normally applied for tension. The traditional load transfer model is unable to predict the fragment length of carbon layer in compression because the fragments are in contact and still able to transfer load.  Due to the irregular shape between the fragmented surfaces, friction and mechanical interlocking exist which can transfer compressive load despite the fractures, and break the carbon into even smaller pieces than the critical length. The fragmented carbon layers fractured at an angle that is displaced in the transverse direction. This transverse displacement is responsible for interfacial damage (delamination) which causes the stiffness degradation. The different final failure strains underpin the crucial role of the carbon/epoxy ratio and carbon layer thickness in unidirectional glass/carbon hybrid laminates under compressive loading both in indirect and direct loading configurations. 



Chapter 5: From the four-point bending testing of symmetric hybrid laminates, it was observed that gradual failure was obtained for the [SG/M551/SG]4s, [SG/M552/SG]4s,  [SG/TC351/SG]4s,  [SG/TC352/SG]4s hybrid configurations under four-point bending. The sequence of damage mechanisms for the [SG/TC351/SG]4s and [SG/TC352/SG]4s hybrid configurations was carbon ply fragmentation and stable delamination on the tension side and the final failure was sudden compressive failure due to fibre failure followed by delamination. The knee-point strain for the [SG/TC352/SG]4s hybrid is due to fragmentation on the tension side and was found to be 10% higher than the knee-point strain obtained from the static tensile testing of the [SG/TC352/SG] configuration. While for the [SG/M551/SG]4s and [SG/M552/SG]4s hybrid configurations, the damage started from the compression side in the form of carbon ply fragmentation and stable delamination followed by fragmentation and stable delamination on the tension side. The first knee-point strain for [SG/M551/SG]4s and [SG/M552/SG]4s hybrid configurations is related to carbon ply fragmentation on the compression side and it occurred at a similar knee-point strain (around -0.500%) obtained from direct compression testing for [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] hybrid configurations. The second knee-point strain for the [SG/M551/SG]4s and [SG/M552/SG]4s hybrids was found to be around 11% higher than the knee-point strain obtained from the static tensile test for [SG/M551/SG] and [SG/M552/SG]  configuration. The final failure strain on the compression side for [SG/M551/SG]4s  and [SG/M552/SG]4s   hybrids is higher compared to the failure strain obtained from direct compression. This could be attributed to the shifting of the neutral axis towards the compression side due to fragmentation of the carbon ply on the tension side.  This behaviour leads to a delay of the final failure on the compression side. A high fragmentation strain on the tension side of the bending specimens was obtained for [SG/TC352/SG]4s, [SG/M551/SG]4s and [SG/M552/SG]4s. This value is higher than the fragmentation strain to failure obtained from the static tensile testing. This behaviour could be attributed to a size effect present in the bending specimens. The final failure observed for all hybrid configurations occurred on the compression side.  The evolution of the neutral axis could be used to assess the damage sequence of hybrid composites during four-point bending. 



Chapter 6: From the fatigue testing of UD thin-ply hybrid composites, [SG/TC352/SG], under two scenarios:  without any initial damage (pristine hybrids) and after the introduction of damage in the laminates by loading past the pseudo-yield point (overloaded hybrids), it was discovered that 

when pristine hybrid specimens were fatigued at 80% of σk (knee-point stress) no stiffness reduction or damage up until 100000 cycles was observed because the specimens were loaded well below the first carbon layer fracture strain. It was observed that there are three stages of damage growth when UD pristine hybrid specimens are fatigued at 90% of σk. The first stage has negligible stiffness loss, the second stage involves slow growth of delamination from fragmentations, and the third stage when the delamination becomes established across the full width, with a higher delamination rate. For the overloaded hybrid composites, there are three stages of damage growth. The initial stage, which is equivalent to the third stage for the UD pristine hybrid specimens, involves rapid stiffness loss and accelerated delamination growth from the existing initial fractures, the next stage with slower stiffness loss due to delamination approaching saturation, and the last stage with negligible stiffness loss rate when the specimen is fully delaminated, but the glass layers are still able to carry the load. When the overloaded hybrid laminates were fatigued at 70% and 80% of σk, they showed more gradual stiffness reduction and slower damage growth compared to the fatigued overloaded hybrids at 90% load level. The stiffness loss rate of the overloaded UD thin-ply hybrid composites fatigued at 90% of σk is higher compared to the pristine UD thin-ply hybrid composites because there are already more carbon layer fractures which act as sites for delamination propagation. The final stiffness of the tested hybrid specimens went below the expected final stiffness without any carbon contribution, due to ply splitting from the edge of the specimens observed during testing.  Delamination growth as a function of the strain energy release rate associated with the delamination of the carbon plies for overloaded UD thin-ply hybrid composites complies with the Paris law and this could be used as the basis for life estimation.

	

	The response of UD thin-ply hybrid composites has shown promising behaviour, including higher strain to failure compared to the carbon fibre reinforced epoxy composites, along with gradual failure under static and fatigue loading. The mechanical behaviour is found to be dependent on a combination of material and the design of stacking sequences, but there are trade-offs between each mechanical properties. As an example, the tensile response of UD thin-ply hybrid composites, for the hybrid laminates with high modulus central carbon plies, has the highest initial modulus  but relatively low knee-point strain and stress. At the other extreme, the configuration comprising the highest carbon failure strain has a relatively high knee-point strain and stress but moderate initial modulus. Both configurations have a high final strain to failure which demonstrates that it is possible to combine the stiffness of carbon and final failure strain of S-glass composites. This indicates the flexibility in designing the stress-strain response of  UD thin-ply hybrid composites to meet the specific requirements.

 The stiffness and strength of UD thin-ply hybrid composites are inferior compared to the traditional carbon fibre composites due to the low mechanical properties of S-glass composites. However, taking into account the benefits of high strain to failure and  load-carrying capacity of these pseudo-ductile composites, reduced safety margins is possible when designing structural parts made of these novel materials than current traditional composites. Together with the impressive fatigue performance of pristine and overloaded hybrid composites, the actual load design limit of  pseudo-ductile composites could be pushed close to the knee-point stress and therefore improve the structural efficiency of the composites. Furthermore, gradual and progressive failure  will ensure a non-catastrophic failure in the structure, thus any over-loading before final failure can be visually inspected.  

Nonetheless, there are also some drawbacks of these UD thin-ply hybrid composites limiting their use in industrial applications. The first limitation is the high cost of the thin-ply laminates compared to the standard thickness laminates. Thickness requirement of a structure is in the order of more than several plies, meaning that an increase of the total cost of materials and time for lay-up is inevitable if using thin-ply laminates. The quality of the thin-ply prepregs was such that they are difficult to handle in manufacturing since the prepregs do not stick to each other easily without additional heat and pressure being applied. Although only moderate heat and pressure are needed to attach the plies together, it will add more time for the lay-up process. The cured thin-ply hybrid laminates can be very flexible when only one or two thin-plies are incorporated, making them prone to mishandling during cutting. To alleviate this limitation, a proper rig for machining which could guide the hybrid laminates through the cutting process is needed. This rig should be able to cut the thin-ply and standard thickness hybrid laminates into a relatively precise dimension with minimal damage.  

Another limitation is that the unidirectional thin-ply hybrid laminates can only be applied in the case where the structure is loaded primarily in the longitudinal fibre direction, due to the lack of plies in the other loading directions (90o, 45o, 30o, 60o, etc), which is not realistic in many industrial application. However, unidirectional hybrids have potential  to be used in rotor blades, where tensile and compressive stress are acting on the blade when it is flapping and with continuous operation, they may also suffer from fatigue loading. It has been shown in this work, that it is possible to achieve gradual and progressive failure in tension, compression and fatigue loading when using UD thin-ply hybrid composites. Because damage is visible in this hybrid material, it can be used as a damage indicator (sensor) for structural applications such as a gas pressure vessel by having the material located at the outer layer of the vessel so any overloading can be detected easily. 





7.2	Recommendation for future work

	Characterisation of unidirectional thin-ply hybrid composites under various loading configurations has been presented in this thesis and several key areas in this field deserve further attention which will be explained below:



7.2.1	Quasi-static cyclic loading of UD thin-ply hybrid composites

	Some results of the quasi-static cyclic loading-unloading response of UD thin-ply hybrid laminates have shown that the stiffness loss for the hybrids was due to fragmentation of the carbon plies and stable delamination. Small amounts of hysteresis and residual strain due to significant reversed shear stress between the ply interface were observed. The high shear stresses between the carbon and glass plies cause the matrix to deform, leaving a residual strain at zero load point. The results suggested that the observed deformation is permanent at the zero load point of eacy cycle. However, after reaching this point, the specimens were immediately reloaded without any time for relaxation. To examine the permanence of the deformations, the loading at zero load point of each cycle could be halted for a predetermined time. If the deformations were  not permanent, then there  would be  a reduction of strain at zero load on the stress-strain curve. Another possible explanation for the existence of residual strain is due to the accumulation of debris between the open cracks preventing the surface cracks to return to the original state when unloaded. 

In order to fully understand the source of hysteresis and residual strain in the UD hybrid laminates, it would be interesting to also conduct in-situ testing of the hybrid to study in detail the damage behaviour ( fibre breakage, matrix deformation, etc) of these hybrid laminates during quasi-static cyclic loading.  

At the end of each loading cycle, there are  residual black-lines (intact carbon ply) where the shear stress is less than the yield shear strength at the interface, thus leaving the residual carbon ply undamaged. Not much information from the general literature review is known about the yield shear strength of the UD thin-ply hybrid composites. Because the yield shear strength is also an important parameter in the design of hybrid composites, experimental work to accurately determine the shear yield strength could be conducted in the future.

	 Subsequently, it is of interest to study the stress-strain behaviour for a complete tension-compression loading-unloading cycle conducted on this hybrid composite. This will allow a complete stress-strain envelope to be observed and to study the different damage behaviour of both load cases. Careful specimen design needs to be considered to avoid global buckling of the specimen, due to the compression loading.



7.2.2	Compression loading of UD thin-ply hybrid composites

	Pseudo-ductile behaviour under direct compression loading has been successfully obtained for [SG1/(C1/SG1)17] and [SG1/(C2/SG1)17] hybrid configurations due to fragmentation of the carbon plies followed by stable delamination. It is of interest to conduct in-situ compression testing (inside a tomography facility) for the UD thin-ply hybrid composites to study the detailed damage mechanisms after fragmentation of the carbon plies. This would explain the stress or strain transfer mechanisms between the fragmented carbon and glass plies and deduce the residual stress or strain in the carbon and glass ply.  The goal is then to develop a compressive strain energy release rate equation for UD thin-ply hybrid composites based on the in-situ compression testing results.

	From the compression results presented in Chapter 4, it is explained that the fibre fragments are in contact and still able to transfer load through the fragmented surface which further fractured the ply below the ‘critical length’. This means that ‘critical length’ which is usually found in tension to describe the effective load transfer length is not applicable to the compression case. A complete observation and measurement of the  fragmented ply length at a predetermined compressive strain level is important to conduct. The aim would be to develop a definition of ‘critical length’ in compression which has not been explored extensively in other works.

	Preparing hybrid specimens for longitudinal compression testing is time consuming and requires precise machining. An alternative testing method could be a four-point bending test of a sandwich beam made of a wood core and the hybrid laminates to be examined used as the top skin, loaded in compression, while a standard modulus carbon ply is used as the bottom skin. This method is less time consuming because less machining is involved compared to the hybrid specimens for longitudinal compression testing. The thickness of the wood core should be thick enough to ensure a low enough strain gradient in the hybrid laminates, so that the compression strain to failure is not affected by the strain gradient. This would make the strain to failure comparable to the strain obtained from longitudinal compression testing.  

	The present work has focussed solely on the compression response of UD thin-ply hybrid composites made of standard thickness S-glass/epoxy ply and a high modulus thin carbon/epoxy ply. It is of interest to replace the S-glass/epoxy ply with another standard modulus thin carbon/epoxy ply to produce all carbon UD thin ply hybrid composites. This material combination has the advantage of lower density compared to carbon/glass hybrid composites and higher stiffness. Careful design should be carried out to select the appropriate thin carbon/epoxy which has sufficient strain margin to carry the load after the high modulus thin carbon/epoxy has fragmented. 

7.2.3	Flexural loading of UD thin-ply hybrid composites

	Pseudo-ductile response under four-point bending has been obtained for UD thin-ply hybrid composites made of S-glass/epoxy and thin carbon/epoxy with two different moduli. It is presented in Chapter 5 that a size effect could be responsible for the high knee-point strain on the tension side for both hybrid configurations. To examine if there is a size effect, hybrid laminates with different lengths and thicknesses could be tested in four-point bending. The length of the laminates should be carefully designed to avoid premature failure due to shear. By changing the ratio between the glass and carbon plies but keeping the length constant, it is possible to study the hybrid effect in four-point bending. 



7.2.4	Fatigue loading of UD thin-ply hybrid composites

The strain to failure of the carbon ply incorporated in the UD thin-ply hybrid composites for the fatigue testing described in Chapter 6 was 1.95% resulting in full delamination of the specimens at more than thousand number of cycles.  Incorporating  lower strain to failure carbon such as M55 carbon/epoxy, with its 0.80 % strain,  could potentially prolong the fatigue life of UD thin-ply hybrid composites, because of the lower strain in the carbon fibres, thus resulting in lower stress within the surrounding glass fibres leading to a slower fatigue damage propagation.  Delamination fatigue behaviour is also governed by the matrix properties and it can be significantly affected by the hydrothermal conditions.  The effect of environmental factors such as temperature and humidity on the fatigue behaviour of UD thin-ply hybrid composites should also be explored to understand its response and to possibly improve the fatigue performance at different environments. 



7.2.5	Investigation of UD thin-ply hybrid composites under other loading conditions

	The pseudo-ductile behaviour of UD thin-ply hybrid composites could also be exploited under different loading condition such as impact and compression after impact. With the ability of the thin plies to resist delamination, there is the potential to improve the impact performance of a structural component. A possible improvement may be seen in an increase in energy being absorbed due to impact. It would also be interesting to study the compression after impact of this material, because as has been shown in this thesis, UD thin-ply hybrid composites are able to fail gradually after the carbon ply fragmented, so if it is designed properly, the ability of the UD thin-ply hybrid composites to fail gradually by resisting sudden delamination after carbon fibre failure could possibly improve the structure’s performance in compression after impact tests.  

	 The notched response of fibre composites is usually brittle and catastrophic failure usually occurs due to stress concentrations. Multiple fragmentation in thin-ply hybrid composites has the advantage that the stress is being distributed thereby avoiding high stress concentration in a structural component containing a notch.  

APPENDIX A Elastic thermal residual strain



The elastic thermal residual strain which is determined by using the following method:

1. Calculate the free thermal strains in the central carbon layer, εth ( the strain each ply would undergo if unconstrained). The free thermal strain in the longitudinal ( and transverse direction   as  given in Equation A.1 and Equation A.2 respectively:
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where, T is the curing temperature which is 125 oC and To is the room temperature assumed at 25 oC. α11 is calculated by using the rule of mixtures shown in Equation A.3
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Equation A.3 is applicable to calculate the coefficient of thermal expansion in the 0o fibre direction (α11) where ,  and  are the volume fraction [%], the CTE [1/K] and the elastic modulus of the fibres [GPa] respectively while  and  are the CTE and modulus of the matrix material. For the coefficient of thermal expansion in the transverse direction ( ), typical values of 2.6*10-5 1/K was chosen from the general literature. The CTE values for the different fibres shown in Chapter 3, 4, 5 and 6 were taken from the product datasheets. For both epoxy matrices in the hybrid composite, typical values of  = 6.10-5 [1/K] and  = 3 GPa were assumed from the general literature. Ecomp from  Equation A.3. is calculated based on the rule of mixtures in Equation A.4:
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2. Calculate the [ Q ] matrix for each material by using Equation A.5:
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3. Calculate the  for each ply by using Equation A.6:
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 ,     ,      ,    ,    ,     Are calculated through Equation A.7- Equation A.12 respectively:
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Since   is 0 in the UD thin-ply hybrid composites , [ Q ] is equal to  



4. Calculate the [ Aij ], [Bij] and [ Dij] matrices by using  Equation A.13- Equation A.15 respectively:
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Where Zk is the thickness of each ply measured from the neutral axis (Z) of the hybrid laminate.



5. Asemble the [ A B D]  matrix and calculate the compliance by using Equation A.16:
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6. Calculate the thermal stress resultants by using Equation A.17:
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7. Calculate the thermal moment resultants by using Equation A.18:
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8. Calculate the midplane strains (ԑ0 )and curvatures ( k ) by using Equation A.19:
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9. For each ply, calculate the total ply strains (ԑtotal) by using Equation A.20:
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10. After the free thermal and total ply strains have been determined, the elastic thermal residual strain in the 0o fibre direction, ԑel , is calculated by using Equation A.21:



		

		(A.21)







The elastic thermal residual strain in the transverse direction is not taken into account in this work since the fibre in the hyrid laminate is in the 0o direction and the load is mainly carried by the fibre.





















































APPENDIX B Neutral axis



The position of the neutral axis (Z) for the asymmetric M55 and asymmetric TC35 hybrid laminates is calculated by using Equation B.1 and Equation B.2 respectively:
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Where a11 is the compliance in the fibre direction and is calculated by using Equation A.5- Equation A.16.  With n is the number of carbon layers. 











































APPENDIX C Additional results from fatigue testing



Results from fatigue testing of pristine UD thin-ply hybrid composites at 90% of σk:

Specimen 1:

			



		Figure C.1. Stiffness reduction and delamination area development for specimen 1 fatigued at 90% of σk.
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		Figure C.2. Fatigue damage development for specimen 1 fatigued at 90% of σk.



















Specimen 3:

		



		Figure C.3. Stiffness reduction and delamination area development for specimen 3 fatigued at 90% of σk.
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Figure C.4. Fatigue damage development for specimen 3 fatigued at 90% of σk..

























Specimen 4:

		



		Figure C.5. Stiffness reduction and delamination area development for specimen 4 fatigued at 90% of σk.
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Figure C.6. Fatigue damage development for specimen 4 fatigued at 90% of σk..























Results from fatigue testing of overloaded UD thin-ply hybrid composites at 70% of σk:

Specimen 13:

		



		Figure C.7. Stiffness reduction and delamination area development for specimen 13 fatigued at 70% of σk
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Figure C.8. Fatigue damage development for specimen 13 fatigued at 70% of σk.





















Specimen 15:

		



		Figure C.9. Stiffness reduction and delamination area development for specimen 15 fatigued at 70% of σk.







		

		

		



		

		



		Cycles

		0

		2000

		20000

		41000



		

Figure C.10. Fatigue damage development for specimen 15 fatigued at 70% of σk..





















Results from fatigue testing of overloaded UD thin-ply hybrid composites at 80% of σk:

Specimen 5:

		



		Figure C.11. Stiffness reduction and delamination area development for specimen 5 fatigued at 80% of σk.
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Figure C.12. Fatigue damage development for specimen 5 fatigued at 80% of σk..



















Specimen 6:
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Figure C.13. Fatigue damage development for specimen 6 fatigued at 80% of σk..







Specimen 7:

		



		Figure C.14. Stiffness reduction and delamination area development for specimen 7 fatigued at 80% of σk.
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Figure C.15. Fatigue damage development for specimen 7 fatigued at 80% of σk..







Specimen 8

		



		Figure C.16. Stiffness reduction and delamination area development for specimen 8 fatigued at 80% of σk.
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Figure C.17. Fatigue damage development for specimen 8 fatigued at 80% of σk..







Results from fatigue testing of overloaded UD thin-ply hybrid composites at 90% of σk:

Specimen 1
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Figure C.18. Fatigue damage development for specimen 1 fatigued at 90% of σk..

















Specimen 2

		





		Figure C.19. Stiffness reduction and delamination area development for specimen 2 fatigued at 90% of σk.
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Figure C.20. Fatigue damage development for specimen 2 fatigued at 90% of σk..



























		Specimen 3



		



		Figure C.21. Stiffness reduction and delamination area development for specimen 3 fatigued at 90% of σk.









Specimen 3
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		Figure C.22. Fatigue damage development for specimen 3 fatigued at 90% of σk..























Specimen 4

		





		Figure C.23. Stiffness reduction and delamination area development for specimen 4 fatigued at 90% of σk.
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		Figure C.24. Fatigue damage development for specimen 4 fatigued at 90% of σk..
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1.4. Thin ply laminates




Figure 1.8: The airflow over the tow causes a pressure di↵erential from the inner to the
outer fibres, which leads to the fibres spreading. Adapted from [45].




spools of fibre tows (12K, 24K) were passed over a wide air duct, which spread




the tows simultaneously. Once spread, the tows were impregnated with resin to




create a 40 g/m2 CFRP material of 320 mm width. This represented a great step




forward from the initial technology and was capable of producing uniform spread




tow material at rates of 5—10 m/min.




Spread tow technology has been taken further and fully industrialised by com-




panies such as Chomarat [48–51], SK Chemicals [52,53] and North Thin Ply Tech-




nology (NTPT) [54, 55]. Chomarat manufactures a bi-axial thin-ply non-crimp




fabric (NCF) using combinations of [0/25] and [0/45] layups in areal weights of




75 g/m2 or 150 g/m2 [48]. NTPT have developed a tow spreading process similar




to that presented by Kawabe et al. [46] and produce thin ply material covering a




wide range of fibre types (carbon, glass, aramid, quartz, polymer fibres) and areal




weights, some of which are as low as 18 g/m2.




1.4 Thin ply laminates




With the advent of thin ply material and the potential for continued reduction in




damage due to matrix cracking and delaminations, several investigations of the




materials produced via the tow spreading processes discussed above have been




undertaken [45,49–51,55–62].




Sasayama et al. [56] proceeded to produce CFRP plies using the pneumatic




technique presented above. Impregnation of the spread tows with epoxy resin




allowed plies of 0.05 mm thickness to be manufactured. The resulting material




was comparable to industry standard with a fibre volume fraction, v
f




, of 60% and




longitudinal modulus, E11, of 128 GPa [56]. Experimental testing of 48-ply quasi-




static laminates of quasi-isotropic (QI) [(45
m




/� 45
m




/0
m




/90
m




)
n




and [(45
m
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m
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n




(where m, n combinations of 1, 6; 2, 3; 3, 2; 6, 1 were employed).
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1. Introduction 




 The present technical report disseminates the work done to study the damage 




mechanisms of thin-ply unidirectional (UD) interlayer hybrid composite under compressive 




loading.  




 The key challenge of this work is to determine the damage mechanisms that are 




responsible for the stiffness degradation of the thin-ply unidirectional (UD) interlayer hybrid 




composite under compression. 




2. Experimental 




 To observe the damage pattern of thin ply hybrid composite, one specimen of 




asymmetric M55 type glass/carbon hybrid from previous work [1] that was loaded until 700 N 




in 4PB is examined under Zeiss optical microscope. A special device made of stainless steel 




that resembles the previous four point bending configuration [1] was used to reload the 




specimens and make the cracks open visibly under the optical microscope. Before being 




observed, the specimen is ground and polished. Figure 1 shows the experimental set-up of the 




device with a deformed specimen being examined under an optical microscope.  




 




Figure 1. Experimental set-up of the four point bending device with a deformed specimen 
under optical microscope 




The specimen position is fixed in place by the two supports and two loading noses. The distance 




between the loading noses is 20 mm apart and between the supports is 60 mm apart [1].  The 
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part containing the loading noses are connected to a stainless M5 allen screw which actuates 




them to move towards the specimen and to apply displacement and load as shown in figure 2.  




 




Figure 2. A four point bending device with the specimen on top of two supports being 
deformed by two loading noses, x is the distance between the centre of loading nose and the 




centre of support. 
 




The specimen is deformed by the loading noses until the opening of the cracks is visible. The 




schematic view of the asymmetric UD hybrid specimen is shown in figure 3. The area of 




interest is in the M55 thin carbon layers as it is put into compressive loading.  




 




Figure 3. Schematic through thickness view of asymmetric UD hybrid specimen 




 




In figure 3, Zc is the position of the neutral axis measured from the bottom of the laminate. 




Table 1 shows the specimen type examined. Asymmetric M55 type glass/carbon hybrid is 




chosen as it shows slight change in slope  as shown in figure 4 [1]. The slight change in slope 




indicates the progressive fracture of the M55 fibre reinforced layer [1].  
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