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Summary  

Carbon fibre reinforced composites are used in aircraft, marine craft, automobiles, 

civil infrastructure and other applications due to their outstanding physical and mechanical 

properties. However, composites have relatively poor impact resistance and low through-

thickness mechanical properties which can limit their uses in structures subjected to out-of-

plane loading. Composites are susceptible to delamination cracking which can compromise 

the integrity and safety of composite structures. Another problem with many composite 

materials is that their electrical conductivity is low, particularly in the through-thickness 

direction, because of the dielectric nature of the matrix material and the high resistivity of 

the fibre-matrix interfaces.  

The aim of this PhD project is to design, fabricate and experimentally characterise a 

novel class of three-dimensionally (3D) woven composite materials with multifunctional 

properties. The composites contain thin metal z-binders woven into carbon fabric stacks in an 

orthogonal (through-thickness) pattern. The metals used as the z-binder filaments are copper 

and stainless steel. For comparison, these materials are compared against 3D woven 

composite containing z-binders made of carbon tows, which is often used as the through-

thickness reinforcement. The 3D woven composites with metal or carbon z-binders are 

compared against a 2D woven laminate (without z-binders). 

The effects of volume content and material properties of the z-binders on a range of 

functional properties of 3D woven composites is experimentally investigated, including the 

modes I and II interlaminar fracture toughness and fatigue strength, the low energy impact 

damage tolerance, and the in-plane mechanical properties. In addition, the effect of z-binders 

on the through-thickness and in-plane electrical conductivities of 3D woven composites is 

determined. The use of the woven z-binders for the in-situ detection of delamination cracking 

in 3D composites is also explored. Further, the structural properties of T-joints made of 3D 

woven composites are experimentally investigated.  

An extensive literature review is presented in this PhD thesis into 3D woven 

composites, including published research into the weaving process, fabric architecture, 

delamination resistance, impact tolerance, mechanical properties and other functional 
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properties. Research gaps in the understanding and development of next-generation 3D 

woven composites is identified based on the literature review. 

An experimental research study into the improvements to the modes I and II 

interlaminar fracture toughness properties of 3D woven composites reinforced with metal or 

carbon z-binders is conducted. The effect of z-binder material on the interlaminar toughness 

properties and delamination toughening mechanisms is investigated using copper, steel and 

carbon z-binders. The steel z-binder gives an outstanding improvement to mode I fracture 

toughness, followed by the carbon and then copper z-binders. In fact, the 3D woven 

composite with the steel z-binder has the highest mode I interlaminar toughness value (~30 

kJ/m2) ever measured for a composite material. The z-binders are also effective at increasing 

the mode II interlaminar fracture toughness properties, but the strengthening effect is less 

than for mode I. The interlaminar toughness properties were improved by the z-binders 

forming of large-scale bridging zone along the delamination crack, and the effect of the z-

binder material on the bridging process is investigated.  

A further research study investigated the modes I and II interlaminar fatigue resistance 

of 3D woven composites. The fatigue strength increases rapidly with the z-binder content and 

is dependent on the z-binder material. This improvement is due to the z-binders generating 

bridging traction loads which resist fatigue crack growth, and the fatigue strengthening 

mechanisms are determined.  

The PhD project investigates the low-velocity impact damage resistance and post-

impact compressive properties of 3D woven composites. Two incident impact energies (25 

and 50 J) are used to assess the impact damage tolerance of the 3D woven composites.  

Copper, steel and carbon z-binders are all effective at increasing the impact damage 

resistance. Also, the compression-after-impact strength of the 3D woven composites is higher 

(by ~20 - 25 %) when compared to the 2D composite without z-binder reinforcement.  

An experimental study into the through-thickness and in-plane electrical 

conductivities of 3D woven composites is performed. The copper z-binder increases the 

through-thickness conductivity by about 5700x, whereas the stainless steel and carbon 

increase the conductivity by ~150x and ~12x respectively. The z-binders also increase the in-

plane electrical conductivities, but to a lesser amount than the through-thickness 
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conductivity. Due to the increased electrical conductivity, it is demonstrated that the z-

binders can be used for the in-situ detection and monitoring of mode I delamination crack 

growth within 3D woven composite materials. The z-binders can monitor delamination 

cracking via changes to the electrical resistivity of the composite material.  

 An experimental study is conducted into the structural properties of T-shaped 

composite joints reinforced with copper, steel or carbon z-binders. The z-binders are highly 

effective at increasing the stiffness and ultimate failure load of the joints. The effect of z-

binders on the strengthening and fracture mechanisms of T-joints subjected to high external 

loading is investigated. 

The final research study investigates the in-plane mechanical properties of the 3D 

woven composites. The flexural, compressive and tensile strengths of the composites 

decrease with increasing z-binder content due fibre breaks, fibre waviness and ply crimping 

caused by the weaving process. The reduction to the mechanical properties also depends on 

the z-binder material, with the steel z-binder reducing the properties more than the carbon 

and copper z-binders.  

This PhD project demonstrates that 3D woven composites with multifunctional 

properties have superior mode I/II interlaminar fracture toughness, mode I/II interlaminar 

fatigue resistance, impact damage tolerance, electrical conductivity, in-situ delamination 

monitoring, and structural properties of T-joints.       
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Chapter 1: Introduction and Background 

1.1   Project Background 
 

Carbon fibre reinforced polymer matrix composite materials have been used in aircraft 

for many years because they offer several beneficial properties, including high specific 

strength and stiffness, fatigue resistance, and corrosion resistance. However, composites 

have relatively low out-of-plane (through-thickness) mechanical properties. When subjected 

to high interlaminar or out-of-plane stresses composites exhibit low resistance to damage and 

low through-the-thickness mechanical properties. Delamination cracking is a long-standing 

problem for aircraft composite structures. Delamination damage can be caused by factors 

such as through-the-thickness static and fatigue loads, edge stresses, environmental 

degradation, and impact by hail, stone, bird strike etc. Delamination cracks can grow under 

mode I and/or mode II interlaminar static and fatigue loads, and thereby deteriorate the 

properties of composite structures. Delamination damage can be particularly challenging to 

visually detect as it is buried beneath the surface. Delamination damage in composites can 

lead to serious safety issues, such as reduction of structural properties, which can cause final 

failure of the composite part as shown for example in Figs. 1.1 and 1.2.  

 

Many incidents have reported of damage to aircraft because of bird strike and impact due 

to large hail stones or dropped tools. For example, a Boeing 737-700 crashed following the 

collision with a drone while coming into land at Mozambique airport. The aircraft had 80 

passengers, but it was fortunate that the plane landed safely with no injuries. Between 2008 

and 2017, there were 16,626 confirmed bird strikes reported to the Australian Transport 

Safety Bureau (ATSB) [1]. The number of reported bird strikes has increased in recent years, 

with 2017 having the highest on record with 1,921. Therefore, to ensure continuing safety of 

the airframe, the Federal Aviation Administration’s damage tolerant design regulations [2-4] 

specify that delamination damage within aircraft composite structures beyond a critical size 

must be immediately repaired or the entire damaged structure must be replaced. However, 

the critical damage size depends on many parameters including the loading and geometry of 

the composite structure and on the location of the damage. Traditional methods used to 
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repair composite structures are very expensive and require significant time, cost, and for the 

aircraft to be taken out-of-service. 

 

  

Fig. 1.1: Impact damage to the composite nose dome to a Boeing 737-700 aircraft [5]. 

 

 

Fig. 1.2: Cross-section image of delamination cracking in carbon-epoxy composite [6]. 

 

In addition to the problem of delamination damage, composites have low through-

thickness electrical conductivity because of the dielectric nature of the polymer matrix and 

the high resistivity of the fibre-matrix interfaces. This poses challenges in protecting 

composite aircraft structures against lightning strikes and electromagnetic interference. 

Lightning strike protection techniques include embedded metal wire mesh, diverter strips, 

metal picture frames, bonded aluminium foil, and metal foil liners which act as a sacrificial 

layer designed to ablate during a lightning strike. Although these techniques provide lightning 

protection, they can partially offset the weight saving benefits of using composite materials. 
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Modern aircraft structures require multifunctional materials which can provide better 

structural and damage tolerant properties along with high electrical conductivity [7]. Many 

research studies have focused on improving the delamination toughness and low energy 

impact damage resistance using different techniques e.g. 3D fibre architectures (woven, 

tufted and stitched preforms), nanotubes, short carbon fibres, graphene, and z-pinning [8-

13]. These techniques result in high interlaminar fracture toughness and impact damage 

resistance, and some techniques are also effective at increasing the electrical conductivity. 

However, to-date very few studies have developed multifunctional composites that exhibit 

high interlaminar fracture toughness and high through-the-thickness electrical conductivity. 

Thus, this research will focus on developing multifunctional composite materials with high 

static and fatigue damage resistance, impact resistance, damage tolerance and electrical 

properties.  

1.2   Aims and Scope of PhD Project  

The overarching objective of this PhD project is to design and create a new class of three-

dimensional (3D) woven composite material with high damage tolerance under static and 

fatigue interlaminar loads with high electrical properties and also resistance to impact loads. 

These properties will be controllably tailored by weaving metal or carbon z-binders in an 

orthogonal pattern into stacks of 2D woven fabric used in polymer matrix composite 

materials. Three-dimensional weaving is a versatile manufacturing process for producing 

technical textiles with in-plane fibres (warp and weft) and through-thickness fibres (called z-

fibres or z-binders). 3D woven fabrics offer significant improvements to the lay-up time, ease 

of handling, delamination toughness and impact damage resistance. However, existing 3D 

woven fabrics have two deficiencies that limit their applications. Firstly, they are a single-

function material designed to have only one superior functional property (usually 

delamination toughness) [14]. Secondly, in-plane fibre waviness and crimping remain a 

limiting factor for the mechanical properties of 3D woven composites [15]. 

 

This PhD project incorporates metal z-binders into carbon-epoxy composite to improve 

delamination toughness, delamination fatigue resistance, high electrical properties, excellent 

impact damage tolerance whilst retaining high in-plane mechanical properties and improve 

the structural properties of 3D woven composite T-joints. The key innovation of this project 
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is the creation of novel 3D woven fabrics for composites having (i) high delamination and 

damage tolerance properties and (ii) multifunctional properties tailored for high-performance 

components in aircraft, wind turbine blades and other light-weight systems.  

This project includes an experimental investigation into the increased interlaminar 

fracture toughness under static and fatigue loading obtained using metal z-binders. This 

project also experimentally evaluates different types of metal z-binders on the through-the-

thickness and in-plane electrical properties of 3D woven composites. It is shown that metal z-

binders give outstanding improvements to the electrical conductivity and damage detection 

properties. Along with improvements in fracture toughness and electrical properties, metal 

z-binders also improve the impact damage resistance of composites and the structural 

properties of composite T-joints. The concept that the mechanical, interlaminar toughness, 

impact resistance, and electrical properties can be controlled using z-binders depends on 

wide-range and in-depth research and development of these composite materials. The work 

presented in this PhD thesis outlines progress on this concept. 

1.3   Thesis Outline  

The next chapter presents an extensive review of published research into 3D woven 

composite materials. The literature review examines the effect of the z-binder on the 

interlaminar fracture toughness, impact resistance, damage tolerance and in-plane 

mechanical properties of 3D woven composites. Based on the literature findings, the key 

research gaps in 3D woven composites are identified.  

Chapter 3 presents an experimental investigation into the mode I and mode II interlaminar 

fracture toughness properties and delamination toughening mechanisms of multifunctional 

3D woven composites. Composite materials were fabricated using stacked plies of woven 

carbon fabric, which were woven with metal or carbon z-binders in an orthogonal (through-

thickness) pattern. The fabrics were infused with epoxy resin using the vacuum bag resin 

infusion technique. The effects of z-binder material (copper, steel or carbon) and z-binder 

volume content on the mode I and II fracture toughness properties are described. Chapter 4 

presents an investigation into the fatigue resistance of the same 3D woven composites when 

subjected to mode I and mode II interlaminar cyclic loading. The effects of z-binder material 

and volume content on the critical and threshold strain energy release rate to initiate 

delamination crack growth values as well as Paris curves were determined. Fractographic 
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analysis was performed into the interlaminar fatigue strengthening mechanism due to the z-

binders.     

Chapter 5 presents an analytical and experimental investigation into the electrical 

properties of 3D woven composites. Metal z-binders improve the current flow in the through-

the-thickness direction, which is responsible for a large increase to the electrical conductivity 

of 3D composites. Chapter 6 presents the experimental study into the in-situ delamination 

damage detection in 3D woven composites using the z-binders. Metal and carbon z-binders 

were used for the real-time detection of delamination cracks in 3D woven composites via 

measurable changes to the electrical resistivity. 

The effect of z-binder material and volume content on the impact damage resistance and 

post-impact compression properties of the 3D woven composites is examined in Chapter 7. 

The materials were impacted at low and high energy levels, and then the compression-after-

impact (CAI) properties were measured.  

An investigation is presented in Chapter 8 into the effect of z-binders on the structural 

properties T-joints made of 3D woven composite material. Metal or carbon z-binders were 

woven into the skin-flange region of the T-joints, and then the structural properties were 

determined under the stiffener pull-off load condition. The stiffness, load-at-first failure, 

ultimate load and extension-to-failure properties of the different T-joints were measured.  

Chapter 9 presents an experimental investigation into the in-plane mechanical properties 

(tension, compression, flexure) of the 3D woven composites.  

The final chapter summarises the main conclusions of this PhD project, and also briefly 

describes several future research topics to further develop multifunctional 3D woven 

composite materials.  
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Chapter 2: Literature Review  
 

Abstract 

This chapter presents a comprehensive literature review on 3D woven fabrics and 

their use in polymer matrix composite materials. The 3D weaving process and the types of 3D 

woven fabrics are described. Published research into the interlaminar fracture toughness 

properties, impact damage resistance, mechanical properties and other properties of 3D 

woven composites is reviewed. This includes a review into the effects of   fabric architecture 

as well as the material type and volume content of z-binders on the properties of 3D woven 

composites. A research gap analysis, based on the published research, reveals there is a 

limited understanding on several key topics of 3D woven composites, and some of these are 

investigated further in this PhD research project. This includes improvements to the 

interlaminar fracture toughness, interlaminar fatigue strength, impact damage resistance and 

tolerance, electrical properties and joint strength of 3D woven composites reinforced with 

metal z-binders. 

 

2.1   3D weaving process 

Weaving is the process of producing single ply fabric by interlacing two sets of yarns 

(warp and weft) which are aligned at 90° to each other (called 2D fabric), and are the most 

commonly used textile fabric for composite reinforcement. 2D woven fabric is used 

extensively in the aerospace, automotive, marine and other industries. However, a long-

standing problem with 2D woven laminates is their relatively low resistance to cracking and 

failure when loaded in the through-thickness direction. The absence of through-thickness 

fibres combined with the low strength and toughness of the polymer matrix phase and fibre-

matrix interfaces results in 2D woven laminates being susceptible to delamination damage.  

 

To overcome this problem, there is increasing interest in the 3D weaving of multilayer, 

net-shaped fabric containing through-thickness reinforcing fibres for use in composite 

materials. 3D woven composites have superior ballistic impact damage resistance [16] and 

higher impact damage tolerance [17-21] compared to 2D woven laminates. 3D weaving is the 
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modified version of single-layer (or 2D) weaving process. 3D weaving is the process in which 

an integrated multi-layer fabric consisting of multiple ply layers of warp and weft yarns in the 

in-plane directions and z-binder yarns (z-yarn) woven in the through-thickness direction. The 

basic principle of the 3D weaving process is presented in Fig. 2.1. The important parameter of 

the 3D weaving process is the dual-directional shedding operation. Through this operation 

the multiple layer warp can be displaced to form alternately multiple column-wise and row-

wise sheds. Subsequent picking of wefts in the corresponding sheds of the two directions 

results in the complete interlacing of the multiple layer warp (Z) with the two mutually 

perpendicular sets of wefts (X and Y). 3D woven fabrics are often produced by using highly 

automated, computer-controlled looms for fast production and high-quality products [22]. 

3D woven fabrics can be manufactured using Jacquard and rapier weaving looms as shown in 

Fig. 2.2. Jacquard controlled looms are the most popular for manufacturing 3D woven fabric 

due to the individual lifting mechanism of warp yarn. There are two main types of 3D woven 

fabrics used in composite materials: orthogonal and layer interlock [23-26].  

 

 

 

 

Fig. 2.1: Principle of 3D weaving process [22]. 

 

 

Reed 
Weft X-yarn 

3D fabric 

Axial Z-yarn 

Binder/tying 
Yarn Y 

Heald Means for 
increasing disstance 

between axial yarn layers 

Axial  
yarns Z 
supply 

Binder/tying 
yarn Y supply 



25 
 

 

 

Fig. 2.2: 3D weaving looms for 3D woven fabric manufacturing based on (a) Jacquard and (b) 

rapier principles [22]. 

 

2.1.1   Orthogonal woven fabrics 

The orthogonal weave architecture consists of warp and weft yarns stacked in multiple 

layers without interlacing, and the entire fabric is bound by z-binder yarns woven in an 

orthogonal pattern as illustrated in Fig. 2.3(a). The non-interlaced pattern minimises crimp of 

the warp and weft yarns, and this leads to retention of the in-plane stiffness and strength 

properties when used in a composite material [27]. There are two main types of orthogonal 

fabrics: (i) fabrics with one through-thickness z-binder yarn are termed as ‘ordinary 

(a) 

(b) 
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orthogonal fabrics’, and (ii) fabrics with two z-binders woven in opposing directions, and are 

known as ‘enhanced orthogonal fabric’ as shown in Fig. 2.3(b). The enhanced orthogonal 

fabrics usually have a higher areal density of z-binder yarns compared with ordinary 

orthogonal fabrics.     

 

2.1.2   Layer interlock woven fabrics 

The basic manufacturing of 3D interlock fabrics is based on the 2D weaving technique 

[28]. The main difference between the 3D interlock fabric manufacturing with 2D fabrics are 

the distribution of weft yarns inside the shed to obtain a 3D fabric comparatively thicker than 

2D fabrics, and in the selection of warp yarns, divided into three types: the weaver warp yarns, 

the surface warp yarns, and the stuffer warp yarns [29]. Layer interlock fabrics are woven 

using a set of straight weft yarns and a set of warp yarns that weave with the weft in a diagonal 

through- thickness direction as shown in Fig. 2.3(c). These fabrics are also known as layer-to-

layer fabrics. The fabrics have four sets of yarns: filling, bias and stuffer yarns (warp). Bias 

yarns are oriented in the thickness direction and interlaced with several weft yarns. Bias yarns 

have a zig-zag type pattern in the thickness direction and change the course of the structure 

in the machine direction. 

 

 

                  

 

(a) 

(b) 
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Fig. 2.3: Types of 3D woven fabrics: (a) orthogonal (b) modified orthogonal and (c) layer 

interlock [30]. 

 

2.1.3   Damage to tows and in-plane fibre during weaving process 

Despite the advantages and potential applications of 3D woven composites, there is a 

major drawback that the in-plane mechanical properties may be reduced due to the weaving 

process or weave architecture. The tension, compression, flexural and other in-plane 

properties of 3D woven composites are up to 10-20% lower than 2D laminates with an equal 

proportion of load-bearing yarns [15, 31, 32]. The reduction to the in-plane mechanical 

properties is often due to the crimping, distortion and breakage of fibres during the insertion 

of z-binder in the weaving process. 

 

During the weaving process, the abrasion, breakage and distortion of warp, weft and 

z-binder yarns is hard to avoid. For example, warp yarns crossover the series of weaving 

machine parts with considerable frictional contact which causes the abrasion and, in some 

instances, breakage of filaments. Lee et al. [33, 34] report that as the yarns slide through the 

guides and other parts of the weaving machine, the friction causes abrasion damage and 

breakage of fibres (Fig. 2.4). This damage reduces the tensile failure stress of yarns. Lee et al. 

(c) 
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[34] further investigated the failure stress of E-glass yarns after different stages of 3D weaving 

process. They found that the yarn strength decreased about 30% after the tensioning, 

warping and take-up operations of weaving process.   

 

 

Fig. 2.4: Broken fibres in a yarn at the guide to a weaving machine [35]. 

 

Yarn distortions known as in-plane waviness and out-of-plane crimp can also occur 

during the 3D weaving process. Waviness can occur in fabrics where the yarns crossover and 

interlace each other, with the distortion angle typically in the range of 4-12° [36-38]. The 

highest misalignment reported is greater than 12°, particularly for yarns close to z-binder 

yarns in 3D woven fabric. During weaving process, when the carrier (for example, needle) 

insert a z-binder yarn it pushes the in-plane yarns aside which creates the waviness in yarns 

and resin-rich pockets (Fig. 2.5) at every z-binder location. The severity of waviness and size 

of resin-rich areas in 3D woven fabrics is dependent on the diameter of z-binder yarn and 

needle. This damage can be minimized by controlling the operation of z-binder yarns into 

warp and weft yarns; for example, by weaving non-crimp orthogonal woven fabric in which 

the z-binder yarns fit between the in-plane yarns and therefore do not cause excessive 

waviness.  

 

Broken Fibres 
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Fig. 2.5: Resin-rich pockets in 3D woven fabric on z-binder location [37]. 

 

Damaged or broken fibres within woven yarns are important causes for the reduction to 

the mechanical properties of 3D woven composites. The in-plane yarns are often damaged by 

the operation of insertion of z-binder yarn. During z-binder insertion, friction stresses are 

generated which lead to breakage of fibres. The stresses created in between in-plane yarns, 

z-binder yarns and its carrier are often created by friction, which are partly responsible for 

reductions to the tensile strength in 3D woven composites. Kamiya et al. [25] suggested that 

yarns are damaged by the shedding operation during weaving process. Rudov-Clark et al. [35] 

investigated the fibre damage during the 3D weaving process of orthogonally woven 

fibreglass fabric. They found that yarn breakage reduces the tensile failures stress of the 

yarns. They further explained that the sliding and abrasion of yarns against each other during 

the 3D weaving process lowers the tensile failure stress, although the Young’s modulus is not 

reduced significantly. Lee et al. [33] conducted tension tests on woven carbon-epoxy 

composites to quantify the fibre damage during weaving process. They observed that the 

tensile properties of carbon fibre composites were reduced due to the large amount of fibre 

damage caused by the weaving process. Lee et al. [34] systematically studied the effect of 

weaving damage to E-glass yarn on the tensile properties of 3D woven composites. They have 

found progressive reduction to the tensile strength of the warp yarn. Weaving process caused 

overall 30% reduction in strength of the dry load-bearing yarn in 3D glass preforms.   
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 2.2   3D woven composite: delamination resistance  

Various methods have been developed to increase the delamination resistance of 

composites, such as rubber toughening of the polymer matrix phase, fibre adhesion 

treatment to increase the bonding to the matrix, nanoparticle toughening of the matrix, and 

carbon nanotube treatment of the fibres [39-42]. Another approach which is commonly used 

is the reinforcement of the composite in the through-thickness direction using fibrous yarns, 

rods or pins [9, 24, 43]. 3D reinforced composites have increased delamination toughness and 

impact resistant properties. 3D woven fabric preforms are effective for improving the 

delamination toughness and impact damage tolerance of composites used in aircraft 

structures such as wing panel joints, flanges and turbine rotors [24]. Large improvements to 

these properties are achieved with a relatively small volume fraction of z-binder yarns in 3D 

woven composites [46, 65]. 

 

2.2.1   Fracture resistance of 3D reinforced composite structures 

Three techniques are used to experimentally measure the mode I (tensile crack 

opening), mode II (shear crack sliding) and mode III (tearing) interlaminar fracture toughness 

properties of laminated composite materials; namely the Double Cantilever Beam (DCB), End 

Notch Flexure (ENF) and Edge Cracked Torsion (ECT) tests, respectively. The three modes of 

fracture are illustrated in Fig. 2.6 [44, 45].  Many numerical and experimental studies have 

been published on the modes I and II loading interlaminar fracture toughness properties on 

composite materials with through-thickness fibre reinforcement [46-58] . The delamination 

properties of 3D woven composites under the mode III interlaminar loading condition have 

not been performed due to difficulties in performing reliable fracture toughness tests, for 

example, it is possible that small rotations of the specimen within the test fixture can cause 

compressive stresses to be transmitted across the crack surfaces of the specimen, thereby 

affecting the measured toughness. 
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Fig. 2.6: Fracture modes: mode I (tensile fracture), mode II (shear fracture), and mode III 

(tearing shear). 

3D woven composites have higher damage tolerance and interlaminar fracture 

toughness than 2D woven laminates. The delamination resistance of 3D woven composites is 

dependent on various parameters such as volume content, tensile strength, diameter, 

Young’s modulus and interfacial shear strength of the woven z-binders as well as the thickness 

of the 3D woven composite material and the delamination crack length  [30]. 

 

The mode I and mode II fracture toughness values of 3D composites increases with 

the delamination crack length up to the steady-state toughness value [53, 59-62]. The 

improvement in the interlaminar fracture toughness is largely due to the formation of a large-

scale extrinsic bridging zone, including the number and type of z-binders bridging the 

delamination crack. The stiffness and strength of the z-binder are important properties for 

improving the delamination toughness, as is the embedded length of the z-binder which 

increases with the thickness of the composite material, and the interfacial shear failure stress 

between the z-binder and the composite. Continuous z-binders such as in 3D woven and 

stitched composites can provide larger improvements to the interlaminar fracture toughness 

than discrete z-binders such as z-pins. Continuous z-binders tend to be more resistant to 

failure by pull-out due to the high-end restraint imposed by the surface segment, thereby 

resulting in a higher interlaminar toughening effect. Mouritz et al. [46] measured the mode I 

interlaminar fracture toughness properties for lightly and heavily stitched fibreglass 

composites, and the GIc values were respectively 2.2 and 2.8 times higher than the 2D 

Mode I 

Tensile fracture 

Mode II 

Shear fracture 

Mode III 

Tearing 
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composite. Arendts et al. [50] investigated the effect of increasing the z-binder content on 

the mode I fracture toughness properties, and at the highest content studied (8%) the mode 

I interlaminar fracture toughness properties of the 3D woven composite was 20 times higher 

than a 2D laminate. As another example, Pingkarawat et al. [63] investigated the effect of z-

binder density on the mode I delamination toughness of a carbon-epoxy composite material 

reinforced with thermoplastic filament stitches. They found that the steady-state fracture 

toughness value increased rapidly with the stitch density, as shown in Fig. 2.7, and at highest 

stitch content (4 stitches/cm2) the toughness was increased about 700%. It was concluded 

that the improvement to the delamination toughness increases with the stitch density due to 

a larger number of bridging stitches along the delamination crack.   

 

 

Fig. 2.7: Mode I R-curve for carbon-epoxy composite reinforced with different densities of 

thermoplastic stitches [63]. 

 

The amount of interlaminar toughening is also dependent on the geometry of the z-

binders; with orthogonal z-binders aligned in the through-thickness direction providing high 

delamination toughness under mode I interlaminar loading whereas z-binders inclined at an 

angle of 45° against the direction of crack growth providing the highest mode II delamination 

toughness. Stegschuster et al. [64] studied the interlaminar fracture toughness properties of 

3D woven carbon-epoxy composites containing different volume fractions of z-binders. The 

fracture toughness of 3D woven composites increased at a quasi-linear rate with increasing 
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the volume content of z-binders as shown in Fig. 2.8. It was also found in this study that the 

inclined z-binders were still effective in creating large bridging zone, which is the main reason 

for the enhanced interlaminar fracture toughness.  

 

 

 

 

Fig. 2.8: Effect of z-binder yarn content on the (a) mode I load–displacement curves and the 

(b) initiation and steady-state mode I interlaminar fracture toughness values for 3D woven 

carbon-epoxy composites [64]. 

 

(a) 

(b) 
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Ladani et al. [65] recently investigated a novel 3D woven fibre-polymer composite 

material that has the combination of properties to both resist delamination crack growth and 

to self-heal the cracks. The composites contained z-binders made of carbon fibre yarn and/or 

thermoplastic filament (EMAA).  The results show in the Fig. 2.9 that the hybrid 3D 

reinforcements substantially improved the mode I interlaminar fracture toughness 

(∼1200%).  

 

 

Fig. 2.9: Mode I crack growth resistance (R) curves for 3D woven composites containing z-

binders made of thermoplastic (EMAA), carbon fibres, or combination of EMAA and carbon 

fibres [65]. 

 

The high interlaminar fracture toughness of 3D woven composites is often due to pull-

out of the bridging z-binders after they have fractured. This pull-out action generates friction 

traction stresses which add to the interlaminar toughening effect. However, z-binders may 

also rupture at the delamination crack plane without experiencing significant pull-out, and in 

this case the toughening effect is provided mostly by deformation of the z-binders prior to 

fracture. Tensile rupture is the common type of failure for continuous z-binders with end 

restraint i.e. z-binders within 3D woven composites.  

 

Under mode II interlaminar loading different toughening mechanisms are active to 

those that occur under mode I loading. The z-binders experience elastic deformation at small 
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crack sliding displacements and then often experience pull-out or shear rupture at large crack 

sliding displacements, as shown for example in Fig. 2.10. In addition, the mode II delamination 

toughness is increased by snubbing of the z-binders at large crack sliding displacements. 

Snubbing is a discipline-specific scientific team used by researchers to describe a interlaminar 

toughening process in which the z-binder is pressed laterally into the surrounding composite 

material under high shear strain deformation. The composite material reacts against the 

snubbing force and thereby resists deformation of the z-binder, and consequently the mode 

II delamination toughness is increased. The z-binders under mode II interlaminar loading 

eventually fail at high crack sliding displacements by pull-out or transverse shear rupture. 

 

 

 

Fig. 2.10: SEM image showing delamination crack bridging and failure of a z-pin under mode 

II interlaminar loading of a carbon-epoxy laminate [30]. 

 

The mode II interlaminar fracture properties of three types of 3D woven carbon fibre 

composites (orthogonal, layer-to-layer interlock, angle interlock) has been investigated using 

end loaded splits (ELS) and end notched flexure (ENF) specimens [58]. There was no significant 

difference between the different types of 3D woven composites to initiate mode II 

interlaminar crack growth. However, the mode II steady-state interlaminar fracture 

toughness (GIIc) value for the 3D woven composite with the toughened layer-to-layer weave 

pattern was greater than the standard layer-to-layer. The 3D woven composite containing 3% 



36 
 

z-binder in orthogonal weave showed a moderate reduction in GIIc compared to the 6% z-

binder material, as shown in Fig. 2.11. It have been concluded that there is a relatively no or 

less role for the weave architecture on the mode II propagation values [58]. 

 

 

Fig. 2.11: Comparison of mode II R curves for 3D woven composites with different weave 

architectures [58]. 

 

Ladani et al. [66] investigated the mode II fracture toughness properties of 3D woven 

composites reinforced with carbon, poly[ethylene-co-(methacrylic acid)] (EMAA-

thermoplastic) and combination of both (carbon + EMAA) z-binders. The results presented in 

Fig. 2.12 shows that the mode II fracture toughness of the 3D composite reinforced with 

carbon z-binder showed the highest value, which was ~150% higher than the 2D laminate. 

The carbon and EMAA z-binders provided a moderate improvement (~75%) whereas the 

EMAA z-binders increased the toughness by only ~20%. The improvement in mode II fracture 

toughness is due to the carbon z-binder forming a large-scale bridging zone behind the crack 

front. The healing of 3D woven composites was also investigated in this study; EMAA z-

binders showed good self-repair of mode II delamination cracks. 
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Fig. 2.12: Mode II R-curves for 3D woven composites reinforced with carbon, EMAA and 

combination of both (carbon + EMAA) z-binders [66].  

 

2.2.2   Fatigue resistance of 3D reinforced composite structures 

The application of composites in many structural applications requires in-depth 

knowledge of their fatigue performance under cyclic stress loading conditions. Stress-induced 

fatigue may be defined as the deterioration to the mechanical, physical or other properties 

of a material due to damage caused by cyclic or fluctuating loads.  Textile composites may 

also be subjected to fatigue loading in several ways, such as acoustic fatigue and thermal 

fatigue. Cyclic stress is the most common type of fatigue, and it arises from repeated elastic 

loading of the material. Several parameters affect the fatigue response of composite 

materials, such as fibre and matrix material, volume content of z-binder (if present), 

environmental conditions (temperature, moisture absorption, etc.) and loading conditions 

(average stress, maximum stress, stress state, R-ratio, frequency, etc.). 

 

Wilkinson et al. [67] compared the cyclic tension-tension fatigue behaviour of a non-

crimp 3D orthogonal weave composite and 2D laminate at elevated temperature (329°C). 

They concluded that the 2D laminate offers overall better fatigue performance than the 3D 

woven composite, especially at higher cyclic stress levels as shown in Fig. 2.13. The fatigue 
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strength of the 3D woven composite was reduced by the z-binders, which reduced the 

ultimate tensile stress due to microstructural defects caused by insertion of the z-binders (e.g. 

fibre waviness).  

 

Fig. 2.13: Fatigue life (S-N) curves for 2D laminate and 3D woven composite at elevated 

temperature [67]. 

 

Carvelli et al. [68] performed a comparative experimental study into the tensile fatigue 

properties of a non-crimp 3D orthogonal woven fibreglass composite and equivalent 

thickness of 2D woven E-glass laminate. Fig. 2.14 shows that the 2D laminate and 3D woven 

composite had similar fatigue properties, although the fatigue resistance was slightly lower 

in the warp direction of the 3D composite. They concluded that tensile fatigue resistance of 

the 3D woven composite was slightly dependent on the loading direction.   
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Fig. 2.14: Tension-tension fatigue life (S-N) curves for non-crimp 3D orthogonal woven 

composite in warp and fill direction compared with 2D laminate [68].  

 

Judawisastra et al. [69] experimentally investigated the fatigue behaviour and damage 

development during cyclic bending loading of 3D woven sandwich composites. They 

evaluated four types of fibre glass-epoxy panels: two without foam and two PUR foamed 

panels. They found that the 3D woven glass fabric epoxy panels with polyurethane foam show 

excellent fatigue behaviour. Very long lifetimes and low stiffness degradation were measured, 

particularly in the 10 mm thick PUR foamed panel which showed the best results: stiffness 

degradation lower than 6% at 80% three-point bending ultimate load loading fatigue life 

higher than 106 cycles at 80% three-point bending ultimate load, as shown in Fig. 2.15. 
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Fig. 2.15: Stress vs load cycles (S-N) curves of 3D woven panels [69].  

 

Ladani et al. [70] investigated the mode I and mode II interlaminar fatigue properties of 3D 

textile composites containing hybrid z-binder materials. Shown in Fig. 2.16 are the Paris 

curves for a 2D laminate and 3D woven composites containing z-binders made of carbon fibre, 

thermoplastic (EMMA) or a combination of both materials. The 3D woven composites showed 

higher fatigue resistance than the 2D laminate. The 3D woven composites showed increases 

in the threshold strain energy release rate range to initiate fatigue cracking by ~800% and 

~200% under mode I and mode II, respectively.  

 

 

Fig. 2.16: Paris curves measured for the 2D laminate and 3D woven composites subjected to 

(a) mode I and (b) mode II interlaminar cyclic loading [70].  
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Ladani et al. [70] further investigated the healing of fatigue-induced delamination 

cracks using EMAA z-binders. The results presented in Fig. 2.17 show partial recovery of the 

mode I interlaminar fatigue properties of the 3D woven composite after healing. That is, the 

mode I fatigue crack growth rate curve for the 3D woven composite after healing is further to 

the left compared to its original condition; that is, the rate of fatigue-induced delamination 

crack growth after healing is higher than the original composite. However, under mode II 

fatigue resistance, the healed material was inferior to the 2D laminate. 

 

 

Fig. 2.17: Paris curves showing the effect of the applied cyclic strain energy release rate range 

on the delamination crack growth rate for the 3D textile composites before and after healing: 

(a) EMAA z-binders under mode I, (b) EMAA z-binders under mode II [70]. 

 

Mouritz et al. [71] compared the mode I interlaminar fracture toughness properties of 

3D woven composites with composites reinforced with z-pins. They found that the z-pinned 

composites had higher delamination fatigue resistance than the 3D woven composites for the 

amount of through-thickness reinforcement used, as shown in Fig. 2.18. Mouritz and 

colleagues attributed this to the orientation of the z-reinforcement. They explained that the 

z-pins are aligned nearly orthogonal to the delamination crack, and therefore the z-pins 

generated a higher bridging traction load under mode I fatigue loading. In comparison, the z-

binders in the 3D woven composites were inclined at a steep angle, and this reduced their 
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mode I bridging traction efficiency and therefore the traction load was lower compared with 

z-pins.  

 

 

Fig. 2.18: Paris curves showing the effect of increasing volume content of z-reinforcement on 

the mode I interlaminar fatigue properties of the (a) 3D woven composites and (b) z-pinned 

composites [71]. 

 

(a) 

(b) 
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2.3   Impact damage tolerance of 3D reinforced composite structures 

Fibre-polymer composite materials have relatively low interlaminar fracture toughness 

properties and therefore are prone to delamination cracking when subjected to impact 

loading. The impact damage resistance and, in some cases, the post-impact mechanical 

properties of composites can be increased by through-thickness fibre reinforcement. The high 

impact damage resistance of 3D woven composites is due to their high level of delamination 

resistance [24]. However, there is very little published research on the impact resistant 

properties of 3D woven composites. Brandt et al. [72] investigated the impact damage 

tolerant properties of different types of composite materials i.e. 2D, 3D and knitted. Fig. 2.19 

shows the impact force-time response for a 2D laminate and 3D woven composite during 

drop-weight impact testing. Under comparable test conditions, the 3D material absorbs 

approximately 2.5 times more energy than the 2D laminate. 

 

 

Fig. 2.19: Impact energy-times curves measured for different types of textile composites [72]. 

 

The amount of impact damage caused to 3D woven composites is often less than an 

equivalent 2D laminate with the same fibre volume content. For example, Fig. 2.20 shows the 

effect of increasing impact energy on the amount of delamination damage experienced by 3D 
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carbon-epoxy composites reinforced with an orthogonal or interlocked woven structure. The 

amount of impact damage sustained by the two types of 3D woven composite is lower than 

the 2D laminate. The superior damage resistance of 3D woven composites is due to their high 

delamination resistance caused by their higher interlaminar fracture toughness properties. 

The impact damage resistance of 3D woven composites increases with the volume content of 

z-binder, the use of finer diameter z-binders, the use of high stiffness and strength z-binders, 

fabric architecture, and high interfacial shear strength between the z-binders and composite 

material [30].  

 

 

Fig. 2.20: Effect of impact velocity on the amount of delamination damage to 2D and 3D 

woven composites [30]. 

 

Ko et al. [73] investigated the impact responses of 3D orthogonally woven and 2D 

biaxial woven composites. They have found that the impact resistance of composites showed 

good improvement in impact damage area and damage initiation as well as propagation 

energy. It was also found that 3D woven composites required higher force to initiate the 

damage compared with 2D woven composites, as shown in Fig. 2.21.   
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Fig. 2.21: Impact response of 3D and 2D woven composites: (a) 3D orthogonally woven (b) 2D 

plain woven. The arrows represent the incipient damage points [73].  

 

Barndt et al. [74]  observed that under comparable impact test conditions, a 3D woven 

composite suppresses delamination cracking and absorbs significantly more impact energy 

than 2D woven laminates. The reduction to the amount of impact damage led to an 

improvement in the residual compression-after-impact strength of the 3D woven composite. 

The z-binders slow the crack propagation, although (as already discussed) the in-plane fibre 

damage during weaving process may reduce the strength and fracture resistance of the 3D 

(a) 

(b) 
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composite [75]. Baucom et al. [76, 77] investigated the effect of fabric architecture (2D and 

3D orthogonal woven composites) on damage progression and perforation failure. They 

observed delamination between the plies and fibre damage on both (rear and front) surfaces 

on both types of material. However, cracking in the 3D woven composites was much less 

compared to the 2D composite.  

 

Luo [78] and Lv [79] tested a 3D orthogonal hybrid woven composite when 

transversely loaded at different rates using hemispherical-ended and flat-ended steel rods. 

Both the energy absorption and damage mechanism were dependent on the loading rate of 

the rods. Under low rate loading, the 3D composite failed due to excessive tensile and 

compressive stresses created by the bending moment. At higher loading rate the damage 

occurred in the forms of matrix cracking and fibre breakage. It was observed that the z-

binders prevented delamination. Walter et al. [80] found that during high velocity ballistic 

loading, delamination was the dominant failure mode accompanied by fibre breakage and 

matrix failure. Although z-binders resist the delamination during the initial penetration, the 

effect of z-binder was negligible at much higher velocities.  

 

King et al. [81] and Gerlach et al. [82] investigated the influences of the volume 

content and locations of z-binders during the impact loading of 3D woven carbon fibre 

composites. As expected, the amount of impact damage decreased with increasing z-binder 

content. Also, the damage when impacted near the edge of a z-binder was deeper than when 

impacted in the centre of the z-binder. Hence, they concluded that z-binder location under 

the impactor had a direct influence on impact depth [81]. Chen et al. [83] compared the 

impact response of 3D woven composites with unidirectional laminates and 2D non-crimp 

laminates. They have found that the impact damage resistance and damage tolerance 

properties of the 3D woven composites were superior due to the z-binders resisting 

delamination crack growth [83]. 

 

Potluri et al. [84] compared the impact resistance of 3D woven composites at different 

impact energy levels with 2D woven and cross-ply laminates. The 3D woven composites 

sustained less damage over the range of impact energies studied, as shown Fig. 2.22. They 
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also found that the damage was more localised in the 3D woven composites. Furthermore, 

the amount of damage sustained by the four types of 3D woven composites was similar. 

 

Fig. 2.22: Damage area vs impact energy curves for angle interlock (AI), modified layer-to-

layer (MLTL), orthogonal (ORTH), layer-to-layer (LTL), unidirectional cross-ply (UD cross-ply) 

and 2D composites [84].  

 

2.4   In-plane Mechanical Properties of 3D Woven Composites 

2.4.1   Tensile properties 

The in-plane tensile properties of various types of 3D woven composites have been 

experimentally investigated, including non-crimped orthogonal, layer interlock and other 3D 

woven architectures using carbon, glass or Kevlar fibres. Dai et al. [31] compared the tensile 

properties on six types of 3D woven composite materials, and they concluded that the tensile 

properties were sensitive to the amount of the waviness to the load-bearing fibres caused by 

the z-binders. Composites containing orthogonal or angle interlock woven fabrics generally 

had higher tensile modulus and tensile strength values due to less crimping of the warp yarns 

by the z-binders. Behera et al. [85] also measured the mechanical properties of various 3D 

woven composites, and found they were lower than 2D woven and unidirectional laminates, 

as shown in Fig. 2.23 for the tensile-displacement response measured in the warp and weft 

directions. The tensile properties of 3D woven composites are often lower than the 2D 
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laminate, as shown for example in Fig. 2.24 [24]. The tensile modulus of 3D woven composites 

is typically anywhere from 10% to 35% lower than an equivalent 2D laminate [18, 33, 86]. 

However, some studies report a slightly higher tensile modulus for 3D woven composites [50, 

83].  

 

 

Fig. 2.23: Effect of weave architecture on tensile load-displacement curves of 2D and three 

types of 3D woven composites measured in the warp and weft directions [85].  

 

 

Fig. 2.24: Tensile stress-strain curves for a 2D and 3D woven composites [24]. 



49 
 

Saleh et al. [87]  investigated the effect of different 3D woven fabric architectures on 

tensile properties. They found that the tensile stiffness and tensile strength were mainly 

dependent on the fibre volume content of warp and weft yarns, regardless of the fabric 

architecture. They also found that 3D orthogonal woven composites exhibited the highest 

tensile strength under off-axis loading due to the interlocked structure provided by the z-

binder resisting shear deformation. The reduction in the tensile strength of 3D woven 

composites is mainly due to damage and waviness of the load-bearing fibres caused by the z-

binder during the weaving process. As the z-binders are woven into the fabric the in-plane 

fibres are damaged and broken as shown in Fig. 2.25. As reported earlier, crimp caused by the 

z-binders is a contributing factor for the reduction in the tensile strength of 3D woven 

composites. Lee et al. [34] investigated the fibre damage that occurs during the 3D weaving 

process on the tensile properties of 3D woven composites. As mentioned earlier, they found 

that abrasion and breakage of the fibres occurred due to sliding of the yarns against 

components of the weaving loom, and this reduced the yarn strength. For example, the 3D 

weaving process caused a ~30% reduction to the tensile failure stress of glass yarns during 

the fabrication of an orthogonal fabric preform.  
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Fig. 2.25: SEM image showing in-plane fibres damage due to the z-binder [37] .  

 

2.4.2   Compressive properties 

Most studies have found that the compressive modulus of 3D woven composites is 

lower than the equivalent 2D laminate with the same fibre volume content [24], and this is 

due to crimping and waviness of the load-bearing fibres caused during the insertion of z-

binders. The effects of z-binder content and architecture on the compressive strength of 3D 

woven composites are complex because both improvements and reductions can occur. For 

example, Fig. 2.26 shows normalised compressive strength results for three types of 3D 

woven composites with different z-binder contents. The normalised compressive strength is 

defined as the compressive strength of the 3D woven composite divided by the strength of 

2D woven laminate with nominally the same in-plane fibre content. The results show no clear 

trend; with the compressive strength being higher, lower or similar to the 2D laminate. 

However, the compressive strength of 3D woven composites is usually improved or degraded 

by less than ~20%. 
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Fig. 2.26: Plot of compressive strength against z-binder content for 3D orthogonal glass-epoxy, 
3D interlock glass-epoxy and 3D interlock Kevlar-epoxy  composites [24] .  

 

Cox et al. [36] observed that 3D woven composites fail under axial compression 

loading via kinking of the load-bearing tows. Kinking is defined as the failure process that 

initiates at regions with a low resistance to plastic shear deformation, such as material defects 

(e.g. void, crack) or where fibres are misaligned from the load direction. The kink bands in 3D 

woven composites first initiate in the tows which have experienced the greatest amount of 

crimping/waviness by the z-binder. Therefore, reducing the amount of tow crimping increases 

the kinking stress and consequently the compressive strength of 3D woven composites. Cox 

et al. [36] further compared the compression properties of a unidirectional carbon/epoxy 

laminate against a 3D woven composite, and measured a large reduction to the failure 

strength but a large increase to the failure strain due to the z-binders, as shown in Fig. 2.27.  
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Fig. 2.27: Compression stress-strain curves for a unidirectional tape laminate and a 3D 
woven composites [36] . 

 

Potluri et al. [84] studied the compression properties for different 3D weaving 

patterns and validated a model based on an energy-minimization technique using their 

experimental data. Mahadik et al. [27] conducted compression tests on 3D woven angle 

interlock composite specimens moulded at different degrees of compaction. They observed 

that the compression strength and failure mechanism were dependent on the highly crimped 

region (mainly near the z-binder region). Higher crimp lead to larger reductions in the 

compressive properties of the 3D woven composites. Behera et al. [85] compared the 

compression properties of different architectures of 3D woven composites, and found that 

the angle interlock architecture provided the composite with a higher failure stress than warp 

interlock and orthogonal architectures. However, all three types of 3D woven composites 

have lower compressive properties than 2D woven and unidirectional laminates. As 

discussed, the lower compression properties of the 3D woven composites are often due 

mostly to the breakage, crimping and waviness of load-bearing fibres by the z-binders.  

 

2.4.3   Flexural properties 

Similar to tensile and compression properties, the flexural properties are affected by 

the z-binders in 3D woven composites. The effect of z-binder yarn on the flexural properties 
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has been investigated by several researchers [15, 36, 52, 80, 88], and they are usually lower 

than 2D laminates with an equivalent fraction of in-plane fibres.  

 

Umer et al. [89] compared the flexural properties of composites with different 3D 

woven architectures. They have found that the angle interlock architecture had higher 

flexural properties in the warp direction compared with orthogonal and layer-to-layer woven 

architectures, as shown in Fig. 2.28. It was also found that bending-induced damage initiated 

at the resin-rich areas around the z-binders, and then propagated along the warp yarn in 

orthogonal and angle interlock woven composites. 

 

 

 

Fig. 2.28: Comparison of the flexural properties of different types of 3D woven composites: (a) 

strength and (b) modulus [89]. 

(a) 

(b) 
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Sun et al. [90] investigated the effect of z-binder content on the flexural properties of non-

woven 3D orthogonal composites. As mentioned, the non-woven technique reduces the 

damage and crimping of in-plane warp yarns. It was found that the flexural strength increased 

with the z-binder content. However, the flexural modulus was dependent on thickness of the 

z-binder. Sun and colleagues concluded that the flexural properties depend on multiple 

properties of the weave, including the diameter and volume content of z-binders as well as 

the amount of crimping, waviness and damage to the load-bearing fibres.  

 

2.5   Other Properties of 3D Reinforced Composites 

Besides the interlaminar fracture toughness, fatigue, impact and in-plane mechanical 

properties, other properties such as thermal conductivity of 3D woven composites have been 

investigated. 

 

2.5.1 Thermal properties 

Conventional 2D laminates have low thermal conductivity, particularly in the through-

thickness direction, because of the poor heat transfer properties of the polymer matrix and 

fibre-matrix interfaces. As a result, laminates lack the capacity to rapidly dissipate heat when 

used in elevated temperature applications [91] .  

 

The thermal conductivity of composite materials can be increased by the insertion of 

through-thickness fibres which act as the heat transfer pathway. Schuster et al. [92] 

investigated the thermal conductivity of a 3D woven carbon composite reinforced with z-

binders made of carbon pitch fibres or copper filament. The results are presented in Fig. 2.29. 

shows that the increasing the volume content of copper z-binder about 6% increases the out-

of-plane thermal conductivity by a factor of eight compared with traditional uniaxial or biaxial 

composites [92] . Gowayed et al. [93] found a similar effect.  
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Fig. 2.29: Thermal conductivity of 3D woven composites reinforced with different volume 

content of copper fibres [92].  

Schuster et al. [94] investigated thermal conductivity of copper fibre composites by 

varying the thermal conductivity of the meter bar, designated by the symbol k,  between 0.1 

to 1000 W/(m K), as shown in Fig. 2.29. Schuster et al. demonstrated that the copper z-binders 

in 3D woven composites can increase greatly the through-thickness thermal conductivity. It 

was found that inserting z-binders made of thin copper wire or carbon yarn into an 3D 

orthogonal woven composite increased the through-thickness heat conduction properties. 

The improvement to the through-thickness conductivity was controlled by the volume 

fraction and thermal conductivity of the z-binders, as shown in Fig. 2.30. Other parameters 

also affect the through-thickness conductivity, including the thickness of the composite and 

the thermal isotropy of the z-binder.  
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Fig. 2.30: Effect of type and volume fraction of z-binder on the through thickness thermal 

conductivity of 3D woven carbon/epoxy [94].  

2.6   Research gap analysis  

This literature review has presented numerous studies that proves woven z-binders in 

composite materials increase the mode I and mode II delamination fracture toughness, mode 

I and mode II delamination fatigue resistance, and impact tolerance of 3D woven composites. 

However, there are very few published studies on the mode II delamination fracture 

toughness and impact properties. Also, there is little published research into the electrical 

and other properties of 3D woven composites, and these properties are explored in the 

following research chapters. Chapters 3 and 4 present research into the interlaminar fracture 

and fatigue behaviour of 3D woven composites reinforced with metal and carbon z-binder. 

Chapter 5 presents research into the electrical conductivity properties of 3D woven 

composites. Damage detection properties are also very important in 3D woven composites, 

the techniques adopted to detect the damage in the 3D composite is investigated in Chapter 

6. Very little published research is found in impact properties of 3D woven composites, 

Chapter 7 is briefly describing the impact and compression after impact properties. No any 

published research were found on 3D woven T-joints, these joints are widely used in 

aerospace structures. Chapter 8 is focused on structural properties of 3D woven T-joints. In 

last Chapter 9 is describing the in-plane properties of 3D woven composites.   
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Chapter 3: Mode I and Mode II Delamination 

Fracture Properties of 3D Woven Composites 

Containing Metal or Carbon Z-binders 
 

Abstract 

This chapter presents an experimental investigation into the mode I and mode II 

interlaminar fracture toughness properties of 3D composite materials reinforced by through-

thickness weaving of z-binders. The z-binders were made of copper, steel or carbon fibre. The 

mode I and II interlaminar fracture properties were measured using the double cantilever 

beam (DCB) and end notch flexure (ENF) tests, respectively. The steel and carbon z-binders 

were more effective at improving the mode I and mode II delamination toughness and at 

resisting the growth of delamination cracks, whereas copper was less effective. The fracture 

toughness properties were improved by the z-binders forming a large-scale extrinsic bridging 

zone along the delamination crack. The results further reveal that the improvement in 

fracture toughness properties was also dependent on the volume content of z-binders. The 

influence of the material properties of the z-binder on their delamination strengthening 

capacity and failure mode are experimentally determined. 

 

3.1   INTRODUCTION 

Carbon fibre-polymer composites are susceptible to delamination and matrix cracking 

from service-induced stresses due to through-thickness (interlaminar) static and fatigue 

loads, edges stresses, environmental degradation and foreign object impact damage (e.g. hail 

stone, bird strike), as reported earlier. Three-dimensional (3D) fibre composites have superior 

delamination resistance and damage tolerant properties [29]. 3D fibre composites have high 

resistance to delamination cracking [46, 49, 58, 64, 95, 96] and barely visible impact damage 

[82, 84, 97] . Due to these properties, there is interest in the use of 3D woven composites in 

light-weight aircraft structures and engine components (e.g. inlet fan blades) as well as 

turbine blades for power generation [29].  
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The delamination fracture toughness properties of 3D woven composites under mode 

I and mode II loads have been investigated by other researchers [49, 58, 95]. The z-binders 

increase the interlaminar fracture toughness by forming a large-scale crack bridging process 

zone along delamination cracks. For example, Tamuzs et al. [96] examined the effect of z-

binder volume content (2-5%) on the mode I fracture toughness properties, and reported that 

the toughness of the 3D woven composite was up to 10 times higher compared with a 2D 

laminate without z-binders. As another example, Kerber et al. [98] measured the mode II 

interlaminar fracture toughness of 3D woven composites containing different volume 

contents of z-binders, and found that increasing the z-binder content improved the toughness 

by up to 3 times. Fishpool et al. [58] also found that z-binders in 3D orthogonal or interlock 

composites improve the mode II fracture toughness by 2-3 times compared with a 2D 

laminate.  

 

The delamination toughening effect of z-binder is dependent on many factors such as 

volume content, areal density, spacing, diameter, loading mode etc. To date, all published 

studies on the delamination toughness properties have been performed on 3D woven 

composites reinforced with z-binders consisting of carbon or glass tows. However, there is no 

reported work on the interlaminar fracture properties of 3D composites containing metal z-

binders.     

 This chapter presents an investigation into the delamination resistant properties of carbon-

epoxy composite materials reinforced in the through-thickness direction with woven metal z-

binders. The z-binders used were copper and stainless steel, and were selected as z-binder 

materials because they are representative of low and high strength metals, respectively. The 

metal z-binders were woven in an orthogonal pattern into the dry carbon fabric preform to 

the composite material. For comparison, the delamination resistance of a composite material 

with z-binders made of continuous carbon fibre tows were studied. The modes I and II 

interlaminar fracture toughness properties of the 3D woven composites were measured 

experimentally, and compared against a control laminate without any through-thickness 

reinforcement. The study also aims to identify the delamination toughening mechanisms 

induced by the metal z-binders, and how these mechanisms are different to fibre-based z-

binders conventionally used in 3D woven composites.  
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3.2  MATERIALS AND EXPERIMENTAL METHODOLOGY  

3.2.1  Composite Materials  

Composite materials with and without z-binders were fabricated using 198 gsm plain 

woven carbon fabric and low-temperature cure epoxy resin. The single ply fabric consisted of 

T300 3K carbon tows (AC220127 supplied by Colan Ltd.) woven with a balanced (50:50) 

proportion of warp and weft yarns. Thirty-two layers of the dry carbon fabric were stacked 

with the warp tows aligned in the same direction to create a cross-ply fibre pattern for the 

composite preform. The fabric preform was manually woven in an orthogonal (through-

thickness) pattern using one of three types of z-binder material: copper, stainless steel and 

carbon tows. The orthogonal weave of the pattern of the z-binders in the fabric perform is 

shown in Fig. 3.1.  

 

 
 

 

z-binder 
(a) 

(b) 
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W
ef

t 



60 
 

 

 

 Fig. 3.1: (a) Schematic showing the orthogonal weave pattern of the z-binders in a 3D woven 

carbon fabric. (b) Top surface views of 2D and 3D woven fabrics reinforced with carbon, steel 

and copper (right-hand side) and images of the z-binder filaments before insertion (left-hand 

side). 
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Copper and stainless steel were selected for the metal z-binders because they 

represent low and high strength metals, respectively, and their mechanical properties are 

given in Table 3.1. The copper was high purity (99.9% Cu) with a low concentration of trace 

elements. The stainless steel (316L) had the alloy composition of 16-18% Cr, 10-14% Ni, 2-3% 

Mo and 2% (max) Mn. Carbon tows (Tenax® HTS40) were selected because they are 

commonly used as z-binders in 3D orthogonally woven composites.  

 

The copper and steel z-binders had a diameter of 0.51 mm (24 gauge), and were 

cleaned and degreased before being orthogonally woven into the dry carbon fabric preform 

stacks. The carbon z-binder was an 800 tex (12K) tow with nominal diameter of ~0.75 mm, 

which is thicker than the metal z-binders. The fibre packing density in the carbon tow was 

about 66%, and therefore the equivalent load-bearing diameter of the fibres (when the void 

spaces are ignored) was about 0.5 mm, which is very close to the metal z-binders.  

 

The copper, steel and carbon z-binders were orthogonally woven into the fabric 

preform in straight, parallel rows along the warp fibre direction (as illustrated in Fig. 3.1b). 

The volume content of metal or carbon z-binders is given in Table 3.2. In this thesis the volume 

contents are referred as low and high.  The volume content of z-binder was controlled by the 

spacing and pitch of the orthogonal weave architecture.  It is worth noting that these z-binder 

contents are very low compared to other interlaminar fracture studies on 3D woven 

composites, which are typically in the range of 2-10 vol% [46, 64]. Low z-binder contents were 

used to minimise any adverse impact on the in-plane mechanical properties of the materials, 

which are described later in this PhD thesis. 

 

Before starting the weaving process, the stack of single ply carbon fabrics were stapled 

around the edges to avoid slippage using insertion of the woven z-binder. A ruler was placed 

along both sides of the stack to make sure equal spacing of stich is weave on both sides, as 

shown in Fig. 3.2 (a). The z-binders were manually woven into the stack of single ply carbon 

fabric in an orthogonal pattern using a steel sewing needle. The needle used for weaving the 

z-binder were ~55 mm long and ~1.5 mm thick as shown in Fig. 3.2 (b). 
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Fig. 3.2: (a) Manual 3D weaving process, (b) Needle used in weaving process. 

 
 Table 3-1: Mechanical properties of z-binder materials. 

 

Z-binder Young’s Modulus 

(GPa) 

Yield Stress 

(MPa) 

Tensile Failure 

Stress (MPa) 

Failure Strain 

Carbon  240 - 4400 1.8% 

Copper  117 70 62 4.7% 

Stainless steel  200 170 485 ~60% 

(a) 

(b) 

Needle 

Metal z-binder 

Carbon fabric 

Needle 
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Table 3.2. Volume fraction of in-plane fibres and the z-filament weave contents in the 2D 

laminate and 3D woven composites. 

Z-Binder 

Type Weave 
density 

(binders/cm2) 

Z-binder 
areal content 

(%) 

Z-binder 
volume content 

(%) 

None - - - 

Carbon 0.8 0.35 0.70 (i.e. low) 

1.6 0.70 1.30 (i.e. high) 

Copper 1.6 0.33 0.65 ((i.e. low) 

3.2 0.66 1.13 (i.e. high) 

Steel 1.6 0.33 0.65 (i.e. low) 

3.2 0.66 1.13 (i.e. high) 

 

After weaving, two additional carbon fabric plies were placed on both the top and 

bottom surfaces of the preform, which was then infused with epoxy resin. The fabrics were 

infused using the vacuum bag resin infusion process, as shown in Fig. 3.3, with an epoxy 

consisting of diglycidyl ether of biphenol A (Sicomin SR8100) and diamine hardener (Sicomin 

SD 8824) at the ratio of 100:22. The resin-infused fabrics were cured at room temperature for 

24 hours and then post-cured at 60°C for 8 hours. In addition, a laminate sample without any 

z-binder, but the same number (36) of carbon fabric plies, was manufactured as the control 

composite material. The final thickness of the control laminate and different types of 3D 

woven composite was the same at 9.5 mm. The volume fraction of in-plane carbon fibres in 

the different materials is given in Table 3.3. The insertion of the z-binders reduces the fibre 

content by several percent. The insertion of z-binders are responsible to reduce the fibre 

content.  
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Fig. 3.3: (a) Schematic of vacuum bagging resin infusion process. (b) Vacuum bagging resin 

infusion process 

 

 

 

 

 

Base plate 

Composite 

Caul plate 
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Table 3-3: Volume fraction of in-plane carbon fibres in the 2D laminate and 3D woven 
composites. 

 

 

 

 

 

 

 

 

 

3.2.2   Mode I Interlaminar Fracture Toughness Test 

The mode I interlaminar fracture toughness properties of the control laminate and the 

3D woven composites were measured using the double cantilever beam (DCB) test. The DCB 

specimens were 200 mm long and 25 mm wide (Fig. 3.4a). The end of the DCB samples that 

was subjected to crack opening loading contained a 70 mm long mid-plane pre-crack created 

using 25 µm thick polytetrafluoroethylene (PTFE) film, and this was used to initiate the 

delamination. Due to the very high fracture toughness induced by the z-binders, it was 

necessary to reinforce the entire length of the DCB specimens with 2.6 mm thick 

unidirectional carbon-epoxy laminate tabs. The tabs were externally bonded to the DCB 

specimens using an epoxy-paste adhesive (Araldite 420, Huntsman). Without these tabs, the 

composite specimens would have broken in the sub-laminate arms rather than via 

delamination crack growth.   

 

 

 
 
 

Z-binder Fibre Volume 
Fraction 

None 0.39 

Carbon 
0.70 vol% 
1.30 vol% 

 
0.38 
0.34 

Copper 
0.65 vol% 
1.13 vol% 

 
0.36 
0.35 

Stainless steel 
0.65 vol% 
1.13 vol% 

 
0.35 
0.33 
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Fig. 3.4: (a) DCB specimen and (b) ENF specimen. The architecture of the orthogonally woven 

z-binders is shown. 

 

Mode I fracture toughness testing was conducted in displacement control using a 10 

kN Instron machine as shown in Fig. 3.5. The test involved increasing the crack opening 

displacement at the pre-cracked end of the DCB sample at a constant rate of 2 mm/min in 

accordance with ASTM D5528 specifications. As the delamination propagated along the 

specimen mid-plane, its length was measured using a travelling optical microscope. The mode 

I interlaminar fracture toughness was calculated using:  

 𝐺𝐼 =  
3𝑃𝛿

 2𝑏 (𝑎+ |∆|)
           (1) 

where P denotes the applied force, δ is the crack opening displacement, a is the total crack 

length, b is the width of the DCB specimen, and ∆ is a correction factor. Three samples of each 

type of composite material were tested under identical conditions.  
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Fig. 3.5: DCB test for measuring the mode I interlaminar fracture toughness properties.       

  

3.2.3   Mode II Interlaminar Fracture Toughness Test 

The mode II interlaminar fracture toughness properties of the composite materials 

were measured using the end notch flexure (ENF) test. The ENF specimen was 250 mm long 

and 25 mm wide (Fig. 3.4b), and contained a 60 mm long mid-plane pre-crack at one end 

formed using 25 µm thick PTFE film. Like the DCB specimens, the ENF samples were 

strengthen with carbon-epoxy tabs to avoid transverse fracture and ensure delamination 

fracture. The ENF samples were loaded in three-point bending at a thickness-to-support span 

ratio of nearly 1-to-20. The test was performed by applying a monotonically increasing 

bending displacement to the mid-span point of the ENF specimen at the rate of 0.5 mm/min 

to force delamination crack growth, as shown in Fig. 3.6.  

The mode II interlaminar fracture toughness (GII) was calculated using:  

𝐺𝐼𝐼 =  
9𝑎2𝑃𝑐𝛿𝑚𝑎𝑥

2𝑏(2𝐿3 + 𝑎3)
           (2) 

where P is the applied bending force, b is the specimen width, and L is the support span 

length. As with the DCB test, three samples for each type of material were used to measure 

the mode II interlaminar fracture toughness properties.  
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Fig. 3.6: ENF test for measuring the mode II interlaminar fracture toughness properties. 

 

3.2.4   Crack Bridging Traction Load Tests 

The modes I and II crack bridging traction laws for the woven z-binders were measured 

using through-thickness tension (crack opening) and transverse shear (crack sliding) tests, 

respectively. Such tests are often used to measure the bridging traction load generated by z-

binders, z-pins and other types of through-thickness reinforcing fibres under mode I and 

mode II interlaminar loads [e.g. [99, 100]. The test specimens were manufactured with the 

same carbon fibre–epoxy laminate used in the DCB and ENF specimens. The specimens were 

30 mm long and 25 mm wide, and consisted of two halves of the carbon-epoxy material 

separated at the mid-plane by thin PTFE film. The specimens contained a 4 x 4 array of woven 

z-binders made of copper, stainless steel or carbon. The modes I and II cracking bridging 

traction laws were measured by applying a crack opening or crack sliding force to the 

specimen at a constant rate of 1 mm/min until all the z-binders had failed, as shown in Fig. 

3.7 and Fig. 3.8. The applied force was divided by the number of z-binders to determine the 

average bridging traction load per z-binder. Two samples of each type of 3D composite 

material were tested under identical conditions. 
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 Fig. 3.7: (a) Schematic and (b) photograph of mode I z-binder traction load test. 

(b) 
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 Fig. 3.8: (a) Schematic and (b) photograph of mode II z-binder traction load test. 
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3.2.5   X-ray computed tomography 

The mode I and mode II specimens were inspected using an X-ray micro-computed 

tomography machine (µ-CT, DE Phoenix v/tome/xS), which is shown in Fig. 3.9. The X-ray 

images were taken using the machine operation settings of 280 µA current and 60 kV voltage. 

During inspection the DCB and ENF specimens were rotated through the X-ray beam in 

increments of 0.2° for an average exposure time of 333 ms and a voxel size of 19 µm. After 

the scan, all the images were post-processed by using volume analysis tool (VG Studio Max 

software).  

 

 Fig. 3.9: Micro-computed x-ray (CT) imaging machine (DE Phoenix v/tome/xS). 

 

3.3 RESULTS AND DISCUSSION 

3.3.1  Mode I Interlaminar Fracture Toughness 

Applied load-crack opening displacement curves are presented in Fig. 3.10 for the 2D 

laminate (control) and the 3D woven composites. The volume fraction of z-binder in the 3D 

composites is the same (high) and curves with the same profiles were measured at the lower 

z-binder content. There was good repeatability in the load-crack opening displacement results 

when repeated measurements were performed, as shown for example for the 3D woven 

composite containing carbon z-binders. The curves initially increase linearly with 

displacement, and during this phase there is no delamination crack growth from the pre-crack 

in the DCB specimen. The onset of non-linearity in the curves corresponds to the initiation of 

delamination crack growth, and then the load decreases with increasing displacement as the 

delamination propagates along the mid-plane of the DCB specimen. The z-binders increase 
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the load required to force delamination crack growth, with the magnitude increasing in the 

order: copper, carbon and steel.  

 

The mode I crack growth resistance (R-) curves for the 2D laminate and 3D woven 

composites are presented in Fig. 3.10(b). The curves for the 3D composite had the high z-

binder content. The curves show the effect of increasing delamination crack length (Δa), 

defined by the distance between the delamination crack tip (a) and pre-crack tip (ao), on the 

mode I interlaminar fracture toughness (GI). The effect of increasing z-binder content on the 

steady-state fracture toughness (GIc) values is shown in Fig. 3.10(c). The mode I toughness 

values for the 2D laminate are relatively low over the entire length of delamination crack 

growth. The experimental results show that the z-binders increase the toughness. However, 

the magnitude of the toughening is dependent on the z-binder material, with copper being 

the less effective. Table 3.4 shows GIc values for other types of 3D composites compared with 

the materials used in this study. The values show greater improvement in steady-state 

fracture toughness values for steel z-binder. Whereas, carbon z-binder shows moderate 

improvement, and copper shows the least improvement in GIc values.  

 

 

 

(a)  



73 
 

  
 
 

 
 



74 
 

 
 

0.0 0.2 0.4 0.6 0.8

0

5

10

15

20

25

30

35

M
o
d
e
 I
 F

ra
c
tu

re
 T

o
u
g
h
n
e
s
s
, 
G

I, 
(k

J
/m

2
)

Z-Binder Volume Content (%)

Copper

Carbon

Steel

 

Fig. 3.10: (a) Examples of mode I traction load-crack opening displacement curves. Shown are 

curves for the 2D (control) laminate and 3D woven composite containing carbon z-binders. (b) 

Mode I R-curves for the 2D laminate and 3D woven composites. (c) Effect of z-binder content 

on mode I steady-state fraction toughness. The z-binder content to the 3D woven composites 

in (a) and (b) is high.  

(b)  

(c)  
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 Table 3-4: GIc values compared with other types of 3D woven composites. 

Composite Z-binder 
type 

Weave 
pattern 

Z-binder 
volume 
content 

GIc 
(kJ/m2) 

GIc 

percentage 
increase 

Reference 

Fibreglass 
vinyl-ester 
composite 

Glass Orthogonal 2.3 binder/cm2 ~1.4 ~40 [46] 

Fibreglass 
vinyl-ester 
composite 

Glass Layer-
interlock 

4.6 binder/cm2 ~1.2 ~20 [46] 

Carbon-
epoxy 

composite 

Carbon Orthogonal 13.2% ~6.8 ~580 [64] 

Carbon-
epoxy 

composite 

Carbon Hybrid 
(Orthogonal 
interlocked) 

13 binder/cm2 ~2.6 ~160 [49] 

Carbon-
epoxy 

composite 

Carbon Orthogonal 0.7% ~10.5 ~650 [65] 

Carbon-
epoxy 

composite 

Steel 
Copper 
Carbon 

Orthogonal 1.13% 
1.13% 
1.3% 

 

~28  
~2.5 

~10.5 

~6900 
~525 

~2525 
 

This study 

 

The copper z-binder increases the mode I interlaminar fracture toughness by forming 

a short-length bridging zone along the delamination crack in the 3D woven composite, as 

shown in Fig. 3.11. This figure presents the cross-sectional view of a DCB specimen made of 

the 3D woven composite containing copper z-binders, a schematic image of the copper z-

binder bridging zone (based on experimental observation), and a fractured copper z-binder 

on the delamination crack surface observed after DCB testing. The copper z-binder exerts 

mode I bridging stresses across the delamination crack which increases the fracture 

toughness, as shown by the traction load-crack opening displacement curve in Fig. 3.12. (The 

curve was measured using the mode I crack bridging traction load test, Fig. 3.7). Fig. 3.12 (a-

c) for copper, carbon and steel z-binders respectively show good repeatability in traction load 

results. The copper z-binders bridging the delamination crack initially deform elastically 

before reaching a peak traction stress. Beyond this point the traction stress drops rapidly due 

to plastic deformation and necking of the copper z-binders leading to their fracture. The 

traction stresses generated by the copper z-binders are much lower than those generated by 

the steel and carbon, and this accounts in part for copper having a lower mode I toughening 

effect. Fig. 3.11(b) shows schematically the copper z-binders bridging the delamination 
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undergo a series of physical changes with increasing crack opening: elastic deformation 

(immediately behind the crack tip), plastic deformation and necking, and finally tensile 

rupture at the bridging zone length of ~10 mm. The copper z-binders fracture at the 

delamination plane and do not experience pull-out (Fig. 3.11c).  

 

 

 
 
 
 
 

 
 
 
 
 

(a)  
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Fig. 3.11: Mode I delamination fracture of the 3D woven composite with copper z-binders. (a) 

Side-view of DCB specimen. Note the visible absence of bridging z-binders. (b) Schematic of 

crack bridging mechanism. (c) Fractured z-binder on delamination crack surface. The direction 

of crack growth in (a) and (b) is left to right. 
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Fig. 3.12: Mode I crack bridging traction load-displacement curves for the z-binders (a) copper, 

(b) carbon and (c) steel. In each case two curves are shown, and (d) traction load-displacement 

curves for all z-binders.  

 

(c)  
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The carbon z-binders, which have an intermediate toughening effect compared to the 

copper and steel, also increase the mode I fracture toughness by forming a large-scale 

bridging zone, as shown in Fig. 3.13. Shown is a DCB specimen of the 3D woven composite 

containing carbon z-binders, a schematic illustration of the bridging mechanism of these z-

binders, and a fractured z-binder that experienced pull-out failure. The crack bridging traction 

stresses and mechanisms induced by the carbon z-binders are different to the copper, and 

this accounts for its stronger mode I interlaminar toughening effect. The z-binder pull-out 

traction tests reveal that the carbon generated a peak mode I traction stress that was much 

higher (~3x) than the copper (Fig. 3.12). This is because the tensile stress limit of the carbon 

tows is higher than the copper z-binder (see Table 3.1). Also, the carbon generates higher 

traction forces beyond the peak stress leading to larger crack opening displacement values 

than the copper. The carbon z-binders do not fracture at the delamination crack plane, but 

instead break at the bend radius where they are forced to bend sharply from the in-plane to 

through-thickness direction. It is believed failure occurs because of localised damage to fibres 

in the carbon tow during the 3D weaving process. Fibrous z-binders are damaged during the 

bending actions required to insert them in the through-thickness direction of 3D woven 

fabrics [34]. Morales [101] measured a 75% reduction to the tensile failure stress of carbon 

tows due to bending and other actions applied during through-thickness stitching. Therefore, 

it is believed the carbon z-binders are most damaged and weaken at the bend radius that 

causes failure here rather than at the delamination crack plane. After breaking at the bend 

radius, the fractured carbon ligament is pulled from the composite under increasing crack 

opening, and this process generates high frictional traction stresses which did not occur with 

the copper. Due to these processes, the carbon z-binder creates a bridging traction zone along 

the delamination crack in the DCB specimen which is 20-30 mm long, and therefore longer 

than the copper (only ~10 mm). The longer bridging zone length combined with the higher 

bridging stresses results in the carbon z-binder increasing the mode I interlaminar toughness 

more than copper. 
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 Fig. 3.13: Mode I delamination fracture of the 3D woven composite with carbon z-binders. (a) 

Side-view of DCB specimen. (b) Schematic of crack bridging mechanism. (c) Fractured z-binder 

on delamination crack surface. The direction of crack growth in (a) and (b) is left to right. 

 

The steel z-binder has an extraordinary strong mode I toughening effect, with the 

steady-state toughness value being ~28 kJ/m2 for the highest content (which was only 0.13 

vol%). This toughness value is much higher than that reported for composites toughened 

using other techniques, such as carbon nanoparticles (typically under 3-4 kJ/m2) e.g. [60, 102], 

oxide nanoparticles (less than ~0.6 kJ/m2) e.g. [103], rubber particles (below ~1.5 kJ/m2) e.g., 

[104, 105] interleaves (under ~1.5-3 kJ/m2) e.g., [106-108] short fibres (below ~1-2 kJ/m2) e.g., 

[109, 110] stitches (under 5-10 kJ/m2) e.g. [111] and z-pins (less than 10-15 kJ/m2) e.g. [112-

114]. It is also much higher than previous reported mode I interlaminar toughness values for 

other types of 3D woven composites containing fibre-based z-binders [46, 58, 64, 95, 96]. To 

the author’s knowledge, the mode I toughness of ~28 kJ/m2 is the highest value ever reported 

for a toughened composite material. 

 

The high toughening effect of the steel z-binder is due to its capacity to generate and 

maintain high bridging traction stresses to very large crack opening displacement, as shown 

in Fig. 3.14. The steel z-binder generated a bridging zone along the delamination crack in the 

DCB specimen which is much longer (up to ~60 mm) than the zones created by the copper 

(~10 mm) and carbon (~20-30 mm), and this is due to the very high failure strain limit of the 

steel (~60% as reported in Table 3.1). Therefore, even though the peak mode I traction stress 

(c)  
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generated by the steel z-binder is only ~50% of that for the carbon (see Fig. 3.12), the capacity 

of the steel to generate a longer bridging traction zone containing a higher number of z-

binders contributes significantly to the very high interlaminar toughness. Furthermore, the 

bridging steel z-binders break inside the 3D woven composite at a location well away from 

the delamination crack. The broken ligaments of the steel z-binder are pulled-out together 

under increasing crack opening, thereby doubling the pull-out traction stress compared to 

just one ligament pulled-out (which is the case for carbon). In summary, therefore, the 

exceptionally high mode I toughness induced by the steel z-binder is due to several key 

mechanisms: (i) high peak traction stress, (ii) high failure strain which enables a very long 

crack bridging zone to develop, and (iii) concurrent pull-out of the two broken ligaments of 

the z-binder.  

 

 

  
 
 

 

(a)  
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 Fig. 3.14: Mode I delamination fracture of the 3D woven composite with steel z-binders. (a) 

Side-view of DCB specimen. (b) Schematic of crack bridging mechanism. (c) Fractured z-binder 

on delamination crack surface. The direction of crack growth in (a) and (b) is left to right. 

 

3.3.2   Mode II Interlaminar Fracture Toughness 

The measured bending load-deflection curves for the 2D laminate and 3D woven ENF 

specimens are shown in Fig. 3.15. The bending load-deflection curves in Fig. 3.15(a) show 

good repeatability. Similar to the mode I curves (Fig. 3.9), the mode II curves show an initial 

(c)  
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elastic response when no crack growth occurs then a peak stress which corresponds with the 

onset of delamination propagation from the pre-crack tip, and finally a reduction to the load 

caused by crack extension along the mid-plane of the ENF specimens. The z-binders increase 

the applied bending loads to force crack growth, although the magnitude of the increases are 

much less than for mode I.  
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 Fig. 3.15: (a) Examples of mode II traction load-crack opening displacement curves. Shown 

are curves for the 2D (control) laminate and 3D woven composite containing carbon z-binders. 

(b) Mode II R-curves for the 2D laminate and 3D woven composites. (c) Effect of z-binder 

content on mode II steady-state fraction toughness. The z-binder content to the 3D woven 

composites in (a) and (b) is high. 

 

The mode II interlaminar fracture toughness properties of the composite materials 

were measured using the end notch flexure (ENF) test. The mode II R-curves are presented in 

Fig. 3.15b, for the 2D laminate (control) and the 3D woven composites. The R-curve for the 

2D laminate increases over the initial ~10 mm of delamination growth and then reaches a 

steady-state value. The initial rise in the R-curve is due to increasing sliding resistance 

between the opposing surfaces of the growing delamination crack. The woven carbon fabric 

in the laminate causes a wavy crack path along the mid-plane of the ENF specimen. The 

asperities on the opposing crack surfaces interlock when sliding in opposite directions, and 

this increases the mode II toughness. The length over which the asperities interlock behind 

the crack front is ~10 mm, and this accounts for the initial increase to the mode II toughness. 

Fig. 3.15(b) also shows that all three types of z-binder increase the mode II interlaminar 

toughness, although the toughening induced by the steel is only slightly higher than copper 

(c)  
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and both these metals are less effective than carbon. The effect of increasing volume content 

of z-binder on the mode II steady-state interlaminar fracture toughness is shown in Fig. 

3.15(c). Within the bounds of experimental scatter, the 3D woven composites have the same 

toughness at the lower z-binder content. At the higher content, the toughening effect of steel 

and carbon were similar and only slightly higher than the copper. The results reveal that the 

improvements to the fracture toughness properties are much less sensitive to the material 

properties of the z-binder material under mode II than mode I interlaminar loading 

conditions. 

 

The improvements to the mode II delamination resistance of the 3D composites was 

due to the z-binders forming a long crack bridging zone. Fig. 3.16-3.18 show the mode II 

interlaminar toughening processes induced by the different z-binders, and Fig. 3.20 shows 

their mode II bridging traction curves. Fig. 3.20(a,b,c) show good repeatability in mode II 

sliding traction curves for copper, steel and carbon z-binders, respectively.  The copper and 

steel z-binders are elastically close to the crack front and plastically deformed in shear along 

the delamination crack plane, but did not fracture. The sliding displacements of the crack 

surfaces during ENF testing are much lower (typically less than 0.7 mm) than the crack 

openings during mode I DCB testing, as shown in Fig. 3.19. Consequently, the bridging metal 

z-binders are subject to much lower strains during the growth of a mode II delamination crack 

and do not reach the shear failure strain. This also accounts for the mode II R-curves rising 

continuously as shown in Fig. 3.15b, because the bridging zone created by the z-binders does 

not reach a fully developed condition. Furthermore, the absence of large strain plastic 

deformation and pull-out of the steel z-binders (which occurs under mode I interlaminar 

loading) is the reason for its lower toughening effect under mode II loading. The mode II 

bridging process of the carbon z-binder is different to the metals, and involved elastic 

deformation close to the crack front followed by rupture near the bend radius, although pull-

out did not occur.    

 

 

 



87 
 

 

 

 

 
 
 
 

 
 

 
 Fig. 3.16: Mode II delamination fracture of the 3D woven composite with copper or steel z-

binders. (a) Side-view of ENF specimen taken using X-ray computed microtomography 

showing localised plastic shear deformation of metal z-binders at the mode II delamination 

crack plane. (b) Schematic of crack bridging mechanism. 
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Fig. 3.17: Mode II delamination fracture of the 3D woven composite with carbon z-binders. (a) 

Side-view of ENF specimen taken using X-ray computed microtomography showing localised 

shear fracture of a carbon z-binder at the mode II delamination crack plane. (b) Schematic of 

crack bridging mechanism. 

 

 

 

 

 

 

 

 

(a)  



89 
 

 

 
 
 
 
 
 

 
 
Fig. 3.18: Mode II delamination fracture of the 3D woven composite with steel z-binders. (a) 

Side-view of ENF specimen taken using X-ray computed microtomography. (b) Schematic of 

crack bridging mechanism. 

 

 
 
 Fig. 3.19: The sliding displacement of the crack surfaces during ENF testing. 
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Fig. 3.20: Mode II crack bridging traction load-displacement curves for the z-binders (a) copper 

(b) carbon (c) steel and (d) traction load-displacement curves for all z-binders. 

 

3.4 CONCLUSIONS 

It is well known that through-the-thickness reinforcement using woven fibre-based z-binders 

is an effective way to increase the delamination resistance of composite materials [46, 58, 64, 

65, 95, 96]. This study has demonstrated for the first time that woven z-binders made of a 

(c)  

(d)  
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high strength, ductile metal such as steel can improve the mode I interlaminar fracture 

toughness even more than carbon z-binders. The 3D woven material containing steel z-

binders has an exceptionally high mode I toughness (~28 kJ/m2), which is the highest 

interlaminar toughness value yet reported for a toughened composite. The high toughness is 

due to a multitude of toughening mechanisms induced by the steel z-binder under large crack 

opening displacement. These mechanisms include the formation of a very long crack bridging 

traction zone, which is the result of the high failure stress and ductility of the steel together 

with the fracture of the bridging z-binders occurring within the composite (and not at the 

delamination crack plane) resulting in the pull-out of the broken ligaments. However, 

relatively soft metals such as copper are less effective than carbon for the mode I 

delamination toughening of 3D woven composites.  

 

The mode II interlaminar toughness properties are similar for the 3D woven 

composites containing z-binders made of carbon or metal. While the metal z-binders increase 

the mode II delamination resistance, the exceptionally high mode I toughening effect of the 

steel is not replicated under mode II delamination crack growth conditions. Both the carbon 

and metal z-binders increase the mode II interlaminar toughness via large-scale crack 

bridging, although the amount of shear sliding displacement is less than the amount of crack 

opening displacement under mode I and consequently the delamination toughening induced 

by the z-binders is less. 
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Chapter 4: Mode I and Mode II Delamination Fatigue 

Properties of 3D Woven Composites Containing 

Metal Z-binders 
 

Abstract 

This chapter presents an experimental investigation into the improvement to the mode I 

and mode II delamination fatigue properties of 3D composites reinforced with through-

thickness woven z-binders. Three types of z-binders were used in this study - copper, stainless 

steel or carbon - are the same materials used in the previous chapter. The mode I and mode 

II fatigue properties were measured under cyclic displacement control conditions using 

Double Cantilever Beam (DCB) and End Notch Flexure (ENF) test specimens. All the z-binders 

were effective in resisting the initiation and growth of delamination cracking under mode I 

and mode II interlaminar fatigue loads, although the fatigue strengthening effect was greater 

for mode I. The mode I and mode II fatigue properties were increased due to the z-binders 

forming a large-scale extrinsic bridging zone along the fatigue crack. The mode I and mode II 

fatigue properties were also improved by increasing the volume content for all types of z-

binder.  

4.1   INTRODUCTION  

Delamination cracking is a long-standing problem in fibre reinforced polymer composites. 

As already mentioned in previous chapter, delamination damage can result from high 

interlaminar loads, impact (e.g. hail stone, bid strike), edge stresses, or environmental 

degradation of the composite [115-117]. After the delamination crack develops, it can grow 

rapidly under relatively low cyclic interlaminar stresses caused by out-of-plane fatigue loading 

[113]. This fatigue crack growth behaviour is a concern in safety-critical composite structures. 

For example, composite aircraft structures must be designed to avoid delamination growth 

for a specific operational period involving variable fatigue loads. The delamination crack 

growth rate depends on many factors, which include the cyclic stress range, fatigue stress 

ratio (R-ratio), and the type of fatigue loading (e.g. mode I, mode II). Many techniques have 

been used to improve the resistance to delamination cracking induced by cyclic fatigue stress 
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loading, including using z-pins, stitches, z-anchors and three-dimensional weaving [43, 118-

127]. These studies have proven that reinforcing composites in the through-thickness 

direction with fibres having high fatigue strength can increase the resistance against fatigue-

induced delamination cracking. Of these techniques, z-pinning and 3D weaving show the most 

promising improvements to the delamination fatigue resistance. For example, Pegorin et al. 

[128] increased the fatigue resistance of a carbon-epoxy composite using z-pins. They 

reported that increasing the volume content of z-pins can increase the threshold stress 

intensity to initiate fatigue cracking by about 17 times and 8 times for mode I and mode II 

interlaminar fatigue loading, respectively. Zhang et al. [129] examined the effect of mode I 

cyclic loading on the crack bridging traction force generated by z-pins. It was found that the 

z-pin traction load decreased with an increasing the number of loading cycles.  

Very little research has been performed on the interlaminar fatigue properties of 3D 

woven composites. Stegschuster et al. [64] studied the mode I and mode II interlaminar 

fatigue properties and fatigue strengthening mechanisms of a 3D woven composite 

reinforced with carbon z-binders. The z-binders promoted large improvements to the fatigue 

properties via large-scale crack bridging. Apart from this study, there is little published 

research on 3D woven composites. 

This chapter presents an experimental investigation into the influence of the z-binder 

material and volume content on the mode I and mode II interlaminar fatigue properties of 3D 

woven composites. Composite materials containing different types of z-binders (steel, copper 

or carbon) in an orthogonal weave pattern was studied. The mode I and mode II interlaminar 

fatigue properties were measured over a wide range of cyclic stress intensity values ranging 

from the threshold condition to initiate slow crack growth up to the condition needed to 

cause fast, unstable fatigue crack growth. The failure behaviour of z-binders and the fatigue 

toughening mechanism were examined using scanning electron microscopy and X-ray 

computed tomography (CT).   
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4.2   MATERIALS AND EXPERIMENTAL METHODOLOGY  

4.2.1   Composite materials and reinforcement process 

The carbon fabric used in this study was the same as that used in the study reported 

in Chapter 3.  Carbon-epoxy composites reinforced with copper, steel or carbon z-binders 

were manufactured as described in the previous chapter. The z-binders were manually 

inserted into 32 plies of the carbon fabric along the warp direction in straight, parallel rows 

with a repeating orthogonal pattern. The z-binder materials and weaving process were the 

same as in the previous chapter. The epoxy resin (diglycidyl ether of biphenol A (Sicomin 

SR8100)) and diamine hardener (Sicomin SD 8824) was used for the polymer matrix. A 2D 

(control with no z-binder) laminate and the 3D woven composites were manufactured using 

the vacuum bagging resin infusion process. 

 

4.2.2   Mode I and mode II interlaminar fatigue testing 

The 2D (no z-binder) and 3D woven composite materials were manufactured into 

double cantilever beam (DCB) and end notch flexure (ENF) test specimens for mode I and 

mode II interlaminar fatigue testing. The dimensions of the DCB and ENF samples are given in 

Chapter 3 (Fig. 3.3). The specimens were initially subjected to interlaminar loading to sharpen 

the crack tip by growing the delamination up to ~5 mm. Both mode I and mode II fatigue 

testing was performed in the displacement control condition, and the fatigue crack were 

grown by increasing the number of load cycles under a constant cyclic strain energy release 

rate. A 10 Hz loading frequency was applied to the pre-cracked end of the DCB and ENF 

samples. The R-ratio, which is defined as the ratio of the minimum to maximum 

opening/bending displacements of the sample in one load cycle, and was set at 0.1. A E3000 

Instron with a 3 kN load cell and MTS 100 kN machines were used for mode I and mode II 

fatigue testing, respectively. A travelling optical microscope was used to measure the fatigue 

crack length.  

 

The DCB and ENF specimens were subjected to mode I and mode II fatigue loading 

over a range of equivalent cyclic interlaminar strain energy release rates, which is defined by 

[130, 131]:   

∆𝐺𝑒𝑞 = (√𝐺𝑚𝑎𝑥 −  √𝐺𝑚𝑖𝑛)
2

                                                                                                      (1) 
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where Gmax and Gmin are the maximum and minimum strain energy release rate values applied 

in one cycle. These values are calculated using:  

𝐺𝐼𝑚𝑎𝑥 =   
3𝑃𝑚𝑎𝑥𝛿𝑚𝑎𝑥

2𝑏(𝑎+|∆|)
                                                                                           (2)                                        

𝐺𝐼𝑚𝑖𝑛  =   
3𝑃𝑚𝑖𝑛𝛿𝑚𝑖𝑛

2𝑏(𝑎+|∆|)
                                                                                           (3) 

where a is the total length of the crack, b is the sample width, and ∆ is a correction factor. 

 

The maximum and minimum mode II interlaminar strain energy release rate values, 

GII, were calculated using:  

𝐺𝐼𝐼𝑚𝑎𝑥 =   
9𝑎2𝑃𝑚𝑎𝑥𝛿𝑚𝑎𝑥

2𝑏(2𝐿3+3𝑎3)
                                                                                                                 (4) 

𝐺𝐼𝐼𝑚𝑖𝑛 =   
9𝑎2𝑃𝑚𝑖𝑛𝛿𝑚𝑖𝑛

2𝑏(2𝐿3+3𝑎3)
                                                                                                                   (5) 

 
where L is the support span length, a is the total crack length, and b is a sample width. 
 
The mode II fatigue equivalent energy release rate (ΔGII, eq) is then determined using:  
 

∆𝐺𝐼𝐼,𝑒𝑞 = (√𝐺𝐼𝐼𝑚𝑎𝑥 −  √𝐺𝐼𝐼𝑚𝑖𝑛)
2
                                                                                             (6) 

 
 
The Paris curves show a log-log linear region which can be described by: 
 
𝑑𝑎

𝑑𝑁
 = C∆𝑚                                                                                                                          (7) 

 

where C is a material constant and m defines the gradient of the curve. Values for m for the 

mode I and mode II fatigue conditions are discussed later.  

 

The samples were subjected to a range of applied strain energy release rates by changing 

the displacement range, and the resulting crack growth rate (ASTM D6115). Paris curves were 

generated by plotting the fatigue crack growth rate against the cyclic strain energy release 

rate, ∆Geq, for the 2D and 3D composites. The fatigue curve can be divided into three regions 

(as shown in Fig 4.1). 

• Region I is a fast fracture zone where the crack growth rates accelerate rapidly. This 

region is above the growth rate of ~10-2 mm/cycle.  



97 
 

• Region II refers to a steady-state region and it is approximately linear. This region is 

typically between growth rates of ~10-5 and ~10-2 mm/cycle.  

• Region III is a threshold region where the crack growth rate is very slow and typically 

starts from below ~10-5 mm/cycle.  

 

 

Fig. 4.1: Typical fatigue crack growth curve (Paris curve) showing the three fatigue regions. 

 

4.3   RESULTS AND DISCUSSION  

4.3.1   Mode I interlaminar fatigue properties 

Paris curves of mode I cyclic stress intensity factor (∆GI,eq) plotted against the 

delamination crack growth rate (da/dN) for the 2D (control) laminate and the 3D woven 

composites are shown in Fig. 4.2. Through-thickness weaving increased substantially the 

delamination fatigue resistance. The improvement in mode I fatigue crack growth resistance 

of the 3D woven composites was due to the large-scale bridging zone generated by the z-

binders. The traction loads generated by the bridging z-binders slow the fatigue crack growth 

rate. This fatigue strengthening mechanism is common in 3D woven composites [49, 64, 70, 

119]. The carbon and steel z-binders showed the greatest improvements in the mode I fatigue 

resistance, whereas the copper z-binder showed the least improvement (Fig. 4.2).         
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Fig. 4.2: Mode I Paris curves for the 2D and 3D composites reinforced with steel, copper or 

carbon z-binders with (a) low and (b) high volume contents. 

 

(a) 

(b) 
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There is a significant scatter in the fatigue crack growth rate data for the 3D 

composites compared with 2D laminate. The scatter in the crack growth rates is due to the 

unstable slip (crack extension)-stick (crack arrest) phenomenon. It was observed during the 

fatigue test that when the z-binders failed at the rear of the bridging zone (where the crack 

opening is highest), there was a sudden acceleration in the crack growth rate. On the other 

hand, when the fatigue crack front reached the z-binders at the front of the bridging zone, 

there was a slow-down in the growth rate. The acceleration and deceleration in the mode I 

crack growth rate causes the scatter in the crack growth rates for the 3D composites. The 

scatter in the crack growth rate data is also reported for other types of 3D composite with 

through-thickness reinforcement [64, 113, 114].   

 

The effect of z-binder volume content on the mode I delamination fatigue resistance 

of the 3D woven composites is also shown in Fig. 4.2. The 3D composites show improved 

resistance to mode I fatigue crack growth for the low and high contents, although the fatigue 

resistance increased with the z-binder volume content. Mouritz et al. [71] reported that using 

a relatively modest amount (3.8%) of z-binder increased the mode I fatigue strength of a 3D 

woven composite, and increasing the z-binder content up to 9.6% showed further 

improvement. The increase in mode I fatigue properties is due to a greater number of z-

binders bridging the fatigue crack which slowed the crack growth rate.  

 

The effect of z-binder volume content on the improvement in threshold strain energy 

release rate value (∆Geq,th) to initiate mode I fatigue crack growth is shown in Fig. 4.3. The 

improvement in the threshold strain energy release rate for the low and high contents is due 

to the generation of higher crack bridging traction load and energy under mode I cyclic 

loading.  

 

The gradient of the Paris curve (m) defines the sensitivity of a material to variations in 

the cyclic stress intensity range. The m values for the 3D woven composites containing steel 

or copper z-binders are slightly lower than the 2D laminate. However, the difference in 

gradient values may not be statistically significant due to the high amount of scatter in the 
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crack growth rate data. It is hard to conclude whether the z-binder has any significant effect 

on the m value.   

 

 

Fig. 4.3: Effect of z-binder material on mode I ∆Geq,th value to initiate fatigue crack growth 

for the 2D laminate and 3D woven composites. 

 

 Table 4-1: Mode I delamination m values of the 2D and 3D composites. 

Z-binder material Z-binder volume 
content 

m 

Control (no z-binder) 0% 5.35 

Copper Low 
High 

4.88 
4.27 

Steel Low 
High 

3.80 
3.68 

Carbon Low 
High 

5.58 
8.23 

 

The mode I fatigue strengthening mechanism is dependent on z-binder material 

properties. The strengthening mechanisms under mode I fatigue loading for the copper z-

binder is shown in Fig. 4.4 (a, b). During the mode I cyclic fatigue growth the copper z-binders 

bridging the delamination failed at the crack plane by tensile fatigue cracking. Fig. 4.4 (c) 

shows the fracture surface of the copper z-binders. The fracture surface show beach mark-

like striations, which is indicative of fatigue cracking. The spacing between the beach marks 
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increased with the cyclic strain intensity range value applied to the 3D composite reinforced 

with metal z-binders. The radiating pattern of the striations from the single point at the 

surface of the metal z-binder reveal that fatigue cracking initiated at the surface stress 

concentration, such as small scratch. The fatigue crack grows with the increasing number of 

load cycles until ultimately the metal z-binders failed.     

 

 

 

  

 

Fig. 4.4: (a) X-ray computed tomography image showing side-view of DCB specimen of 3D 

composite containing copper z-binders when subjected to mode I interlaminar cyclic loading.  

The direction of crack growth from right from left. (b) Fracture surface of 3D composite 

reinforced with copper z-binders. (c) Mode I fatigue induced beach mark striations on a failed 

copper z-binder.  

(c) 

(a) 

(b) 
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The delamination fatigue properties of the 3D composites reinforced with steel z-

binder were improved by the z-binders creating a large-scale extrinsic bridging zone along the 

mode I fatigue crack, as shown in Fig. 4.5 (a, b). The steel z-binders did not fail along the 

delamination fracture plane, and instead they broke in fatigue inside the composite and then 

were partially pulled-out with increasing cyclic loading. The steel z-binders generated a longer 

bridging traction zone containing a higher number of z-binders than the copper, and this 

contributed significantly to the higher mode I fatigue properties. Furthermore, the steel z-

binders broke inside the 3D woven composite at a location well away from the delamination 

crack. The two broken ligaments of the steel z-binder were pulled-out together under 

increasing crack opening, thereby doubling the pull-out traction stress than had just one 

ligament pulled-out. Therefore, the steel z-binder showed greater improvement under mode 

I fatigue loading compared to the copper z-binder due to the friction traction stress generated 

by this pull-out process. Fig. 4.5 (c) shows the fracture surface of a steel z-binder, and it shows 

similar beach mark-like striations observed in copper z-binders. The spacing of striations 

increased with the cyclic strain intensity range.  

 

 

 

(a) 

(b) 
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Fig. 4.5: (a) X-ray computed tomography image showing side-view of DCB specimen of 3D 

composite containing steel z-binders when subjected to mode I interlaminar cyclic loading. 

The direction of crack growth is from right to left.  (b) Fracture surface of 3D composite 

reinforced with steel z-binders. (c) Mode I fatigue induced beach mark striations until the 

failure of steel z-binder. 

 

The carbon z-binders were progressviely debonded and pulled-out under the mode I 

cyclic crack opening loads, as shown in Fig. 4.6 (a, b). The mode I traction loads generated by 

the carbon z-binders bridging the delamination shielded the crack tip, thereby slowing the 

fatigue crack growth rate. Fig. 4.6 (b) shows a broken carbon z-binder protuding from the 

surface of the delamination fatigue crack. Like the steel, the carbon generates high traction 

forces beyond the peak stress with increasing cyclic loading. The carbon z-binders do not 

fracture at the delamination crack plane, but instead break at the bend radius where they are 

forced to bend sharply from the in-plane to through-thickness direction. 

 

 

 

 

 

(c) 
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Fig. 4.6: (a) X-ray computed tomography image showing side-view of DCB specimen of 3D 

composite containing carbon z-binders when subjected to mode I interlaminar cyclic loading. 

The direction of crack growth is from right to left. (b) Fracture surface of 3D composite 

reinforced with carbon z-binders. 

 
Fig. 4.7 shows tensile fatigue life (S–N) curves measured for materials similar to the z-

binders used in the 3D woven composites [113]. The curves show the fatigue strength 

increases in the order: copper, steel, carbon – and this correlates with the improvement to 

the mode I interlaminar fatigue properties (Fig. 4.2).  

 

(b) 

(a) 

10 mm 
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Fig. 4.7: Fatigue life curves for copper, steel and carbon fibre composite[113] . 

 

4.3.2 Mode II interlaminar fatigue properties 

Paris curves of mode II cyclic stress intensity factor (∆GII,eq) plotted against the 

delamination crack growth rate (da/dN) for the 2D laminate and 3D woven composites are 

shown in Fig. 4.8. The mode II delamination fatigue resistance was increased by the z-binders. 

The bridging of z-binders shielded the crack tip, and hence slowing the mode II fatigue crack 

growth rate. Similar to mode I, scatter in mode II delamination growth rates was caused by 

the stick-slip nature of the fatigue crack growth process.  
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Fig. 4.8: Mode II Paris curves for the 2D and 3D composites reinforced with steel, copper or 

carbon z-binders with (a) low and (b) high contents. 

 

(a) 

(b) 
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Under mode II interlaminar cyclic fatigue loading, all the z-binder materials improved 

the fatigue properties. Compared to mode I, however, the z-binders were less effective at 

increasing the mode II fatigue resistance. Other researchers [71, 132, 133] also report the 

same behaviour in that the through-thickness reinforcement was more effective at 

interlaminar fatigue strengthening under mode I compared to the mode II loading. The carbon 

and steel z-binders were effective at increasing the mode II fatigue resistance by generating 

a large-scale bridging zone along the mode II delamination fatigue crack. Due to the higher 

stiffness, strength and fatigue resistance of the carbon z-binders, they effectively resist cyclic 

shear loading which results in the largest increases to the interlaminar fatigue strength. On 

the other hand, the copper z-binder has the lowest stiffness and fatigue strength which results 

in the weakest strengthening effect under mode II cyclic loading. The gradient values (m) are 

shown in Table 4.2, and for mode II fatigue-induced delamination growth they show no 

obvious trend with increasing volume content of z-binders.  

 

 Table 4-2: Mode II m values of the 2D laminate and 3D woven composites. 

Z-binder material Z-binder volume 
content 

m 

Control (no z-binder) 0% 5.92 

Copper Low 
High 

5.36 
4.77 

Steel Low 
High 

4.34 
2.00 

Carbon Low 
High 

6.79 
9.18 

 

 

The effect of z-binders on the improvement to the threshold strain energy release rate 

value (∆Geq,th) to initiate mode II fatigue crack growth is shown in Fig. 4.9. All three types of z-

binder increase the mode II interlaminar fatigue properties with increasing volume content. 

Although the mode II fatigue strengthening effect is lower using the metal z-binders 

compared to the carbon.  
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Fig. 4.9: Effect of z-binder material on mode II ∆Geq,th value to initiate fatigue crack growth for 

2D and 3D composites reinforced with steel, copper or carbon z-binders. 

 

The improvement in mode I fatigue resistance using the binders is much greater than 

compared with mode II fatigue resistance, and is due to the difference in the mode I and 

mode II fatigue strengthening mechanism of the z-binder bridging zone. Under mode I, all 

types of z-binders generated higher crack bridging traction loads and energies than under 

mode II [133]. The strengthening mechanism of copper and steel z-binders under mode II 

fatigue loading are shown in Fig. 4.10 (a, b) and Fig. 4.11 (a, b). The fatigue strengthening 

mechanism is dependent on z-binder material properties. The metal z-binders behaved 

differently to the carbon z-binders. The copper and steel z-binders bridged the delamination 

crack plane and experienced cyclic plastic shear deformation.  
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Fig. 4.10: (a) X-ray computed tomography image showing side-view of ENF specimen of 3D 

composite containing copper z-binders when subjected to mode II interlaminar cyclic loading. 

Note: Direction of fatigue crack growth is right to left. (b) Fracture surface of 3D composite 

reinforced with copper z-binders. 

 

 

 

 

2000 µm 

(a) 

(b) 
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 Fig. 4.11: (a) X-ray computed tomography image showing side-view of ENF specimen of 3D 

composite containing steel z-binders when subjected to mode II interlaminar cyclic loading. 

Note: Direction of fatigue crack growth is right to left. (b) Side-view of 3D composite reinforced 

with steel z-binder during mode II fatigue loading. 

 
 

The carbon z-binders show more improvement than copper and steel z-binders under 

mode II fatigue loading. Fig. 4.12 shows the carbon z-binder was deformed and fractured in 

shear along the fatigue crack plane. At lower cyclic sliding displacements between the 

delamination crack surfaces, the carbon z-binders began to debond due to fatigue cycling and 

bridged the crack without being damaged as shown in Fig. 4.12 (a). At higher cyclic strain 

energy release rate values, when the sliding displacement was greater, the carbon z-binders 

began to break as shown in Fig. 4.12 (b). The fractured carbon z-binders do not pull-out and 

consequently the traction energy was lower resulting in a smaller improvement to the mode 

II fatigue properties compared to mode I. The crack bridging mechanism generated by the 

2000 µm 

500 µm 

(a) 

(b) 
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debonding and failure of carbon z-binders disspipated the energy caused the improvement 

to the mode II fatigue resistance of the 3D woven composites.  

 

 

 

 

Fig. 4.12: (a, b) X-ray computed tomography image showing side-view of ENF specimen of 3D 

composite containing carbon z-binders when subjected to mode II interlaminar cyclic loading 

(a) at low and (b) at high applied strain energy release rate range. Note: Direction of fatigue 

crack growth is right to left. The arrow in (a) indicates the location where the carbon z-binders 

have debonded from the laminate. (c) Fracture surface of 3D composite reinforced with carbon 

z-binders. 

 

10 mm 

(a) 

(b) 

(c) 
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4.4   CONCLUSIONS  

The results presented in this chapter prove that the mode I and mode II interlaminar 

fatigue resistance properties of 3D woven composites are improved by woven z-binders. The 

z-binders bridge the delamination fatigue crack and resist crack extension under cyclic 

loading. The z-binders are more resistant to mode I than mode II fatigue crack growth; thereby 

resulting in a greater mode I fatigue strengthening effect. Damage and failure of the z-binders 

within the bridging zone is different for mode I and mode II fatigue loading. Copper z-binder 

provided the least improvement, whereas steel showed more improvement due to the partial 

pull-out of z-binder and carbon z-binders failed progressively by interfacial debonding and 

pull-out under mode I cyclic loading.  

Through-thickness reinforcement using steel, copper and carbon z-binder improves the 

resistance of the 3D textile composite against the initiation and growth of delamination cracks 

when subjected to cyclic II interlaminar loading. Metal z-binders provided less improvement 

than carbon z-binders due to generation of much lower strain energy during the growth of 

mode II delamination cracks and do not reach the shear failure strain.   
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Chapter 5: Electrical Conductivity of 3D Composite 

Woven with Metal or Carbon Z-binders 
 

Abstract 

This chapter presents an original experimental study into the effects of the volume 

content and electrical properties of z-binders on the through-thickness and in-plane electrical 

conductivity of 3D woven composites. The 3D composites were orthogonally woven with z-

binders made of carbon tow, stainless steel or copper, which have different electrical 

properties. It was found that the copper increased the through-thickness conductivity by 

about 5700x, whereas the stainless steel and carbon increased the conductivity by 

approximately 150x and 12x respectively. However, varying the volume content or electrical 

properties of the z-binders did not change significantly the in-plane conductivity of the 

laminates. A simple model based on rule-of-mixture can predict the electrical conductivity 

properties of 3D woven composites. 

 

5.1   INTRODUCTION 

A limiting property of many fibre reinforced polymer composite materials is low 

electrical conductivity. Consequently, composites used in aircraft surfaces and other 

applications at risk of lightning strike must contain a highly conductive material (e.g. copper 

mesh) to rapidly dissipate the electrical charge in order to minimise damage. The high 

resistivity of composites also limits their application in electrical/electronic devices and other 

components requiring high conductivity. Composites have low electrical conductivity in both 

the in-plane and (in particular) through-thickness directions. For example, the in-plane and 

through-thickness conductivity values for unmodified continuous carbon/epoxy laminate 

(fibre content ~50 vol %) is typically about ~103–104 S/m S/m and ~10-102 S/m, respectively.  

 

Many techniques have been developed to increase the electrical conductivity of 

composite materials, which include doping of the polymer matrix with highly conductive 

carbon-based nanoparticles (e.g. carbon nanofibres, carbon nanotubes, graphene) [134-136], 
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metal particles (e.g. copper) [137], polyaniline [138] or milled carbon particles [139, 140]; 

carbon nanoparticles grown directly onto the carbon fibres [42, 141]; or carbon with or 

without additives such as copper chloride or chopped carbon fibres [142]. 

 

A recently developed technique is the insertion of highly conductive thin rods in the 

through-thickness (or z-) direction of composite materials during manufacture to create a low 

resistivity pathway for current flow. Pegorin et al. [143]  reported that z-pins inserted in the 

through-thickness direction of carbon-epoxy laminates are highly effective at increasing the 

electrical conductivity. The improvement to the through-thickness conductivity can be 

controlled by the type and volume content of the z-pins, with improvements of up to ~106. 

More recently, Grigoriou et al. [144] discovered that z-pins can also be used to increase the 

through-thickness electrical conductivity of sandwich materials with a thick core of polymer 

foam or balsa wood. However, a limitation of the z-pin technique is that it cannot increase 

the in-plane electrical conductivity due to its discrete design [143, 144]. Z-pins are not 

physically connected to each other, and therefore do not form the continuous pathway for 

current flow required to increase the in-plane conductivity of composite materials. A 

potential solution is the insertion of electrically conductive continuous z-binders into 

composites which increase both the in-plane and through-thickness electrical conductivity 

values. However, such an approach has not been explored. 

Many studies have demonstrated that continuous z-binders can be inserted in both 

the in-plane and through-thickness directions of composite materials using orthogonal or 

layer interlock weaving [26, 42, 141]. 3D woven composites display outstanding damage 

tolerant properties, including high interlaminar fracture toughness (as reported in Chapter 3) 

[24, 142], interlaminar fatigue resistance (Chapter 4) [49] and impact damage resistance 

(Chapter 7) [46] of composites. Sharp et al. [94] demonstrated that metal z-binders woven 

into carbon-epoxy composite material can increase greatly the through-thickness thermal 

conductivity. However, the use of metal and other highly conductive z-binder materials to 

controllably increase the electrical conductivity of 3D woven composite materials has not 

been evaluated. 
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We present the new approach of using three-dimensional woven z-binders to increase 

the electrical conductivity properties of fibre-polymer composite materials. The electrical 

properties of carbon-epoxy laminates containing orthogonally woven continuous z-binders 

made of thin metal wire (e.g. copper, stainless steel) or carbon tows were studied. The volume 

fraction of the z-binders was kept relatively low to minimise any adverse impact on the 

mechanical properties of the composite materials (which are investigated later in this PhD 

thesis). The effect of the material type and volume fraction of the z-binders on the in-plane 

and through-thickness electrical properties of a carbon-epoxy composite was studied 

experimentally and analytically. The research reveals that the improvement to the electrical 

properties of composites is substantial (orders of magnitude) and that the properties can be 

tailored via the judicious design and selection of the woven z-binders.  

 

5.2     MATERIALS AND EXPERIMENTAL METHODOLOGY  

5.2.1   Manufacturing and Microstructure of Composite Materials  

The composite materials used in this study were fabricated using a plain woven T300 

carbon fabric (AC220127 supplied by Colan Ltd.) and epoxy polymer. The fabric specification 

and weaving pattern was the same as used in previous chapters. Copper, stainless steel and 

carbon tows were used as a z-binder material. These materials were selected for the z-binders 

because they cover a wide range of electrical conductivity values (over three orders of 

magnitude) increasing in the order: carbon tow, stainless steel and copper. The electrical 

conductivity values of the three types of z-binder materials are given in Table 5.1.  

 

The carbon, stainless steel and copper were orthogonally woven in straight, parallel 

rows along the warp fibre direction to the stacked carbon fabric, as illustrated in Fig. 5.1. The 

volume content of the z-binder was the same as in previous studies, and the values are given 

in Table 5.1. A 2D woven laminate without any z-binder, but with the same number of carbon 

fabric plies, was used as the control material to benchmark the electrical properties of the 3D 

woven composites.   
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Table 5-1: Properties of the z-binder weave architecture in the 3D woven composites. 

Material Axial Electrical 
Conductivity 

(S/m) 

Weave density 
(binders/cm2) 

Areal 
content 

(%) 

Volume 
content 

(%) 

Weight content 
(%) 

Carbon 6.3 x 104 0.8 0.35 0.07 0.09 

1.6 0.70 0.14 0.17 

Copper 6.0 x 107 1.6 0.33 0.065 0.39 

3.2 0.66 0.13 0.68 

Steel 1.4 x 106 1.6 0.33 0.065 0.35 

3.2 0.66 0.13 0.60 

 

 

 

 

 Fig. 5.1: CAD image of the 3D fabric showing the orthogonal architecture of the z-binders. 

 

The 2D and 3D fabrics were infused with liquid epoxy resin using the vacuum bag resin 

infusion (VBRI) process. The epoxy, hardener and VBRI process used in this study was the 

same as used in previous chapters. The final thickness of the different composites was the 

same at 9.5 mm. 

 

5.2.2   Electrical Measurements  

The in-plane and through-thickness electrical conductivity values of the 2D and 3D 

woven composites were measured at room temperature using the test method illustrated in 

Fig. 5.2, which is adapted from ASTM D4496 and ASTM D257. The sample dimensions were 

27 mm wide, 40 mm long and 9.5 mm thick, and contained a sufficient number of z-binder 

to provide the bulk conductivity values of the composite material. 
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Fig. 5.2: Schematics of (a) electrical conductivity sample, (b) through-thickness conductivity 

test method, and (c) test setup for measuring electrical conductivity.   

 

Before testing, the sample surfaces were machined flat and then polished to expose 

surface segments of the z-binder to the electrodes. Copper strips (1.5 mm thick) were used 

as electrodes, and these were attached to the opposing surfaces of the sample to measure 

the conductivity values in the through-thickness, longitudinal and transverse directions. A 

conductive silver paste (supplied by Structure Prob Inc.) was used to bond the copper 

electrodes to the samples. A relatively low compressive force (~1 MPa) was applied to ensure 

good contact between the copper electrodes and composite sample during the electrical 

measurement, which were performed using the 4-wires method with a Keysight micro-Ohm 

meter (type 3442OA). 
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5.3   RESULTS AND DISCUSSION 
 

The effects of the material and volume content of the woven z-binder on the electrical 

conductivity of the 3D composite measured experimentally in the through-thickness, 

longitudinal and transverse directions is shown in Fig. 5.3-5.5. In these figures the data points 

and curves show the measured and calculated conductivity values, respectively. The results 

show that orthogonal weaving of z-binders is an effective method for increasing the through-

thickness electrical conductivity of the composite; with large improvements gained using a 

relatively low volume content of z-binder. 

The electrical conductivity of the 3D woven composites in each of the three directions 

can be calculated using rule-of-mixtures (ROM) analysis, and these are shown by the curves 

in Fig. 5.3-5.5. ROM analysis can be applied when it is assumed that the z-binders and carbon-

epoxy host material act independently in the flow of current. The electrical conductivity in 

the through-thickness (z-direction) can be defined from the first principle for resistors acting 

in parallel by: 

 

 

K𝑐𝑧 = (K𝑧 ∙ 𝑉𝑧) + K𝑜𝑧 ∙ (1 − 𝑉𝑧)                               (1) 

where 𝑉𝑧 and 𝐾𝑧  are the volume content and electrical conductivity of the z-binders in the 

through-thickness direction, respectively. 𝐾𝑜𝑧 is the through-thickness conductivity of the 

host composite material (i.e. 2D laminate).  

 

The conductivity of the 3D woven composites in the longitudinal (x-direction) is given by: 

K𝑐𝑥 =  
𝑙𝑜

𝑏 𝑡 𝑅𝑐𝑥
                                                                         (2) 

where 𝑙𝑜 , 𝑏 and 𝑡 are the length, width and thickness, respectively. R𝑐𝑥 is the electrical 

resistance along the longitudinal direction, which can be defined from the principle for the 

resistors acting in parallel by: 

1

𝑅𝑐𝑥
=

1

𝑅𝑥
+

1

𝑅𝑜𝑥
=  

𝑛𝑟∙(K𝑥 
𝜋𝑑2

4
)

𝑙
+

K𝑜𝑥∙(𝑏𝑡− 
𝜋𝑑2

4
 𝑛𝑟)

𝑙𝑜
                                                 (3) 

where, 𝐾𝑥 and 𝐾𝑜𝑥 are the electrical conductivity values of the z-binder and control composite 

(2D laminate) in the longitudinal direction, respectively. 𝑛𝑟, 𝑑 and 𝑙 are the number of rows, 
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diameter and length of the z-binders, respectively. For the 3D woven materials investigated 

in this study, the distance travelled by the current within z-binders, 𝑙 is much longer than that 

in the composite, 𝑙0; due to the orthogonal weave pattern. Now substituting 𝑅𝑐𝑥 from Eqn (3) 

into (2) and rearranging the terms gives: 

K𝑐𝑥 =  
𝑙0

𝑙
 K𝑥 ∙ (

𝜋𝑑2𝑛𝑟 

4 𝑏 𝑡
) +  K𝑜𝑥 ∙ (1 −  

𝜋𝑑2𝑛𝑟

4 𝑏 𝑡
 )                                                  (4) 

Thus, the ROM for the longitudinal conductivity of the 3D woven composite is given by:  

K𝑐𝑥 =
𝑙0

𝑙
(K𝑥 ∙ 𝑉𝑥) + K𝑜𝑥(1 − 𝑉𝑥)                                                                                         (5) 

where 𝑉𝑥 is the volume content of the z-binders in the longitudinal direction.   

 

The conductivity of the 3D woven composites in the transverse (y-)direction is given by: 

K𝑐𝑦 =  
𝑏

𝑡 𝑙𝑜 𝑅𝑐𝑦
                                                                          (6) 

R𝑐𝑦 is the electrical resistance in the transverse direction. The z-binders increase the 

conductivity of the section of the 3D composite material having a width, d being equal to the 

diameter of the z-binders. From ROM analysis, the conductivity of this section is given by: 

K𝑦
′ = (K𝑦 ∙ 𝑉𝑦) + K𝑜𝑦 ∙ (1 − 𝑉𝑦)                                                                                            (7) 

where 𝑉𝑦 is the volume content of the z-binders within the 3D woven composite. 𝐾𝑦 and 

𝐾𝑜𝑦 are the transverse conductivity of the z-binders and the control composite (2D laminate), 

respectively. The z-binders do not form a continuous network in the transverse direction, and 

therefore current flow between the neighbouring parallel rows of z-binders is disrupted by 

the more resistive carbon-epoxy material. Thus, the electrical conductivity of 3D composite 

in the transverse direction can be derived by assuming a series of alternating resistors whose 

conductivities are given by K𝑦
′  and 𝐾𝑜𝑦. Then the transverse electrical resistance of the 

resulting unit cell of the 3D composite material is given by: 

𝑅𝑐𝑦 = 𝑅𝑦 + 𝑅𝑜𝑦 =
𝑏−𝑛𝑟𝑑  

𝑙 𝑡 K𝑜𝑦
+  

𝑛𝑟𝑑

𝑙 𝑡 K𝑦
′  

                                                                                (8) 

Now substituting 𝑅𝑐𝑦 from Eqn (8) into (6) and rearranging the terms gives: 

K𝑐𝑦 =
K𝑜𝑦

1−𝑛𝑟 
𝑑

𝑏
(1− 

K𝑜𝑦

K𝑦
′ )

                                                                                                                 (9) 
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Fig. 5.3: Effects of material type and volume content of z-binder on the through-thickness 

electrical conductivity of the 3D woven composites. The data points and curves were measured 

experimentally and calculated (Eqn (1)), respectively. The data points represent experimental 

values and the solid lines represent calculated values. 
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Fig. 5.4: Effects of material type and volume content of z-binder on the longitudinal electrical 

conductivity of the 3D woven composites. The data points and curves were measured 

experimentally and calculated (Eqn (5)), respectively. The data points represent experimental 

values and the solid lines represent calculated values. 
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Fig. 5.5: Effects of material type and volume content of z-binder on the transverse electrical 

conductivity of the 3D woven composites. The data points and curves were measured 

experimentally and calculated (Eqn (9)), respectively. The data points represent experimental 

values and the solid lines represent calculated values. 

The through-thickness conductivity increased linearly with both the electrical 

conductivity and volume content of the z-binder material, with copper being the most 

effective. At the highest volume content studied (0.13%), the copper increased the through-

thickness conductivity by about 5700x, whereas the stainless steel and carbon increased the 

conductivity by ~150x and ~12x respectively. The z-binder increased the through-thickness 

conductivity by creating a continuous pathway for current flow between the electrodes 

attached to the surfaces of the composite material. The z-binders behave like resistors in 

parallel within the 3D woven composite, thereby providing a low resistance path for current 

flow while the surrounding carbon-epoxy material remains much more resistive, as shown 

schematically in Fig. 5.6 (a). 
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Fig. 5.6: Schematic representation of the current flow in the (a) longitudinal, (b) transverse 

and (c) through-thickness directions. 

 

The improvements to the longitudinal conductivity values were significantly less than 

in the through-thickness direction. The carbon tow and steel wire induced only modest 

increases to the longitudinal conductivity (3% and 70%, respectively) at the highest z-binder 

content. The copper z-binder was more effective (31-fold increase), but again the 

improvement was significantly less than in the through-thickness direction. The lower 

improvement to the longitudinal conductivity was due to the increased resistivity of the z-

binder caused by the orthogonal weave pattern. Similar to the through-thickness direction, 

the z-binders in the longitudinal act like resistors in parallel which aids the flow of electrical 

current between the electrodes (Fig. 5.6b). In the longitudinal direction, however, the z-

binders create a continuous pathway for current flow between the surfaces of the composite 

material samples which is ~2x longer. This results in a two-fold increase in the resistance to 

current flow, resulting in lower improvements to the longitudinal conductivity of the 3D 

woven composites. However, the absolute conductivity values are similar or higher in the 

longitudinal compared to the through-thickness direction. This is because the host composite 

material provides a much greater contribution to the longitudinal conductivity. The measured 

conductivity values of the laminate without z-binders in the through-thickness and 

longitudinal directions are ~55 and 4500 S/m. The carbon fibres within the composite material 

contribute much more to the conductivity in the longitudinal direction, and therefore the 

(c) 

(a) (b) 
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apparent percentage improvement gained by the z-binder is less than in the through-

thickness direction. 

The z-binders had little or no significant effect on the electrical conductivity in the 

transverse direction, as shown in Fig 5.5. The carbon z-binder did not increase the transverse 

conductivity whereas the stainless steel and copper promoted relatively small improvements 

(of only about 15% and 35% respectively for the highest volume content). The improvement 

was significantly lower than the through-thickness and longitudinal conductivities because 

the z-binders do not form a continuous network in the transverse direction. Therefore, 

current flow between the neighbouring parallel rows of z-binders is disrupted by the more 

resistive carbon-epoxy material between the rows. While not studied experimentally here, 

this problem can be overcome by weaving the z-binders along both the longitudinal and 

transverse directions of the composite to create a 0/90 pattern, as illustrated in Fig. 5.7 

                       

Fig. 5.7. 3D fabric showing balanced orthogonal architecture of the z-filaments in longitudinal 

and transverse directions. 

The improvements to the electrical properties were gained with relatively weight 

penalty to the 3D woven composite materials. Figure 5.8 shows plots of the bulk density of 

the materials with increasing volume fractions of the different z-binders. The carbon z-binders 

had virtually no effect on the density whereas the metals increased the density. This reveals 

that large increases to through-thickness and longitudinal conductivities were achieved with 

relatively modest increases to the weight of the 3D composite materials. 

z-binder 

20 mm 

20 mm 

9.5 mm 
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 Fig. 5.8: Effects of the volume fraction and type of z-binder on the density of the 3D woven 

composites. 

 

These models given by Eqn. (2), (5) and (9) were applied to the 3D woven composites, 

and the curves in Fig. 5.3-5.5 show the calculated electrical conductivity values and its 

comparison to the experimentally measured conductivities. The through-thickness, 

longitudinal and transverse conductivities calculated using Eqns (2), (3) and (5), respectively, 

and the experimentally measured conductivity values are in close agreement for the 3D 

composites with different z-binders. The agreement indicates that the measured increases to 

the conductivity values is due to an additive effect (i.e. rule-of-mixtures) of the electrical 

conductivities of the z-binder and the host composite, and both materials act independently 

like resistors in parallel for the through-thickness and longitudinal directions and like resistors 

in series in the transverse direction (Fig. 5.5). This shows that the model presented here can 

be used to effectively design 3D woven composite with tailored conductivity properties in the 

three directions using electrically conductive z-binders. Table 5.2 shows electrical 

conductivity values for other types of conductive materials compared with the z-binder 

materials used in this PhD project. The values show greater improvement in electrical 

conductivity values for copper z-binder. Whereas, steel z-binder shows moderate 

improvement and carbon shows the least improvement in electrical conductivity values. 
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Table 5-2: Electrical conductivity values compared with other types of conductive materials. 

Composite Conductive material Electrical 
conductivity  

Electrical 
conductivity 
percentage 

increase 

Reference 

CNTs-
Polyepoxy 

Composites 

Carbon nanotubes 1.3 × 10−2 S/m 
 

~5.5 [135] 

Carbon-fibre-
reinforced 

polypropylene 
composites 

Short carbon-fibre 10−4 S/cm  ~1E+12 
 

[138] 

Unidirectional 
glass-fibre-
reinforced 

polyethylene 
composites 

Carbon black (10 %) 2.5 × 10−2 S/m 
 

~25 [139] 

Unidirectional 
glass-fibre-
reinforced 

polyethylene 
composites 

Carbon fibre (20 %) 2 × 10−2 S/m 
 

~20 [139] 

Carbon-epoxy 
composites 

Milled carbon fibres 
and CNTs (6 %) 

6.34 S/cm 
 

~50 [140] 

Carbon 
fibre/epoxy 

(CF/EP) 
composite 

nano-scale carbon 
black (3 %) 

6.1 × 10−2 S/m 
 

~20 [142] 

Carbon-epoxy 
composites 

Carbon z-pins 
0.25 % 
1.43 % 
2.34 % 
4.00 % 

 
71 S/m 

460 S/m 
770 S/m 

1200 S/m 

 

~8700 

~57000 

~96000 

~150000 
 

[143] 

Carbon-epoxy 
composites 

Copper z-pins 
0.20 % 
0.41 % 
0.82 % 
1.02 % 
1.23 % 
1.84 % 

 
97034 S/m 

204238 S/m 
378043 S/m 
484982 S/m 
623472 S/m 
905747 S/m 

 
~12 mill 
~25 mill 
~47 mill 
~60 mill 
~77 mill 

~113 mill 

[143] 

Carbon-epoxy 
composites 

Steel z-pins 
0.20 % 
0.41 % 
1.02 % 
1.23 % 

 
2650 S/m 
5074 S/m 

12113 S/m 
15419 S/m 

 
~330000 
~630000 
~150000 
~190000 

[143] 

Carbon-epoxy 
composites 

Titanium z-pins 
0.20 % 
0.41 % 
1.02 % 
1.23 % 

 
3432 S/m 
6292 S/m 

13350 S/m 
19892 S/m 

 
~420000 
~780000 

~1600000 
~2400000 

[143] 
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5.4   CONCLUSIONS 

The electrical conductivity of composite materials, which usually have high resistivity, 

can be improved greatly by continuous z-binders made of a conductive material woven in the 

through-thickness and in-plane directions. Orthogonal weaving of z-binders made of thin 

metal wire or carbon fibre roving into the dry fabric preforms of composite materials before 

resin infusion is a viable method for controllably increasing the electrical conductivity. The 

through-thickness conductivity is increased greatly by the z-binders, with the magnitude of 

the improvement controlled by the material type and volume content of the z-binder. The z-

binders create a continuous conductive pathway for current flow in the through-thickness 

direction, thereby greatly increasing the electrical conductivity in this direction. The z-binders 

also increase the longitudinal conductivity of the composite material, although the 

improvement is less than for the through-thickness conductivity. The increase to the in-plane 

conductivity relies upon the z-binders forming a continuous orthogonal weave pattern which 

provides the pathway for current flow along the composite material. The improvements to 

the electrical properties can be accurately predicted using ROM analysis. ROM modelling can 

be used to design 3D woven composites with tailored electrical properties based on the 

judicious choice of the volume content and material of the z-binder.  
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Chapter 6: Detecting Delamination Damage in 3D 

Woven Composite using Electrical Resistivity 
 

Abstract 

The in-situ, real-time detection of delamination cracks in 3D composites woven with copper, 

steel or carbon z-binders is presented in this chapter. 3D woven composites were reinforced 

in the through-thickness direction with low and high volume contents of z-binder made of 

different material (i.e. copper, steel, carbon). The z-binders increase the electrical 

conductivity of the 3D woven composite materials, as reported in the previous chapter. Mode 

I interlaminar fracture tests reveal that the increased electrical conductivity due to the z-

binders can be used to detect the growth of delamination cracks via large, measurable 

changes to the electrical resistivity. The woven z-binders can be used for the in-situ detection 

and monitoring of mode I delamination growth within 3D woven composite materials, which 

is not possible without z-binders.   

 

6.1   INTRODUCTION 

A critical structural integrity issue in the use of carbon fibre reinforced polymer 

laminates in light-weight structures is the reliable detection of damage, including 

delamination cracks. The initial inspection of a damaged composite is often performed using 

visual and, in some cases, tap testing techniques. However, delamination cracks are not 

visible in carbon fibre laminates and can be very hard to detect using tap testing when the 

damage is small or buried deep below the surface [145]. Delamination cracks can be detected 

using non-destructive evaluation (NDE) techniques such as ultrasonics, thermography, X-ray 

computed tomography and laser shearography. However, it is often necessary to take the 

composite part out-of-service to perform the non-destructive inspection. Several structural 

health monitoring (SHM) techniques are capable of the real-time and in-situ detection and 

monitoring of delamination damage in composite structures, including acoustic emission, 

ultrasonics, Bragg grating optical fibres and comparative vacuum monitoring. The detection 

of the delamination cracking via changes to the electrical resistivity to the carbon fibre 

composite is another approach.  
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Several studies have demonstrated that damage to composite materials can be 

detected using electrical resistance methods [146-149]. For example, damage can be 

monitored by passing a direct electric current through the material using the electrical 

resistance change (ERC) technique [150-153]. However, the electrical conductivity properties 

of carbon fibre laminates are very low, particularly in the through-thickness direction, as 

reported in the previous chapter. Therefore, it is necessary to increase substantially the 

electrical conductivity of the laminate for ERC techniques to be reliable. Highly conductive 

fillers, such as nanoparticles, nanofibers or graphene [154-157], can be used to increase the 

electrical conductivity of composite laminates. For example, Boger et al. [155] reported that 

the addition of a low concentration of conductive carbon nanoparticles to the epoxy matrix 

of a glass fibre composite reduced the electrical resistivity to a low enough level that damage 

could be detected, including small damage (i.e. fibre cracking), via changes to the electrical 

resistivity. Ladani et al. [157] recently proved that a small quantity of nanoparticles in the 

epoxy matrix to carbon fibre composite joints increases the electrical conductivity such that 

the size and location of delamination damage can be detected via measured changes to the 

electrical resistivity.         

Z-pins have also been used to detect delamination cracking within laminates via 

measurable changes to the electrical resistivity. Z-pins can increase the through-thickness 

electrical conductivity of composites to a sufficiently high level that it is possible to use 

electrical resistivity methods to detect damage. Zhang et al. [158] reinforced laminates with 

carbon fibre z-pins which were connected in series and parallel to an array of electrodes. The 

z-pins protruded above the composite surface to allow connection to the wire electrodes. The 

z-pins were pulled out during mode I delamination growth in the laminate, and this disrupted 

the flow of electric current between the electrodes via the pins. Zhang and colleagues found 

that this technique could detect the size and location of delamination cracks. Pegorin et al. 

[159] also demonstrated that z-pins can be used to detect mode I delamination cracks. In this 

study the z-pins did not need to protrude from the surfaces, and instead a single 

positive/negative electrode pair was used to measure the resistivity changes of the z-pinned 

laminate caused by delamination crack growth. Pegorin and colleagues showed that the 

electrical resistance method was sensitive to the volume content and material of the z-pins.  
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This research chapter presents an experimental investigation into the in-situ, real-time 

detection of mode I delamination cracks in 3D woven composites via changes to the electrical 

resistivity. The effects of volume content and material type of the woven z-binders (metal and 

composite) on their capacity to detect delamination cracks are determined.  This chapter also 

presents an analytical model to predict the increase to the electrical resistivity of 3D woven 

composites caused by delamination cracking, and the modelled results are compared to 

experimental measurements. 

6.2    MATERIALS AND EXPERIMENTAL METHODOLOGY  

6.2.1   Composite Materials  

The composite materials used in this study were fabricated using a plain woven T300 

carbon fabric (AC220127 supplied by Colan Ltd.) and epoxy polymer. The materials are 

identical to those investigated in the previous research chapters.  

 

6.2.2    Damage Detection Measurements  

Mode I interlaminar fracture toughness tests were performed on the 2D laminate and 

3D woven composite materials to determine whether the z-binders can be used to detect 

delamination cracking via measurable changes to the electrical conductivity. Double 

cantilever beam (DCB) specimens made of the different materials were used, as shown 

schematically in Fig. 6.1. The DCB coupons were 240 mm long, 25 mm wide and 9.5 mm thick, 

and the z-binders extended along the specimen length in parallel rows. Each coupon 

contained a 50 mm long pre-crack created using 25 µm thick PTFE film at the end which was 

subjected to crack opening loading. Due to the high delamination resistance of the 3D 

composite coupons containing z-binders, it was necessary to reinforce the entire length of 

the DCB specimens (including the 2D laminate) with unidirectional carbon-epoxy laminate 

tabs (each 2.65 mm thick), as described in Chapter 3.  

 

Copper electrodes were bonded using silver-based conductive paste to the upper and 

lower surfaces of DCB specimen (see Fig. 6.1). The electrode patches covered an area of 

10 mm × 25 mm, and were attached near the end of the DCB specimen that was subjected to 

crack opening loading. The delamination crack was forced to grow by loading the pre-cracked 

end of the DCB coupon at a constant crack opening displacement rate of 2 mm/min using a 
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50 kN load capacity Instron machine. The crack opening displacement (δ) was measured using 

the cross-head separation in accordance with ASTM D5528. The crack was forced to 

propagate at short intervals (typically less than 5 mm) along the mid-plane of the DCB coupon, 

and at each interval the test was interrupted to measure both the crack length (a) and the 

electrical resistance (R). The resistivity was measured between the two electrodes, which 

involved the current flowing from the negative electrode across the crack via the bridging z-

binders as well as the current flowing around the crack tip to the positive electrode (as 

indicated by the red arrows in Figure 6.1). Three DCB samples of each type of material were 

tested to measure the change to the electrical resistivity with increasing mode I delamination 

crack length. The current flow was measured in micro ohm (µΩ). 

 

 
Fig. 6.1: Schematic of the delamination detection test on a DCB specimen of the 3D woven 

composite. The direction of electric current flow between the electrodes is indicated by the red 

arrows. 

6.3     RESULTS AND DISCUSSION 

6.3.1   Electrical-Based Detection of Delamination Cracking in 3D Textile Composites 

The measured change to the electrical resistivity of the DCB coupons for the 2D 

laminate and 3D woven composites with increasing delamination crack length is shown in Fig. 

6.2 The percentage change to the electrical resistivity of a DCB specimen is defined by:  

∆𝑅

𝑅𝑜
= (

𝑅𝑑−𝑅𝑜

𝑅𝑜
) . 100          (1) 

Ω 
CO

M 

. 

μΩ 

current flow 

3D woven 

composite 

reinforcement 

tabs 

Z-binders 

(conductor) 

9.5 mm 

2.65 

mm 

40 mm 200 mm 



131 
 

where Rd and Ro are the measured resistivity values in the delaminated and original 

(i.e. no crack growth) conditions, respectively. The electrical resistivity of the 2D control 

laminate increased slowly with increasing delamination length, and at the longest crack length 

(~140 mm) was increased by only ~5 %. The relatively small increase in resistivity was due to 

the increased path length for current flow between the electrodes. The current flows from 

the negatively charged electrode along the delaminated ligament of the DCB coupon. The 

current then flows around the crack tip and along the opposing delaminated ligament to the 

positive electrode. When the crack increases in length, the distance over which the current 

must flow also increases thereby increasing the electrical resistivity of the 2D control 

laminate.  This effect also occurs for the 3D woven composites, although the percentage 

increase to the electrical resistivity caused by delamination growth is much larger. The three 

types of z-binder materials studied – carbon fibre, stainless steel and copper – and the two 

volume contents studied induced large, measurable changes to the electrical resistivity during 

delamination crack growth.  This was due to the z-binders decreasing significantly the original 

resistivity of the composite material (as described in the previous chapter), and thereby 

increasing the sensitivity to the detection of delamination growth. During delamination 

propagation in the 3D woven composites the current flow occurred around the main crack 

front as well as along the bridging z-binders until they failed by fracture and pull-out when a 

short-circuit was induced. The experimental data plotted in Fig. 6.2 show that the increase in 

resistivity of the 3D woven composites often occurred as abrupt step changes, and this was 

due to the breakage of the z-binders at the rear of the bridging zone and the resulting 

localised short-circuit.   

 

It is also shown in Fig. 6.2 that the effect of the z-binder material on the sensitivity to 

detect delamination growth via an increase to the electrical resistivity was not the same, and 

increased in the order: copper (least effective), carbon fibre and stainless steel (most 

effective). While copper was the most effective at increasing the electrical conductivity of the 

composite material (as reported in chapter 5), it was the least effective for delamination crack 

detection. This was because copper z-binders generated the shortest bridging zone length 

during delamination crack growth (typically under ~10 mm) before the z-binders fractured 

due to their relatively low failure stress (as described in Chapter 3). In comparison, the z-
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binders made of carbon fibre and (in particular) stainless steel formed much longer crack 

bridging zones (~20 mm and 40-50 mm, respectively) (also explained in Chapter 3). When the 

length of the bridging zone increased the z-binders made an increasingly important 

contribution to increasing the sensitivity of the 3D woven composites to changes in the 

electrical resistivity during delamination growth. The longer the crack bridging zone, the 

greater the sensitivity to changes to the electrical resistivity and consequently the more 

effective the z-binders were at monitoring the growth of delamination cracks. 

 

 

Fig. 6.2: Effect of increasing delamination length on the percentage change to the electrical 

resistivity of the composite materials containing (a) low, (b) high volume content of z-binders. 

(a) 

(b) 
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6.4   CONCLUSIONS 

This study has proven that due to the increased electrical conductivity, the z-binders can be 

used to monitor the growth of mode I delamination cracks in 3D woven composite materials 

via changes to the resistivity.  Electrical-based crack growth detection methods often lack 

sufficent sensitivity to detect delamination growth. The effect of the z-binder material on the 

sensitivity to detect delamination growth was increased in the order: copper (least effective), 

carbon fibre and stainless steel (most effective). While copper was the most effective at 

increasing the electrical conductivity of the composite material (as reported in chapter 5), it 

was the least effective for delamination crack detection due to the small bridging zone 

generated during the damage detection process which significantly affected the electrical 

resistivity of the DCB specimen. However, the insertion of woven z-binders increases the 

sensitivity to reliably detect the initiation and propagation of delamination cracks in 3D woven 

composites. The z-binders also provide the additional benefit of increasing the mode I 

interlaminar fracture toughness and fatigue strength, electrical conductivity, impact damage 

resistance and joint strength of composite materials, as reported in the other chapters.     
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Chapter 7: Impact Damage Tolerance of 3D Woven 

Composites Using Metal Z-binders  
 

Abstract 

This chapter presents an experimental investigation into the low-velocity impact 

damage resistance and the compression-after-impact (CAI) properties of 3D woven 

composites. The effects of z-binder material and volume content on the amount of impact 

damage and the residual compressive properties of 3D composites are investigated, and 

compared to a 2D (control) laminate without z-binder reinforcement. Impact testing was 

conducted at two energy levels: 25 J and 50 J. Non-destructive evaluation revealed that the 

impacted 3D woven composites sustained delamination and matrix cracking, including back-

face damage, although the amount of damage was less than the 2D laminate. The improved 

damage resistance was due to the z-binders creating a bridging zone along the impact-

induced delamination cracks. The compression-after-impact (CAI) strength properties of the 

3D woven composites were reduced less than for the 2D laminate due to the smaller amount 

of impact damage.  

7.1   INTRODUCTION  

3D composites have proven capability to provide high impact damage resistance. As 

reported in Chapter 2, 3D composites reduce the amount of delamination damage caused by 

high ballistic impact, low velocity impact and large hailstones [77, 161-163]. It has been 

proven by various researchers that the impact resistance, post-impact strength, and 

delamination toughness are improved by insertion of z-binders [24, 97, 164-168].   

Several researchers [162, 169-171] have extensively studied the mechanism of high 

damage tolerance for 3D composites. It is found that the amount of impact damage caused 

to 3D woven composites is less than 2D laminates with the same fibre volume content. The 

higher damage resistance of 3D woven composites is due to their high interlaminar fracture 

toughness properties. Naik et al. [172] studied the damage resistance of glass reinforced 3D 

woven structures which were subjected to different impact energies. The delamination 

damage increased linearly with the impact energy, except at higher energies when 

perforation becomes an increasingly dominant mechanism.  Chiu et al [173] investigated the 
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impact and compression-after-impact (CAI) properties of angle interlock 3D carbon woven 

composites. It was concluded that the impact damage tolerance was superior to 2D 

composite.  

Apart from the studies by Naik et al. [172] and Chiu et al [173], the impact damage 

resistance and tolerance of 3D woven composites has not been studied. Specifically, there are 

no published studies into the impact resistance of 3D woven composites containing metal z-

binders. This chapter presents an experimental investigation into the impact damage 

resistance and CAI properties of 3D woven composites reinforced with different z-binder 

material (steel, copper or carbon) at two volume contents which are termed ‘low content’ 

and ‘high content’ in this thesis. The impact performance of these 3D woven composites is 

compared to a near-equivalent 2D laminate, which is used as the control material. The 3D 

woven composites were subjected to barely visible impact loading using the drop-weight 

method. The damage was characterised and quantified using visible inspection and X-ray 

computed tomography. The CAI properties of 3D woven composites were also measured.  

7.2      MATERIALS AND EXPERIMENTAL METHODOLOGY 

7.2.1   Composite Materials  
 

The 3D woven composite specimens were manufactured using a 198 gsm plain woven 

T300 carbon fabric (AC220127 supplied by Colan Ltd.) (see Chapter 3). The specimens 

consisted of 20 stacked plies of the carbon fabric, which was manually woven in an orthogonal 

(through-thickness) pattern using carbon fibre tows, copper wire or stainless steel wire. The 

weaving process and pattern is described in Chapter 3. The z-binders were woven in a 100 

mm x 100 mm sized region in the centre of the specimens, which were 150 mm long x 100 

mm wide (Fig. 7.1). The warp tows to the carbon fabric and the weave direction of the z-

binders were both in the lengthwise direction of the specimens. The fabrics were infused 

using the same epoxy polymer as used in the previous research chapters using the VBRI 

process. 

 

7.2.2   Impact Tests  

 
The impact tests were conducted on a 2D (control) laminate and 3D woven composites 

with the dimensions of 100 mm wide x 150 mm long (Fig. 7.1). Drop weight impact tests were 
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performed on the composites using the impact rig shown in Fig. 7.2. The samples were 

clamped along the edges. All impact tests were performed according to ASTM D713 

specifications using a 12 mm hemispherical hardened steel impactor weighing 2.9 kg. The 

impactor was dropped from 0.88 m and 1.75 m heights onto the centre of the sample (Fig. 

7.1). The impactor was instrumented with a dynamic force transducer to measure the impulse 

force-time response during contact with the sample. The impulse force was measured at a 

sampling rate of 19.2 kHz. Two incident impact energies 25 J and 50 J were selected for the 

impact test. Five samples for each of material type and impact energy were tested.  

  
7.2.3   Compression-After-Impact (CAI) Test 

 
The post-impact compressive properties of the composites were measured using the 

method specified in ASTM D7137. Three samples of each type of composite material were 

axially compressed along the warp (0°) fibre direction at an end-shortening rate of 0.5 

mm/min until failure. The ends of the sample were clamped whereas the sides were laterally 

supported using anti-buckling guides, as shown in Fig. 7.3. Digital Image Correlation (DIC) was 

used to determine the strains on the sample surface during the CAI test. Before testing, the 

surface of the specimens was sprayed in white colour, and then a high contrast random 

speckle pattern was created by non-uniformly spraying black dots on the white surface.  To 

confirm the suitability of the size and density of the speckle pattern on the accuracy of the 

DIC measurements, the specimen was fixed in the compression fixture, and one test image of 

the sample was taken as shown in Fig. 7.4. A digital camera was positioned a short distance 

from the specimen to record the DIC images during testing. The images were taken at the rate 

of 1 ms/image. Post-processing of the images to extract the strain values was performed in 

MATLAB using the procedure described by Jones [174], and this was used to determine the 

compressive modulus and surface strain maps. 
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Fig. 7.1: Schematic representation of the impact test. 

 

  

 

Fig. 7.2: (a) Schematic of Drop weight impact testing setup, (b) Drop weight impact testing 
machine. 
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 Fig. 7.3: Compression test fixture with anti-buckling guides. 

 

 

 Fig. 7.4: Random speckle pattern on a composite sample for digital image correlation (DIC). 
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7.3  RESULTS AND DISCUSSION  

7.3.1  Impact response  

 
The impulse force-time curves measured for the 2D laminate at the incident impact 

energies of 25 J and 50 J are shown in Fig. 7.5. The results show good repeatability for all five 

impact tests performed on the laminate. At both energy levels, the impact force initially 

increases linearly and then experiences a load drop before reaching the peak load. The first 

load drop is due to the onset of impact damage, which can occur as delaminations, fibre 

breakages and/or matrix cracking [175]. The load drop is higher at the higher impact energy, 

which is indicative of more damage (which is expected). Fig. 7.6 presents multiple impact 

force-time curves for the 3D woven composite containing the steel z-binder, and again at both 

incident energy levels that confirms a good repeatability in the test results. Similar 

repeatability was found for the 3D composites with copper or carbon fibre z-binders.  

Impact load-time curves for the 2D laminate and different types of 3D woven 

composites are presented in Fig. 7.7. There is no significant difference between the curves 

measured for the different materials at the low impact energy, except that the small load 

drop is more apparent for the 2D laminate. At the higher impact energy, the curves were also 

similar for the different materials, although the peak load and post-peak load values are 

slightly lower for the 2D laminate. 
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Fig. 7.5: Impact load-time curves for the 2D laminates and 3D woven composites at the 

incident impact energies of (a) 25 J and (b) 50 J. 
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Following impact testing, the 2D and 3D woven composites were non-destructively 

inspected using X-ray computed tomography (CT). The impacted surface of all the test 

samples had a shallow indentation, which was caused by the impactor locally crushing the 

surface. Splitting cracks orientated in the 0o and 90o fibre directions were also observed on 

the impacted surface. The back-face surface also sustained longitudinal splitting cracks, as 

shown in Fig. 7.8. These damage modes were observed in all types of composite material (i.e. 

2D and 3D), and was not affected significantly by the type or volume content of z-binder 

reinforcement. The bending deflection of the composite specimens caused by the impact 

event generates interlaminar shear and through-thickness tensile stresses which caused the 

formation of splitting cracks. These cracks are much longer at the back than the front surface, 

and this is due to higher tensile strains generated at the back surface during impact. 

 

 

Fig. 7.6: X-ray CT images of back-face damage to the (a) 2D and (b) 3D woven composites. The 

composite in (b) contained carbon z-binders. 

 

Cross-sectional X-ray CT images in Fig. 7.9 show the internal damage to the 2D 

laminate and a 3D woven composite (reinforced with carbon z-binders) impacted at the two 

energy levels. The two most obvious types of damage were delamination cracking and ply 

rupture.  The length of delamination cracks between the plies in the 2D laminate was higher 

at the higher impact energy level. All 3D composites sustained a large through-thickness crack 

10mm 
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along the interface between the z-binder and composite material. Compared with the 2D 

laminate, all of the 3D woven composites experienced less delamination damage. The X-ray 

CT images for steel and copper 3D woven composites were not taken due to the charging 

caused by the large difference in the metal and carbon densities. Due to the large difference 

in the X-ray absorption coefficient of the metal z-binders and carbon-epoxy laminate material, 

it was not possible to obtain high quality X-ray CT images of the 3D woven composites 

containing steel or copper.     
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Fig. 7.7: Cross-sectional X-ray CT images showing the effect of impact energy (a) low (25 J) 

and (b) high (50 J) on the 2D laminate and the 3D woven composite containing carbon z-

binders. 

 

The X-ray CT imaging revealed that the projected delamination area in the x-y plane 

of the impacted specimens was approximately rhomboid (i.e. diamond) shaped, as shown for 

example in Fig. 7.10 (a). Assuming this shape, the back-face delamination damage area (Admg) 
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was simply calculated using:                                                                                                                                                 

Admg = 
1

2
 Wlat × Llong 

where Wlat and Llong are the lateral and longitudinal lengths of the splitting cracks at the back-

face. Using this analysis, Fig. 7.10 (b) shows the effect of incident impact energy on the back-

surface delamination damage area for the 2D laminate and 3D woven composites. The z-

binders reduced the average area of the delamination damage, with the different z-binders 

causing similar reductions. The reduction to the delamination damage area was due to a 

large-scale bridging zone created by the z-binders which increases the modes I and II 

interlaminar fracture toughness values (as reported in Chapter 3).  Under the impact test 

conditions used here, the delamination damage is caused mostly by interlaminar shear 

stresses concentrated to the region immediately below and surrounding the impact point. 

The interlaminar fracture toughness testing (Chapter 3) revealed that the mode II 

delamination toughness was improved by the z-binders, although the magnitude of the 

toughening effect was not influenced greatly by the type of z-binder. That is, the mode II 

interlaminar fracture toughness properties of the 3D woven composites with copper, carbon 

and steel were similar (unlike the mode I toughness properties where copper was the less 

effective and steel the most effective). For this reason, the different type of 3D woven 

composite shows similar reductions in the amount of impact-induced delamination damage, 

and is not influenced significant by the type of z-binder material.   
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Fig. 7.8: (a) Example X-ray CT image used for measuring impact damage area. (b) Effect of 

impact energy on the back surface delamination damage area for the 2D and 3D woven 

composites. 
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7.4.   In-plane compressive properties of 2D and 3D composites.  

7.4.1   Pre and post impact compressive properties of 2D and 3D composites 

 
Following impact testing, the residual compression properties of the composites were 

measured. Compressive stress-strain curves measured for the 2D laminate and 3D woven 

composites without impact damage (pre-impact) are presented in Fig. 7.11. The failure stress 

of the 3D woven composites was much lower than the 2D laminate, and the mechanisms 

responsible for this are investigated in Chapter 9. In all materials, failure occurred by micro-

buckling/kinking of the load-bearing tows, which was aided by the z-binders. 

 

  

Fig. 7.9: Compressive stress-strain curves for the 2D laminate and 3D woven composites 

before impact loading. 

 
Compressive stress-strain curves measured for the 2D laminate and 3D woven 

composites with impact damage are presented in Fig. 7.12. The curves show the applied load 

increased linearly with the strain until failure of the specimen. Similar to the pre-impacted 

composites, the impacted specimens failed by kinking of the load-bearing tows with failure 

initiating in the impact damaged region. The impacted specimen for all materials for low and 

high incident energy shows no reduction in compressive response as shown in Fig. 7.12. 
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Whereas, the impacted specimens for high incident energy shows improvement in the copper 

and carbon z-binder composites but shows reduction in the steel z-binder composite, which 

may have been caused by more damage to the load-bearing (in-plane) fibres from the 

weaving of steel z-binder compared with copper and carbon z-binders, as shown in Fig. 7.12. 

It is worth noting that manual weaving of the fibre preforms with the steel z-binder was very 

challenging due to its higher stiffness compared to the carbon and copper z-binders. Thus, 

weaving with steel z-binders is likely to cause greater damage to the load-bearing fibres. 

 

 

(a) 
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Fig. 7.10: Compressive stress-strain curves for the 2D laminate and 3D woven composites 

impacted at (a) 25 J and (b) 50 J. 

The compression strain (Ɛyy) response of the 2D and 3D laminates for low and high 

incident energies is presented in Fig. 7.13. The DIC generated strain images were taken at 

30%, 50% and just before final failure (100%). The 2D laminate shows a relatively uniform 

strain field concentration over the surface until the final failure. On the other hand, all the 3D 

laminates show high strain concentrations in the locations of the z-binders for both volume 

content, and the crack propagation initiated at the location of the impact. With increasing 

stress levels, the strain at the location of the damage increased significantly, which was 

followed by the fracture of the specimen at the ultimate failure strain, as shown in Fig. 7.13 

(a,b). 

 

 

 

 

 

(b) 
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Fig. 7.11: Compression strain (Ɛyy) images measured at 30%, 50% and just prior to 100% of 

the failure stress for the 2D (control) laminate and the 3D woven composites subjected to (a) 

low (25 J) and (b) high (50 J) impact energies.  
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The compression properties for the materials before and after impact loading at the 

low and high incident energies are shown in Fig. 7.14. The reduction in compression modulus 

of the pre-impacted specimens is dependent on several factors, including the fibre waviness 

and fibre volume content of the load-bearing fibres. The major cause of the reduction in 

compression modulus in the 3D woven composites is attributed to the damage occurred due 

to the impact energies (25 J and 50 J). Another cause of this reduction is the fibre waviness 

around the z-binders. The compression modulus of impacted specimens shows no major 

reduction for all types of z-binder material.   

The pre-impact compressive strength and compression-after-impact (CAI) strength values of 

the 2D laminate and different types of 3D composites are shown in Fig. 7.15. The average 

compressive failure stress of pre-impact specimens for all the z-binder material is lower than 

the 2D composite. The compressive properties of 3D composites can be reduced [31, 32, 176] 

due to in-plane fibre waviness and out-of-plane fibre crimping caused by the z-binders [31, 

177, 178]. Furthermore, finite element analysis and experimental results show that fibre 

waviness and crimping lowers the compressive stress needed to initiate kinking of the load-

bearing fibres in 3D woven composites [24, 30, 31]. On the other hand, all the compression 

modulus results are in the bounds of experimental scatter, so the compressive modulus of 

impacted specimens for both low and high incident energies and for all z-binder material 

shows no major reduction for all types of z-binder material. 

  

Fig. 7.12: Effect of z-binder on compression modulus of different z-binders. 



152 
 

 

 Fig. 7.13: Effect of z-binder on compression stress of different z-binders. 

 

Fig. 7.16 and 7.17 shows the failure modes of the 2D laminate and the 3D composite 

woven with carbon z-binder. The failure mechanism was not affected significantly by z-

binders, with both materials failing by kinking and microbuckling of the 0° tows. The CAI 

strength of the 3D composites was dependent on the type of z-binder material. The results 

show that the CAI strength were higher for copper and carbon z-binder composites, whereas 

steel z-binder composite shows reduction compared with 2D and other 3D composites.  
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Fig. 7.14: X-ray images showing compressive failure of the control (no z-binder) and carbon 

3D composites. 

 

10mm 
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Fig. 7.15: X-ray images showing compressive failure in (a) 25 J and (b) 50 J. 

 

7.5   CONCLUSION  

The results presented in this chapter have shown that the presence of z-binders can 

reduce the amount impact damage and the reduction to the compression-after-impact 

properties of the 3D composites is also decreased. The effect of material type and volume 

content of z-binder were investigated in this chapter. It was found that the z-binder showed 

reduction in compressive properties of the 2D and 3D composites. The impact damage area 

for the 3D composites was lower than the 2D laminate. 3D composites showed no reduction 

in the compression-after-impact strength and compressive modulus for all the z-binder 

materials. Both impact energies (25 J and 50 J) showed reduction to the impact damage area, 

however high impact energy (50 J) showed more improvement than low energy (25 J). This is 

due to the development of the large-scale bridging zone. The CAI results shows reduction in 

compression modulus this is due to the damage of in-plane fibres due to the insertion of z-

binder.        

10mm 

(a) (b) 
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Chapter 8: Structural properties of 3D composite 

T-joints woven with metal or carbon z-binders 

 

Abstract 

An experimental investigation is presented into improvements to the maximum load 

limit and other structural properties of T-shaped laminate joints reinforced with thin woven 

metal filaments. The skin/flange section of carbon-epoxy T-joints contained metal filaments 

made of copper or steel woven in the through-thickness (z-) direction. A T-joint containing 

woven z-binders of carbon yarn was also evaluated. Stiffener pull-off tests performed on the 

T-joints demonstrated the woven z-binders promote large improvements to the maximum 

load and absorbed energy capacity (up to ~2-fold and ~3-fold, respectively). The 

strengthening effect of the z-binders is controlled by their volume fraction and material type, 

with steel being more effective than copper or carbon. The z-binders resist large-scale 

cracking in the skin/flange region, and the strengthening mechanisms are described in this 

chapter. This study demonstrates that through-thickness woven metal z-binders are highly 

effective at strengthening and toughening T-joints made of laminated composite material. 

 

8.1   INTRODUCTION 

T-shaped joints are used to transmit loads between orthogonal structural components 

used in aircraft, ships, civil infrastructure, automobiles and many other applications. As 

examples, T-joints are commonly used for stiffening thin-walled panels such as wing skin and 

fuselage barrel sections on aircraft and for strengthening pressure vessels. However, T-joints 

made of fibre reinforced polymer laminate can be damaged by high out-of-plane loads and 

high energy impact events. The main components to T-joints – stiffener, skin and 

flanges/webs – are usually joined using a polymer via adhesive bonding and/or co-curing. 

Under high external loads, the bonded sections are susceptible to fracture, and this can 

compromise the physical and mechanical integrity of the T-joint; allow the leakage of water, 

gas and other medium; and cause other problems. 
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Various techniques and materials are used to improve the structural properties and 

damage resistance of bonded joints made of laminated composite materials. This includes the 

use of toughened adhesive [179], which is the most common method, nanoparticle 

toughened polymers in the adhesive and/or laminate [131, 180-183], interleaving of 

thermoplastic film or woven tows [184, 185], optimisation of the ply stacking sequence [186, 

187], geometric design changes to the fillet region [188], and through-thickness fibre 

reinforcement using tufting [189], z-pinning [189-197], stitching [197-202] or 3D braiding 

[203, 204]. Of these techniques, through-thickness reinforcement is generally the most 

effective at increasing the ultimate failure stress and failure strain limit of joints. For example, 

Cartié et al. [189] doubled the ultimate failure load of a carbon-epoxy T-joint by tufting using 

S-glass threads. As another example, Koh et al. [191] measured improvements to the ultimate 

failure load of T-joints of up to ~75% using z-pins.  

 

3D weaving is another through-thickness reinforcement method that can improve the 

structural properties of composite joints. 3D weaving is a versatile process that can produce 

a variety of textile preform shapes for different types of composite joints, including T-shaped 

joints [205-208]. The versatility allows joint preforms to be woven using many types of fibrous 

materials, with carbon and glass yarns being most commonly used. Experimental testing and 

finite element modelling demonstrates that T-joints made of 3D woven fabric composite have 

superior structural properties compared to T-joints made of bonded laminate [209-214]. For 

example, Soden et al. [209] experimentally measured the structural properties of 3D woven 

T-joints when loaded in axial tension along the skin section. While the load required to initiate 

first cracking in the 3D woven T-joints was similar to a laminated T-joint, both the peak load 

limit and fracture energy were higher. Soden and colleagues found that the structural 

properties of 3D woven T-joints increased with the density of through-thickness filaments, 

reaching the maximum improvement of nearly six-fold in ultimate load and five-fold in 

fracture energy. As another example, Yan et al. [211] measured a three-fold higher peak load 

limit for a 3D woven T-joint compared to a laminated T-joint when subjected to stiffener pull-

off loading. The z-binders increased the interlaminar fracture resistance and damage 

tolerance of the 3D woven joints, and thereby improved structural properties such as 

maximum load and fracture energy. The improvements to the structural properties of other 
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types of 3D woven joints, such as -shaped connections for I-beams, has also been 

investigated [215, 216].   

To date, the 3D woven joints that have been studied contain fibrous yarns for the 

through-thickness reinforcement (glass or carbon). However, significant damage is caused to 

the through-thickness yarns during the 3D weaving process [33-35]. For example, Rudov-Clark 

et al. [35] measured a ~50% reduction to the tensile failure stress of z-binders made of E-glass 

yarns during the weaving of 3D orthogonal fibreglass fabric. The z-binder yarns are forced to 

bend through tight curvatures and slide against the weaving machinery, and these actions 

abrade and break some of the fibres and thereby weaken the yarns, as described in Chapter 

2. It is feasible that this damage can be overcome by substituting z-binders made of fibrous 

yarns with thin metal wire. Metal z-binders are plastically deformed in the weaving process, 

however they are not weakened and do not break. For example, Sharp et al. [94] produced a 

3D woven fabric containing thin copper wires for the z-binders as a means to increase the 

thermal conductivity. However, little is known about the properties of 3D woven composite 

materials and their structures when reinforced in the through-thickness direction with metal 

filaments.     

 

The aim of the study presented in this chapter is to investigate the efficacy of woven metal 

z-binders for increasing the structural properties of laminated T-joints. The skin-flange 

sections to a carbon-epoxy T-joint are reinforced in the through-thickness direction with 

woven z-binders made of thin copper or steel wire. For comparison, the T-joint containing 

woven z-binders made of fibrous carbon yarns is evaluated. The study determines the 

improvements to the structural properties of the T-joint under the stiffener pull-off loading 

condition to confirm whether metal z-binders are as effective as z-binders made of carbon 

fibre yarn, which is commonly used. The effects of z-binder material and z-binder content on 

the structural properties of the T-joint is determined, including stiffness, load-to-first failure, 

ultimate load limit and energy absorption capacity. The strengthening mechanisms by which 

the metal z-binders increase the T-joint properties are identified. The work in this chapter 

also aims to compare the strengthening efficacy of woven metal z-binders against other 

methods used to increase the properties of T-joints, such as stitching and z-pinning. This study 

aims to demonstrate the through-thickness weaving with metal z-binders is a simple and 

effective method to increase the structural properties of laminated T-joints. 
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8.2   T-JOINTS AND EXPERIMENTAL METHODOLOGY 

8.2.1 T-joint Specimens 

Four types of T-joint specimen were studied to evaluate the strengthening effect of 

woven metal z-binders: (i) control T-joint without z-binder, (ii) T-joint with copper z-binders, 

(iii) T-joint with steel z-binders and (iv) T-joint with carbon z-binders. The basic design and 

dimensions of the T-joint specimen is shown in Fig. 8.1. The only significant difference 

between the different joints was the thickness of the skin-flange section, with the values given 

in Table 8.1. This section was thicker for T-joints containing z-binders made of carbon fibre or 

steel.  

 

 

 

 

Fig. 8.1: Schematic of T-joint specimen reinforced with woven z-binders. 
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Table 8-1: Thickness and in-plane carbon fibre content of the skin-flange section of the T-joint 

specimens. 

T-Joint Skin-Flange Thickness 

(mm) 

Skin-Flange Fibre Content 

(vol %) 

No z-binders 5.07 ± 0.08 0.39 

Copper z-binders 

Low content 

High content 

 

5.08 ± 0.10 

5.13 ± 0.10 

 

0.36 

0.35 

Carbon z-binders 

Low content 

High content 

 

5.23 ± 0.19 

6.00 ± 0.08 

 

0.38 

0.34 

Steel z-binders 

Low content 

High content 

 

7.39 ± 0.16 

7.58 ± 0.10 

 

0.35 

0.33 

 

 

The T-joint specimens were manufactured using a 198 gsm plain woven T300 carbon 

fabric (AC220127 supplied by Colan Ltd.). The specimens consisted of a flat skin panel and two 

L-shaped sections, which when placed back-to-back formed the stiffener and flanges. The skin 

contained 10 plies of the carbon fabric with the warp yarns all aligned in the lengthwise 

direction. The two L-shaped sections also contained 10 plies of fabric aligned in the lengthwise 

direction.  Where the fabrics to the flanges and the skin connect they were manually woven 

in an orthogonal (through-thickness) pattern using thin filaments of copper, steel or carbon 

fibre yarn (as indicated in Fig. 8.1). The orthogonal weave pattern is shown in Fig. 8.2. The z-

binders were woven in straight parallel rows along the length of the skin-flange sections, as 

shown in Fig. 8.1. Neither the delta-fillet region nor the stiffener contained z-binders.   
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Fig. 8.2: X-ray computed tomography image of the orthogonal weave pattern to a metal z-
binder. 

 

Copper and steel were chosen for the metal z-binders to reinforce the T-joint because they 

represent relatively low and high strength materials, respectively. Carbon yarn was also used 

as a z-binder material. These are the same z-binder materials used in the previous research 

chapters. The mechanical properties of the metals before being woven into the fabric 

preforms to the T-joints are given in Chapter 3.  

 

The skin/flange sections of the carbon fabric preform to the T-joint were reinforced 

with woven z-binders at areal fractions in the through-thickness directions of ~0.35 % and 0.7 

%, which are termed ‘low content’ and ‘high content’ in this work. The corresponding z-binder 

volume content in the T-joint were ~0.6 % and 1.0 %. The areal fraction was adjusted by 

varying the pitch of the orthogonal weave pattern along each row, and the spacing between 

the rows. For the low z-binder content the pitch and row spacing were ~10 mm and 6 mm 

respectively, and for the high z-binder content they were ~7.5 mm and 4 mm.  

 

The T-joint fabric preforms were infused with liquid epoxy resin using the vacuum bag 

resin infusion technique as shown in Fig. 8.3. The epoxy was a diglycidyl ether of bisphenol A 

resin (SR8100) and diamine hardener (SD8824) supplied by Sicomin®, with a weight mix ratio 

of 100 (resin)-to-22 (hardener). The delta-fillet region at the base of the stiffener was filled 

with the epoxy during the infusion process. After infusion, the T-joints were cured inside the 

vacuum bag for 24 h at room temperature, and then post-cured at 60°C for 8 hours inside an 

oven while still under pressure applied by the vacuum bag. T-joint specimens were cut into 

the dimensions shown in Fig. 8.1 using a diamond tip bench-top saw. The skin, flange and 

stiffener laminates dimensions are given in table 8.1.  The width of joint was ~25 mm. The 

2000 µm 
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total length of the T-joint was ~200 mm. The T-joint specimen containing woven z-binder is 

shown in Fig. 8.4.    

  

 

 

 

 

 

Fig. 8.3: Vacuum bagging resin infusion process of T-joint. 

 

 

(a) 

(b) 
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Fig. 8.4: Photograph of cross-sectional views of a T-joint specimen containing woven z-binders. 

 
 

8.2.2 T-joint Structural Test 

The structural properties of the T-joint specimens were determined by applying a pull-

off (tensile) force to the stiffener (as indicated in Fig. 8.1). Before loading, the end of the 

stiffener was clamped to a 50 kN load capacity Instron machine while the two ends of 

skin/flange section were clamped to a rigid base plate, as shown in Fig. 8.5.  The pull-off load 

was applied to the stiffener at the constant displacement rate of 1 mm/min until failure. A 

Nikon D3500 DSLR camera was used to capture side-view images of the T-joint specimens at 

the frame rate of 24 s-1 to track the initiation and progression of damage over the duration of 

each test. Loading of the specimen was stopped when either the damage between the skin 

and flange reached the clamped ends or the skin laminate ruptured. A minimum of four 

samples were tested for each type of T-joint specimen. 

Load 

Z-binder 

Composite 
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Fig. 8.5: (a)Stiffener pull-off test sample, (b) Stiffener pull-off test setup . 

 

The stiffness, load-at-first failure, ultimate load and absorbed energy capacity values 

were used to determine the structural properties of the T-joints. The load-at-first failure was 

measured when the first crack appeared in the T-joint. Ultimate load was measured at the 

maximum load of the T-joint whereas the absorbed energy is defined by the area under the 

curve up to ultimate load, as shown in Fig. 8.6.  

(b) 
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Fig. 8.6: Schematic of parameters measured for T-joint structural properties. 

8.3 RESULTS AND DISCUSSION  

Applied load-displacement curves are presented in Fig. 8.7 for the control T-joint and 

the joints containing woven z-binders. The curves for all the T-joint types show an initial linear 

increase up to ~1.3 kN, when a load drop occurs due to the onset of damage, which in all 

cases involves the initiation of cracks in the delta-fillet region (Fig. 8.8). Damage always 

initiates as short delamination cracks (typically under 5-6 mm long) in the delta-fillet due to 

the high geometric stress concentration in this region [186-188]. All the T-joints can continue 

to carry load beyond the onset of first failure until they reach their ultimate load, which is 

higher for the T-joints reinforced with z-binders compared to the control joint. Beyond peak 

load, the residual load-bearing strength of the T-joints containing z-binders is also higher than 

the control joint. 
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Fig. 8.7: Applied load-displacement curves for the control T-joint and the T-joints containing 

woven z-binders at the (a) low and (b) high contents. 
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Fig. 8.8: Cross-section photograph of the delta-fillet region to a T-joint showing damage 

caused at first failure. 

The elastic stiffness of the T-joint is increased by the woven z-binders, as shown in Fig. 

8.9. The stiffness value defines the linear elastic region of the load-displacement curve before 

the first load drop. The stiffening effect due to the z-binders increases with their content in 

the T-joint. The increase in stiffness also depends on the z-binder material, with the lowest 

and largest improvements gained with the copper and steel, respectively. The increase in 

stiffness is attributed in part to the z-binders increasing the thickness of the skin/flange 

section of the T-joints (see Table 8.1), which experiences bending during testing, as shown in 

Fig. 8.10. The bending stiffness of the skin/flange section increases with its thickness, which 

in turn increases the measured stiffness of the T-joint. The skin/flange thickness increases 

with the z-binder content, resulting in the increased joint stiffness. The skin/flange thickness 

also increases in the order: copper, carbon and steel z-binders; which corresponds to the 

measured increases in joint stiffness.  

skin-flange 

cracks 

-fillet 

stiffener 
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Fig. 8.9: Stiffness of T-joints with and without woven z-binders. The percentage values give 

the increase for the T-joints with z-binders compared to the control joint. 

 

 
 
 

 
 

Fig. 8.10: Deflection of skin/flange section of a T-joint specimen. The horizontal dashed line 

indicates the original position of the section before loading. The lower arrow indicates the 

magnitude of the bending deflection. 

 

The load-at-first failure of the T-joints, defined by the initial drop in the load-displacement 

curve, has not increased significantly by the woven z-binders. First failure involves the 

applied load 

stiffener 

skin/flange 
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initiation, growth and then arrest of short cracks in the delta-fillet region (Fig. 8.8). This 

cracking occurs due to the generation of interlaminar tensile (mode I) and interlaminar shear 

(mode II) stresses between the plies in the delta-fillet region [186-188]. Interlaminar fracture 

studies on 3D woven composites report that the strain energy release rate to initiate 

delamination cracking is not increased greatly by z-binders [46, 58, 64, 96, 217], which was 

also found in this study (Chapter 3). The modes I and II strain energy release rate values for 

crack initiation in the laminate materials used in the skin/flange regions of the T-joints are 

given in Table 8.2, and these are from the toughness tests reported in Chapter 3. The woven 

z-binders did increase the crack initiation energy release rate of the laminate material, 

although the increase was relatively small (under ~350 J/m2). This is because woven z-binders 

do not induce substantial toughening until the crack is sufficiently long to establish a bridging 

zone typically involving 1-2 rows of z-binders, which equates to 10-20 mm in the T-joint 

specimens with low content of z-binders. Therefore, the initial cracking in the delta-fillet 

region is arrested before it reaches the length needed for the z-binders in the skin/flange 

sections to create a large-scale bridging zone, and consequently there is no significant 

improvement to the load-at-first failure. A similar effect has been reported for T-joints with 

other types of through-thickness reinforcement in the flange/skin section, such as tufted 

threads [189] and z-pins [191, 192]. Like the woven z-binders studied here, tufts and z-pins 

do not increase the load-at-first failure of T-joints subjected to stiffener pull-off loading, and 

this is also due to cracking initiating in the delta fillet (which does not contain z-direction 

reinforcement) and due to the cracking being too short to form a large-scale bridging zone in 

the skin/flange sections.    
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Table 8-2: Modes I and II interlaminar fracture toughness for crack initiation and steady-state 

crack growth for the laminate materials used in the skin/flange sections of the T-joint 

specimens. Data from Chapter 3. 

Composite Material Mode I Interlaminar Toughness 
(J/m2) 

Mode II Interlaminar Toughness (J/m2) 

 Initiation (GIi) Steady-State (GIc) Initiation (GIii) Steady-State (GIIc) 

No z-binders (control) 380 460 1300 ± 110 3276 ± 125 

Copper z-binders 
Low content 
High content 

 
559 ± 230 
738 ± 110 

 
1656 ± 437 
2058 ± 155 

 
2766 ± 518 
2634 ± 730 

 
5721 ± 273 

7518 ± 1096 

Carbon z-binders 
Low content 
High content 

 
559 ± 60 
461 ± 50 

 
7716 ± 67 

10735 ± 1104 

 
2545 ± 220 
1800 ± 250 

 
8190 ± 794 

12361 ± 862 

Steel z-binders 
Low content 
High content 

 
426 ± 150 
615 ± 250 

 
11610 ± 2744 
26500 ± 1963 

 
1824 ± 550 
3375 ± 360 

 
5878 ± 354 

7064 ± 1397 

 

The z-binders increase the ultimate load and absorbed energy capacity of the T-joints, 

as shown in Fig. 8.11. The absorbed energy is calculated from the area under the load-

displacement curve up to ultimate load, and is a measure of the work energy. Both the 

ultimate load and absorbed energy capacity increase with the z-binder content of the T-joint. 

These structural properties are also dependent on the z-binder material, and increase in the 

order: copper (lowest), carbon, steel (highest). The improvement to the T-joint properties is 

due to the z-binders increasing the interlaminar fracture resistance of the skin/flange 

sections. Photographs of the control T-joint (without z-binders) and the T-joints containing z-

binders immediately following reaching maximum load are presented in Fig. 8.12. At the 

ultimate load, the control T-joint fails catastrophically by the rapid growth of cracks from the 

delta-fillet along the skin/flange interface and along the mid-plane of the stiffener (Fig. 8.12a). 

This fracture mode is common for T-joints made of non-toughened carbon-epoxy laminate 

subjected to stiffener pull-off loading [186-188]. The T-joint containing the copper z-binders 

fractures at the maximum load point in the same way as the control joint (Fig. 8.12b). 

However, during large-scale crack growth from the delta-fillet region along the skin/flange 

interface the copper z-binders form a bridging zone as shown schematically in Fig. 8.13 (which 

is based on experimental observation). Crack growth along the skin/flange sections occurs 

under mixed mode I/II interlaminar stress conditions, although the mode I (peeling)-type 

interlaminar stress is dominant [186, 187]. This cracking is resisted by the copper z-binders 
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forming a bridging zone as damage extends from the delta-fillet region to the clamped ends 

of the skin/flange. The copper z-binders generate bridging traction forces that resist crack 

growth along the skin/flange interface, and thereby increase the ultimate load and absorbed 

energy capacity. The steady-state fracture toughness values of the carbon-epoxy laminate 

materials used in the skin/flange sections to the different types of T-joint are given in Table 

8.2. The interlaminar toughening effect of the copper z-binders increases with the volume 

content, and therefore the structural properties of the T-joints also increase. The bridging 

copper z-binders are plastically deformed and then break under increasing opening of the 

skin/flange interfacial crack, thereby allowing fracture to progress towards the clamped ends 

of the T-joint specimen.  
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Fig. 8.11: (a) Ultimate load and (b) absorbed energy capacity of T-joints with and without 

woven z-binders. The percentage values give the increase to the T-joints with z-binders 

compared to the control joint. 

 

 The z-binders made of carbon fibre or steel are capable of suppressing crack growth into the 

skin/flange sections (Figs 8.12c & 8.12d). These z-binders stop the propagation of cracks from 

the delta-fillet region into the skin/flange sections, although cracking along the stiffener 

(which does not contain z-binders) does occur. The suppression of cracking in the skin/flange 

section, and the corresponding increases to the ultimate load limit and absorbed energy 

capacity, is due to the exceptionally high toughening effect of the carbon and steel z-binders, 

as shown in Table 8.2. The high toughening effect of these z-binders, which increased with 

their volume content, results in the large improvements to the ultimate load and absorbed 

energy capacity of the T-joint. The observation that the z-binders made of carbon and steel 

suppressed cracking in the skin/flange section, and instead failure occurs by rupture of the 

skin laminate immediately below the delta-fillet region, is further evidence of their high 

toughening effect in T-joints. That is, these z-binders increase the fracture resistance of the 

skin/flange sections to such a high level that it exceeds the rupture stress of the laminate 

material used for the skin. 

 

(b) 
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While the carbon z-binder promotes high resistance to crack growth along the skin-

flange section and thereby increases the ultimate load and absorbed energy capacity, even 

greater improvements to these properties are achieved using the steel z-binder due to its 

higher interlaminar toughening effect. This reveals that z-binders made of high strength and 

toughness metals such as steel can be more effective than fibrous filaments at increasing the 

structural properties of T-joints. However, z-binders made of relatively low strength metals 

such as copper result in lesser improvements to the T-joint properties.    

 

 

 

 

 

 

 

(a) 

(b) 

(c) 
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Fig. 8.12: Photographs of T-joint specimens immediately following fracture at the ultimate 

load. (a) Control T-joint. T-joints with z-binders of (b) copper, (c) carbon fibre and (d) steel. The 

joints in (b-d) are reinforced at the high z-binder content. 

 

 

  
 

 
 

elastic 

deformation
skin failure

elastic 

deformation 

plastic deformation 

& necking 

fracture 

(d) 

(a) 

(b) 



174 
 

 
 

 

Fig. 8.13:  Schematic of (a) copper, (b) carbon and (c) steel z-binders bridging the crack along 

the skin-flange section of a T-joint. 

 

There is a strong correlation between the improvement of the mode I interlaminar 

fracture toughness of the laminate material used in the skin/flange section by the z-binders 

and the increase to the ultimate load and absorbed energy capacity of the T-joint. Plots of the 

normalised mode I toughness of the laminate against the normalised ultimate load and 

normalised absorbed energy capacity are presented in Fig. 8.14.  The toughness value is the 

mode I steady-state fracture toughness value of the laminate containing z-binders normalised 

to the toughness value of the control laminate. Similarly, the normalised load and normalised 

energy are these values for the T-joint with z-binders normalised to the value for the control 

joint. Strong correlations exist between the mode I fracture toughness and the properties of 

the T-joint. However, large improvements to the mode I toughness using z-binders must occur 

to achieve smaller increases to the ultimate load and absorbed energy of the T-joint. For 

example, the data trend in Fig. 8.14 indicates that the mode I toughness must be increased 

~60-fold to double the ultimate load of the joint. Similarly, the toughness must be raised ~20-

fold to double the absorbed energy capacity. Such large increases required to the fracture 

toughness of the laminate material used in the T-joint demonstrate the challenge of 

strengthening of T-joints. Cracking in the web of the skin in the T-joints increases with the 

mode I interlaminar fracture toughness of the T-joints. 
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Fig. 8.14: Plots of normalised mode I fracture toughness against (a) normalised ultimate load 

and (b) normalised absorbed energy capacity of the T-joints. 
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The capacity of the metal z-binders to increase the ultimate load limit of the T-joints 

is compared in Table 8.3 against published load data for T-joints reinforced with different 

types of fibrous z-binders (as well as the carbon fibres used in this study). Included in the table 

is also ultimate load data for T-joints toughened using other methods, including nanoparticles 

[183], woven inserts [185], ply optimisation [187] and the through-thickness reinforcement 

techniques of 3D weaving [211], tufting [189], stitching [197, 201, 202], z-pinning [189, 191, 

194, 197] or rods [190]. All the ultimate load data in Table 8.3 is for carbon-epoxy T-joints 

subjected to the stiffener pull-off load condition, and is defined by the percentage change 

compared to the control joint in the same study. However, differences exist between studies 

in the type and ply stacking pattern of carbon-epoxy material used in the T-joint specimens. 

Differences also exist between studies in the geometry and boundary conditions of the T-joint 

specimens. While the data in Table 8.3 should be used with care as an absolute, quantitative 

comparative assessment of the different methods for strengthening T-joints, it reveals that 

the woven steel z-binders are highly effective (on a percentage basis) at increasing the 

ultimate load. At the highest volume content of steel z-binders used (1.0%), the ultimate load 

of the T-joint nearly doubled. Only one other T-joint, made using a fully integrated 3D woven 

fabric, achieved a higher percentage increase to the ultimate load [211]. Even the copper z-

binder, which is less effective than the steel, increases the ultimate load of the T-joint to 

values similar to or (more often) higher than other joint toughening methods. 

 

 

 

 

 

 

 

 

 

 

 

 



177 
 

Table 8-3: Comparison of percentage increase to the ultimate load of T-joints subjected to 

stiffener pull-off loading. 

Joint Strengthening 
Method 

Strengthening Conditions Increase in Ultimate 
Load Limit 

Reference 

3D weaving Steel z-binders (0.6 vol %) 
Steel z-binders (1.0 vol %) 

56 % 
99 % 

This study 

3D weaving Copper z-binders (0.6 vol %) 
Copper z-binders (1.0 vol %) 

22 % 
41 % 

This study 

3D weaving Carbon fibre z-binders (0.6 vol %) 
Carbon fibre z-binders (1.0 vol %) 

31 % 
54 % 

This study 

Nanoparticles 
 

Carbon nanotubes (1 wt %) 
Carbon nanofibres (1 wt %) 
Graphene nanoplatelets (1 wt %) 

17 % 
45 % 
2.1 % 

[183] 

Ply Optimisation Design 1 
Design 2 
Design 3 

18 % 
0.6 % 
23 % 

[187] 

Woven interleaves Series 2 
Series 3 
Series 4 
Series 5 

-5.1 % 
19 % 
29 % 
3.4 % 

[185] 

Stitching Carbon fibre stitches (0.5 vol %) 
Carbon fibre stitches (2 vol %) 

47 % 
41 % 

[197] 

Tufting S-glass tufts 65 % [189] 

Z-pinning Carbon fibre z-pins (0.5 vol %) 12 % [189] 

Z-pinning Carbon fibre z-pins (0.5 vol %) 
Carbon fibre z-pins (2 vol %) 
Carbon fibre z-pins (4 vol %) 

35 % 
68 % 
76 % 

[191] 

Z-pinning Carbon fibre z-pins (0.28 mm 
diameter) 
Carbon fibre z-pins (0.5 mm diameter) 
Carbon fibre z-pins (0.7 mm diameter) 

48 % 
33 % 
11 % 

[194] 

Z-Pinning Carbon fibre z-pins (0.5 vol %) 
Carbon fibre z-pins (2 vol %) 

1.7 % 
35 % 

[197] 

Rods Short carbon fibre rods (15 mm) 
Long carbon fibre rods (45 mm) 

83 % 
73 % 

[190] 

3D weaving Carbon fibre z-binders (Type 1) 
Carbon fibre z-binders (Type 2) 

44 % 
206 % 

[211] 

 

 

Using metal z-binder comes at a weight penalty due to their density being higher than 

the carbon-epoxy laminate material used in the T-joint. The increase in the bulk density of the 

different T-joint specimens as a function of the z-binder volume content is given in Fig. 8.15. 

At the highest volume content of steel and copper z-binders used (1.0%), the percentage 

increases in the bulk density of the T-joints were 4.0% and 4.7%, respectively. For the T-joints 
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containing steel z-binder, a two-fold increase in the ultimate load to failure is achieved with 

a modest increase in the bulk density of 4.0%. 
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Fig. 8.15: Effects of the volume fraction and type of z-binder on the bulk density of the T-joints. 

 

In addition to improving the structural properties of T-joints, using metal z-binders 

offers the opportunity to improve other properties which is not easily achieved using fibrous 

z-binders made of carbon or glass. As mentioned, Sharp et al. [94] reports that metal z-binders 

increase the thermal conductivity of 3D woven composites more than fibrous filaments. For 

example, Sharp and colleagues measured 12-fold increase to the thermal conductivity of 3D 

woven composite containing copper z-binders. Therefore, metal z-binders can potentially be 

used to tailor the thermal properties of T-joints for high temperature applications. Metal z-

binders can also increase the electrical conductivity of the laminate material used in T-joints. 

For example, results presented in Chapter 5 showed large increases to the through-thickness 

electrical conductivity (up to about three orders of magnitude) and in-plane electrical 

conductivities of the carbon-epoxy laminate (up to one order of magnitude) using copper z-

binders. Steel z-binders also increase significantly the through-thickness and in-plane 

electrical conductivities of the laminate. Metal z-binders offer the opportunity to controllably 

increase the electrical conductivity of T-joints (and other joint geometries) via the judicious 

selection of the material type and volume content. Through-thickness reinforcement using 
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thin metal pins can be used for the structural health monitoring of composite materials. 

Recent studies have shown that metals such as copper and steel can be used to monitor the 

growth of delamination cracks in z-pinned laminates via changes to the electrical conductivity 

[158, 159, 218]. In Chapter 6 it is proved that the z-binders can detect damage in laminates 

so, it is feasible that woven metal z-binders can be used for the structural health monitoring 

of T-joints due to changes to the electrical conductivity caused by cracking and other types of 

damage. The potential use of metal z-binders for controlling the electrical, thermal, damage 

sensing and other properties of T-joints is a topic worthy of on-going investigation.         

 

8.4 CONCLUSIONS 

Thin metal filaments woven in an orthogonal (through-thickness) pattern into T-

shaped carbon-epoxy laminated joints can improve greatly the structural properties. The 

metal filaments, which are not damaged during the weaving process (unlike fibrous yarns), 

can be woven into dry fabric preforms to joints prior to resin infusion. Provided the metal 

filament is thin enough to be flexible (which in this study was 0.51 mm diameter) then it can 

be woven via localised plastic deformation where it bends between the in-plane to through-

thickness directions.  

 

The metal z-binders did not increase significantly the load-at-first failure of the T-joint 

when subjected to the stiffener pull-off load condition. First damage involves cracking within 

the delta-fillet section of the T-joint, and this section is not reinforced with z-binders. 

However, the metal z-binders increase both the ultimate load and absorbed energy capacity 

via interlaminar toughening of the skin/flange section. When strained beyond ultimate load, 

the residual load-bearing capacity of the T-joints is also improved using metal z-binders. The 

improvement to these structural properties increases with the z-binder content due to the 

higher toughening effect. The property improvements also depend on the z-binder material. 

Copper wire is less effective than carbon fibre yarn at increasing the joint properties due to 

its weaker crack bridging traction properties and consequently lower improvements to the 

interlaminar fracture toughness properties of the laminate material used in the skin/flange 

sections of the T-joint. Steel promotes a stronger strengthening effect than carbon yarns in 

the T-joint. The steel z-binder increases the interlaminar fracture toughness and crack 



180 
 

bridging traction properties more than the carbon z-binder, and this results in larger 

improvements to the ultimate load and energy absorption capacity. Based on comparative 

analysis of published data, the steel z-binder appears to increase the percentage ultimate load 

of a T-joint more than other techniques such as nanoparticles, interleaving, stitching, tufting 

and z-pinning.  
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Chapter 9: In-plane mechanical properties of 3D 

woven composites  
 

Abstract 

This chapter presents an experimental study into the in-plane tensile, compressive 

and flexural properties of 3D woven composites reinforced with z-binders made of steel, 

copper or carbon fibre. The experimental results show that the elastic modulus and failure 

stress properties of 3D woven composites are reduced by z-binders. The tensile and flexural 

properties are not significantly affected with increasing z-binder volume content. However, 

compression properties are decreased with increasing z-binder volume content. The 

mechanisms responsible for the softening and weakening of the 3D woven composites are 

identified using acoustic emission monitoring, scanning electron microscopy (SEM) and 

fractography. The reduction to the compression properties is due to several microstructural 

defects present in the 3D woven composites, most notably fibre misalignment and reduction 

to the volume content of load-bearing fibres.  

9.1   INTRODUCTION   

3D woven composites have combine high mechanical properties and enhanced 

delamination toughness with impact resistance [9, 24, 64, 219-221], as described in detail in 

the literature review chapter. However, the z-binder yarns can reduce the in-plane 

mechanical properties. A large amount of property data has been published on the elastic 

modulus and strength of 3D woven composites for in-plane tension, compression, flexural 

and interlaminar shear loads [222-225]. The mechanical properties of 3D composites 

reinforced with high-strength stitches or rods are reduced due mostly to ply crimping and 

fibre waviness [43, 226, 227]. Lee et al. [34], Mouritz et al. [228] and Reedy et al. [229]  found 

that the Young’s modulus of 3D woven composites is between about ~10% and 35% lower 

than the equivalent 2D laminate (without z-binders). The lower modulus is due to localised 

fibre waviness of the load-bearing yarns caused by the z-binder. Based on a review of 

published property data, Tong et al. [24] concluded that the magnitude of the reduction to 

the Young’s modulus of 3D woven composites is not strongly influenced by the volume 

content and weave architecture of the z-binders. Tan et al. [165] investigated the tensile 
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properties of weft yarns and z-direction yarns in orthogonal carbon composite. They observed 

that the average Young's modulus and tensile strength of z-direction yarn was lower than the 

weft direction yarn. This reduction was due to the z-binder/matrix interfacial debonding, and 

the z-binder breakage with slight fibre pull-out.  

Based on a comprehensive review of published data, Mouritz and Cox. [228] 

concluded that the in-plane mechanical properties (stiffness and failure stress) of 3D woven 

composites can be reduced by the z-binders, but the reduction is usually under 20% when 

compared with a 2D laminate. They attribute the reductions to microstructural and geometric 

defects caused by the through-thickness weaving process, such as clusters of broken and 

damaged fibres, fibre crimp and fibre/ply waviness. Tong et al. [24]  and Reedy et al. [229] 

report that the flexural properties are reduced ~20%-30% due to the crimping and 

misalignment of in-plane fibres by the z-binders.  

All published studies into the mechanical properties have been performed on 3D 

woven composites containing z-binders made of fibrous yarns (mostly carbon or glass). No 

studies have yet been published on the properties of 3D woven composites with metal z-

binders, and whether the changes are similar or different to fibrous z-binders.   

This chapter presents an experimental investigation into the effect of the material 

type and volume content of z-binders on the tensile, compressive and flexural properties of 

3D woven composites. The composites contained steel, copper or carbon z-binders which are 

the same materials studied in the previous research chapters. The mechanisms responsible 

for any changes to the mechanical properties of the 3D woven composites are investigated 

using acoustic emission monitoring and scanning electron microscopy (SEM).  

9.2   MATERIALS AND EXPERIMENTAL METHODOLOGY 

9.2.1   Composite materials  

 
The in-plane mechanical properties of four types of carbon fibre reinforced 

composites were studied: (i) 2D control laminate (i.e. without any z-binder), (ii) 3D woven 

composite containing copper z-binder, (iii) 3D woven composite having stainless steel z-

binder and (iv) 3D woven composite reinforced with carbon z-binder. The composite 

specimens are the same as those materials studied in the previous research chapters. The 2D 

and 3D woven composites contained 20 plies of the carbon fabric stacked in a cross-ply [0/90] 
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pattern. The 3D fabrics were manually woven in the same way as described in the previous 

chapters using copper wire, stainless steel wire or carbon fibre tow. The 3D woven composites 

were reinforced with z-binders at volume contents mentioned in previous chapters. 

 

The 2D and 3D woven fabric preforms were infused with epoxy resin using the vacuum 

bagging resin infusion technique. The epoxy resin was infused at room temperature using the 

VBRI process shown in Fig. 3.2 (Chapter 3). The epoxy, curing time and temperature were the 

same as used in the previous studies in this thesis. All the specimens were ~5 mm thick. The 

volume contents of in-plane fibres and z-binder for the different materials are given in Table 

9.1. 

Table 9-1: Volume fractions of in-plane fibres and z-binder in the 2D laminate and 3D woven 
composites. 

 Z-binder In-Plane Fibre 
Volume Fraction 

Z-binder Volume 
Content 

None 0.39 - 

Steel 0.35 
0.33 

Low 
High 

Copper 0.36 
0.35 

Low 
High 

Carbon 0.38 
0.34 

Low 
High 

 

9.2.2   Tensile testing 

 
The tensile properties of the 2D laminate and 3D woven composites were measured 

using dog bone-shaped specimens. The gauge section of the specimens was 80 mm long x 25 

mm wide, as shown in Fig. 9.1, and loading was applied in the warp direction which is also the 

alignment direction of the z-binder rows. The tensile tests were performed at a displacement 

rate of 1.0 mm/min according to ASTM D3039 [230] specifications using a 100 kN MTS 

machine. E-glass fibre-epoxy composite tabs were bonded to the specimen ends to prevent 

crushing within the vice grips of the machine. The longitudinal strain was measured using a 

25 mm extensometer attached to the gauge section of the tensile specimen. According to the 

standard, the Young’s modulus was determined over the strain range of 0.01% to 0.03%. A 

minimum of four samples were tensile tested for each type of composite material.  
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Acoustic emission (AE) monitoring was performed during the tensile tests. The AE hits 

were recorded using an AE sensor, which was a single wide-band piezoelectric transducer 

(WD sensor) mounted on the tensile specimen. The sensor, which was used to monitor the 

initiation and accumulation of damage under increasing tensile strain to failure, was 

connected to a 2/4/6 Preamplifier and PCI-2 AE system (Pacific Acoustics Corporation), and 

the signal was analysed using AEwin software. The AE parameters are shown in Fig. 9.2 and 

9.3 respectively.  

 

 

 

 

 

Fig. 9.1: Schematic of tensile test specimen. The rows of z-binders were aligned parallel with 

the tensile load direction, which is indicated by the arrows. 

25 mm 

Load 
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Fig. 9.2: Tensile test with AE transducer. 

 

 

Fig. 9.3: A schematic display depicting the AE parameters in a single AE hit. 
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9.2.3   Compression testing 

The compressive properties of the composites were measured according to ASTM 

D7137 specifications. The specimens were 100 mm wide x 150 mm long, and were loaded 

(like the tensile samples) along the warp direction. The samples were axially compressed at 

an end-shortening rate of 0.5 mm/min until failure. The ends of the sample were clamped 

whereas the sides were laterally supported using anti-buckling guides, as shown in Fig. 9.4. 

Three samples of each type of composite material were compression tested. The DIC setup 

was used for measuring the surface strains during testing, and further details on the DIC 

technique are given in Chapter 7. 

 

 

Fig. 9.4: Compression test fixture with anti-buckling guides. 

 

9.2.4   Flexural testing 

 
The flexural properties of the composites were measured using the four-point bend 

test method following ASTM D7264 [231], with a support span-to-thickness ratio of 32:1. The 

samples were tested at the centre-point deflection rate of 1 mm/min using a 50 kN Instron 

testing machine, as shown in Fig. 9.5. A linear variable differential transducer (LVDT) was used 

to measure the displacement during the flexural test, and from this the flexural modulus was 

determined. The specimen dimensions and loading configuration are shown in Fig. 9.6. Four 

Compression Load 

Specimen 
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samples of each type of composite material were tested. In this study steel z-binder 

specimens were not tested.  

 

 
 

Fig. 9.5: Flexural test setup. 

 

 

 

 

 

 
 

 Fig. 9.6: Schematic of flexural test. 
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9.3   RESULTS AND DISCUSSION  

9.3.1   Tensile properties of 2D and 3D composites 

Examples of the stress-strain curves for the 2D laminate and a 3D woven composite 

(with the steel z-binder) when subjected to multiple tensile tests are shown in Figs. 9.7 and 

9.8. The curves show some scatter in the results, with the variability typically under ~10%. 

Therefore, any difference in properties between the materials over ~10% can be considered 

statistically significant. Stress-strain curves for the 2D laminate and different types of 3D 

woven composites at the low and high z-binder contents are presented in Figs. 9.9 and 9.10, 

respectively. The curves for the 3D composites are nearly linear elastic to failure, and do not 

show any significant non-linear deformation behaviour. This is different to the tensile stress-

strain response measured by Cox et al. [36] and Callus et al. [37], who both reported a ‘kink’ 

in the curve due to plastic straightening of the load-bearing tows which had been crimped by 

the z-binders. The weave architectures and processes were different to those used in this 

study, which may account for the absence of tow straightening in the 3D woven composites 

studied here. The curves in Fig 9.9 and 9.10 also show that the tensile failure stress of the 

different types of 3D woven composites were similar (i.e. within the bounds of experimental 

scatter), and the average failure stress values were lower than the 2D laminate. The 

reductions to the failure stress were similar for both the low and high volume content of z-

binder used in the 3D woven composites. The z-binders did not alter significantly the Young’s 

modulus of the composite material. 
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Fig. 9.7: Multiple tensile stress-strain curves measured for the 2D laminate. 

 

 

 

 

 

(a) 
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Fig. 9.8: Multiple tensile stress-strain curves for the 3D composite reinforced with steel z-

binder: (a) low and (b) high contents. 

 

Fig. 9.9: Tensile stress-strain curves for the 2D laminate and the 3D woven composites with 

the low volume content of z-binders. 

 

(b) 
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Fig. 9.10: Tensile stress-strain curves for the 2D laminate and the 3D woven composites with 

the high volume content of z-binders. 

The effects of the material type and volume content of the z-binder on the tensile 

strength and modulus are shown in Figs. 9.11 and 9.12. The results show that all the z-binders 

reduce the tensile strength, but do not cause a significant change to the modulus. Similar 

reductions to the tensile properties of 3D woven composites have been reported elsewhere 

[31, 36, 165, 228, 232]. The strength of all three types of 3D woven composite was lower than 

the 2D laminate, although the magnitude of the reduction was not affected significantly by 

either the z-binder type or z-binder content. The reductions to the strength can be attributed 

to several factors, which are the reduced fibre volume content (Table 1) and fibre/ply 

waviness caused by the z-binders.  Callus et al. [37] and Cox et al. [36] found that the z-binder 

architecture has no significant effect on tensile modulus, however the tensile failure stress is 

controlled by the amount of crimp in the warp (load-bearing) yarns. Stig et al. [223] observed 

that the tensile strength is significantly lower in 3D composites compared with 2D laminate. 

The crimp in the 3D composites cause premature failure since the load acted to straighten 

the fibre yarns to such an extent that the matrix failed. Fig. 9.11 and 9.12 show no significant 

reduction in the tensile strength and modulus with increasing z-binder volume content. 

Mouritz and Cox [228] assessed the effect of z-binder content on the tensile strength and 
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found little or no dependency on the areal density of z-binders, and observed that the 

reduction is almost always within the 20% of the 2D laminate, and often within 10%.   

 

Fig. 9.11: Tensile strength of 2D laminate and different types of 3D woven composites. 

 

Fig. 9.12: Tensile modulus values of 2D laminate and different types of 3D woven composites.  
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Acoustic emission events recorded during tensile testing of the composite samples are 

shown in Fig. 9.14. The number of AE events are normalised to the total number at final failure 

of specimen. The AE events are caused mostly by matrix cracking, fibre-matrix interfacial 

cracking and fibre fracture. A progressive increase in the number of acoustic emission events 

with increasing applied tensile strain for steel, copper and carbon z-binder is shown in Fig. 

9.13 (a, b, c). A rapid rise in the number of AE counts in the tests conforms to the cumulative 

failure probability of the fibre breakage during the tensile test. The number of counts 

recorded for 3D woven composites for low and high volume contents is same as of the 

number of counts for 2D laminate. As previously discussed, fibre rupture is the dominant 

failure mechanism in the 3D composites and a reason for the reduction to the tensile strength. 

Fig. 9.14 (a, b) reveals that the tensile properties of 3D woven composites are not affected by 

the volume content of metal z-binders. The total number of acoustic events increased at the 

same rate for the low and high volume contents.  

 

 

 

(a) 
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Fig. 9.13: Effect of z-binder content on normalised AE hits vs strain during the tensile test for 

the (a) steel (b) copper (c) carbon 3D composites compared with 2D laminate. 

 

(b) 

(c) 
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The 2D laminate failed by fibre fracture of the load-bearing (0°) plies, with significant 

matrix cracking in the 90° plies under tension loading as shown in Fig. 9.14. The tensile failure 

mode of the 3D woven composites, irrespective of the material type and volume content of 

the z-binder, was initiated by cracking prior to final rupture. It is believed that the cracking 

initiated in the locations of in-plane fibre waviness and out-of-plane crimping of the load-

bearing fibres. The wavy plies near the z-binders attempt to straighten in the loading 

direction, and this generates a high shear stress in the surrounding polymer matrix. The 

tensile strength was also reduced by the broken fibres caused by the insertion of z-binders. 

Also, the tensile strength was reduced by lowering the fibre content.  

 

 

 

1 mm 

(a1) 

(a2) 

Fibre breakage 
1 mm 

Fibre breakage 



196 
 

 

 

 

 

1 mm 

(b1) 

1 mm 

(c1) 

(b2) 

500 µm 

500 µm 

Fibre breakage 

(c2) 

Fibre breakage 

(b3) 

(c3) 

Fibre breakage 

Fibre breakage 1 mm 

1 mm 

Fibre breakage 

Fibre breakage 



197 
 

 

 

Fig. 9.14: Fracture tensile specimens of (a) 2D laminate and 3D composites containing z-

binders made of (b) steel, (c) carbon and (d) copper. 

 

9.3.2   Compression Properties of 2D and 3D Woven composites  

Compressive stress-strain curves measured for the 2D laminate and 3D woven 

composites are presented in Figs. 9.15 – 9.18. The curves (Figs. 9.15 and 9.16) show the 

repeatability of the compression tests, and the scatter is in the range of 10% - 20%. The curves 

(Fig. 9.17, 9.18) show the applied load increased linearly with the strain until failure of the 

material. The 3D composites experienced around 50% reduction in compression load 

compared to the control laminate. The reduction is due to micro-buckling/kinking of the load-

bearing tows, which was aided by the increased waviness and crimp of the z-binders.  The z-

binders also reduced the compressive modulus of the 3D composites.  Similar to the tensile 
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(d1) (d2) 
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results, the reductions to the compressive failure stress were similar for the low and high 

volume contents of z-binder. 

 

 

Fig. 9.15: Compression stress-strain curves from repeated tests of the 2D composite. 

 

 

 

(a) 

(b) 
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Fig. 9.16: Compression stress-strain curves from repeated tests of the 3D woven composite 

reinforced with steel z-binder at the (a) low and (b) high z-binder contents. 

 

 

Fig. 9.17: Compression stress-strain curves of the 2D laminate and 3D woven composites with 

the low z-binder content. 
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Fig. 9.18: Compression stress-strain curves of the 2D laminate and 3D woven composites with 

the high z-binder content. 

 

The compression properties of the 2D and 3D woven composites are shown in Figs. 

9.19 and 9.20. The reduction to the compression modulus of the 3D composites is due to 

several factors, including the increased fibre waviness and the lower fibre volume content. 

The compression strengths for the all the 3D woven composites are much lower than the 2D 

laminate. The compressive failure stress of 3D woven materials are reduced by 

microstructural damage caused by the z-binders, as reported in [31, 32, 176]. The reduction 

is due to the in-plane fibre waviness and out-of-plane fibre crimping [176-178] as well as the 

lower in-plane fibre volume content. Furthermore, finite element modelling [24, 30, 176] 

reveals that the fibre waviness and crimping caused by woven z-binders lowers the critical 

stress required to initiate kinking of the load-bearing fibres.  
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Fig. 9.19: Compression modulus values of the 2D laminate and different types of 3D woven 

composites. The error bars represent variation (standard deviation). 

 

 

Fig. 9.20: Compression strength values of the 2D laminate and different types of 3D woven 

composites. The error bars represent variation (standard deviation). 
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Measurements of the compression strain fields using the DIC technique provide 

further insight into the effect of the z-binders on the deformation behaviour of the 3D woven 

composites under increasing strain. Compression surface strain (Ɛyy) maps measured for the 

2D laminate and 3D woven composites are presented in Fig. 6.13. The DIC-generated strain 

maps were recorded at compressive strains of 30%, 50% and just below 100% of the final 

failure strain of the test specimen. The 2D laminate shows a relatively uniform strain field 

over the surface until the point of failure, which is expected. In contrast, all the 3D laminates 

show high strain concentrations in the locations of the z-binders. This reveals that the z-

binders acted as geometric stress raisers, and the mismatch in the strain at the z-binder and 

in the surrounding CFRP material increased with the applied compressive strain. This strain 

concentration effect caused a localised build-up of stress at the z-binder sites, thereby causing 

the initiation of damage which reduces the compressive failure stress. 
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Fig. 9.21: Compression surface strain (Ɛyy) maps measured at 30%, 50% and just prior to 100% 

of the compressive failure strain for the 2D (control) laminate and the 3D woven composites 

with (a) low and (b) high volume content of z-binders. 
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9.3.2   Flexural properties of 2D and 3D woven composites 

The flexural stress-strain curves for the 2D and 3D woven composites are shown in Fig. 

9.22 - 9.24. The curves for the 2D laminate generally show good repeatability based on 

multiple tests (Fig. 9.22). The stress-strain curves for 3D woven composite containing carbon 

z-binder for four repeated tests are shown in Fig. 9.23, and again the results show good 

repeatability. The stress-strain curves for the different types of 3D woven composites are 

mostly linear elastic to failure (Figs. 9.24 - 9.25), which is similar to that measured under 

tension and compression loads. The flexural properties show similar results for low and high 

volume content of z-binder.   

 

 

Fig. 9.22: Flexural stress-strain curves from repeated tests of the 2D composite. 
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Fig. 9.23: Flexural stress-strain curves from repeated tests of the 3D woven composite with a 

(a) low and (b) high content of carbon z-binders. 

 

 

(b) 

(a) 
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Fig.9.24: Flexural stress-displacement curves of the 2D laminate and 3D woven composites 

with the low z-binder content. 

 

 

 

Fig. 9.25: Flexural stress-displacement curves of the 2D laminate and 3D woven composites 

with the high z-binder content. 
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Figs. 9.26 and 9.27 show the effect of z-binder volume content on the flexural strength 

and flexural modulus. The flexural strength and modulus of the 3D composites were not 

affected when woven through-thickness with carbon or copper z-binders. The 3D composites 

showed no statistically significant reduction to the in-plane modulus and strength compared 

to the 2D laminate. All the flexural results for 3D woven composites are within the bounds of 

scatter.  Similar to tensile and compression properties, the flexural properties were also not 

significantly affected when the z-binder volume content was increased.  

 

 

 

Fig. 9.26: Flexural strength values of the 2D laminate and different types of 3D woven 

composites. The error bars represent variation (standard deviation). 
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Fig. 9.27: Flexural modulus values of the 2D laminate and different types of 3D woven 

composites. The error bars represent variation (standard deviation). 

 

9.4   CONCLUSION 

The effect of z-binder material and volume content on the tensile, compressive and 

flexural properties of 2D and 3D woven composite has been investigated. The effect of the 

metal z-binders on the microstructure and mechanical properties of the 3D woven 

composites are similar to the carbon fibre z-binder. The microstructure of the composite is 

changed by insertion of z-binder, with increased in-plane fibre waviness, reduced fibre 

content, broken and damaged fibres. These defects are the main reasons of reductions to the 

mechanical properties of the 3D woven composites. The tensile and flexural modulus and 

strength of the 3D composite remain same with increasing volume content of z-binder. 

However, the compression properties are reduced substantially by waviness of the load-

bearing fibres together with the reduced fibre content and increasing the resin-rich regions 

near the z-binder location. Under compression loading, the z-binders induce localised regions 

of high strain concentration which lowers the applied compressive stress needed to initiate 

failure by microbuckling/kinking of the load-bearing fibres. The tensile, compression and 

flexural properties were not significantly affected with increasing volume content of z-binder. 
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Chapter 10: Conclusions and Future Research  

 

10.1 Main Conclusions  

This PhD thesis has presented an original experimental research study into 3D 

orthogonally woven composites reinforced in the through-thickness direction with metal or 

carbon z-binders. The main deliverables of this study were improvements to the (i) modes I 

and II interlaminar fracture toughness properties, (ii) modes I and II interlaminar fatigue 

resistance, (iii) impact damage resistance, (iv) electrical conductivity properties, (v) in-situ 

damage detection functionality and (vi) structural properties of T-joints. The detrimental 

effect of z-binders on the in-plane mechanical properties of 3D woven composites was also 

explored.  

 

The modes I and II interlaminar fracture toughness and interlaminar fatigue resistance 

properties of 3D woven composites reinforced with copper, steel or carbon z-binders were 

investigated in Chapter 3 and 4. The effects of the material properties and volume content of 

the z-binders on these properties was experimentally investigated. Also, the interlaminar 

toughening and fatigue strengthening mechanisms for the different types of z-binder were 

identified. It was found that the steel z-binders caused an exceptionally high mode I 

interlaminar fracture toughness value (~28 kJ/m2), which is the highest toughness value ever 

reported for a toughened composite. The carbon z-binder and, to a much lesser extent, the 

copper z-binder were also effective at increasing the mode I interlaminar toughness. The steel 

and carbon z-binders formed a long bridging process zone along the mode I delamination 

crack which led to the high mode I interlaminar fracture toughness. Also, these z-binders 

broke within the composite material and were then pulled-out, and this contributed to the 

high mode I toughening effect. The copper z-binders were less effective at increasing the 

mode I interlaminar fracture toughness, and this is because they formed a relatively short 

crack bridging zone and fractured at the delamination crack plane without significant pull-

out. The study revealed that large improvements to the mode I interlaminar toughness is 

gained using z-binders made of a high strength, ductile material (e.g. steel) that can form a 

long bridging process zone and that fractures within the composite material and therefore 
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needs to be pulled-out. The improvement to the mode II interlaminar toughness properties 

using the z-binders was less than the mode I properties. Furthermore, the three types of z-

binder induced similar improvements to the mode II toughness, although the carbon was 

slightly more effective than the steel or copper. Similar to mode I loading, the z-binders 

formed a long bridging process zone along the delamination shear crack which increased the 

mode II interlaminar fracture toughness. The metal z-binders sustained plastic shear 

deformation that was localised to the mode II delamination crack plane, but they did not 

break due to the relatively short shear sliding displacements between the opposing crack 

surfaces. The carbon z-binders experienced localised shear deformation leading to transverse 

fracture under mode II loading, and this was due to their failure strain being much lower than 

the metal z-binders.  

 

The z-binders improved the mode I interlaminar fatigue resistance of the 3D woven 

composites. The mode I fatigue strengthening effect was dependent on both the material 

type and volume content of z-binders. The copper z-binder provided the smallest 

improvement to the mode I fatigue resistance of the composite material due to its relatively 

low fatigue strength. Steel z-binders provided a higher improvement to the mode I fatigue 

resistance due to its higher fatigue strength and its capacity to partially pull-out after fatigue-

induced fracture, which generated bridging traction loads that opposed fatigue crack growth. 

The carbon z-binder increased the mode I fatigue properties the most due to its high tensile 

fatigue strength and also its capacity to pull-out under mode I cyclic loading. It was found the 

improvement to the mode II interlaminar fatigue strength was less sensitive to the type of z-

binder material than the mode I fatigue properties. Similar to static mode II fracture 

toughness, the mode II fatigue properties were increased by the z-binders forming a large-

scale bridging process zone along the delamination crack.       

 

Chapter 5 presented an experimental study to demonstrate the use of z-binders to 

increase the electrical conductivity of 3D woven composites. The through-thickness 

conductivity was increased by the z-binders, with the magnitude of the improvement 

controlled by the material type and volume content. The z-binders created a continuous 

conductive pathway for current flow in the through-thickness direction, thereby greatly 

increasing the electrical conductivity in this direction. In the case of the copper z-binders, 
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which had the lowest resistivity of the three materials tested, the through-thickness 

conductivity was increased by over three orders of magnitude. The z-binders also increased 

the longitudinal conductivity of the composite material, although the improvement was less 

than for the through-thickness conductivity. The improvements to the electrical properties of 

the 3D woven composites can be predicted using rule-of-mixtures analysis. 

 

The increase to the electrical properties of the 3D woven composites can be used for 

the in-situ detection of mode I delamination cracks, as reported in Chapter 6. Due to the 

increased electrical conductivity caused by the z-binders, the changes to the resistivity of the 

3D woven composite due to delamination crack growth can be monitored. The resistivity 

increased with the delamination length, and is dependent on the type and volume content of 

z-binder. This study demonstrated that z-binders can be used to provide 3D woven 

composites with a structural health monitoring functionality to detect the growth of mode I 

delaminations.  

 

Chapter 7 presented the experimental investigation into the impact damage 

resistance and compression-after-impact properties of 3D woven composites containing 

copper, steel or carbon z-binders. This study proved that z-binders increased the impact 

damage resistance, and this was  due to their interlaminar toughening effect which resists the 

growth of impact-induced delamination cracks. However, the post-impact compressive 

strength of the 3D woven composites was lower or similar to the control laminate despite the 

lower amount of impact damage.   

 

The structural properties of T-joints reinforced with z-binders was experimentally 

investigated for the stiffener load condition in Chapter 8. The z-binders were not effective at 

increasing the load-at-first failure of the T-joint, which involved cracking within the delta-fillet 

region where the z-binders were absent. However, the z-binders increased both the ultimate 

load and absorbed energy capacity of the T-joint via interlaminar toughnening of the 

skin/flange section. The structural properties of the T-joint increased with the volume content 

of z-binders. The improvement to the T-joint properties was also dependent on the type of z-

binder material, with copper being the least effective and steel being the most effective at 

increasing the ultimate load and absorbed energy capacity. The z-binders made of carbon and 
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steel were capable of strengthening the skin/flange section to such a high level that large-

scale delamination-type cracking in the skin/flange section was suppressed, and instead the 

T-joint failed via fracture of the laminate skin. Based on comparative analysis of published 

data presented in chapter 8, the steel z-binder was capable of increasing the percentage 

ultimate load of the T-joint more than other toughening techniques such as nanoparticles, 

interleaving, stitching, tufting and z-pinning.  

 

Chapter 9 presented an experimental investigation into the in-plane mechanical 

properties of the 3D woven composites. The effects of material type and volume content of 

the z-binder on the tensile, compressive and flexural properties of 3D woven composites was 

investigated. The microstructure of the composite was changed due to the z-binder, which 

included in-plane fibre waviness, reduced fibre content, and broken and damaged fibres. The 

tensile and flexural properties of the 3D woven composites were not affected significantly 

with increasing z-binder content. However, the compression properties were substantially 

reduced due primarily to increased waviness of the load-bearing fibres which lowered to 

critical stress to initiate kinking. DIC analysis revealed that stress was concentrated at the sites 

of the z-binders under compressive loading due to the locally reduced stiffness caused by 

fibre waviness, and this lowered the kinking failure stress. 

 

10.2 Future Research  

This PhD research provides a large body of experimental work on the properties of 3D 

woven composites. However, key challenges and unsolved research problems exist with these 

materials. This section briefly identifies several research topics worthy of further exploration 

to advance further the understanding of 3D woven composites. 

 

FE models have been developed to calculate the modes I and mode II interlaminar 

fracture toughness properties for 3D woven composites [65, 66], but there are no models that 

can predict the delamination fatigue properties. The effects of both the material type and 

volume content of the z-binders on the interlaminar fatigue properties needs to be 

considered for the FE model. Also, further research is needed into the electrical properties of 

3D woven composites by using other highly conductive and high strength materials (e.g. 
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titanium alloys) as well as other z-binder architectures (e.g. layer interlock). Research is 

required into the thermal conductivity properties of 3D woven composites, which is expected 

to be improved significantly by using highly thermally conductive z-binder materials (e.g. 

copper). The effects of the material type and volume content of the z-binder on the through-

thickness and longitudinal thermal properties of 3D woven composites is worthy of 

investigation.  

 

Research is also required towards the development of an FE model to calculate the 

structural properties of T-joints containing woven z-binders. In addition, other types of z-

binders with high strength properties, such as titanium alloy, can also be considered for the 

strengthening of T-joints. The properties of multifunctional T-joints containing metal z-

binders are also a topic of future investigation, including the control of their structural, 

damage tolerance, electrical, thermal and damage detection properties via the judicious 

choice of the volume content, material type and weave architecture of the z-binders.  
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