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Abstract 

Thin shell aerostructures are prone to buckling and have low out-of-plane strength, which 

requires the use of stiffeners with various cross-sections attached to the skin. When 

manufactured from composite materials, these out-of-plane joints introduce a deltoid 

shaped void in the structure, often filled with a unidirectional fibre bundle or “noodle”. The 

production of this filler is labour-intensive, and the final product suffers from a knockdown 

in strength due to the low transverse tensile strength of the material and fabrication-induced 

defects. 

This thesis introduces an experimentally validated numerical framework capable of 

accurately capturing the damage initiation of T-joins subjected to tensile (pull-off) loading. A 

new phenomenon called “filler in-situ strength” is proposed and demonstrated to be critical 

for defining whether the first event of damage occurs in the filler or in the laminate of a T-

joint. Then, the model is used to tailor the failure behaviour of T-joints, and to propose a 

configuration for experimental testing of the mechanical behaviour of fillers. 

Finally, eight alternative filler concepts are introduced and experimentally validated. 

Polyamide non-woven interleaved joints increase the damage tolerance of the structure at 

the cost of 25% damage initiation load reduction, vertical nanotubes yield no difference, and 

non-woven nanofibres match the strength within 6%. 3D printed fillers have 43% lower 

strength but demonstrate the possibility of thermoplastic-thermoset hybrid structures. 

Fillers made of chopped unidirectional and woven prepreg match the strength of the baseline 

noodle within -6% and 5%, respectively. A resin infused braided concept has 22% lower 

strength, but its counterpart made of multiple braids has the same strength (2% difference) 

as the rolled noodle. 

The proposed solutions can serve as a basis to modify the strength, cost and manufacturing 

time of composite out-of-plane joints. In addition, the concept of hybridising thermoplastic 

and thermoset resins, and different type of thermoset resins within the same structure and 

in the same cure cycle opens up a wide range of new applications involving the combination 

of thermoplastic, infused braided, 3D woven and thermoset prepreg materials.  
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Chapter 1  

Introduction 

1.1 Background 

1.1.1 Composite materials 

Due to their superior in-plane material properties over metals, especially specific strength 

and specific stiffness, high-performance composites such as Carbon Fibre Reinforced Plastics 

(CFRP) have become the primary choice for load bearing structures in aerospace, naval, 

motorsport and energy industries. A typical way of manufacturing such components is to 

build a laminate containing several adjacent plies, each of them having individual orthotropic 

behaviour respective to the orientation of the fibres in it. This generates a broad range of 

possibilities for tailoring the response of the structure in the desired way. 

The weight saving potential of composites has major importance in aerospace industry, 

which leads to their extensive application in commercial aircraft, military aircraft, spacecraft 

and rockets. At first, only secondary structures utilised fibre reinforced materials, but 

recently composites have overtaken the role of main material in primary structures too, 

including wing skins, fuselages, wing boxes, ribs and stiffeners. By introducing more complex 

and integrated components, the transitioning of in-plane loads to the weaker, out-of-plane 

direction of the laminate became an inevitable requirement. As a consequence, out-of-plane 

joints are still a limiting factor in terms of structural integrity. 

1.1.2 Out-of-plane joints 

Aircraft structures utilise the concept of stiffened skin principle, where the aerodynamically 

preferred shape of the fuselage and wings are formed by a thin shell reinforced with various 

stiffeners. Although the skin possesses a structural role, namely transferring tensile and shear 

loads, it is not ideal for bearing compressive loads responsible for buckling, as the required 

increase in thickness to prevent deformation and subsequent failure significantly contributes 

to the weight of the aircraft. To tackle the problem, engineers have long realised the 

advantageous design of implementing stiffener sections to reinforce the skin by increasing 

its bending stiffness, while keeping the component lightweight. Nonetheless, this concept 
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necessitates the presence of a joint capable of sufficiently transfer out-of-plane loads 

between components. 

Typically used skin-stiffener profiles can be seen in Figure 1.1. Different shapes are 

determined by the structural requirements of the stiffened panel, but they all share the 

common feature of having an elongated flange on either or both sides of the web needed for 

the connection to the skin. Using conventional composite manufacturing techniques, i.e. 

laying up plies to form the laminate, the designer is limited by the formability of the material. 

A composite layup has constraints regarding the minimum size of the curvature it can be 

bended to without damaging the fibres or causing manufacturing defects. Thus, to generate 

the desired cross-section it is unavoidable to introduce a radius between the web and the 

flange which leads either to an open or enclosed void in the structure. An empty zone, 

especially when accompanied by a geometrical singularity, is disadvantageous from the 

aspect of structural integrity [2]. Therefore, it is filled with a filler material, generally a bundle 

of unidirectional (UD) carbon fibre also known as “noodle” (Figure 1.1). 

 

 

Figure 1.1 Commonly used stiffeners with filler materials, from left to right: T, I, Z, L and hat (omega) 
section 

Even though the UD carbon fibre filler eliminates the problem caused by the void between 

the skin and the web, it proposes further issues at the same time. First, manufacturing such 

noodle is an expensive procedure and prone to manufacturing defects owing to the lack of 

prevalent automated production. Accordingly, it is usually achieved by manual rolling. 

Second, the mismatch between the values of coefficient of thermal expansion (CTE), stiffness 

and Poisson’s ratio of the filler and the composite material used for the layup causes stress 

concentration in and around the deltoid region. Finally, the low transverse strength of the 

common filler materials provokes premature cracking and delamination as well as the 

subsequent failure of the joint [3]. 

There are numerous approaches in the literature to increase the strength of out-of-plane 

joints, but most of these involve the modification of the layup around the filler.  Through 

thickness reinforcements reduce the in-plane material properties of the laminate [4], 

biomimetic designs and inserted plies draw layup design issues in terms of balanced and 

symmetric layups and CTE mismatch between flanges and skin [5], and almost every solution 
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increases the manufacturing cost compared to the baseline noodle filler. However, very few 

deal with implementing new materials that are capable of phasing out the aforementioned 

problems while being producible in large volumes. 

1.2 Scope and objectives 

The most critical attributes of composite joints are their mechanical performance and 

manufacturing cost, both heavily dependent on the filler material used in the junction zone. 

Thus, the two main objectives of this thesis are the following: 

1) To investigate material solutions which can improve the load-bearing capabilities of 

the fillet compared to conventionally used rolled noodles, or 

2) can provide reduced manufacturing costs, having similar or only marginally reduced 

mechanical performance at the same time. 

Moreover, there is a third objective: 

3) To develop and validate an FEA model which is capable of predicting the failure of T-

joints and can be used for investigating the effect of changing joint parameters on 

the filler behaviour. 

T-sections are considered as a default concept in skin-stiffener structures for the reasons of 

simple configuration, symmetry and encompassment of the fillet. From the aspect of filler 

behaviour, they directly represent I-joints and have similarities with Hat-joints, L-joints and 

π-joints. Because of this analogy, the investigation of T-joints was chosen as the basis for this 

thesis. 

The tensile (pull-off) testing is used in the thesis for the numerical and experimental 

investigations. This load case is representative of the pressurisation of passenger aircraft or 

a leading edge low pressure zone and it is typically used to simulate the behaviour of full-

scale components [6]. 

As the primary composite manufacturing procedures in aerospace industry rely on thermoset 

prepreg materials, the thesis focuses on solutions that are compatible with such 

technologies. 

1.3 Thesis overview 

This thesis is a combination of traditionally written chapters (Chapters 4-7) and research 

paper-based chapters (Chapters 2 and 3). The outline of the thesis is the following: 



4 
 

 Chapter 1 is introduction 

 Chapter 2 is a review of the literature 

 Chapter 3 introduces a framework for the numerical analysis of failure of T-joints 

 Chapter 4 is a design study to investigate how altering the parameters of a T-joint 

can change its strength and failure behaviour 

 Chapter 5 proposes interleaved and additively manufactured filler materials, 

introduces their manufacturing procedure and experimental results compared to a 

baseline filler 

 Chapter 6 proposes chopped and braided filler materials, introduces their 

manufacturing procedure and experimental results compared to a baseline filler 

 Chapter 7 is conclusions and future work 

1.3.1 Notes on the paper-based thesis format 

The paper-based chapters are preceded by a “Context” section and followed by a “Summary” 

section to contextualise how each paper relates to the overall body of the thesis. Moreover, 

a Statement of Authorship follows the Context section to clarify the contribution of the 

candidate to the paper in subject. 

The papers have been reformatted from their manuscript or published format to match the 

format of this thesis. The figure and table numbering and the references contained within 

the papers are kept as original. The references in the papers are excluded from the 

References section included at the end of the thesis. 

This format was made possible as according to the publisher of the papers (Elsevier Ltd.), the 

authors can use their articles, in full or in part, and include them in a thesis or dissertation 

provided that it would not be published commercially. 

The research paper in Chapter 2 did not contain original experimental data, whereas the data 

access statement for the article in Chapter 3 is provided at the beginning of the chapter. 
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Chapter 2  

Literature review 

2.1 Context 

This paper describes the fundamental background information required for the subsequent 

work. The aim of the literature review is to provide motivation for the research by identifying 

gaps in the field of filler materials and demonstrate where new approach can be 

incorporated. 
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Abstract 

Out-of-plane joints, such as joints between T, I, Z, L and hat (omega) stiffeners and skin panels 

are essential part of composite structures. To ensure the integrity of these assemblies, the 

inclusion of a filler material in the junction region between the skin, flanges and web is 

necessary. The conventional filler is a rolled unidirectional fibre bundle or resin filling, but 

there are many other proposed methods in the literature. This paper reviews the state-of-

the-art work available in the topic and summarises the proceedings of the past 40 years, in 

terms of different types of fillers, manufacturing and simulation methods and their effect on 

joint performance. Possible future areas of interest are additive manufacturing, 

thermoplastic materials and interleaving, but the biggest challenge is to increase the 

production rate and manufacturability without reduction in strength and damage tolerance. 

Moreover, high fidelity finite element analyses and accurate failure prediction methods are 

needed to exploit the structural role of fillers. 

1 Introduction 

The weight saving potential of composites has major importance in many industries. In the 

aerospace sector, it leads to their extensive application in commercial aircraft, military 

aircraft and spacecraft. At first, only secondary structures utilised fibre reinforced materials, 

but in recent decades composites have overtaken the role of main material in primary 

structures including wing skins, fuselages, wing boxes and stiffeners. In automotive industry, 

high production rate composite manufacturing processes have enabled to replace body 

                                                           
* Corresponding author 



8 
 

panels, brackets and even parts of the chassis itself, originally manufactured from metal. 

Composites are essential for the blades of highly efficient wind turbines, serve as main 

building blocks of ship hulls, and pultruded profiles have started to emerge in the civil 

engineering industry in the recent decades. 

By introducing more complex and integrated components such as stiffened panels, the 

transitioning of in-plane loads to the weaker, out-of-plane direction of the laminate is an 

inevitable requirement. 

Typically used stiffener profiles can be seen in Figure 1. Different shapes are determined by 

the structural requirements of the stiffened panel, but in all cases, they share the common 

feature of having an elongated flange on either or both sides of the web needed for the 

connection to the skin. In the case of metals, where the component can be extruded or 

machined, providing a stable transition in the vicinity of the web-skin interface is not a 

challenge. However, using conventional composite manufacturing techniques, i.e. laying up 

plies to form the laminate, the designer is limited by the formability of the material. A 

composite layup has constraints regarding the minimum size of the curvature it can be 

bended to without damaging the fibres or causing manufacturing defects. Thus, to generate 

the desired cross section it is necessary to introduce a radius between the web and the flange 

which leads either to an open or enclosed void in the structure, often referred to as a deltoid. 

An empty deltoid, especially when accompanied by a geometrical singularity, is 

disadvantageous from the aspect of structural integrity. Therefore, the zone is packed with a 

filler material; generally resin or a bundle of unidirectional (UD) carbon fibre also known as a 

“noodle” (Figure 1).The terms used in this paper to describe fillers and out-of-plane joint are 

defined in Figure 2. 

 

Figure 1 Commonly used stiffeners with filler materials, from left to right: T, I, Z, L and hat (omega) 
section 
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Figure 2 Terms used for fillers and out-of-plane joints 

Albeit that both resin and UD carbon fibre eliminate the problem caused by the void between 

the web and the skin, they raise further issues at the same time. First of all, manufacturing 

such noodle is an expensive procedure and prone to manufacturing defects owing to the lack 

of an established automated production. Accordingly, it is usually achieved by manual rolling. 

Second, the mismatch between the values of coefficient of thermal expansion (CTE), stiffness 

and Poisson’s ratio of the filler and the composite material used for the layup causes stress 

concentration in and around the deltoid region. Finally, the low transverse strength of the 

common filler materials provokes premature cracking and delamination leading to 

subsequent failure of the joint. 

For these reasons the research of fillers and out-of-plane joints is a common topic, but there 

is no available collection of recent advancements in the literature. The aim of this paper is to 

fill this gap by providing a review of fillers and their relationship with out-of-plane joints. The 

next section introduces the available manufacturing methods with their respective 

advantages and disadvantages. This is followed by the assessment of the typical failure 

mechanism in fillers and methods of numerical failure prediction. Then, the role of fillers and 

the effect of changing filler parameters on the performance of out-of-plane joints is 

reviewed. Finally, conclusions and interesting topics as possible directions of future research 

are highlighted. 
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2. Manufacturing methods 

2.1 Rolling 

The traditional way of eliminating the gap in an out-of-plane joint is to roll an individual UD 

prepreg ply, resin or adhesive film into a noodle having the same cross-sectional area as the 

zone to be filled, preform it to the desired shape with an open tool, then manufacture the 

joint by assembling it with the skin and overlaminate (Figure 3) [1–5]. The preforming step 

can be skipped at the cost of reduced geometrical accuracy if the filler is made of several 

smaller sections of fibre bundles [6]. From the aspect of manufacturing, the primary 

advantage of this technique is the universal applicability with any stiffener geometry as the 

noodle is relatively easily formable compared to other solutions. 

Modifications of the noodle include using different ply orientations such as wrapping the UD 

bundle with a 90° ply [2,7] or assembling several noodles together each twisted along its 

longitudinal axis in order to reduce the stiffness mismatch between the filler and the 

laminate [8–10]. Rolling together chopped fibres and a unidirectional ply can facilitate the 

resin flow and help the noodle to achieve its intended shape during curing [11]. Carbon 

nanofibers (CNF) and carbon nanotubes (CNT) can be wrapped around or placed within the 

noodle [12,13]. However, nano reinforcement is not yet widely used in industrial applications 

due to the relatively high cost. 

 

Figure 3 Rolling procedure: a) prepreg ply b) rolled noodle c) tool d) formed noodle in tool e) filler 
ready for assembling 

The aforementioned solutions can be favourable in low-volume production, but the required 

manual labour makes them ineffective and expensive for mass production. Moreover, the 

lack of a precisely controlled procedure induces the possibility of human error and the 

appearance of manufacture defects. By machining a partially cured noodle [14] or controlling 
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the folding step [15] (Figure 3a-b), the accuracy of the geometry can be retained, but this 

step increases cost and manufacture time. 

2.2 Pultrusion and extrusion 

One of the few automated ways of forming a prepreg ply into a noodle is pultrusion, where 

the material is pulled through a dye [16,17]. However, this includes the curing of the filler 

material during the process. Accordingly, the joint must be assembled as a co-bonded 

structure with the rest of the laminate [18]. In order to increase the production rate and 

improve the performance of the component, co-cured manufacture is preferred in aerospace 

industry [19]. To meet this requirement, a similar method is used, in which a noodle former 

machine folds and shapes the fed-in ply to the required cross-section without curing it. Unlike 

pultrusion, this technique can achieve curved cross-sectional profiles [20]. 

It is also possible to utilise pultrusion to manufacture the joint as a whole. In this case, the 

roving filler is either pultruded as well, or can be considered as a resin filler, formed as a 

result of resin movement from the laminate to the junction region [21–31]. 

Although it is unclear how the extrusion, where the material is pushed instead of pulled, of a 

thermoset UD carbon fibre composite profile is achieved, bismaleimide resin based fillers 

were manufactured with this method in Zhang’s work [32,33]. 

Another method is using an extruded or cast metal filler such as titanium [34], but machining 

can be necessary to obtain dimensional tolerance in the edges of the component. 

2.3 Braiding and weaving 

3D textile composites have high interlaminar mechanical properties, provide the possibility 

of forming arbitrary shapes and the production can be highly automated. One type of 3D 

textile production is braiding, which is suitable for manufacturing long beams. Accordingly, 

there has been a growing interest in their application in skin-stiffener joints [35–43]. Another 

process is weaving, which has fewer constraints in achievable product shapes. Four different 

types of woven inserts in conjunction with conventional noodle fillers were used in T-joints 

by Verma et al. [44], but no information is available on the quality of the cured component. 

A completely woven T-joint was manufactured and loaded in tension by Yang et al. [45], but 

the manufacturing quality proved to be difficult to control, even if the joint strength 

increased fivefold compared to a baseline joint made of tape material. In many cases, woven 

preforms leave the deltoid region empty to be filled up with resin during infusion [46–49]. 

This, however, leaves the filler geometry subject to uncertainty. 
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In both cases, the preform is usually manufactured in one step, but the assembly requires a 

resin infusion process such as Resin Transfer Moulding (RTM). This is a preferred cost-

effective alternative to the usage of pre-impregnated materials in out-of-plane joints [50–

53]. However, a setback of using braided or woven fillers is the insufficient compaction of the 

noodle [37,54] (Figure 4). This is due to the fact that the dry noodle cannot retain its intended 

shape before and during the curing process, causing a resin rich zone to form and 

dimensional instability. A resin-coated, braided noodle with dry core improves the tackiness 

of the filler before curing leading to a more stable shape, but the variation in the quality of 

cured filler remains a problem [55]. 

 

Figure 4 Insufficient compaction of braided filler (Reproduced by permission of the copyright holder 
from [37]) 

2.4 Laying up 

Similar to rolling, this technique utilises prepreg plies, but instead of wrapping, some or all of 

the layers are stacked to form a sublaminate in the filler [56–68]. From the aspect of 

manufacturing, the simplest type is the horizontally laid up (Figure 5a), although there are 

relatively complex configurations (Figure 5b). In all cases, these fillers are cured separately 

from the joint, machined then co-bonded. Despite the fact that these additional steps are 

unfavourable in the process, by involving Automatic Tape Layup (ATL) or Automatic Fibre 

Placement (AFP) to eliminate manual labour, this solution may become suitable for 

repeatable production at reasonably high rate. Moreover, complex configurations can make 

the inspectability and therefore the certification of the filler difficult.  



13 
 

 

Figure 5 Laid up fillers a) horizontal layup (based on [56]) b) complex configuration (based on [58]) 

2.5 Resin filling 

In co-bonded structures, such as sandwich joints [69–85], π-joints [32,86–98], L-joints [99–

101] or T-joints and I-joints [102–104], it is a common practice to manually fill up the voids 

or corners with adhesive or resin (Figure 6). In some applications, chopped fibres are mixed 

with the resin to increase its strength and stiffness [76]. The main advantage, compared to a 

rolled adhesive film, is the even distribution in heavily accessible locations before curing, such 

as the filler edges next to the web plate (Figure 13). However, due to low mechanical 

performance and dimensional instability, this technique is usually avoided in aerospace 

components. 

 

Figure 6 Resin filler in an L-joint (Reproduced by permission of the copyright holder from [99]) 

2.6 Injection moulding 

Injection moulding is a primary process in the high-volume production of thermoplastic parts. 

Yet, using thermoplastic and thermoset materials in the same structure has been avoided in 

aerospace applications due to the incompatibility of most material systems in terms of 
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adhesion. To the authors’ best knowledge, the behaviour of such a connection and the 

fracture toughness of the interface is not investigated in the literature, but sufficient 

adhesion between machined Polyetherimide (PEI) filler and epoxy resin in a co-cured T-joint 

was demonstrated by Heimbs et al. [38] and the usage of reinforced thermoplastics in butt-

joints by Tijs et al. [105,106] and Baran et al. [107]. Similarly, injection moulded foam as filler 

material is another possible solution [108–110], however, due to low mechanical properties, 

it is not widely used in aerospace applications. 

Such multi-material applications show promising opportunities once the shortcomings of 

thermoplastic materials are accounted for by appropriate design and material selection. 

These include the aforementioned adhesion, the need for sufficiently high elastic limit and 

the resistance to high temperature in order to withstand the curing process of thermoset 

resin [111]. 

2.7 Additive manufacturing 

By utilising additive manufacturing, arbitrary structures can be produced with reduced 

weight, waste and functionally graded thermomechanical properties. Although there is an 

especially great potential in 3D printed fillers for out-of-plane joints, due to the complex 

geometry of fillers, this field has received little interest in the literature. To the authors’ best 

knowledge, the only mention of such component is a metal lattice structure proposed by 

Thomas and Stevenson (Figure 7) [112]. The lattice core can be enclosed by a metal outer 

shell and left pristine or filled with resin. One disadvantage of this solution is the need to 

provide sufficient adhesion between the metal and thermoset resin interface. However, this 

has been successfully realised by Freitas and Sinke, who manufactured thermoset composite 

T-joints attached to metal skin [113,114]. 

 

Figure 7 Lattice filler (based on [112]) 

3 Performance and failure mechanisms 

The hygro-thermal and mechanical behaviour, durability, damage tolerance and failure 

mechanisms of fillers depend on various parameters of the structure and constitutive 



15 
 

materials. However, in order to set the basis for further investigation on improving these 

characteristics, Section 3.1 introduces a general understanding of the mechanical response 

and typical failure mechanisms encountered in UD carbon fibre fillers. The subsequent 

sections review the effect of changing joint parameters in search for higher performance. 

3.1 Typical failure mechanisms and prediction methods 

There are two main failure mechanisms directly related to noodles: cracking of the filler, and 

delamination across the interface of the filler and surrounding laminate. 

3.1.1 Filler cracking 

Referring to orientations in Figure 2, the fibres in the noodle (0°) are aligned with the axis Z, 

whereas dominant loading scenarios in skin-stiffeners are applied in the XY plane. Thus, the 

noodle is loaded in its weaker, transverse direction, the strength of which is proved to be the 

limiting factor of Crack Initiation Strength (CIS). Therefore, examining principal transverse 

stress and the direction of its vector, and comparing it with the transverse strength of the 

composite material is a suitable method for identifying the location and direction of crack 

initiation (Figure 8). This method was used by Hélénon et al. [115,116], who carried out a 

comprehensive experimental and numerical study on the behaviour of T-joints in tension and 

bending. Despite the fact that the [±452/907/04/903] layup intentionally served the purpose 

of triggering failure in the overlaminate by having four 0° plies near the filler, the underlying 

failure mechanism is identical to the one present in noodles, and the numerical analysis 

predicted the experimental results accurately. 

 

Figure 8 Typical stress state of filler in tension and experimental failure showing cracking 
(Reproduced by permission of the copyright holder from [116]) 

Filler cracks can be separated into three subcategories: vertical and horizontal cracks at the 

radius surface and vertical cracks within the filler (Figure 9). Triggering each mode depends 

on a variety of joint parameters and loading conditions. 
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The most common type of cracking is vertical propagation, which initiates from the lower-

middle part of the radius and propagates downwards to the skin. This failure mechanism was 

captured by several authors [86,117–120] and can be seen in Figure 9a. Whereas damage 

initiation can be accurately represented by elastic finite element analysis with initiation 

failure criterion, investigating damage propagation and ultimate failure load requires 

Progressive Damage Modelling (PDM) or Cohesive Damage Modelling (CDM). Zhao et al. 

developed one of the most advanced numerical failure prediction methods in the field of 

stiffener-joint simulation, by examining various initial failure criteria such as modified 

maximum stress, Hashin, Hashin-type and Tsai-Wu along with incorporating progressive 

damage modelling capabilities based on 5 degradation models [121,122], and using cohesive 

elements to examine crack propagation [118]. 

Horizontal cracks appear at the upper part of the radius and propagate to the other side of 

the filler (Figure 9b). This happens when the maximum principal stress vector is vertically 

aligned at the radius surface. Li and Chen investigated the behaviour of T-joints in bending 

and pull-off and predicted the aforementioned phenomenon in both cases using extended 

cohesive damage model within 8% error compared to experimental results [123]. Similarly, 

cohesive elements were used in the location of interest in other studies [124,125]. In Chen’s 

work, thermal residual stress was included in the simulation, which is a physically based 

consideration, but the results were less accurate than in the case of neglecting this effect 

[125]. 

Vertical cracks within the filler can be triggered by suppressing delamination initiation in the 

flanges by using through-the-thickness reinforcement [126] (Figure 9c). At the same time, 

this failure leads to subsequent delamination in the web. 

 

Figure 9 Crack types in fillers a) vertical crack at radius surface (Reproduced by permission of the 
copyright holder from [117]) b) horizontal crack (Reproduced by permission of the copyright holder 

from [108]) c) vertical crack within filler (Reproduced by permission of the copyright holder from 
[126]) 
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3.1.2 Filler delamination 

Although, in most cases, a crack occurs as the first sign of detectable damage, it is usually 

followed by delamination, which is responsible for integrity loss and subsequent ultimate 

failure of out-of-plane joints [127]. Common delamination initiation locations include the 

starting point of vertical or horizontal cracks, where delamination propagates upwards or 

downwards along the radius surface, and the end point of vertical cracks at the skin, where 

ply separation propagates in the direction of the flanges (Figure 10). If the integrity of the 

filler and overlaminate is sufficient, delamination can also take place at the flange run-outs 

[128–130]. A specific cause of filler delamination is impact damage, as the noodle and web 

locally overstiffen the joint, reducing its capacity to absorb the impact energy elastically, 

which ultimately leads to the separation of the noodle from the skin [131–137]. 

 

Figure 10 Delamination around filler in bended joint (Reproduced by permission of the copyright 
holder from [138]) 

Accurate numerical prediction of delamination initiation at the structural level is of great 

concern for engineers. The two most wide-spread techniques use either a Cohesive Zone 

Modelling (CZM) approach [118,139–141] or apply a more simple delamination criterion such 

as Ye [142] or Tong-Norris [143] without discretely modelling element failure. In both cases, 

the difficulty of determining out-of-plane material properties is highlighted as the principle 

cause of inaccuracy. 

3.2 Filler material 

Modifying the filler material whilst leaving every other parameter unchanged is a key 

principle to increase the load bearing capabilities of skin-stiffener joints. Braided noodles 

(Figure 11) can increase failure load by 36% compared with UD noodles by shifting the 

damage initiation away from the filler [35]. Integrally woven 3D inserts show improvement 

in pull-off strength of 30% [44]. The mixing of 0° and 90° plies to fabricate noodles was 
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proposed by Rispler et al. to suppress crack propagation, however, potentially owing to the 

manufacturing process in which the filler was not preformed, joint strength was actually 

reduced by 17% [2]. 

 

Figure 11 Failure mechanism of a) baseline and b) braided noodle (Reproduced by permission of the 
copyright holder from [35]) 

Heimbs et al. investigated T-joints with various through-the-thickness reinforcements and 

filler materials, and compared the baseline braided carbon fibre noodle with a PEI filler. The 

latter solution increased the ultimate strength by 25% and energy absorption by 23% [38]. 

Using Cytec EP2400 toughened resin instead of conventional RTM6 to impregnate the noodle 

increased the strength by 30% [36]. The use of a viscoelastic filler material with nonlinear 

behaviour and reduced stiffness was used to reduce the vibration and noise transmitted by 

hat joints in ship hulls. It improved the joint displacement at ultimate failure at the cost of 

reducing its strength [144]. 

Use of carbon nanotubes has huge potential in composite structures, as demonstrated by 

Hasan et al. In their studies the adhesive and carbon fibre fillers contained CNTs within the 

resin, as did the plies in the overlaminate and the interface between plies. While both 

configurations improved the mechanical behaviour of the T-joints, surprisingly, the adhesive 

filler yielded higher ultimate strength, resulting in 35% improvement compared to the 

baseline filler [12,145]. 

The stiffness of the filler has a major role in the overall stiffness of the joint. Whilst it is 

desirable to minimise the displacement of the loaded component, an overstiffened junction 

region can draw stress concentration into the filler and lead to premature failure. The effect 

of changing filler stiffness on joint strength was investigated by Murillo et al. [146] and Cui 

[108], but details of failure mechanisms and stress plots are not available in either work. 

Nevertheless, in each study an optimal value was determined for the particular joint 

configuration, as both stiffness extremities reduced the loading capacity. 
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3.3 Filler geometry 

In the case of T-joints, a filler having constant radius ensures the smooth transition of plies 

from the flanges to the web. It is possible to utilise a triangle shaped filler (Figure 12a) to 

reduce manufacturing costs, but this method breaks the continuity of the plies and 

introduces an even higher degree of geometrical nonlinearity, reducing the ultimate strength 

by 26-64%, depending on other dimensions of the joint  [147–149]. Based on numerical 

analysis, elliptical (Figure 12c) and modified elliptical (Figure 12d) profiles can reduce peak 

stresses occurring in the joint, but no experimental validation is available for either concept 

[150]. 

 

Figure 12 Modified filler geometries a) triangle-shaped b) circular (baseline) c) elliptical d) modified 
elliptical (Reproduced by permission of the copyright holder from [148]) 

Another geometrical modification is the inclusion of additional plies in the web or using a 

completely separate web laminate, which is a common technique for (but not limited to) 

sandwich joints (Figure 13) [109,151–165]. This layout either partially embeds the stiffener 

laminate in the filler (butt filler) or completely splits it into two parts, leading to a different 

form of stress concentration and typical damage initiation in the vicinity of the web 

[158,160,166,167]. Increasing the overlaminate thickness as well as the gap between the skin 

and the web can reduce the stress in filler and transition the failure to the laminate [158,160]. 

A novel aerospace application of split filler was proposed by Tijs et al. using an injection 

moulded short fibre reinforced thermoplastic filler. The solution proved to have adequate 

integrity and crack initiation occurred away from the web and propagated towards the skin 

instead [105,106].  
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Figure 13 Split filler 

Changing the radius size of the filler is a major area of interest 

[33,99,100,109,146,157,158,167–172]. Shenoi et al. explored a wide range of geometrical 

parameters of T and hat-joints with butt fillers, focusing on the effect of radius dimensions. 

They found no significant change of behaviour in T-joints, but higher radius increased the 

stiffness of top-hat joints and reduced the stress in the overlaminate [109,157,158,167]. Gan 

et al. reported a decrease in filler stress and improved local buckling resistance in I-beams 

due to larger radius [168]. Other authors reported 233% increase in T-joint pull-out strength 

by changing the tool radius from 3.175 to 6.35 mm [170], 96% specific strength increase by 

switching from 4 to 10 mm radius [146] and 35% higher bending strength of π-joints by 

changing the filler radius from 2.5 to 3 mm. Based on a finite element analysis study, keeping 

the same end point locations (width and height of the deltoid region) but increasing the 

radius curvature and therefore increasing the cross-sectional area of the filler reduces the 

stress concentration at the deltoid edges [171]. This has utmost importance in numerical 

simulation, as filler edges introduce a singularity and usually a material mismatch in the 

structure, possibly leading to incorrect stress and subsequent strength prediction. However, 

they are not critical locations and do not fail in most loading scenarios, thus detailed 

modelling of the resin rich pocket and sharp transition can be neglected in finite element 

simulation [54]. Huang [169] and Feih and Shercliff [99,100] proved there is an optimal radius 

size, as oversized geometry can reduce the ultimate tensile strength of the joint [99,169]. 

Beyond changing the stress state, the volumetric effect of higher radius, i.e. higher density 

and size of microcracks present within the filler, can also lead to premature failure. 

3.4 Laminate parameters 

Larger overlaminate thickness across the flanges or inclusion of additional strips in the radius 

area can mitigate the peak stress in the filler by passing over the main load-bearing role to 
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the laminate [157,167,173–177]. However, whilst thicker laminates also reduce the in-plane 

stresses in the laminate, they can increase the through-the-thickness stress [167], which is 

unfavourable in terms of delamination resistance. Moreover, modifying the filler geometry 

has significantly less impact on the weight of the structure compared to the effect of 

additional plies. 

Bio-inspired laminate optimisation shows great potential in joint design [178–180]. The 

underlying principle is to mimic the structure of the connection of tree branches by 

functionally grading the stacking sequence and combining the layup of flanges and skin. This 

procedure has a negative impact on the manufacturing cost, but the achieved weight 

reduction can be significant. Burns et al. carried out a detailed experimental and numerical 

investigation on the feasibility of novel biomimetic joints [138,181,182]. By setting up the 

interlaminar stress reduction of the overlaminate as an optimisation objective whilst 

specifying bending stiffness as a constraint for a T-joint, the improved design achieved 7%, 

41% and 75% increase in stiffness, load at failure initiation and energy absorption, 

respectively [181]. However, no significant change was observed regarding the stresses in 

the filler. In subsequent work, additional laminate design principles were applied, such as 

symmetricity, hygro-thermal stability and mechanical coupling, leading to four optimised 

stacking sequences with up to 126% initiation and 54% ultimate load increases over the 

baseline concept [138]. 

Within limits, a longer flange length along the skin can increase the ultimate strength of the 

joint [32,169]. This phenomenon is related to delamination of the overlaminate: high 

through-the-thickness stresses try to open up the flanges both from the inner location, where 

the plies tend to disbond around the filler; and from the outer location, where free-edge 

effect and ply drops are present. From the aspect of the filler, the flanges should have 

sufficient length to prevent the accumulation of stress concentrations and subsequent 

premature delamination failure in the radius region. It was confirmed through experiments 

by Fu et al. [33], that flange length does not modify the failure mechanisms in π-joints, 

whereas Murillo et al. [146] reported results of a numerical investigation showing different 

delamination initiation locations in T-joints if the length is changed. 

Web length has a fundamental role in stiffened panels in providing sufficient bending 

stiffness for the skin. This parameter does not affect the joint behaviour in tension [32], but 

a longer web length reduces the stiffness and ultimate strength of the component in 

transverse bending [33]. Moreover, if the joint is loaded in compression, buckling strength 
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can become a priority. Ultimate strength, which is controlled by the flexural failure of the 

web, can be reduced by 50% for a doubled web length [183]. 

3.5 Insert 

One of the earliest investigations on out-of-plane joints explored the effect of placing 

adhesively bonded CFRP and titanium plates between the filler and the skin in order to 

increase the joint stiffness. It showed that such inserts can improve both the stiffness and 

failure strength of the structure, but no details were provided on failure mechanisms [184]. 

In another study, similar configurations were manufactured with a co-bonding method: in 

the case of the default design, the filler was surrounded by adhesive layers in all direction, 

whereas adding ±45° plies as pads between the skin and flanges eliminated the presence of 

bond line under the deltoid region. This step transitioned the failure from the filler zone to 

the end of flanges as a ply drop failure and increased the failure load by 30%. The third 

configuration had overlaid-plies to cover the ply-drops, providing a further 5% increase in 

failure load, but in this case the damage initiation reverted back to the filler and the 

remaining adhesive layers [185]. 

3.6 Through-the-thickness reinforcement 

Through-the-thickness reinforcement of skin-stiffener joins, most commonly in the form of 

stitching or z pinning, has been the subject of many studies recently. 

Z-pinning is achieved by inserting individual fibre pins in the laminate using an ultrasonic gun 

which is currently the only available technology for large-scale production of through-the-

thickness prepreg reinforcement [186–191]. A comprehensive investigation of Z-pinned T-

joints was the focus of Koh and his co-workers’ research [192–196]. By changing the volume 

content of pins from 0% (unpinned) to 4%, the delamination failure around the filler in the 

baseline joint transitioned to a vertical cracking failure and delamination in the web, as the 

reinforcement delayed or suppressed the separation of plies in the flanges. However, the 

initial strength of the joints remained the same as Z-pins could only increase the ultimate 

strength and amount of absorbed energy. Park et al. [197] and Allegri and Zhang [198] 

observed similar behaviour and additionally showed that neither changing the pin diameter 

can significantly alter the initial failure load. Most studies explore the use of laminate to 

laminate pinning (i.e. away from the filler region); however, Greenhalgh et al. added through-

the-thickness reinforcement in the filler region (Figure 14), but due to the damage and resin 

rich zones in the filler caused by the procedure, the initial failure load increase was marginal 

[199]. The inclusion of pins across the noodle in different angles and configurations has also 
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been proposed by other authors [200,201]. An alternative approach is to attach the separate 

web to the skin by pinning which becomes the primary load-bearing element in the joint 

[202]. The aforementioned effects of Z-pinning combined with the absence of a noodle 

causes heavy waviness and resin rich zones in the junction region. The latter was found to be 

responsible for the pre-existing thermal cracks in the component. 

 

Figure 14 Post-failure scanning electron microscope image showing reinforcement of the noodle 
with Z-pinning (Reproduced by permission of the copyright holder from [199]) 

Compared with Z-pinning, stitching is capable of improving the initial strength of T-joints at 

the cost of having relatively lower efficiency in suppressing crack propagation [203–206]. 

However, other findings showed that stitching can reduce initial strength by 20% as a result 

of premature cracking in filler region. 

Tufting increased the ultimate load of glass fibre reinforced composite T-joints by 27%, but 

no detailed investigation of damage initiation and failure of filler were provided by the 

authors [207–209]. 

A unique method of reinforcing is to insert metal arrow-shaped pins between the skin and 

flanges (Figure 15) [36,37,210]. According to the experimental results of Heimbs et al. [38], 

adding additional pins in the noodle region instead of reinforcing only the laminate, resulted 

in significant initial failure strength improvement. However, discrete values and inspection 

were not provided. 
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Figure 15 Metal pin reinforcement in filler and laminate (Reproduced by permission of the copyright 
holder from [38]) 

Even though reinforcing techniques increase the manufacturing cost and can decrease the 

in-plane material properties (through fibre waviness and resin rich zones), the improved out-

of-plane strength and damage tolerance improvements justify the usage in some particular 

applications. 

3.7 Interleaving 

One way to delay or prevent the separation of noodle surface from the skin is to interleave 

the laminate with a toughening material in order to increase its delamination strength and 

damage tolerance. There are numerous studies on the application of different materials such 

as adhesive films, non-woven mats, particulates or co-mingled fibres in coupon level 

experiments, but the utilisation of interleaves in structural level components has not been 

widely investigated (Figure 16). Wang et al. [207–209] used Polyester (PE) non-woven mats 

between the skin, flanges and around the noodle of T-joints, which showed an improvement 

in ultimate failure load by 44% [207]. Neither initial failure loads or inspection of initial failure 

mechanism were reported, but according to the stress-displacement graphs in [207] and 

[209], with PE layers, a significant increase was present in initial failure load too. It is 

noteworthy, however, that the T-joints were manufactured using glass fibre and with resin 

infusion technology, thus their effect on joint strength made of carbon fibre prepreg is 

unknown.  

 

Figure 16 Structural level interleaving of a T-joint: reinforcement between skin and flanges and 
around the filler 
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3.8 Vascular network 

Inspection of out-of-plane joints through the service life of an aerospace structure is a 

challenging task due to the inaccessibility and thickness of the filler region. Therefore, 

damage tolerant designs capable of suppressing crack propagation are desired. One way to 

achieve this is to implement vascular networks in the filler [1,69,211]. These tunnels attract 

the stress and create stress concentration around the holes in order to trigger controlled 

failure (Figure 17). Once the crack initiates, the liquid adhesive flows from the tunnel into the 

opening and solidifies. Cullinan et al. manufactured tunnels in the filler of T-joints with 1 mm 

and 0.5 mm diameter, which successfully attracted the crack propagation path, but reduced 

the ultimate strength by 65% and 56% [1]. In Cullinan et al.’s other work, using a sandwich 

joint configuration, the presence of vascules had no significant effect on the strength and the 

self-healed component could recover the original ultimate strength up to 80% [69]. By placing 

tunnels in the skin, the healed joint can not only retain its original strength, but bypass it with 

137% and 145% efficiency, depending on the resin used [211]. 

 

Figure 17 Failure of vascularised filler (Reproduced by permission of the copyright holder from [1]) 

3.9 Curing 

3.9.1 Thermal residual stresses 

The curing step in the manufacture of thermoset composite structures involves the 

unavoidable presence of temperature difference acting on the component. Also, the 

difference in coefficients of thermal expansion means that the temperature drop between 

cure and operating conditions causes thermal residual stress and deformation. Designers can 

account for this by following established laminate design principles, but it is more difficult to 

tackle the problem when geometrical nonlinearity is present in the component [212]. 
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In the case of out-of-plane joints, the radius and filler have dominant roles in thermal 

stresses. The radius has different arc lengths along its inner and outer surfaces, therefore, 

depending on the values and signs of the coefficient of thermal expansions, laminate 

thickness and stacking sequence, the flanges and webs can spring-back or spring-in as a result 

of curing. By modifying the tool, an optimised cured geometry can be achieved, but thermal 

stress barely changes even with reduced warpage.  

Moreover, every aforementioned filler has a unique shrinking characteristic defined by the 

geometry and CTE of the constitutive material. This behaviour, combined with the effect of 

the thermal deformation of the surrounding laminate and the applied mechanical load in 

service, invokes a significant stress state. Although the level of thermal stress is normally not 

high enough to trigger thermal cracks before applying the mechanical load, considering the 

relatively low transverse strength of filler materials, it generates an important knockdown 

factor for damage initiation load [1]. Xu et al. predicted damage initiation around the filler in 

T-joints as a result of thermal load, but his findings were based on finite element analysis 

(FEA) without supporting experimental results [124]. Examining the effect of radius size, 

Ansari and Gururaja concluded that larger noodle size causes higher thermal residual stresses 

and are responsible for delamination onset [170]. However, the specimens contained a pre-

delaminated region and virtual crack closure technique (VCCT) was utilised, which cannot 

detect failure initiation, thus the phenomenon might not be similar in the case of pristine 

components. 

As the scope of this work is limited to the modification of fillers and not the surrounding 

elements of the joint, reducing the CTE of the filler and increasing its toughness [113] are 

considered as suitable methods to alleviate the problem. 

3.9.2 Compaction 

Composite structures experience pressure, change in geometry due temperature difference 

and reduced resin viscosity during curing. These factors can influence the final (cured) 

geometry of the constituents in the component [213]. Examining the effect of reducing the 

volume of filler content by 25% and 50% on the failure mechanisms of T-joints, it was found 

that 25% reduction caused no detrimental consequences in the structure apart from the 

increased level of scatter in experimental results, whereas the 50% reduction produced 33% 

drop in failure load [117]. Moreover, due to lack of sufficient support during curing, the 

overlaminate transitioned towards the central region of the filler, forming resin rich layers 

between plies in the radius and resin rich pockets in the edges of the deltoid zone. Similar 
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experiments were carried out including specimens without any filler material [214]. By 

monitoring the pressure distribution of the overlaminate, using a pressure sensitive film, it 

was revealed that the partial or complete absence of reinforcing material in the deltoid 

region leads to an increased pressure difference between the radius, flanges and web, 

enabling the resin to flow towards the central region and cause manufacturing defects 

(Figure 18). A parallel study from the same authors investigated the effect of layup and size 

of the radius on filler compaction [215]. Increasing corner radius from 1.5 mm to 9 mm, the 

difference in laminate thickness and pressure distribution decreased, which helped the 

structure to regain its designated geometry and eliminate defects in the vicinity of the filler. 

Using layups containing only 0° plies instead of complete 90° or quasi-isotropic (QI) stacking 

sequences induced the phenomena of fibres slipping into the deltoid region for the reason 

of not having any reinforcement in the tangential direction along the overlaminate. 

The permeability of plies combined with the flow behaviour of the resin during curing clearly 

points out the negative effect of resin dominated fillers. Therefore, robust solutions able to 

withstand the effects of the manufacturing process by having adequate dimensional stability 

are preferred. 

 

Figure 18 Manufacturing defects caused by excess resin volume in filler region a) resin rich zone b) 
voids c) delamination and fibre waviness (Reproduced by permission of the copyright holder from 

[214]) 

4. Conclusions 

There are numerous ways to manufacture fillers both in small and large-scale production. 

Whereas rolling is a labour-intensive procedure, it is still a widely used method due to its 

multifunctionality. Combining rolling with different materials has great potential for 

enhancing noodle performance. Additive manufacturing, on the other hand, has barely set 

foot in commercial production in the aerospace industry yet, but the possibility of 

implementing high strength thermoplastic materials in the critical junction zone of skin-

stiffener joints has become a viable and attractive solution. The most challenging problem 
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however, is to find a manufacturing method that provides cost-effectiveness, repeatability 

and high production rate without sacrificing the strength of the joint. 

The driving factors of filler failure in most currently utilised solutions are unmistakable: low 

transverse strength of the filler leads to cracking and insufficient out-of-plane strength 

causes delamination around the deltoid zone. Cracking failure can be delayed or eliminated 

by increasing transverse strength, or by altering the location and severity of stress 

concentrations by modifying the stiffness of the filler. Whereas to prevent delamination, 

through-the-thickness reinforcements are proved to be an appropriate solution, but their 

cost and negative effect on in-plane properties rule them out in many applications. However, 

commercially available solutions like interlaminar toughening or resin toughening can 

significantly improve the performance of out-of-plane joints. 

Due to the complexity of out-of-plane joints and uncertainty in manufacturing procedures, 

analytical methods are not available in the design process and engineers have to rely on 

numerical simulations to avoid experimental testing. The failure initiation and ultimate load 

prediction of stiffeners have greatly improved in the last decades, but there are still 

shortcomings in FEA simulations. Current studies usually utilise non-interactive or 

interpolation based failure criteria, whereas a physically based failure criterion could possibly 

increase the accuracy of the results. Moreover, discrete modelling of crack propagation is a 

necessary requirement for capturing the behaviour of the joint after the first event of 

damage initiation. Finally, it has been shown that the failure of the filler has a direct effect 

on the overall joint strength, therefore, the fidelity of the numerical models must be high 

enough to pick up the underlying failure mechanisms. 
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* * * 

2.4 Review of the literature published since the 
publication of the research paper 

Since the publication of the review article presented in the previous section, there have been 

two papers related to filler materials published, which are addressed below. 
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A numerical model was developed to investigate the effect of rolled carbon fibre filler, resin 

filler and no filler (gap) in the junction region of a T-joint [7]. Depending on radius size, in 

most cases, the resin filler withstood higher loads before failure initiation compared to the 

carbon fibre solution. 

Following the numerical model published earlier (cited as “[49]” in the previous section), the 

authors experimentally validated the 3D woven T-joints and compared the results with 2D 

woven counterparts [8]. Even though the former demonstrated higher ultimate failure 

strength, it had lower stiffness and initial failure strength than the 2D woven joint. 

2.5 Summary 

The literature review revealed several gaps in the field of fillers that shall be addressed. First, 

the failure prediction of out-of-plane joints with numerical methods is not reliable with the 

necessary accuracy. Therefore, Chapter 3 introduces a high-fidelity finite element analysis 

method to predict the initial failure load of a T-joint. Second, interleaving methods and 

additive manufacturing proved to be an unexploited area in pursuance of increasing the 

strength of an out-of-plane joint. Subsequently, proposed alternative fillers are addressed in 

Chapter 5. Finally, the absence of high production rate, cost-effective fillers without strength 

reduction was revealed. New manufacturing procedures aiming at addressing this problem 

are presented in Chapter 6. 
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Chapter 3  

Numerical analysis of failure in T-joints 

3.1 Context 

This paper describes the development of a parametric numerical model and its experimental 

validation. The model serves as a basis for understanding the thermo-mechanical behaviour 

of T-joints and their fillers subjected to tensile loading.  

The equations used for the calculation of in-situ strengths and the derivation of the shear 

response factor (𝛽) used in the research paper are described in Appendix 1. 

The load-displacement data generated during the experimental tests, along with the same 

data generated for the proposed concepts in Chapter 5 and Chapter 6, can be accessed at 

[9]. 

3.1.1 Introduction to the LaRC05 failure criterion 

Failure prediction has always been a central topic in composite material research. Early 

approaches considered the evaluation of stress or strain components separately, also known 

as maximum stress or maximum strain criteria. These approaches can be sufficient for in-

plane loading conditions with simple load cases. However, when a 3D multi-axial load case is 

presented, accounting for the interaction between stress components is necessary to predict 

the failure of the material. This resulted in the rise of interactive failure criteria. These can be 

either interpolation based, where the failure envelopes are empirically matched to 

experimental data sets; or physically based, where the underlying mechanisms are described 

with physical background. In practice, the theories available in the literature are usually the 

mixture of the two as there is further research needed to achieve completely physically based 

criteria [10]. 

A 3D physically based constitutive model proposed by Pinho and his co-workers [11] was 

selected for the numerical model in this thesis. This criterion, also known as LaRC05, was 

evaluated in the Part B of the World-Wide Failure Exercise and provided one of the most 

accurate failure prediction capabilities among 12 contenders [12,13]. It can account for the 

matrix, fibre tensile, fibre kinking and fibre splitting failure modes. However, as noted in the 

research paper in Section 3.3, only matrix failure occurred in the experimental tests, 
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therefore fibre tensile, fibre kinking and fibre splitting failure modes are not discussed here 

and the reader should refer to [11] for detailed description. This section introduces the 

calculation of the matrix failure index, which is a requisite for the thorough understanding of 

the presented paper. 

The matrix failure criterion is based on the Mohr-Coulomb criterion proposed for composites 

by Puck and his co-workers [14]. This criterion is not only able to predict the failure of the 

matrix under multi-axial stress state, but also provides the fracture angle along which the 

matrix crack occurs in the ply. The matrix failure index is calculated according to Eq. (3.1), 

and failure occurs when 𝐹𝐼𝑀 ≥ 1. 

 𝐹𝐼𝑀 = (
τT
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)
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2

 (3.1) 

The three terms account for the transverse shear, longitudinal shear and normal traction 

(crack opening) contribution and the interaction is based on their quadratic nature. The 

Macaulay brackets used for the normal traction returns positive value in when 𝜎𝑁 is positive 

and returns 0 when 𝜎𝑁 is negative, thus the failure criterion incorporates tensile and 

compressive failure in the same failure index. 

The terms 𝜏𝑇, 𝜏𝐿 and 𝜎𝑁 are the traction components of the (potential) matrix fracture plane 

(Figure 3.1) and are obtained according to Eqs. (3-5). 

 𝜏𝑇 =
𝜎2 + 𝜎3

2
+
𝜎2 − 𝜎3

2
cos(2𝛼) + 𝜏23 sin(2𝛼) (3.2) 

 𝜏𝐿 = −
𝜎2 − 𝜎3

2
sin(2𝛼) + 𝜏23 cos(2𝛼) 

(3.3) 

 𝜎𝑁 = 𝜏12 cos(𝛼) + 𝜏31sin(𝛼) (3.4) 

The term α is the angle which maximizes 𝐹𝐼𝑀 and is numerically obtained by evaluating the 

equations for 0° ≤  𝛼 <  180°. This returns the angle of the fracture plane as the matrix 

failure will occur along this 𝛼 value.  

The particular value in pure compression is referred to as 𝛼0, which is a material property 

and has been observed for carbon and glass fibre reinforced composites to be between 51° 

and 55° [15], and therefore 53° was used in this thesis. This value is used for the calculation 

of the terms 𝜂𝑇 and 𝜂𝐿 Eq. (3.5-3.6), which refer to the transverse and longitudinal friction 

coefficients, respectively. The role of these terms is to account for the pressure applied on 
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the fracture plane. The respective shear strengths are increased if the fracture plane is 

subjected to normal compression, and decreased if the plane is subjected to normal tension. 
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Figure 3.1 Traction components acting on the matrix fracture plane, from reference [11] 

 
𝜂𝑇 = −

1

tan(2𝛼0)
 

(3.5) 

 
𝜂𝐿 = −

𝑆𝐿
UDcos(2𝛼0)

𝑌𝐶
𝑈𝐷 cos2(𝛼0)

 
(3.6) 

The calculation and implementation of in-situ strengths (𝑆𝑇
𝑖𝑠, 𝑆𝐿

𝑖𝑠 and 𝑌𝑇
𝑖𝑠) are described in in 

Appendix 1. 
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Abstract 

Composite T-joints and similar skin-stiffener joints have a central role in aerospace 

structures. However, their accurate numerical analysis is still a great challenge due to their 

complex geometry and stress state during loading. In this work, an experimentally validated 

high-fidelity finite element model is developed to simulate the failure of a T-joint subjected 

to tensile loading. For the first time in literature, the model accounts for the shape of the 

manufactured filler, ply thickness variability in the laminate, stress gradient across the ply 

thickness, thermal stresses and in-situ mechanical properties. A new phenomenon called 

“filler effective ply thickness” is introduced to address the increased strength of the filler 

when embodied in a laminate. With this method, the model predicted the location and the 

failure initiation load within 5% accuracy of the experimental specimens, whereas 

conventional approaches using unidirectional strength significantly underpredicted the 

strength of the joint. 

1 Introduction 

Due to their high specific strength and stiffness compared to their aluminium counterparts, 

composite and aluminium-composite skin-stiffener joints [1,2] are becoming widely used in 

aerospace structures. However, manufacturing constraints, such as the minimum radius a ply 

can be bent to, require the formation of a deltoid zone in the junction of the skin, flanges and 

web. This void is usually filled with a rolled unidirectional (UD) ply filler, also known as a 

“noodle”. 

                                                           
* Corresponding author 
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Because of the complexity of the geometry and the stress state around the filler, there is no 

accurate analytical failure prediction method available. Therefore, a great deal of research 

has been focused on the numerical failure prediction of fillers [3]. Hélénon et al. investigated 

T-joints subjected to tensile loading [4]. The finite element model used cohesive elements 

and no specific ply failure criterion was implemented, and it overpredicted the strength of 

the joint by 225%. Only by directly modelling the crack propagation path with through-the-

thickness cohesive elements based on the experimental results could the model predict the 

initial failure load with 25% accuracy. A predefined crack path was required in the FEA model 

in a similar investigation by Chen et al. where the crack initiated in the filler [5]. Bai et al. [6] 

used a progressive damage model based on the Hashin failure criterion and cohesive model 

to detect the initial failure of a π-joint under tensile loading. The numerical model 

underpredicted the initial failure load by 21%. However, the ultimate failure load was 

matched with 5% accuracy. Zhao et al. developed several models to predict the failure of π-

joints based on Tsai-Wu, Hashin, Modified Hashin and Maximum Stress criteria. The initial 

failure loads were captured within 2-20% accuracy depending on the criteria used, but the 

reported images of manufactured test samples show severe wrinkling in the skin and a 

deformed noodle shape [7,8]. A numerical model with extensive use of cohesive elements 

was proposed by Cui to predict the failure behaviour of a T-joint, but it utilised a foaming 

rubber instead of a CFRP noodle [9]. 

There are several approaches available in the literature intended to capture the failure of 

out-of-plane joints. However, in many cases, the manufacturing quality is not sufficient for 

numerical modelling, or the finite element model lacks the capability of capturing the 

undergoing failure mechanisms. This paper first introduces a method to manufacture a T-

joint with high-quality filler, adequate laminate consolidation and post-manufacturing 

procedures to ensure repeatability, which are required for accurate numerical modelling. 

Then, a highly flexible parametric finite element model is presented that, for the first time in 

literature, can account for the unique shape of the filler, the variability of the ply thickness 

across the joint and the in-situ behaviour of the filler via its effective ply thickness. As the 

failure of out-of-plane joints is usually unstable and results in a sudden drop in the stiffness 

of the joint, which drives the design of the component, the framework presented here aims 

to capture the initiation of the failure. The failure of the T-joint subjected to tensile (pull-off) 

loading is then evaluated by the LaRC05 failure criterion and cohesive surfaces. Finally, 

comparative studies are carried out to demonstrate the importance of thermal expansion, 

in-situ strengths and mesh refinement. 
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2 Experimental setup 

2.1 Manufacturing 

Six specimens denoted as A1-A6 were tested under pull-off (tensile) loading with the 

geometry and boundary conditions shown in Fig. 1. Hexcel HexPly® AS4/8552 unidirectional 

prepreg material was used with a nominal cured ply thickness (CPT) of 0.196 mm. The layup 

was symmetric and balanced independently in the overlaminate and skin with stacking 

sequences of [90/45/0/-45]2s and [90/45/0/-45]3s, respectively, where 0° is aligned in the Z 

direction. The symmetricity is not present in the flanges where the two layups join, but the 

thicker skin was required to alleviate the spring-back of the flanges after cool down. The plies 

in the overlaminate are referred to as Ply 1 to Ply 16, with Ply 1 being adjacent to the filler.  

 

Figure 1 Specimen geometry and test setup 

The filler was manufactured by manually rolling the same unidirectional material with fibres 

oriented along the Z-axis. Then, the noodle was placed into a noodle forming tool (Fig. 2a) 

with 8 mm radius, and the final geometry was achieved by a two-step procedure. First, heat 

was applied with a heat gun to increase formability while the filler was preformed with a caul 

plate and manual pressure, then the tool was closed and vacuum bagged to undergo a 

debulking stage under >95% vacuum for 15 minutes. The correct amount of material in the 

filler and the geometry of the noodle forming tool have utmost importance in order to avoid 

an under or oversized noodle, which can result in skin wrinkling and reduced joint strength 

[10]. With 5 mm radius on the outside surface of the joint (Fig. 1) and the aforementioned 

CPT of the material in the overlaminate, the theoretical radius of the filler should be 8.14 

mm. Taking into consideration the standard sizes of radius cutter end mills and the expected 
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CPT reduction in the radius of the overlaminate, the noodle forming tool used in this study 

was manufactured with R = 8 mm radius. The required amount of material for the filler (V) 

was calculated according to the following equation: 

 𝑉 = 𝑅2 (2 −
𝜋

2
) (1) 

 

Figure 2 a) Noodle forming tool b) T-joint tool 

A floating tool setup was utilised with two overlaminate tools and a caul plate for the skin 

(Fig. 2b). After laying up 4 plies of each subassembly, the tools were vacuum bagged and 

debulked to remove air bubbles trapped between the layers. After the final assembly, the 

openings were sealed with resin dams to maintain the resin content and CPT of the material 

while enabling the tool surfaces to apply pressure on the plies. Instead of using a closed tool, 

the floating tool eliminated possible manufacturing defects and poor consolidation of the 

laminate as a result of over-thick layup or tool stand-off [11]. The tools were made of steel, 

which has a lower coefficient of thermal expansion than aluminium and higher bending 

stiffness than an equivalent L-shaped composite tool. To ensure the consistent temperature 

distribution of the tools during curing, the lowest allowed heat and cool down rates were 
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chosen according to the manufacturer’s datasheet [12]: heat at 1 °C/min up to 110 °C, hold 

for 1 hour, heat at 1 °C/min up to 180 °C, hold for 2 hours, cool at 2 °C/min to room 

temperature. 

After removing the T-joint from the tool and cutting it to individual samples with a diamond 

plated saw, the surfaces were ground up to P2500 quality (8 μm size) with Buehler Apex 

Diamond Grinding Discs (DGD). The surface roughness was evaluated by a Proscan 2000 

profilometer equipped with a chromatic sensor capable of measurement down to 5 nm 

accuracy: ISO Ra = 0.461 µm, Rz = 2.866 µm, Rmax = 4.528 µm. The dimensions of the specimens 

were measured with a micrometre and the CPT and filler area were measured using 

micrographs and CorelDRAW. 

2.2 Testing 

The specimens were heated up to 120 °C for 2 hours prior testing to eliminate the moisture 

content accumulated after manufacturing. The tensile tests were carried out at 2 mm/min 

crosshead displacement rate and at room temperature with an Instron 3369 machine and 50 

kN load cell. Both sides of the specimens were recorded with Phantom VEO 410L high-speed 

cameras and displacement was taken as the crosshead displacement of the Instron machine. 

3 Numerical model 

3.1 Geometry 

The importance of accurate filler and joint geometry has been demonstrated in many cases 

in the literature [3]. For this reason, a high-fidelity implicit Abaqus FEA model was developed 

in which the geometry can be fine-tuned and matched with the actual specimen geometry 

based on micrograph images and measurements. The model is based on a parametric Python 

script, and its capabilities are shown in Fig. 3. The most critical features are the independent 

ply thicknesses in the flanges, web and radius, and the cross-sectional area and shape of the 

filler, where the latter is achieved by separately specifying the filler edge positions and the 

curvature of the radius. This was implemented in order to account for the difference in 

manufactured filler shape compared to the idealised value owing to the resin flow during 

curing, which results in a unique consolidation behaviour described in section 4.1. The 

method used to define the curvature can break the continuity of surfaces that defined the 

overlaminate thickness when significantly different CPT values are used in the overlaminate. 

However, small levels of discontinuity are acceptable and indeed necessary to eliminate the 

geometrical singularity of the filler edges. A similar approach was used in the literature [4]. 



54 
 

 

Figure 3 Variable parameters of the FEA model around the filler to match the actual specimen 
geometry 

3.2 Boundary conditions 

A 3D slice model having 0.1 mm width along Z-axis and plane strain conditions applied on 

both faces was used for the analysis. The width was selected to ensure adequate element 

aspect ratio in the filler region of the joint and the results taken from the simulation were 

scaled up to the nominal 25 mm afterwards. The 3D slice method was shown to be a sufficient 

way to model the failure of similar structures [4,13]. Moreover, a 3D model would not only 

require higher computational times because of increased element number across the width 

of the specimen (Z-axis), but also further mesh refinement to account for the stress 

concentrations due to the free-edge effect on the faces and their contribution to the failure 

model. 

The simulation consisted of a thermal and a mechanical step. During the first, the geometry 

could deform freely in the X-Y-plane and the cool down was simulated with a drop from 180 

°C cure temperature to 25 °C room temperature. This was followed by the mechanical step, 

where the roller constraints were applied as zero displacements along Y-axis of the relevant 

nodes and the loading was applied as displacement on the top surface of the specimen. 

3.3 Meshing 

C3D8 brick elements were used in every part of the model except for the filler, which required 

C3D6 wedge elements too to accommodate for its sharp edges. Higher order C3D20 and 

C3D15 elements did not produce significant difference and therefore the desired fidelity was 

achieved by increasing the mesh density rather than by increasing the polynomial order of 

an element. 

Mesh sensitivity studies were carried out in different areas. The first step was to allocate a 

double biased mesh on the side and bottom surfaces of the filler so that the mesh became 
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refined approaching the edges. This pattern was matched in the radius in the overlaminate. 

The mesh inside the filler did not need refinement as the failure only initiated on its surfaces 

based on simulation and experimental results. Outside these zones, the web and flanges used 

a coarse mesh, as failure, large deformations and stress concentrations did not occur in these 

areas. 

The number of elements across ply thickness had a great impact on the accuracy of the 

model. The most significant difference occurred between 1 and 2 through-thickness 

elements; using the latter it is possible to predict on which side of the ply the failure initiates, 

which influences the behaviour of the cohesive surfaces placed between each ply. Further 

increasing the number of elements increased the accuracy up to 4 elements. Above this, the 

increased computational requirement did not justify the marginal increase in accuracy. The 

effect of the number of elements across ply thickness along with the overview of the mesh 

used around the filler is shown in Fig. 4. The maximum and average of the nodal stress values 

of the elements converged by using 2 elements, but the minimum values only converged 

below 5% difference after increasing the number of elements to 4. 

 

Figure 4 Final mesh around the filler and the mesh convergence study. The selected mesh density (4 
elements across ply thickness) is highlighted with green 

3.4 Failure criterion and material properties 

The FEA model in this study could predict matrix, fibre tensile, fibre kinking and fibre splitting 

failure initiation according to the LaRC05 failure criterion, which was implemented as a user 

material subroutine (UMAT). The most relevant features of the criterion are described below, 

whereas the detailed explanation of the underlying theory is described in [14]. Delamination 
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between the skin, the overlaminate and the filler and within the web and the flanges was 

detected by using cohesive surfaces between the plies. 

3.4.1 LaRC05 failure criterion 

The LaRC05 failure criterion predicts matrix failure according to Eq. (2). 

 𝐹𝐼𝑀 = (
τT

𝑆𝑇
𝑖𝑠 − 𝜂𝑇𝜎𝑁

)

2

+ (
𝜏𝐿

𝑆𝐿
𝑖𝑠 − 𝜂𝐿𝜎𝑁

)

2

+ (
〈𝜎𝑁〉+

𝑌𝑇
𝑖𝑠

)

2

 (2) 

The terms 𝜏𝑇, 𝜏𝐿 and 𝜎𝑁 are the traction components of the matrix fracture plane (Fig. 5) and 

are obtained according to Eqs. (3-5). α is the angle which maximizes 𝐹𝐼𝑀 and is numerically 

obtained by evaluating the equations for 0° ≤  𝛼 <  180°. 

 𝜏𝑇 =
𝜎2 + 𝜎3

2
+
𝜎2 − 𝜎3

2
cos(2𝛼) + 𝜏23 sin(2𝛼) (3) 

 𝜏𝐿 = −
𝜎2 − 𝜎3

2
sin(2𝛼) + 𝜏23 cos(2𝛼) 

(4) 

 𝜎𝑁 = 𝜏12 cos(𝛼) + 𝜏31sin(𝛼) (5) 

 

Figure 5 Matrix fracture plane and traction components 

Transverse and longitudinal friction coefficients 𝜂𝑇 and 𝜂𝐿 are calculated according to Eq. (6-

7) and 𝛼0 refers to the matrix fracture angle used as 53° in this study according to [15]. 𝑆𝐿
𝑈𝐷 

and 𝑌𝐶
𝑈𝐷 are unidirectional longitudinal shear strength and transverse compressive strength, 

respectively. 

 
𝜂𝑇 = −

1

tan(2𝛼0)
 

(6) 

 
𝜂𝐿 = −

𝑆𝐿
UDcos(2𝛼0)

𝑌𝐶
𝑈𝐷 cos2(𝛼0)

 
(7) 

The calculation and implementation of in-situ strengths (𝑆𝑇
𝑖𝑠, 𝑆𝐿

𝑖𝑠 and 𝑌𝑇
𝑖𝑠) are described in 

section 3.4.2. 
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Fibre kinking and splitting are evaluated by Eq. (8), depending on the value of longitudinal 

compressive stress: 𝜎1 ≤ −𝑋𝐶/2 indicates fibre kinking and 𝜎1 ≥ −𝑋𝐶/2 indicates fibre 

splitting, where 𝑋𝐶  is the longitudinal compressive strength of the material. 

 
𝐹𝐼𝐾𝐼𝑁𝐾 = 𝐹𝐼𝑆𝑃𝐿𝐼𝑇 = (

τ23
𝑚

𝑆𝑇
𝑖𝑠 − 𝜂𝑇𝜎2

𝑚
)

2

+ (
τ12
𝑚

𝑆𝐿
𝑖𝑠 − 𝜂𝐿𝜎2

𝑚
)

2

+ (
〈𝜎2

𝑚〉+

𝑌𝑇
𝑖𝑠

)

2

 
(8) 

The terms denoted with m superscript refer to the stresses in the misalignment plane. 

However, under this specific loading condition, the T-joints did not sustain significant 

compressive stresses at any time during the simulation, thus these failure modes are not 

discussed in this work. For the detailed theory behind the calculation of these failure indices, 

the authors refer to [14]. 

Fibre tensile failure is evaluated by Eq. (9), where 𝑋𝑇 is the longitudinal tensile strength of 

the material. 

 
𝐹𝐼𝐹𝑇 =

〈𝜎1〉+
𝑋𝑇

 
(9) 

3.4.2 In-situ strength 

Compared to the ply strength measured with unidirectional specimens, in-situ strength refers 

to the increased transverse tensile, transverse compressive, in-plane and out-of-plane shear 

strengths of the ply as a result of the constraints set by the adjacent plies with different 

orientation. Moreover, it also depends on the location and thickness of the ply and the 

number of plies with same orientation stacked together. 

The in-situ strengths were calculated according to [16–18]. The shear response factor (𝛽), 

accounting for the non-linear shear behaviour of the material, was calculated by fitting a 

curve (Eq. 10) to the shear stress-strain curve of AS4/8552 published in [19]. 

 
𝛾12 =

1

𝐺12
𝜎12 + 𝛽𝜎12

3  
(10) 

In-situ strengths were applied for the T-joint presented in this paper according to the 

following principles (Fig. 6a): 

 Thin outer ply strengths (𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑜, 𝑆𝐿

𝑖𝑠,𝑡ℎ𝑖𝑛,𝑜, 𝑆𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑜) were used for the outer plies 

in the laminate 
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 Thin embedded ply strengths with double ply thickness (𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒2, 𝑆𝐿

𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒2, 

𝑆𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒2) were used for the -45°/-45° plies within the overlaminate and skin and for 

the 90°/90° on the boundary of the overlaminate and skin 

 Thin embedded ply strengths (𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒, 𝑆𝐿

𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒, 𝑆𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒) were used for the rest of 

the plies in the laminate 

 Thick ply strengths (𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑐𝑘, 𝑆𝐿

𝑖𝑠,𝑡ℎ𝑖𝑐𝑘, 𝑆𝑇
𝑖𝑠,𝑡ℎ𝑖𝑐𝑘) were used for the filler. 

The in-situ strength can be applied for the filler because the 0° fibres in it are constrained by 

the adjacent 90° ply on its surface. Its effective ply thickness (demonstrated in Fig. 6b) is 

larger than 0.8 mm, therefore the thick ply model was used [20]. It is notable that, 

approaching the edges of the filler, its effective ply thickness approaches zero, and thus the 

in-situ strength should vary accordingly. However, these locations in the filler are not 

subjected to high stresses in this particular T-joint configuration (see Fig. 9 and section 4.3) 

and therefore a variable in-situ strength model was not implemented. 

 

Figure 6 a) In-situ strengths used in the FEA model b) Effective ply thickness of the filler. In this work, 
the whole filler was modelled with in-situ strength based on the thick model. 

3.4.3 Cohesive surface 

Delamination initiation was detected by using cohesive surfaces between every ply of the 

overlaminate, between the overlaminate and the skin and under the filler. As no failure 

occurred in the skin based on experimental results (see Fig. 8), the cohesive model was not 

utilised in this region to increase computational efficiency.  

Damage initiation was based on the quadratic nominal stress criterion. The interface penalty 

stiffnesses (𝐾𝑁, 𝐾𝑆, 𝐾𝑇) were calculated according to [21]. There are many approaches in 

literature about what stiffness values should be used for cohesive models, ranging from 105 

MPa/mm [22] to 106 MPa/mm [23] magnitude, but results were not sensitive to this 
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parameter in this work. One magnitude lower value than the used ones in Table 2 resulted 

in less than 5% change in cohesive failure indices. Interface strengths (𝜎𝑁
𝑖𝑛𝑡, 𝜎𝑆

𝑖𝑛𝑡, 𝜎𝑇
𝑖𝑛𝑡) were 

taken as UD transverse tensile and shear strengths (𝑌𝑇
𝑈𝐷, 𝑆𝐿

𝑈𝐷). 

The complete list of material properties used for the calculations and in the model can be 

found in Table 1-2. The 𝑆𝑇
𝑖𝑠, 𝑆𝐿

𝑖𝑠 and 𝑌𝑇
𝑖𝑠 in-situ strengths used in Eq. (2) are replaced by the 

corresponding thin embedded, thin embedded with double ply thickness, thin outer and 

thick values depending on the location of the ply where the criterion is being calculated. 

Table 1. Material properties used in the simulation 

Property Reference Value  

Ply elastic properties: 

𝐸1 [24] 137000 MPa 

𝐸2 = 𝐸3 [24] 8800 MPa 

𝐺12 = 𝐺13 [24] 4900 MPa 

𝐺23 [24] 2959 MPa 

𝜈12 = 𝜈13 [24] 0.314 

𝜈23 = 𝜈32 [24] 0.487 

𝜈21 = 𝜈31 [24] 0.020 

Ply strength properties: 

𝑋𝑇 [24] 2106 MPa 

𝑋𝐶  [24] 1675 MPa 

𝑌𝑇
𝑈𝐷 [24] 74.2 MPa 

𝑌𝐶
𝑈𝐷 [24] 322 MPa 

𝑆𝐿
𝑈𝐷 [24] 110.4 MPa 

Coefficients of thermal expansion: 

𝛼1 [24] 2.1x10-7/°C 

𝛼2 = 𝛼3 [24] 3.3x10-5/°C 

Cohesive interface properties: 

𝜎𝑁
𝑖𝑛𝑡 [24] 74.2 MPa 

𝜎𝑆
𝑖𝑛𝑡 = 𝜎𝑇

𝑖𝑛𝑡 [24] 110.4 MPa 

Fracture toughnesses: 

𝐺𝐼𝐶  [24] 0.30 kJ/m2 

𝐺𝐼𝐼𝐶  [24] 0.87 kJ/m2 

Matrix fracture angle in uniaxial compression: 

𝛼0 [14] 53° 

4 Results and discussion 

4.1 Manufactured specimen quality 

A manufactured filler can be seen in Fig. 7. The specimens have 0.2 mm spring-back at the 

end of flanges in Y direction (in accordance with numerical results), there is no skin wrinkling 

present and the sizes of the resin-rich zones at the edges of the filler are insignificantly small. 

However, during the consolidation of the T-joint, the resin content reduces in the radius due 

to the geometry and the pressure set by the tool [26]. This leads to lower ply thickness in the 
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radius (CPTradius = 0.181 mm) compared to the flanges (CPTflange = 0.187 mm; -3.2%), the web 

(CPTweb = 0.197 mm; -8.1%) and the nominal CPT (CPTnominal = 0.196 mm; -7.7%) averaged over 

the 6 specimens. 

Table 2. Derived material properties used in the simulation. The values are calculated based on the 
referenced sources. 

Property Reference Value  

In-situ strengths: 

𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒 [18] 131.0 MPa 

𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒2 [18] 92.6 MPa 

𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑜 [18] 82.9 MPa 

𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑐𝑘  [18] 117.5 MPa 

𝑆𝐿
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒 [18] 126.4 MPa 

𝑆𝐿
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒2 [18] 102.7 MPa 

𝑆𝐿
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑜  [18] 102.7 MPa 

𝑆𝐿
𝑖𝑠,𝑡ℎ𝑖𝑐𝑘  [18] 135.4 MPa 

𝑆𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒 [17] 138.9 MPa 

𝑆𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒2 [17] 112.8 MPa 

𝑆𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑜  [17] 112.8 MPa 

𝑆𝑇
𝑖𝑠,𝑡ℎ𝑖𝑐𝑘  [17] 148.8 MPa 

Cohesive interface properties: 

𝐾𝑁 [21] 2244898 MPa/mm 
𝐾𝑆 [21] 1250000 MPa/mm 
𝐾𝑇 [21] 754841 MPa/mm 
𝛽 [16,19] 2.1x10-8 MPa-3 
Coefficients of friction: 

𝜂𝑇 [25] 0.287 
𝜂𝐿 [15] 0.261 

By measuring the width and height of the noodle it was found that the height reduced from 

the theoretical 8 mm to an average of 6.8 mm and the width from the theoretical 16 mm to 

13.4 mm. This resulted in a 3.6% reduction from the theoretical cross-sectional area of 27.5 

mm2 to average of 26.5 mm2. In this case, the amount of cross-sectional area loss is 

insignificant and can be ignored, but in other applications, especially with incorrect tool 

setup, it might yield a higher value, producing a loss of resin content in the filler and reduced 

resin-dominated material properties (such as transverse tensile strength) too. As for the 

shape of the filler, the reduction of the width and height was compensated by the expansion 

phenomenon of the noodle, leading to an analytically incorrect curvature (Fig. 7). In other 

words, the curvature of the noodle is not identical to the curvature of the outside of the 

overlaminate set by the tool geometry (R = 5 mm). Hence, there is a variation in ply thickness 

between the web, radius and flange. 

The ply thickness variability and noodle shape were accounted for in the FEA model as 

described in section 3.1. 
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Figure 7 Manufactured filler 

4.2 Failure mechanisms 

The load-displacement curves of the experimental tests and finite element analysis can be 

seen in Fig. 8 and the values of failure loads in Table 3. The typical failure mechanism is also 

shown in Fig. 8. The slacks during the application of the load in the actual experimental curves 

were eliminated by extending the linear stage of the graphs to the X-axis using the joint 

stiffness during the load-up stage. The simulation was stopped at the first event of an 

element reaching the failure index value 1 for any criterion. 

Figure 8 Load-displacement curves of the experimental tests and simulation with typical failure 
mechanisms shown on A3 specimen 



62 
 

The difference between the stiffness prediction of the FEA model and the experimental 

results can be accounted for the difference in material properties. The skin, which has a 

higher thickness than the overlaminate, undergoes compression during the application of the 

mechanical loading, but the use of compressive elastic modulus of the material is not 

implemented in the model and the tensile value is used instead. The compressive elastic 

modulus of the AS4/8552 material in fibre direction is 17% lower than its tensile elastic 

modulus [24]. 

Table 3. Experimental and numerical test results 

Specimen ID Initial failure load Ultimate failure load 
 [N] [N] 

A1 3907 4811 
A2 4818 - 
A3 4147 - 
A4 4235 4257 
A5 4560 - 
A6 4527 4617 

Average 4366 4562 
SD  330 281 

FEA 4229 - 
Difference -3.1% - 

The failure initiation was identical in five of the six specimens (A1, A2, A3, A4 and A6). After 

the linear load-up stage a crack initiated on the outer surface of the -45°/-45° stack (Plies 8 

and 9) in the radius. This crack immediately jumped through the 0° ply (Ply 10) and developed 

into delaminations between the -45°/-45° stack and 0° ply, and between the 0° ply and 90° 

ply (Ply 11) propagating downwards and upwards along the radius. The subsequent load drop 

was in the range of 800-1400 N. 

In specimens A1, A2 and A3 this was shortly followed by an additional delamination in the 

radius corresponding to the second load drop in their curves. Specimen A1 failed between 

the -45° and 90° interface (Plies 4 and 5), A2 failed between the 90° and 45° interface (Plies 

5 and 6), whereas A3 failed on the boundary of the filler and the first 90° ply. 

With the exception of specimen A5, the joints withstood further loading, which in some cases 

resulted in a larger ultimate failure load than the initial values. The last failure event was the 

vertical cracking of the filler. This occurred in the lower region of the filler surface and 

propagated down to the skin. The upper end of this crack triggered delamination between 

the filler and the 90° ply spreading up to the web, whereas the bottom end caused the 

delamination of the skin from the filler and overlaminate. 
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In specimen A5, the laminate in the radius did not fail first, instead, the filler cracked in the 

same way as described above and caused sudden failure of the joint. 

After failure initiation, neither of the joints demonstrated pseudo-ductile behaviour and their 

load-bearing capability dropped by an average of 36%. The loss of structural integrity on the 

first appearance of damage eliminates the applicability of design for ultimate failure practice 

and shows that prediction of the initial failure of the component is the driving factor for 

design. 

4.3 Numerical results 

The lowest compressive stress occurring in the model is addressed in section 4.4.1, but it was 

too low to trigger failure according to the fibre compressive (kinking and splitting) criteria. 

Hence, shear and tensile stresses are critical for the failure of the joint and only the matrix 

and fibre tensile criteria are discussed here. 

The onset of failure initiation took place at 4229 N applied load when the LaRC05 matrix 

failure index reached the value of 1 (Fig. 9a). This load is 3.1% lower than the average initial 

failure load of the experimental tests. The location of the element is highlighted and it is in 

accordance with the location of the crack from the experimental results in Fig. 8 (see Fig. 10 

for direct comparison). The element failed at 𝛼 = 38° matrix fracture plane angle, and the 

values of traction components (𝜏𝑇, 𝜏𝐿, 𝜎𝑁, see Eq. 3-5), which are evaluated against the in-

situ ply strengths in the criterion, are shown in Fig. 9b-d. The dominant stress is the 𝜎𝑁 = 88.5 

MPa normal component (Fig. 9d), which is responsible for 92% of the 1.0 failure index value 

(third part of Eq. 2). This stress state supports the underlying phenomenon as the applied 

tensile load tries to “open up” the radius and straighten the curvature of the ply along Y-axis. 

From the aspect of in-situ strengths, Plies 8 and 9 (-45°/-45° stack) behave as one embedded 

ply with double ply thickness, hence the in-situ transverse tensile strength is lower compared 

to the one of a single embedded ply (from 131 MPa to 92.6 MPa, see Fig. 6a and Table 2). 

With the reduced ability to withstand the opening stresses along its surface, the ply fails and 

delamination occurs according to the experimental results. 

The matrix failure index was around 0.91 in Ply 16 (90°). One reason for the increased value 

is the decrease of the curvature approaching the outside of the radius which causes a stress 

concentration. The other is the reduced in-situ strength of Ply 16, as it is an outer ply 

compared to Plies 1-15 which are embedded plies (Fig. 6a). 
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Figure 9 a) LaRC05 matrix failure index at 4229 N applied load. Components of the matrix fracture 
plane: b) transverse shear component, c) longitudinal shear component, d) normal component 

 

 

Figure 10 Comparison of the experimental and numerical results. The crack initiates on the surface 
of Ply 9 at 4366 N average load in the specimen (left) and at 4229 N in the FEA model (right). The 

failed elements are highlighted with red 

The highest value of the failure index in the filler was 0.56, located in the middle of its surface. 

Similarly to the plies, the vertical loading applied on the joint tries to straighten the curvature 
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of the filler, generating high transverse tensile stresses on the surface, whereas shear 

stresses remained insignificantly low across the noodle. This phenomenon is represented by 

the vector of the maximum principal stress next to the highlighted element in Fig. 9a. The 

model cannot predict failure propagation, and thus the actual failure of the filler (last failure 

event) cannot be inspected. However, the principal stress vector rotated by 90° (Fig. 9a) can 

indicate the direction of the expected crack initiation, which is in accordance with the 

experimental results as a through-the-thickness crack initiated vertically before propagating 

along the ply interfaces (vertical crack in bottom left photo of Fig. 8). 

At the same load, the fibre tensile failure index is shown in Fig. 11. Being the outer ply with 

the smallest curvature and highest stiffness due to its 90° orientation, Ply 16 takes up the 

highest tensile load in the joint contributing to a 0.53 failure index value. Similarly, the 90° 

Ply 12 develops a failure index of 0.27 while the other the plies remain around or below 0.1. 

This matches the experimental results, as none of the plies failed due to fibre failure. 

 

Figure 11 LaRC05 fibre tensile failure index at 4229 N applied load 

At the failure initiation load defined by the LaRC05 matrix failure criterion, none of the 

cohesive surfaces predicted failure (Fig. 12). Between Plies 9 and 10 (-45°/0° interface), 

where damage initiated according to experiments and LaRC05, the value of the quadratic 

nominal stress criterion was 0.72. The highest value across the radius was next to this 

interface between Plies 10 and 11 (0°/45°). One of the lowest values (0.43) was in the -45°/-

45° stack in the midplane. This stack behaves as a single ply with double thickness, and 

delamination initiation is not expected to occur within it. The other lowest value (0.43) was 
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on the boundary of the filler and the first ply (0°/90° interface). The reasons for the high 

strength of this interface are: 1) the low transverse stiffness and high effective ply thickness 

of the filler, which alleviate the delaminating stresses; 2) contrary to the laminate in the 

radius, the in-plane shear stresses in the filler were insignificantly low; and 3) this interface 

has the largest curvature and therefore the opening effect is the smallest here. 

 

Figure 12 Failure initiation values predicted by the cohesive zone via quadratic nominal stress 
criterion. Values are the maximum values across the interface in the radius and their location is in 

accordance with the critical locations of LaRC05 failure index shown in Fig. 9a. 

4.4 Comparative studies 

4.4.1 Effect of thermal expansion 

The effect of thermal expansion and subsequent thermal stresses in the filler and radius 

before the application of the mechanical load can be seen in Fig. 13. The filler contains 0° 

fibres, thus it undergoes shrinking in the transverse direction when subjected to a decrease 

in temperature. The highest tensile stresses are 34 MPa and are located halfway between 

the middle and the edges of the noodle. The adjacent ply, having 90° orientation, not only 

has higher stiffness along the curvature but it also tries to expand due to its negative 

coefficient of thermal expansion. This mismatch in stiffness and thermal behaviour tries to 

open up the filler as shown by the orientation of the maximum principal stress vectors in Fig. 

13a. 

The behaviour of the plies in the laminate depended on their orientation and location in the 

stacking sequence. The first three 90° plies (Plies 1, 5, 12) underwent compression with the 
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lowest compressive stress reaching the value of -272 MPa in Ply 1. This has great importance 

as this ply is subjected to further compressive stresses due to the bending of the corner 

geometry, however, failure did not occur as a result of compression in this particular T-joint 

configuration. The other plies were dominated by tensile thermal stresses. The maximum 

value in the 45° and -45° plies was 47 MPa and in the 0° plies it reached 42 MPa (Fig. 13b). 

The latter value occurred in the outer ply, thus it corresponds to 46% of its transverse tensile 

strength (92.3 MPa). 

 

Figure 13 Maximum principal thermal stresses before the application of mechanical load a) In the 
filler b) In 0° plies 

Without thermal simulation the model predicted failure at 5147 N based on the cohesive 

model in the interface between Plies 15 and 16 (45°/90°), which is 18% higher than the 

experimental failure load.  At the same load, the LaRC05 matrix failure index only reached 

the value of 0.88 in the same location where the model with thermal simulation predicted 

failure. 

4.4.2 Effect of in-situ strengths 

In-situ properties greatly increase the ply strengths and therefore have a significant impact 

on the failure behaviour of the joint. The default model (referred to as “S1”) introduced 

above was compared to two other variants: one that used UD strength in the laminate and 

the filler (referred to as “S2”) and one that used UD strength in the filler, but in-situ strength 

in the laminate(referred to as “S3”). 

In the case where only UD strength was utilised (S2), the failure initiated at 2008 N according 

to LaRC05 matrix failure criterion, which is 54% lower than the experimentally observed 

value. At this load, where the default model accurately predicted failure along with the 

experimental results, the value of the index was 0.62 in the -45°/-45° interface (Plies 8-9). 
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Instead, the failure index reached 1 in Ply 15 (45°) (Fig. 14). This ply was critical in the default 

simulation too, but in this case, the failure sequence switched. The reason for this is the 

relative difference in increase due to the application of in-situ strengths. The transverse 

tensile strength of the stack formed by Plies 8 and 9 increased from 74.2 to 92.6 (embedded 

ply with double CPT), whereas the strength of Ply 15 increased to 131.0 MPa (embedded ply 

with single CPT). At this load, the failure index in the filler was 0.52, which is 247% larger than 

the 0.21 value in the default model. 

 

Figure 14 LaRC05 matrix failure index around the filler when in-situ strengths are not utilised in the 
model (applied load = 2008 N) 

In the third case, the in-situ strengths were utilised in the laminate but not in the filler (S3). 

In this case, the first event of failure occurred in the filler at 3386 N, whereas the value of 

LaRC05 matrix failure index was only 0.82 in the laminate, located in Ply 15. This refers to a 

22% knockdown compared to the experimental failure load. 

The comparison of the three models are shown in Table 4. It can be seen that the 

conventional approach of using UD strength across the model (S2) significantly underpredicts 

the strength of the joint and misses the failure location. The accuracy increases when in-situ 

strengths are utilised in the laminate (S3), but the failure location is still incorrect and the 

failure load prediction is off by 22%. To accurately simulate the initial failure load and failure 
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location, it is necessary to use in-situ strength of the filler based on the filler effective ply 

thickness, as the filler behaves as a thick ply in the structure. 

Table 4. Comparison of the models with different cases of UD and in-situ strength utilisation. The 
maximum failure index refers to the value of the LaRC05 matrix failure index 

 Case 

 Experiment S1 S2 S3 

Strength used in the laminate - In-situ UD In-situ 

Strength used in the filler - In-situ UD UD 

Initial failure load [N] 4366 4229 2008 3386 

Difference [%] - -3.1% -54% -22% 

Initial failure location Plies 8-9 Plies 8-9 Ply 15 Filler 

Max. failure index in the laminate at 2008 N load - 0.59 1.00 0.59 

Max. failure index in the filler at 2008 N load - 0.21 0.52 0.52 

Max. failure index in the laminate at 3386 N load - 0.89 >1 0.89 

Max. failure index in the filler at 3386 N load - 0.40 >1 1.00 

Max. failure index in the laminate at 4429 N load - 1.00 >1 >1 

Max. failure index in the filler at 4429 N load - 0.56 >1 >1 

4.4.3 Effect of mesh refinement 

As it can be seen in Fig. 4, increasing the number of elements across ply thickness from one 

makes a significant difference in predicted level of stress. In this study, the failure prediction 

of models with different number of elements per ply are compared. 

The LaRC05 matrix failure index reached 1 near the end of curvature in Ply 16 at 3793 N (Fig. 

15). This is not only a 10% lower failure load than predicted with 4 elements per ply thickness 

(and 13% lower compared to the experimental value), but the location also moved from Ply 

9 to Ply 16. The failure index in Ply 9 at the same load is 0.83.  

Modelling the plies with two elements also predicts failure in the outer Ply 16, and the crack 

location only becomes accurate (Ply 9) after increasing the density to three elements. Two 

and three elements underpredict the strength by 9% and 6%, respectively, compared to the 

experiment. The difference converges below 5% by increasing the element number to four, 

and stays below this value when increasing it further to five and six elements. 

Therefore, in this application it is required to model the plies with at least three elements per 

ply to capture the failure location and with at least four elements per ply to achieve a 

converged value. 
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Figure 15 LaRC05 matrix failure index around the filler when plies are modelled with one element 
across ply thickness (applied load = 3793 N) 

5 Conclusions 

A high-fidelity FEA model is introduced and experimentally validated to simulate the initial 

failure of a T-joint subjected to tensile loading. The simulation predicts matrix failure 

according to LaRC05 failure criterion in the radius at 4229 N, which matches the average of 

the test results with 3% accuracy and predicts the same failure initiation location. 

To ensure the accuracy of the simulation, a highly controlled manufacture and testing 

procedure is utilised and the specimen geometry, including the shape of the filler and the 

variable ply thickness across the joint, is adjusted in the model. Moreover, in-situ strengths 

are implemented and a new phenomenon, the effective ply thickness of the filler is 

introduced to account for its in-situ strength properties. 

It is demonstrated that the currently used simulation approach of using mechanical 

properties measured with unidirectional coupons might not be sufficient for the analysis of 

more complex structures on higher levels of the test-pyramid. Instead, a better 

understanding of the interaction between the plies and surrounding components (e.g. filler) 

in the laminate is required by the usage of in-situ properties and physically based failure 

criterion. Furthermore, the moisture content, thermal stress state and manufactured 

geometry (such as filler shape and ply thickness) of the specimens need to be matched in the 
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simulation. Finally, contrary to the common approach in the literature, the number of 

elements across ply thickness must be higher than one, otherwise the peak values of stress 

cannot be captured and the simulation can incorrectly predict the strength of the structure. 

Because of the unstable failure behaviour of out-of-plane joints, the design of these 

structures is usually driven by the initial failure strength of the component, which can be 

accurately captured by the numerical model presented here and therefore can be used in the 

design process. Due to its linear elastic assumption and therefore low computational 

requirements, the proposed framework might be useful for optimisation studies and 

development of design rules and stacking sequence guidelines for similar T-joints. However, 

the validity of the model for the prediction of other modes of failure is untested; future work 

should focus on such validation. 
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* * * 

3.4 Summary 

The numerical model accurately predicted the initial failure load of a T-joint with a 

unidirectional filler. The analysis of the results provides an insight into the critical stresses 

acting on and causing the failure of the filler, and a basis for proposing novel materials that 

can replace the baseline noodle. 

3.4.1 Effect of assumptions made in the numerical model 

The numerical prediction matched the experimental results of one specific T-joint 

configuration, but no other types were examined. Further validations are needed to prove 

the accuracy of the model when the joint parameters are changed: joint type, boundary 

conditions, loading, geometry and material properties. 

One of the most important feature is the LaRC05 failure criterion, which utilises a wide range 

of material properties. These have been taken from literature or calculated accordingly, but 

the error in the measured values were not addressed. Whereas the effect of change in 

material properties on in-situ strengths are covered in Section 4.10.1, the material properties 

are fed into the formulas used by the failure criterion, which subsequently affect the failure 

index values. 

Due to the nature of the tensile load case and specimen type, the model assumes that 

damage initiation leads to immediate loss of load-bearing capability represented by a drop 

in the experimental load-displacement curves. However, with other joint configurations 
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where the onset of damage does not cause the immediate loss of load-bearing capability of 

the structure, the model prediction cannot be applied. 

Regarding manufacturing, the in-situ strengths are assumed to be constant along the ply 

lengths, but it has been shown that the CPT changes in the radius and so the in-situ strengths 

should vary accordingly. The joints are modelled in a plain strain condition ignoring free-edge 

effects, surface roughness and porosity. 

3.4.2 Update on the content of the research paper 

Section 3.1 of the research paper discusses the capabilities of the model in terms of matching 

the manufactured geometry of the coupons. The directly modifiable parameter is the cured 

ply thickness (CPT), which in turn defines the cured laminate thickness (CLT) as a function of 

ply number in the laminate. In Figure 3 of the research paper, the CLT was incorrectly labelled 

as CPT, which is now updated in Figure 3.2. 

 

Figure 3.2 Variable parameters of the FEA model around the filler to match the actual specimen. CLT 
refers to cured laminate thickness 
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Chapter 4  

Tailoring the failure behaviour of T-joints 

4.1 Introduction 

Chapter 3 presented a numerical analysis framework capable of accurately predicting the 

failure location and load of a specific T-joint configuration; and was successfully validated via 

experiments. However, the initial failure in the simulation and specimens occurred in the 

radius and not in the filler. To investigate the mechanical performance of alternative filler 

materials and make them comparable to each other, a configuration that triggers initial filler 

failure is required. In order to promote filler failure before the failure of the laminate, either 

the strength of the filler must be reduced, or the strength of the laminate increased, or the 

stress distribution and hot spots altered in a favourable way by the modification of the 

parameters. This chapter has three goals: 

 Explore the effects of modifying joint parameters on the failure behaviour of a T-

joint, 

 develop a T-joint configuration that triggers initial filler failure, 

 and provide guidelines that can serve as a basis for a standardised filler performance 

testing method. 

Where otherwise not indicated, the simulations used in this chapter are set up accordingly 

to the FEA model introduced in Chapter 3. Nominal ply thickness is used, and the ply thickness 

reduction in the radius and the shape correction to account for the expanded filler are not 

utilised.  

4.2 Joint type 

Because of the unique geometry and loading conditions, the behaviour of a filler in other 

types of out-of-plane joints (e.g. L, hat and π) can be different compared to that in a T-joint. 

However, these structures have more parameters and therefore standardising a test method 

based on them is more difficult. It is assumed that an alternative filler, which has better 

performance than a baseline noodle in a T-joint, should be also performing better in another 

type of out-of-plane joint.  
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The type of T-joint used in this study is further limited to a symmetrical configuration, where 

the web is perpendicular to the skin, the radius is not elliptical, and the plies of the web are 

formed by the joining of the overlaminates without any excess laminate placed between 

them (Figure 4.1).  

 

Figure 4.1 T-joint type used in this study 

4.3 Loading 

The most critical and representative loading condition is tensile (pull-off) loading in the plane 

of the stiffener cross-section (XY plane), and therefore only this is investigated in this study.  

Bending around axis Z can be horizontal (90°) and angular (between 0° and 90°, where 0° is 

pure tension). However, bending not only introduces asymmetry to the model, but it has a 

similar effect on the vicinity of the filler as tension (Figure 4.2). The radius on the opposite 

side of the bending direction (the “pulled” radius) tries to open up in the same manner as in 

case the radius of a T-joint under tensile (pull-off) loading. The radius on the same side of the 

bending direction (the “pushed” radius) undergoes compression, which is not considered a 

critical condition for the filler and laminate. Similarly, pure compression (0°) is not critical for 

the filler either. 

Out-of-plane bending (Figure 4.3) and subsequent shear loading are usually only critical for 

the strength of the skin and the delamination strength of the filler-skin interface. Moreover, 

modelling this load case would require the transition from the 3D slice model presented in 

Chapter 3 to a 3D model without plain strain conditions applied in the XY plane, and thorough 

investigation of free-edge effects, which is out-of-scope for this thesis. 
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Figure 4.2 Peak maximum principal stress concentrations in a filler during tensile and bending 
loading 

 

Figure 4.3 Out-of-plane (YZ) bending of a T-joint 

Impact loading, applied from below on the skin under the filler, is a critical load case and can 

cause significant damage to the filler by delaminating it from the overlaminate. However, 

impact simulation is also out-of-scope for this thesis, and production of consistent 

experimental results with impact loading involved can be challenging for the development of 

a standardised test method. 

Thermal residual stresses are not individual load cases but the result of a particular 

manufacturing method and operating environment, and are critical for the accurate 

prediction of onset of damage in T-joints (see Chapter 3). It is notable that in extreme 

temperatures (especially in sub-zero temperatures for epoxy matrices) and moisture levels, 

the material properties can change, and must be incorporated in the simulation. 

4.4 Boundary condition 

There are three common boundary conditions applicable for T-joint tensile tests: roller, 

clamping and bolting.  
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In case of using rollers, only the vertical displacement of the flanges is blocked along the two 

tangent lines of the roller surfaces, and the flanges can move horizontally and rotate around 

axis Z. This rotation is intended to represent the bending stiffness of the skin between 

adjacent stiffeners (Figure 4.4). 

 

Figure 4.4 Boundary condition of one stiffener in a stiffened panel represented by a roller 

When full clamping is applied, all degrees of freedom of the ends of the specimen are fixed. 

This causes a stress concentration at the termination of the clamping and introduces a larger 

skin bending stiffness than one present in the real component in a stiffened panel, leading to 

non-realistic specimen behaviour. Furthermore, clamping creates a boundary condition 

where the flanges of the specimen must be aligned between the two parallel planes of the 

clamps, which are perpendicular to the loading direction. However, specimens undergo 

thermal deflection after curing, and in most T-joint specimens, the flanges bend upwards 

(also known as “spring back”). Restraining this natural deformation of the specimen induces 

further stress concentrations in the structure, which can alter its strength and failure 

behaviour. 

Bolting is commonly used in stiffener runouts or with stiffeners having short overlaminates 

above the skin as a fail-safe measure to prevent peeling failure of the stiffener. However, 

fasteners create an inconsistent boundary condition and subsequent stress distribution 

across the width (along the axis of the filler), and are therefore not recommended for coupon 
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testing. The peeling failure of the flanges can be avoided by not terminating the overlaminate 

close to the radius (Figure 4.5). 

 

Figure 4.5 Peeling failure of the flanges 

In this study, the roller boundary condition presented in Chapter 3 is compared with 

clamping. The mesh around the rollers and clamps is refined. The model predicts premature 

failure of the laminate due to the stress concentrations near the application of the boundary 

conditions, but this is ignored, as these are sufficiently far from the radius, and to the 

candidate’s best knowledge, there was no example of such failure in the literature regardless 

of boundary condition type and distance. 

The clamping prevents the flanges from rotating around axis Z, thus the joint stiffness is 

significantly higher than in the case with rollers (Figure 4.6). The reduced amount of vertical 

displacement also mitigates the severity of the radius-opening phenomenon, and therefore 

the failure of the laminate and filler is delayed. The clamped joint failed at 9500 N, which 

yields 110% improvement. The location of the peak failure index values in the filler and 

laminate are identical in both cases, and the matrix failure indices of the filler at the event of 

joint failure (when failure index reaches the value of 1 in the laminate) only differ marginally. 

The value is 0.56 for the roller case and 0.57 for the clamped case. This means that there is 

no significant difference between the two boundary conditions in terms of triggering filler 

failure before laminate failure. Therefore, as the roller case is more representative of the real 

structure, it is recommended for a standardised experimental method and will be used in the 

studies in the following sections. 



80 
 

 

Figure 4.6 Load-displacement curves of the joints with roller and clamped boundary conditions 

4.5 Width 

The width of a T-joint (the dimension along the axis of the filler) in a real-life component is 

not a direct parameter, as stiffeners, stringers and similar structures have dedicated runouts 

at their ends to reduce the effect of stress concentrations. According to the literature [23], 

20 mm width is sufficiently large scale to reduce the effect of stress concentrations near the 

edge affecting the stresses in the midplane of the specimen, and is a commonly chosen width 

for T-joint specimens. As a conservative approach, 25 mm value was successfully used for 

validation purposes in Chapter 3. Therefore, it is a recommended width for experimental 

testing. 

However, width is important during coupon testing due to the free-edge effect present on 

the faces of the specimen. The free-edge effect is the result of the different Poisson’s ratio 

and elastic modulus of adjacent plies and causes singular stress concentrations at the end 

faces (XY plane) of the specimen. However, accounting for singular stress concentrations with 

the numerical analysis (e.g. use of a progressive damage model and 3D geometry) is out-of-

scope for this thesis. 

One way to mitigate the free-edge effect is to polish the faces of the specimen. This reduces 

the dimensional variation of the profile and reduces the stress concentrations that are 

responsible for crack initiations at micro level. The surface roughness of the face of a T-joint 

specimen cut with a diamond plated saw and one after grinding up to P2500 quality (8 μm 
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average particle diameter) were measured. The device used was a Proscan 2000 profilometer 

equipped with a chromatic sensor capable of measurement down to 5 nm accuracy. The 

measurement was carried out with a 0.005 mm step size and 4x4 mm measured area on the 

face of the flange, near the filler. The measured values of average roughness (𝑅𝑎), average 

maximum profile height (𝑅𝑧) and maximum roughness depth (𝑅𝑚𝑎𝑥) can be seen in Table 

4.1, and the visualisation of the measured profile can be seen in Figure 4.7. In case of 

laminates made of prepregs with commonly available ply thicknesses such as 0.130 mm or 

0.195 mm, the 0.059 mm maximum roughness depth is significant and can easily cause 

premature crack formation in the structure. Therefore, it is recommended to prepare the 

specimen surfaces appropriately. 

Table 4.1 Surface roughness values of a non-polished and polished T-joint specimen 

 𝑹𝒂 [μm] 𝑹𝒛 [μm] 𝑹𝒎𝒂𝒙 [μm] 

Non-polished 8.402 42.241 58.503 

Polished 0.461 2.866 4.528 

 

 

Figure 4.7 Surface roughness profile of a non-polished and polished T-joint specimen 

4.6 Length 

The length of the specimen (horizontal dimension perpendicular to the axis of the filler) 

affects the failure of a T-joint in three ways. First, it determines the bending stiffness of the 

overlaminate and skin, and therefore it changes the deformation and stresses in the radius. 

Second, it changes the amount of thermal deformation and subsequent thermal residual 

stresses. Third, it defines the distance of the application of boundary condition, which must 



82 
 

be sufficiently far from the radius and filler to avoid interference due to the stress 

concentrations arising near the rollers or clamping plates. 

The roller boundary condition described in Section 4.4 is further investigated here with 3 

different distances between the roller and the end of the radius: 5 mm, 35 mm and 65 mm. 

The reduced length, similarly to the case with replacing the rollers with clamping, increases 

the stiffness of the joint (Figure 4.8). Subsequently, the radius-opening in the overlaminate 

is also mitigated and the failure initiation is delayed. The failure initiation loads of the 5 mm, 

35 mm and 65 mm cases were 18,096 N, 4,178 N and 2,284 N, respectively. However, due to 

the severity of the stress concentration and the lack of contact modelling implemented in 

the numerical model, it is not conclusive if the joint would have failed earlier near the rollers 

with the 5 mm distance case. The failure index of the filler was the lowest in the 5 mm case 

(0.51) and was similar in the other two cases (0.56 and 0.54 with 35 mm and 65 mm distance, 

respectively). As the length does not alter the failure mechanism and the failure sequence, 

this parameter is kept the same as the baseline configuration (80 mm total roller distance or 

32 mm distance from the end of the radius on each side) in the following sections. 

 

Figure 4.8 Load-displacement curves of the joints with rollers applied at different lengths 

4.7 Height 

As the tensile loading is applied in the vertical direction, the height of the specimen should 

not change the stress distribution and strength of the T-joint when the clamping is applied 

sufficiently far from the radius. However, if the jaws are close, the gripping pressure can 
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trigger ply failure or mitigate crack openings and delamination. This section examines the 

effect of gripping load on the stress distribution in the specimen. 

In order to prevent slipping, the gripping force (𝐹𝑔𝑟𝑖𝑝) must be equal or larger than the tensile 

load (𝐹𝑙𝑜𝑎𝑑) applied to the specimen. The relation between the two is defined by the 

coefficient of friction (𝜇) between the specimen surface and the jaws (Eq. 4.1). Although 

between composite and steel surfaces this value was measured to be 0.114 [24], the surface 

of the jaws are serrated to increase the coefficient and reduce the required grip force. As the 

coefficient of friction between serrated steel and composite surfaces is unknown, the value 

of 0.114 could be used as a conservative approach. However, this would provide 8.8 times 

larger required gripping force than the tensile load applied on the specimen. Based on 

commercially available Instron pneumatic side-action grips with controllable gripping force 

[25], the maximum gripping force is usually rated about 2.5 times the maximum force 

capacity of the grips. It is assumed that larger gripping force could not be applied on the 

specimen without damaging the grip, whether it is equipped with pneumatic or mechanical 

wedge-action jaws. Therefore, a coefficient of friction value of 0.4 can be derived by inputting 

maximum allowable forces rated by Instron into Eq. 4.1. 

 𝐹𝑔𝑟𝑖𝑝 ∙ 𝜇 ≥ 𝐹𝑙𝑜𝑎𝑑 (4.1) 

The highest failure load of the specimens experimentally tested in Chapter 3 was 4.8 kN. 

Using Eq. 4.1 and  𝜇 = 0.4, the maximum gripping force is 12 kN. Based on the specimen 

(Figure 1 of the research paper in Chapter 3), this is applied on a 2,000 mm2 area, therefore 

the resultant pressure is 6 MPa. This even (theoretical) distribution is a worst-case scenario, 

as in real life the grips might rotate around axis Z during the application of the load, resulting 

in decreasing force distribution from the top towards the bottom of the jaws. The application 

of the evenly distributed pressure on the clamped surfaces results in a stress distribution 

near the bottom end of the jaws according to Figure 4.9. The pressure was applied after the 

thermal simulation and before the application of the mechanical loading. The mesh was 

refined so that the element length along the gripping surface became 0.1 mm. The effect of 

gripping pressure disappears within 2 mm below the bottom of the jaws as the 6 MPa 

compressive normal stress becomes 0. It is clear that the clamping distance of the specimen 

is insignificant relating to the failure of the T-joint. However, for practical reasons, such as 

visual observation, it is recommended to fix the specimen at least 20 mm above the end of 

the radius. 
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Figure 4.9 Normal stress distribution near the bottom end of jaws due to gripping pressure 

With different T-joint configurations, the failure load can change and subsequently both the 

required and maximum applicable gripping force can increase too. To reduce the effect of 

gripping pressure on the specimen, it is recommended to increase the gripping area 

proportionally with the maximum applied tensile load. 

It is notable, that with wide T-joint configurations, it is not possible to use the jaws of the 

tensile testing machine directly, and bolted plates or similar configuration with large width is 

required. In this case, the pressure distribution can vary, which is not investigated here. 

4.8 Radius size 

The outside radius, which is on the male tool used for manufacturing the T-joint, is defined 

by manufacturing limitations of long fibre reinforced composites. As a rule of thumb, the 

minimum radius used in manufacturing is usually 5 mm, but depending on company specific 

practices, it can be larger when laminates having larger than 5 mm thickness are used. T-

joints are generally limited to less than 5 mm overlaminate thickness, and therefore the 

radius does not need to be larger than 5 mm. The inside radius (radius of the filler) is defined 

by the size of the outside radius (5 mm) plus the thickness of the overlaminate and therefore 

it is not a variable parameter. 

The effect of radius size was examined by changing the outside radius from 5 mm to 10 mm 

and 15 mm. The mesh density along the curvature was also refined accordingly. The failure 

behaviour and location (midplane of the overlaminate) of all three joints were similar and 
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the larger radii resulted in larger failure loads. The 10 mm and 15 mm radii failed at 6240 N 

and 7918 N, which are 38% and 76% higher than in the case of the baseline 5 mm radius 

configuration. However, the failure indices of the filler at the event of joint failure were 0.51 

and 0.46 for the 10 mm and 15 mm cases, which highlights a trend of increasing relative filler 

strength as function of radius size. Therefore, to trigger initial filler failure, it is recommended 

to keep the radius size as low as possible. Moreover, a smaller filler also has a lower chance 

to possess manufacturing defects due to the size effect. 

4.9 Laminate thickness 

The laminate thickness changes the stiffness of the laminate, and therefore the radius-

opening behaviour. Moreover, the size of the filler radius depends on the overlaminate 

thickness (see Section 4.8).  

The effect of laminate thickness is investigated by using one, two or three of the [90/45/0/-

45] quasi-isotropic stack of the baseline laminate on each side of the symmetry plane. This 

leads to laminates with 0.33, 0.5, 0.67, 1, 1.5, 2 and 3 overlaminate/skin thickness ratios and 

three different laminate thicknesses for the cases with ratio 1 (see Table 4.2, where T16-24 

refers to the baseline laminate used in this thesis). 

Table 4.2 Stacking sequences of the laminates used for investigating the effect of laminate thickness. 
O/S refers to the ratio of the overlaminate and skin thickness 

ID Overlaminate No. Skin No. O/S 

T8-8 [90/45/0/-45]s 8 [90/45/0/-45]s 8 1 

T8-16 [90/45/0/-45]s 8 [90/45/0/-45]2s 16 0.5 

T8-24 [90/45/0/-45]s 8 [90/45/0/-45]3s 24 0.33 

T16-8 [90/45/0/-45]2s 16 [90/45/0/-45]s 8 2 

T16-16 [90/45/0/-45]2s 16 [90/45/0/-45]2s 16 1 

T16-24 [90/45/0/-45]2s 16 [90/45/0/-45]3s 24 0.67 

T24-8 [90/45/0/-45]3s 24 [90/45/0/-45]s 8 3 

T24-16 [90/45/0/-45]3s 24 [90/45/0/-45]2s 16 1.5 

T24-24 [90/45/0/-45]3s 24 [90/45/0/-45]3s 24 1 

The failure indices in the filler at the event of onset of damage (failure in the overlaminate in 

all cases) can be seen in Figure 4.10. The lowest failure index (0.17) was observed with the 

T24-8 configuration and the highest with the T24-24 (0.61) joint. This phenomenon can be 

explained by the higher bending stiffness of the skin, which constrains the vertical movement 

of the filler, whereas the low thickness overlaminate is subjected to the radius opening 
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mechanism with higher severity. This tendency suggests that a T-joint with low overlaminate 

thickness and high skin thickness is recommended to trigger initial filler failure. By comparing 

the joints with the same amount of plies in the overlaminate and skin (T8-8, T16-16 and T24-

24), the trend suggests that the relative filler strength decreases with higher laminate 

thickness. 

 

Figure 4.10 Matrix failure indices in the filler at the event of joint failure 

The failure loads of each configuration can be seen in Figure 4.11. As expected, the joint 

strength increases with the total number of plies: the T24-24 joint has sixfold higher failure 

load than the T8-8 configuration. However, the failure behaviour is shifting from failure in 

the outer ply of the overlaminate in joints with overlaminate/skin thickness ratio ≥1 to 

failure in the midplane of the overlaminate in joints with overlaminate/skin thickness ratio 

1<. This indicates that higher skin thickness not only increases the stress in the filler but also 

globally draws the stress concentrations towards the middle of the T-joint from the outer ply 

of the overlaminate. 

 

Figure 4.11 Failure loads of the joints. Values in bold refer to failure in the midplane of the 
overlaminate, the rest of the configurations failed in the outer ply of the overlaminate 
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4.10 Material 

The used material is one of the most important parameters of a T-joint. The longitudinal 

elastic modulus (𝐸1) defines the stiffness of the laminate, which is responsible for the radius-

opening phenomenon. Its transverse elastic modulus (𝐸2) defines the behaviour of the filler 

and is important for the laminate failure within the radius too, as the most critical stresses 

acting in the radius (out-of-plane and transverse tensile) are related to the stiffness of the 

ply perpendicular to its fibre orientation. 

Plies with smaller cured ply thickness (CPT) have reduced size effect, therefore, it is 

recommended to use as thin plies as possible in order to increase the laminate strength and 

trigger filler failure. 

The coefficient of thermal expansion (CTE) defines the thermal residual stresses in the 

structure. Its effect on the simulation results was demonstrated in Section 4.4.1 of the 

research paper in Chapter 3. 

Finally, the strength, more importantly the in-situ strength of the material defines when the 

structure will fail (see Section 4.4.2 of the research paper in Chapter 3). In the following, 

sensitivity studies are carried out to investigate the effect of material properties on the value 

of in-situ strengths. 

4.10.1 Effect of material properties on in-situ strengths 

The material properties affecting the in-situ strengths are the transverse elastic modulus 

(𝐸2), cured ply thickness (CPT), shear response factor (𝛽), in-plane shear modulus (𝐺12), 

longitudinal friction coefficient (𝜂𝐿), fracture angle in pure compression (𝛼0), unidirectional 

transverse tensile, transverse compressive and in-plnae shear strengths (𝑌𝑇
𝑈𝐷 , 𝑌𝐶

𝑈𝐷 and 𝑆𝐿
𝑈𝐷), 

mode I and II fracture toughnesses (𝐺𝐼𝐶  and 𝐺𝐼𝐼𝐶). The values of longitudinal elastic modulus 

(𝐸1), in-plane shear modulus (𝐺12) and in-plane Poisson's ratio (𝜈12) have insignificant effect 

on the in-situ strengths, thus these are excluded. 

Due to the limited availability of the material properties required for the calculations in the 

literature, and the successful validation of the AS4-8552 material in Chapter 3 (Table 1-2 of 

the research paper in Chapter 3), only AS4-8552 is used here and the sensitivities are 

investigated for individual parameters only. It is notable that the properties can be 

significantly different for other material systems and the combination of changes in multiple 

properties can amplify the rate of change in in-situ strengths. Moreover, only the values for 
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thin embedded and, where applicable, thick plies are compared, as the calculations of outer 

plies and embedded plies with multiple ply thickness are analogous with the calculation of 

the single embedded values. 

The transverse elastic modulus (𝐸2) affects the value of the in-situ transverse tensile strength 

of thin plies according to Figure 4.12. 10% change in the stiffness results in 6% change in the 

in-situ strength. 

 

Figure 4.12 Effect of transverse elastic modulus on the in-situ transverse tensile strength of thin plies 

The cured ply thickness (CPT) affects the values of all in-situ strengths for the thin ply model 

according to Figure 4.13. The investigated thicknesses are 0.04 mm (representative of a 

typical thin ply), 0.130 mm, 0.196 mm (AS4/8552) and 0.250 mm. In case of the in-situ 

transverse tensile strength, reducing the CPT to 0.130 mm and increasing it to 0.250 mm 

caused 23% increase and 11% decrease in values, respectively, whereas the in-situ strength 

of the 0.040 mm ply is more than double of the 0.196 mm (121% increase). In the case of in-

situ shear strengths and transverse compressive strengths, the increase for the 0.130 mm 

and 0.040 mm are 13% and 56%, respectively, and the decrease for the 0.250 mm is 7%. From 

the aspect of triggering filler failure before laminate failure in the T-joint, it is critical to use 

as thin plies as possible in the laminate, as the strength of a rolled filler is unaffected by CPT. 

 

Figure 4.13 Effect of cured ply thickness on in-situ strengths 
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The shear response factor (𝛽) determines the shape of the shear stress – shear strain curve 

obtained during material characterisation and can be calculated with curve fitting (see Eq. 10 

of the research paper in Chapter 3). The shape of the curve also depends on the in-plane 

shear modulus (𝐺12), therefore the two properties are closely related. The effect of changing 

𝛽 and 𝐺12 on the shape of the shear stress – shear strain curve is shown in Figure 4.14. The 

used 𝛽 values are 2.1x10-8 MPa-3 (measured value of AS4/8552), 3.6x10-8 MPa-3 (T300/BSL 

914C, from [19]) and 0.6x10-8 MPa-3 (decreased with the same amount as the difference 

between the other two material systems). Compared to the baseline 𝐺12 value of 4900 MPa, 

the other two values are increased and decreased by 10%. Based on the curves, larger 𝛽 

corresponds for a softer material behaviour. 

 

Figure 4.14 Effect of shear response factor and in-plane shear modulus on the shape of shear stress 
– shear strain curve 

The effect of changing the values of the shear response factor on the in-situ in-plane shear, 

out-of-plane shear and transverse compressive strengths for both thin and thick plies is 

shown in Figure 4.15. A softer material (having larger 𝛽) causes a 11% drop in in-situ 

strengths according to the thin ply model, whereas only marginally decreases (by 1%) the 

values based on the thick ply model. However, the smaller 𝛽 value causes a 27% increase in 

thin ply in-situ strengths and only marginal (4%) increase in the thick ply in-situ strength 

values. Therefore, the laminate (having thin plies) is more sensitive to the change of the shear 

behaviour of the material, and a stiffer resin system is preferable, if the goal is triggering the 

filler failure. 
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Figure 4.15 Effect of shear response factor on in-situ strengths 

The effect of longitudinal friction coefficient (𝜂𝐿) and fracture angle in pure compression (𝛼0) 

on in-situ strengths can be seen in Figure 4.16a and Figure 4.16b, respectively. It is difficult 

to measure the value of the friction coefficient, so it is analytically calculated from the 

fracture angle. This means that 𝛼0 both directly and indirectly affects the in-situ strengths. 

Therefore, Figure 4.16a shows 𝜂𝐿 values independently modified from 𝛼0 values (𝛼0 kept at 

53°), as the friction coefficient also depends on measured UD in-plane shear strength (𝑆𝐿
𝑈𝐷), 

and transverse compressive strength (𝑌𝐶
𝑈𝐷) values, and can be different for materials having 

identical fracture angle values. 

 

Figure 4.16 Effect of a) friction coefficient for in-plane shear strength and b) fracture angle in pure 
compression on in-situ strengths 

Increasing the value of the friction coefficient by 10% yields 17% reduction in both thin and 

thick ply in-situ out-of-plane and transverse compressive strengths, but decreasing it with 

the same amount increases the values by 25%. The fracture angle is usually measured 
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between 51° and 55°, these extremities cause 7% increase and 7% decrease in in-situ out-of-

plane shear strength, respectively. The sensitivity of both parameters is significant, 

considered that their measured values are rarely available, and in case of the fracture angle, 

2° difference can be easily accounted for human error during measurement. 

Figure 4.17 shows the effect of measured unidirectional transverse tensile strength (𝑌𝑇
𝑈𝐷) on 

the calculated in-situ transverse tensile strength for thick plies. From the aspect of triggering 

filler failure, this value causes the most significant difference between the strength of the 

laminate (which in most cases only contains thin embedded and outer plies) and the filler 

(which uses the thick ply model). A material having 10% lower 𝑌𝑇
𝑈𝐷 has 10% lower in-situ 

transverse tensile strength based on thick ply model, thus it would be ideal for a filler, 

assuming that the mode I fracture toughness (𝐺𝐼𝐶) and transverse elastic modulus (𝐸2), which 

define the in situ strengths of thin plies in the laminate, are not reduced too. However, a 

deeper understanding of the connection between 𝐺𝐼𝐶,  𝐸2 and 𝑌𝑇
𝑈𝐷  is required. 

 

Figure 4.17 Effect of unidirectional transverse tensile strength on the in-situ transverse tensile 
strength of thick plies 

The unidirectional transverse strength (𝑌𝐶
𝑈𝐷) modifies the in-situ out-of-plane shear and 

transverse compressive strengths according to Figure 4.18. 10% increase in 𝑌𝐶
𝑈𝐷 results in a 

10% increase in the out-of-plane shear and transverse compressive strengths for both thin 

and thick plies, whereas 10% decrease has the opposite effect. 

The unidirectional in-plane shear strength (𝑆𝐿
𝑈𝐷) modifies the in-situ in-plane and out-of-

plane shear and transverse compressive strengths according to Figure 4.19. While it virtually 

does not change the thick ply values of in-situ out-of-plane shear and compressive strengths, 

10% increase results in a 9% increase of the in-situ out-of-plane shear strength. At the same 

time, it decreases the thin ply values of in-situ out-of-plane shear and compressive strengths 
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by 9%. Therefore, a material having higher 𝑆𝐿
𝑈𝐷 is an unsuitable candidate because it weakens 

the laminate and strengthens the filler. 

 

Figure 4.18 Effect of unidirectional transverse strength on in-situ out-of-plane shear and transverse 
compressive strengths 

 

Figure 4.19 Effect of unidirectional in-plane shear strength on in-situ strengths 

The mode I fracture toughness (𝐺𝐼𝐶) affects the in-situ transverse tensile strengths for thin 

plies and the mode II fracture toughness (𝐺𝐼𝐼𝐶) affects the in-situ in-plane and out-of-plane 

shear and transverse compressive strengths for thin plies (Figure 4.20a and Figure 4.20b, 

respectively). 10% increase and decrease in 𝐺𝐼𝐶  causes a 5% increase and decrease in in-situ 

strengths, whereas the same 10% difference in 𝐺𝐼𝐼𝐶  only modifies the values by +3% and -

3%, respectively. As the thick ply based in-situ strengths are independent from fracture 

toughnesses, it is preferable to choose a tough material system to promote filler failure by 

increasing the strength of the laminate. 
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Figure 4.20 Effect of a) mode I b) mode II fracture toughness on in-situ strengths 

As it can be seen from the sensitivity studies above, the chosen material is critical for the 

failure behaviour of the T-joint. For the purpose of a standardised test method, the material 

selection should be one of the first steps in the process of parameter setting of the T-joint 

coupon, taking into consideration of how the material properties can weaken or strengthen 

the filler and laminate. 

4.11 Stacking sequence 

The stacking sequence has utmost importance in defining the type of damage initiation of a 

T-joint. First, it changes the laminate stiffness, which alters the amount of radius-opening. 

Second, it changes the in-situ strengths within the laminate. Third, Ply 1 of the overlaminate 

and Ply 1 of the skin (the plies adjacent to the filler) not only define the in-situ behaviour of 

the filler, but their failure can directly initiate crack and delamination in and around the filler. 

There are several guidelines and rules applicable to composite laminate design. However, for 

the sake of examining the filler failure via numerical studies and proposing a configuration 

that triggers initial filler failure and would be used for coupon testing only, not all of them 

are followed here. 

The combination of the overlaminate and skin generates a complex case of layup 

symmetricity. The skin is most likely not covered completely with overlaminate in a stiffened 

panel, and therefore it shall be symmetric on its own, but it can be ignored for coupon testing 

where the overlaminate is terminated at the end of the skin. Together with the overlaminate, 
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they form the flange laminate. Its symmetricity affects the spring-back behaviour of the T-

joint. However, a symmetric flange will spring back due to the presence of the radius, thus 

the flange in most cases needs to be non-symmetric (thicker skin) if the goal is to eliminate 

the thermal residual deformation. The overlaminate is a different laminate in the radius 

when in contact with the filler. A bending-twist coupling should be avoided, otherwise one 

face of the T-joint will experience larger deformation and premature failure, or the web will 

twist along axis Y (Figure 4.21). Bending-twisting coupling (non-zero D16 and D26 members 

of the D matrix) causes the twisting of the overlaminate when the flanges deform during cool 

down and the applied mechanical load bends the radii. Finally, the two overlaminates join 

together to form the web. The lack of symmetricity in this region would result in a bended 

web, however, it is an unlikely configuration as there is no reason to manufacture a T-joint 

with different overlaminates on each side. All the aforementioned sublaminates should have 

a balanced layup to avoid extension-shear coupling. 

 

Figure 4.21 Coupling effects in a T-join when ±45° plies of the overlaminate are mirrored around the 
a) midplane of the skin b) midplane of the web 

The percentage breakdown of 0°/±45°/90° plies in a laminate depends on the type of main 

loading acting on the component. Ideally, skins, overlaminates and spars have 44/44/12, 

60/30/10 and 6/88/6 (or 30/60/10), respectively, and laminates with fasteners or multi-

directional loading shall have 25/50/25 (quasi-isotropic). However, the load case is defined 

in this study and the configuration should trigger filler failure even if the laminate is not 

representative of a real component. Therefore, the percentage breakdown rules are not 
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followed. Similarly, it is not required for a coupon to have damage tolerant laminate, so the 

outer ±45° plies are not necessary either. 

Unless otherwise required for stiffness, thickness or other forms of tailoring described in the 

following subsections, grouping of the plies should be eliminated as the resultant higher ply 

thickness (total thickness of the adjacent plies with same orientation) causes lower in-situ 

strength. 

The following subsections investigate the effect of the adjacent ply to the filler and the 

laminate stiffness. 

4.11.1 Effect of the adjacent ply to the filler 

To investigate the effect of the first ply next to the filler, the original laminate is modified to 

have 45° or 0° plies next to the filler instead of 90°, while having the same quasi-isotropic 

layup and thickness. Whereas the 0° ply having the same orientation as the filler may not 

make sense from the aspect of manufacturing a T-joint with a conventional UD noodle, one 

purpose of the study is to generate a configuration that can be used for testing any type of 

filler, not limited to only UD CFRP ones. Therefore, this laminate is simulated with two 

different scenarios: in one case the in-situ strength of the 0° ply is modified according to the 

thick model (assuming the presence of a UD noodle), in another case it is left unmodified 

according to the thin embedded model (assuming a non-conventional UD filler). 

The stacking sequences of the overlaminate and the skin, the number of plies in each can be 

seen in Table 4.3. P90 is the laminate used as the baseline in this thesis. P0T refers to the 

same layup as P0 but sections next to the filler of Ply 1 of the overlaminate and skin are 

modified according to the thick ply in-situ strength model.  

Table 4.3 Stacking sequences of the laminates used for investigating the effect of the adjacent ply to 
the filler 

ID Overlaminate Skin 

P90 [90/45/0/-45]2s [90/45/0/-45]3s 

P45 [45/90/-45/0]2s [45/90/-45/0]3s 

P0 [0/45/90/-45]2s [0/45/90/-45]3s 

As a consequence of the symmetric stacking sequence, the outer ply (Ply 16) of the 

overlaminate was modified too. The reduced strength of the 45° and 0° plies of the P45 and 

P0 layups and the stress concentration present in the curvature caused the premature failure 

of the joint at 1823 N and 1467 N, respectively (Figure 4.22). 
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Figure 4.22 Failure of the P45 layup in the radius at 1823 N 

However, the aim of the study is to compare the relative strength of the filler compared to 

the laminate. The matrix failure indices in the filler of the P90, P45 and P0 layups at 1467 N 

are 0.15, 0.17 and 0.17. This means that adjacent plies to the filler having low stiffness along 

the curvature of the joint (45° and 0°) can mitigate the opening mechanism of the filler less 

effectively and therefore causing higher failure index in the deltoid region. 

The failure index of Ply 1 in the P45 layup at 1467 N was 0.13. This is not only lower than the 

0.17 failure index of the filler at the same load but also significantly lower than the 0.82 

failure index of Ply 16, which eventually causes the onset of damage at 1823 N. Thus, Ply 1 of 

the overlaminate should have low stiffness to trigger the failure of the filler. However, the 

outer ply or plies of the laminate should have high stiffness to eliminate premature failure of 

the joint, which may need the ignorance of a symmetric stacking sequence. 

As Ply 1 experiences low stresses, there is no significant difference between the P0 and P0T 

configurations in terms of failure load and failure index values. 

4.11.2 Effect of laminate stiffness 

Three stacking sequences of the overlaminate and skin are investigated: low stiffness (0° 

dominated, denoted as “L”), medium stiffness (quasi-isotropic and identical to the layup of 

the baseline joint, denoted as “M”) and high stiffness (90° dominated, denoted as “H”). As a 

convention in this thesis, the filler is oriented as 0°, therefore a high stiffness laminate is 90° 

oriented, where the 90° plies are aligned with axis X in the flanges and axis Y in the web. 
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Analogously to the baseline T-joint, the number of plies is kept the same (16 in the 

overlaminate and 24 in the skin). For the low stiffness overlaminate, 63/25/12 percentage 

distribution was chosen resulting in 10/4/2 ply number distribution. For the low stiffness skin, 

the percentage distribution is 67/25/8 with 16/6/2 ply number distribution. The number of 

0° and 90° plies are switched in the high stiffness versions of these laminates. The stacking 

sequence of each sublaminate was constructed in a way to avoid ply stacks with more than 

two plies with same orientation next to each other, even at the cost of not placing +45° and 

-45° plies directly next to each other. This way the in-situ strength reduction was kept 

minimal, whereas the extension-twist coupling of the joint increased. The nine resultant 

configurations of the three different stiffness sublaminates are detailed in Table 4.4. ID SMM 

refers to the baseline stacking sequence. The flexural and bending stiffnesses (𝐴11 and 𝐷11 

members of the ABD matrix) of the high, medium and low stiffness laminates are shown in 

Table 4.5. 

Table 4.4 Stacking sequences of the laminates used for investigating the effect of laminate stiffness 

ID Sublaminate Stacking sequence 

SLL 
Overlaminate [0/45/0/-45/02/90/0]s 

Skin [02/45/0/-45/02/90/02/45/02/-45/02/90/02/-45/0/45/02] 

SLM 
Overlaminate [0/45/0/-45/02/90/0]s 

Skin [90/45/0/-45]3s 

SLH 
Overlaminate [0/45/0/-45/02/90/0]s 

Skin [902/45/90/-45/902/0/902/45/902/-45/902/0/902/-45/90/45/902] 

SML 
Overlaminate [90/45/0/-45]2s 

Skin [02/45/0/-45/02/90/02/45/02/-45/02/90/02/-45/0/45/02] 

SMM 
Overlaminate [90/45/0/-45]2s 

Skin [90/45/0/-45]3s 

SMH 
Overlaminate [90/45/0/-45]2s 

Skin [902/45/90/-45/902/0/902/45/902/-45/902/0/902/-45/90/45/902] 

SHL 
Overlaminate [90/45/90/-45/902/0/90]s 

Skin [02/45/0/-45/02/90/02/45/02/-45/02/90/02/-45/0/45/02] 

SHM 
Overlaminate [90/45/90/-45/902/0/90]s 

Skin [90/45/0/-45]3s 

SHH 
Overlaminate [90/45/90/-45/902/0/90]s 

Skin [902/45/90/-45/902/0/902/45/902/-45/902/0/902/-45/90/45/902] 
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Table 4.5 Flexural and bending stiffnesses of the high, medium and low stiffness laminates 

Stiffness Sublaminate Flexural stiffness (𝑨𝟏𝟏) 

[x 103 N/mm] 

Bending stiffness (𝑫𝟏𝟏) 

[x 103 Nmm] 

High 
Overlaminate 307.4 260.3 

Skin 486.4 943.5 

Medium 
Overlaminate 182.4 121.8 

Skin 273.6 445.3 

Low 
Overlaminate 105.1 59.49 

Skin 132.4 192.9 

The failure indices in the filler at the event of onset of damage (failure in the overlaminate in 

all cases) can be seen in Figure 4.23. Both the stiffness of the overlaminate and skin have a 

strong influence on the relative filler strength. The failure index is 0.09 in case of the 

completely soft configuration and 0.94 in case of the completely high stiffness configuration. 

Therefore, it is recommended to use a high stiffness stacking sequence in order to trigger 

initial filler failure. Increasing the overlaminate stiffness with a fixed skin stiffness (“moving 

vertically” in Figure 4.23) weakens the filler more significantly than the other way around 

(“moving horizontally” in Figure 4.23). This occurs because the opening behaviour of the 

radius and therefore the filler is directly affected by a stiff overlaminate, whereas a stiffer 

skin only alters this behaviour indirectly. 

 

Figure 4.23 Matrix failure indices in the filler at the event of joint failure 

The failure load of each configuration is shown in Figure 4.24. The higher laminate stiffness 

results in higher failure load due to the reduced severity of radius opening. Similarly to the 

filler failure index values, the higher overlaminate stiffness (“moving vertically” in Figure 

4.24) has a more significant effect on the failure load than the skin stiffness (“moving 

horizontally” in Figure 4.24). In those cases where either of the sublaminates has a low 

stiffness stacking sequence, the initial failure location moves from the midplane to the outer 

ply of the overlaminate. 
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Figure 4.24 Failure loads of the joints. Values in bold refer to failure in the midplane of the 
overlaminate, the rest of the configurations failed in the outer ply of the overlaminate 

The location of peak failure index in the filler is insensitive to most joint parameters and 

always appears near the middle of the side surfaces. However, with high stiffness laminates 

the critical location shifts upwards along the curvature and with soft laminates moves 

downwards the curvature (Figure 4.25). This can be a useful design tool with anisotropic or 

nonhomogeneous filler materials, where the location of the peak stress can significantly alter 

the strength of the filler. 

 

Figure 4.25 Location of peak failure index in the filler in the low stiffness (left) and high stiffness 
(right) configurations 

4.12 Proposed T-joint configuration to trigger filler 
failure 

The parameters and their effect on the failure of a T-joint were investigated in the previous 

sections. Whereas it is unfeasible to run a multidimensional numerical study with all the 

possible combinations of the parameters, general guidelines can be followed. Based on 

these, a T-joint configuration is proposed that can trigger initial filler failure and has 

preferable conditions for a standardised test method. 

The T-joint has a roller boundary condition and the rollers are located 30 mm from the 

termination of the radius. The jaws are applied 30 mm above the termination of the radius 
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on the web. The overlaminate to skin thickness ratio is 4, resulting in 8 and 32 plies in the 

overlaminate and skin, respectively. The outside radius is 5 mm and the resultant inside 

radius (filler radius) is 6 mm. The material used is the 0.130 mm thick version of the AS4/8552, 

which is also commercially available from Hexcel. Because of its rolled nature, the in-situ 

strengths according to the thick ply model remain the same in the filler regardless of the ply 

thickness of the rolled ply, but the in-situ strengths of the plies in the laminate (thin ply 

model) increase with lower ply thickness. The stacking sequences of the overlaminate and 

skin are [902/45/90/-45/902/45/90/-45/90/0/902/0/90]s and [902/0/90]s, respectively 

(13/25/62 and 25/0/75 ply percentages), which are 90° dominated to increase their bending 

stiffness. 

The proposed configuration successfully switched the sequence of failure in the joint and 

triggered the filler failure before the laminate failure (Figure 4.26). The matrix failure index 

reached the value of 1 at 3845 N indicating the cracking of the filler, whereas the highest 

failure index value in the laminate was 0.53 in Ply 3 (0°) of the overlaminate. The highest 

value of the delamination failure initiation predicted by the cohesive zone was 0.61 between 

the surface of the filler and Ply 1. 

 

Figure 4.26 Matrix failure index at 3845 N applied load 
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4.13 Conclusions 

In this chapter, the effect of T-joint parameters such as boundary condition, width, length, 

height, laminate thickness, radius size, material and stacking sequence on the failure 

behaviour of the joint were explored. The studies focused on finding configurations that 

promote the failure of the filler before the failure of the laminate occurs in the joint while 

maintaining the manufacturability and repeatability of the coupons for experimental 

purposes. This way a T-joint configuration can be selected and used as a standardised method 

for testing of various filler materials compared to the conventional UD rolled filler. Such 

configuration eliminates unsuccessful experimental tests, in which the laminate fails first, 

making the filler strength incomparable. 

The most important parameters were the laminate thickness and stacking sequence and the 

properties of the material used. The final configuration was the combination of the most 

advantageous parameters and successfully managed to flip the failure sequence and trigger 

initial filler failure while keeping the failure indices low in the laminate of the joint.  
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Chapter 5  

Interleaved and additively manufactured 

fillers 

5.1 Introduction 

Based on the literature review presented in Chapter 2, two possible ways were identified to 

improve the mechanical behaviour of fillers and out-of-plane joints: interleaving and additive 

manufacturing. 

The next section introduces the interleaf materials considered as reinforcement and different 

concepts as a way to reinforce the filler and the joint, followed by material characterisation. 

Section 5.3 introduces a preliminary concept, material selection for the 3D printed 

thermoplastic filler, the characterisation of the chosen filaments and the manufacturing of 

the filler. At the end of each section, T-joints with the same configurations presented in 

Chapter 3 but utilising the alternative filler concepts are manufactured and tested under 

tensile loading. The failure mechanisms are discussed, and the results are compared to the 

baseline T-joint with conventional rolled noodle. 

5.2 Interleaved fillers 

In many cases the delamination of the laminate or the filler – laminate interface is the first 

failure event of a T-joint subjected to tensile loading (see Section 3.1.2 of the research paper 

in Chapter 3). Therefore, increasing the delamination strength of the composite material is a 

direct way to increase the strength of the overall structure. In the case of a T-joint, it can be 

achieved by reinforcing the filler and the first plies of the sublaminates adjacent to the filler 

(Figure 5.1). 

The second common type of filler failure is cracking. As cracking is a matrix-dominated failure, 

it initiates on the resin rich surface of a ply and propagates through the ply or adjacent plies. 

The rate of propagation also depends on the properties of the matrix and can be reduced by 

increasing its fracture toughness. The crack in the filler always initiates on its surface, and 

therefore the reinforcement of the filler-laminate interface not only enhances the 

delamination behaviour of the filler but can improve its crack initiation strength too. Because 
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of the rolled structure of a noodle, it is possible to increase the damage tolerance of the filler 

by increasing the interface strength of the ply before rolling, which can generate a unique 

structure shown in Figure 5.2. This so-called “hybrid noodle” aims to decrease the rate of 

crack propagation or alter the crack path or both within the filler. 

 

Figure 5.1 Reinforcing the interface of the filler and the first plies of the sublaminates adjacent to the 
filler 

 

Figure 5.2 Increasing the damage tolerance of a filler by reinforcing the ply interface before rolling 

5.2.1 Interleaf material selection 

The interface strength of a fibre reinforced composite material depends on the strength of 

the matrix and the matrix-fibre interface. There are four methods available to improve these 

properties (Figure 5.3). 

First, the modification of the fibre, which can include chemical or mechanical surface 

treatments, fibres with non-circular cross-section, attachment of nanofibres on the surface 

of the fibre and use of auxetic fibres to modify the Poisson’s behaviour of the material [26]. 

Second, the modification of the resin with aim of keeping its homogeneous behaviour [27]. 

This includes blending the matrix with additives at a molecular level and blending it with 

soluble (usually thermoplastic) particles or fibres at micro level, which melt during the curing 
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of the laminate. Both the resin and fibre modifications involve the research and development 

of the constituents at nano and micro level, which are out-of-scope for this thesis and are 

not investigated. The third method is through-the-thickness reinforcement, such as 3D 

weaving, braiding, stitching, z-pinning (see Section 3.6 of the research paper in Chapter 2). 

These techniques have shown great potential in increasing the out-of-plane properties of 

composite materials, but because of the cost and time increase and decrease in in-plane 

material properties, these methods are not considered either. Finally, interlaminar 

toughening, which includes thermoset films, thermoplastic films, non-soluble particulates 

and fibres and non-soluble non-woven interleaves [27]. The inclusion of films is a widely 

available technique, but it causes a significant increase in laminate thickness, and therefore 

not investigated here. Particulate and fibre dispersion is currently not feasible in large-scale 

aerospace manufacturing processes, but one partially commercialised technique involving 

the treatment the surface of prepreg plies with vertically aligned nanotubes is explored in 

this thesis. Non-woven veils represent an emerging field due to their low thickness and 

weight, improved mechanical performance and direct integration in the manufacturing 

processes. However, to the candidate’s best knowledge, these materials have only been used 

for strength improvement with resin infusion techniques before, and their use with prepreg 

materials is an unexplored area. As the large-scale production of aerospace components is 

heavily reliant on prepreg material systems, the implementation of non-woven interleaves 

into the current manufacturing processes is an attractive opportunity. 

 

Figure 5.3 Methods to improve the delamination strength of laminated composite materials 

The interleaving materials chosen for preliminary studies are shown in Table 5.1. The 

selection of non-woven veils made of aramid fibre (AF), polyamide fibre (PA), polyester fibre 

(PE), polyetherimide fibre (PEI)  and polyphenylenesulfide fibre (PPS) was based on fracture 

toughness values available from the literature [28–30] and commercial availability of the 
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veils. Their dry ply thickness ranges from 32 to 200 µm [31–35], but the added thickness to 

the cured laminate is smaller, as the veils are mixed together with the resin layer between 

two plies. During manufacturing, the dry veil is laid up in a similar manner as a prepreg ply. 

The Xantu.Layr® thermoplastic nanofibre (referred to as “Xantu.Layr” in this thesis) is also a 

non-woven veil, but the fibre diameter is several magnitudes lower (nano scale) and adds 

virtually no extra thickness to the laminate. Tested with MTM57/T700S material, it achieved 

156% increase in mode I fracture toughness, 69% in mode II fracture toughness and improved 

the compression after impact strength and fatigue resistance of the laminate compared to 

uninterleaved specimens [36]. 

The use of NanoStitch® (referred to as “NanoStitch” in this thesis) technology requires a 

preliminary manufacturing step of treating the prepreg ply surfaces with vertical nanotubes, 

but the lamination process with the treated plies remains the same. The use of this 

reinforcement demonstrated 30% increase in short beam shear strength fatigue tests [37] 

and should increase the fracture toughness of the laminate. The geometry of the nanotubes 

and density of a layer of nanotube forests are unknown, but based on manufacturing trials, 

neither this interleaf increases the laminate thickness. 

Table 5.1 Selected interleaf materials for preliminary studies 

Material Manufacturer Density Thickness 

  [g/m2] [µm] 

Optiveil™ Aramid Technical Fibre Products 14 88 

Cerex PBN‐II® Polyamide Cerex Advanced Fabrics 34 200 

Optiveil™ Polyester Technical Fibre Products 12 75 

Optiveil™ Polyetherimide Technical Fibre Products 5 32 

Optiveil™ Polyphenylenesulfide Technical Fibre Products 9 43 

Xantu.Layr thermopl. nanofibre Revolution Fibres 4.5 N/A 

NanoStitch vertical nanotube N12 Technologies N/A N/A 

5.2.2 Characterisation of interleaf materials 

The mode I and mode II fracture toughness of the Optiveil™ (referred to as “Optiveil” in this 

thesis), Cerex PBN‐II® (referred to as “Cerex” in this thesis) and Xantu.Layr non-woven veils 

were measured with DCB and ENF tests [38,39]. The manufacturing, testing and fracture 

toughness calculations of the Optiveil and Cerex interleaves were carried out by Solomon 

Hung undergraduate student under the supervision of the candidate [40]. The microscopy 

inspection of all interleaves and complete characterisation of the Xantu.Layr interleaf was 
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completed by the candidate. The characterisation of the NanoStich reinforcement with 

Hexcel 8552 resin is subjected to future tests. 

 Interleaf thickness and fibre diameter 

To measure the effective ply thickness of an interleaf (the ply thickness increase of the 

laminate as a result of interleaving, denoted as 𝑡𝑖), the measurement of the thickness of the 

resin interface (𝑡𝑟) of a pristine AS4/8552 laminate was needed (Figure 5.4). This is obtained 

from Figure 5.5. Once the thickness of the pure resin layer is known, the effective thickness 

of the interleaf can be obtained by subtracting 𝑡𝑟 from the value of the interleaved resin 

thickness (𝑡𝑟𝑖, see Equation5.1). Moreover, the thickness of the fibre layer (𝑡𝑓) can also be 

calculated from Equation 5.2. 

 𝑡𝑖 = 𝑡𝑟𝑖 − 𝑡𝑟 (5.1) 

 𝑡𝑟 = 𝐶𝑃𝑇 − 𝑡𝑓 (5.2) 

 

Figure 5.4 Thickness of the fibre layer, resin layer and interleaved resin layer 

The resin layer thickness of AS4/8552 is 15 µm based on Figure 5.5. As the CPT of AS4/8552 

is 196 µm, the fibre layer thickness is 181 µm. 

 

Figure 5.5 Measurement of the resin layer thickness of AS4/8552  
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The micrographs of the Optiveil, Cerex and Xantu.Layr interleaves cured in the midplane of a 

DCB specimen can be seen in Figure 5.6. The measured interleaved resin thicknesses based 

on these and additional micrographs (not shown here) can be seen in Table 5.2. It is noted 

that the variability in interleaved resin thickness is high, and the shown images may not be 

representative of the average values. The highest variability is observed in the PA interleaf, 

its average is 205 µm but the minimum and maximum measured values are 146 and 273 µm, 

respectively. 

 

Figure 5.6 Micrographs of the non-woven interleaves in the laminate a) Xantu.Layr b) PEI c) PPS d) PE 
e) Aramid f) PA. Thickness annotations in the bottom left corner of the images refer to dry interleaf 

thickness 

Besides measuring the interface thicknesses, the fibre diameter of the interleaves can also 

be obtained from these images (measured at larger magnification, not shown here) and are 

reported in Table 5.2. The PEI fibres were difficult to distinguish from the resin and the 

Xantu.Layr veil was not visible, therefore a Differential Interference Contrast (DIC) lenses 

were used (Figure 5.6a and Figure 5.6b). It is assumed that the cure temperature exceeded 
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the melt temperature of the thermoplastic material and the fibres melted, although PEI 

generally has a higher melt temperature than 180 °C (see Section 5.3). 

Table 5.2 Measured fibre, resin and interleaf thicknesses and fibre diameters 

Interface Thickness 
Effective interleaf 

thickness 
Fibre diameter 

 [µm] [µm] [µm] 

AS4/8552 fibre layer 181 - 7.1 (from [41]) 

AS4/8552 resin layer 15 - - 

Optiveil PEI + resin 32 17 9 

Optiveil PPS + resin 36 21 17 

Optiveil PE + resin 79 64 14 

Optiveil AF + resin 83 68 15 

Cerex PA + resin 205 190 27 

Xantu.Layr + resin 18 3 N/A 

NanoStitch + resin N/A N/A N/A 

Micrographs of the dry non-woven interleaves from planar view can be seen in Figure 5.7. 

The density difference is obvious from the images, ranging from PEI (5 g/m2) to PA (34 g/m2). 

Whereas the dispersion of the fibres in PPS, PE, Aramid and PA is consistent, the low density 

of PEI results in gaps up to about 0.5 mm2 in the veil. Moreover, the PA veil is prepared with 

a pattern of horizontal and vertical perforations. The nature of these is unknown, but it is 

assumed that these patches are achieved by locally melting the fibres together to provide a 

more robust structure to the interleaf. However, as the fibres do not melt at the curing 

temperature of the AS4/8552 material used in this thesis (180 °C [42]), these patches can 

create an impermeable barrier for the resin and prevent it from adequately wetting the 

laminate without causing local porosities. 

 Fracture toughness 

The detailed discussion of the specimen preparation and results of the Optiveil and Cerex 

non-woven interleaves are reported in [40]. The mode I and mode II fracture toughness 

values are shown in Table 5.3. All values refer to precracked values, are calculated with the 

modified beam theory (MBT) and peak loads obtained using deviation from the linearity of 

the load-displacement curves. However, due to a manufacturing error resulting in uneven 

number of plies in the laminate, the results of the PEI are only reported for comparison. 

Moreover, due to a testing error resulting in incorrect load measurement (see Appendix 2.1), 

the mode I values are also used for comparison only. The incorrectly measured uninterleaved 
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AS4/8552 mode I fracture toughness (0.36 kJ/m2) is 20% larger than the value obtained from 

the literature (0.30 kJ/m2, [15]). Although this is not substantially different, the absolute 

values should not be used. However, the relative comparison of the interleaves is still 

possible.  

 

Figure 5.7 Micrographs of the dry non-woven interleaves from planar view a) PEI b) PPS c) PE d) 
Aramid e) PA 

Table 5.3 Mode I and mode II fracture toughness values of the Optiveil and Cerex non-woven 
interleaves. Values underlined are used for comparison only 

Interleaf material 𝑮𝑰𝑪(SD) 𝑮𝑰𝑰𝑪 (SD) 

 [kJ/m2] [kJ/m2] 

No interleaf (literature) 0.30 (0.01) 0.87 (0.06) 

No interleaf (measured) 0.36 (0.06) 1.04 (0.13) 

Optiveil Polyetherimide 0.54 (0.01) 1.38 (0.09) 

Optiveil Polyphenylenesulfide 0.58 (0.08) 1.85 (0.24) 

Optiveil Polyester 0.61 (0.04) 1.85 (0.26) 

Optiveil Aramid 0.72 (0.03) 1.37 (0.10) 

Cerex Polyamide 1.36 (0.08) 1.94 (0.83) 

The fracture toughness values of Xantu.Layr are correctly measured (Table 5.4), mode I and 

mode II are 24% and 96% higher compared to the values of uninterleaved AS4/8552 from 

literature [15]. Detailed description of the testing can be found in Appendix 2.2. 

The fracture toughness values related to effective interleaf thickness, density and fibre 

diameter are shown in Figure 5.8. For mode I fracture toughness, there is a correlation 

between all parameters: larger thickness, density and fibre diameter results in better damage 

tolerance. The only exception is PPS, its fibre diameter is larger than of PE and AF, yet its 𝐺𝐼𝐶  
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is smaller. The tendency is not straightforward with mode II fracture toughness, as the AF has 

the lowest value amongst all interleaves, yet its effective thickness, density and fibre 

diameter are larger than of several other materials. Moreover, Xantu.Layr has higher 𝐺𝐼𝐼𝐶  but 

lower 𝐺𝐼𝐶  than PEI. Generally, the higher thickness, density and fibre diameter results in 

higher mode I and II fracture toughness values. However, the higher interleaf thickness 

results in added laminate thickness and structural weight; and the higher density proposes a 

higher probability of resin-poor zones within the interleaf layer. Therefore, the selection of 

interleaf materials must be based on the requirements of the specific application. 

Table 5.4 Mode I and mode II fracture toughness values of the Xantu.Layr interleaf 

Interleaf material 𝑮𝑰𝑪(SD) 𝑮𝑰𝑰𝑪 (SD) 

 [kJ/m2] [kJ/m2] 

No interleaf (literature) 0.30 (0.01) 0.87 (0.06) 

Xantu.Layr thermoplastic nanofibre 0.37 (0.01) 1.70 (0.21) 

 

Figure 5.8 Fracture toughnesses related to the fibre diameter, density and effective interleaf 
thickness a) Mode I b) Mode II. Values for underlined interleaves are for comparison only 

Based on the highest measured fracture toughness values among all non-woven veils, the 

Cerex Polyamide veil was selected for interleaving a T-joint specimen. Additionally, due to 
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the virtually no added thickness to the laminate, the Xantu.Layr and NanoStitch interleaves 

were also selected. 

5.2.3 Manufacturing 

 Preliminary trials 

The manufactured and experimentally tested T-joint in the research paper in Chapter 3 was 

eventually used as a baseline coupon to be compared with the novel filler materials proposed 

in this thesis. However, that particular batch of specimens was preceded by a preliminary 

campaign with a different joint configuration. This early version had 100 mm distance 

between the rollers and the jaws were applied at 55 mm height, therefore the results are not 

comparable with the final version. Moreover, an incorrect CPT was used for the calculation 

of the filler volume, which caused the deformation of the filler during curing and jeopardized 

the results.  

Nevertheless, this configuration was used to test the proposed interleaving method in Figure 

5.2. The uninterleaved specimen was compared to a specimen having an interleaved noodle 

(hybrid noodle). The interleaf material was the polyester non-woven veil described in the 

previous section. The micrographs of the manufactured specimens can be seen in Figure 5.9. 

 

Figure 5.9 Micrographs of the pristine specimens of the preliminary test campaign: a) baseline b) 
hybrid noodle 

Two specimens of the baseline and three specimens of the hybrid joint were tested, and the 

average initial failure load of each were 2740 N and 2845 N, respectively. Both configurations 

failed with crack initiation on the surface of the filler in contact with the overlaminate, which 

propagated up to the web and down to the skin, eventually delaminating the flanges of the 

joint.  

Typical failed specimens are shown in Figure 5.10. As it can be seen from Figure 5.10b, the 

non-woven interleaf layers in the hybrid noodle did not manage to alter the path of the crack 

or prevent its propagation. Moreover, based on load-displacement data (not reported here) 
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the hybrid noodle did not absorb more energy following the initial crack either. Therefore, 

this concept was not remanufactured with the final T-joint configuration. 

 

Figure 5.10 Micrographs of the failed specimens of the preliminary test campaign: a) baseline b) 
hybrid noodle 

 Final version 

Three specimens for each of the three configurations were manufactured with the same joint 

configuration as described in the research paper in Chapter 3. Due to the thickness of the 

Cerex Polyamide veil and the limited amount of NanoStitch treated prepreg material, these 

interleaves were only utilised in the midplane of the web, flanges and on the filler surfaces 

(Figure 5.11a). All interfaces of the T-joint with Xantu.Layr reinforcement were interleaved, 

but the veils were terminated approximately 5-10 mm after the end of the curvature, as 

initial failure was not expected outside this region (Figure 5.11b). 

 

Figure 5.11 Location of interleaves in the T-joint a) Cerex PA and NanoStitch b) Xantu.Layr  

For details on the manufacturing of the T-joint and specimen preparation, see Section 2.1 of 

the research paper in Chapter 3. Micrographs of the typical cross-sections of the 

manufactured baseline and proposed fillers can be seen in Figure 5.12. The Cerex PA veil 

significantly increased the thickness of the interface between the filler and Ply 1, but its 

thickness is inconsistent in some locations due to its non-woven nature, consisting of 

randomly oriented fibres (Figure 5.12a). At a higher magnification, the inconsistency of the 
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fibre volume ratio can also be seen. The NanoStitch vertical nanotubes were not visible even 

at 50x magnification with the optical microscope (Figure 5.12b). The Xantu.Layr veils are 

distinguishable from the pristine interfaces of the baseline specimen but resulted in 

insignificant thickening of the laminate. The outline of the veils is visible in the right edge of 

the filler highlighted in Figure 5.12c. 

 

Figure 5.12 Micrographs of the manufactured interleaved specimens a) Cerex PA Cerex PA (specimen 
IA3) b) NanoStitch (specimen N1) c) Xantu.Layr (specimen X1) 



114 
 

5.2.4 Experimental testing and results 

Typical load-displacement curves are presented in Figure 5.13 (further curves are presented 

in Appendix 3.1), and the list of initial failure loads (defined as the load at damage initiation) 

can be found in Table 5.5. Micrographs of the failed specimens can be seen in Figure 5.14. 

 

Figure 5.13 Load-displacement curves of the experimental tests. Only A4 of the baseline, IA3 of the 
Cerex PA, N1 of the NanoStitch and X1 of the Xantu.Layer joints are shown for comparison 

Table 5.5 Test results. Micrographs of the specimens in bold are shown in Figure 5.14. Only A4 of the 
baseline joints is included and the average is taken from 6 specimens (see Table 3 of the research 

paper in Chapter 3) 

Joint ID Initial failure load Average (SD) Difference 

  [N] [N] [%] 

Baseline A4 4235 4366 (330) - 

Cerex PA 

IA1 3257 

3257 (440) -25% IA2 2809 

IA3 3687 

NanoStitch 

N1 4208 

4384 (223) 0% N2 4308 

N3 4635 

Xantu.Layr 

X1 4601 

4627 (136) +6% X2 4506 

X3 4775 
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Figure 5.14 Micrographs of the failed interleaved specimens: a) Cerex PA (specimen IA3) b) 
NanoStitch (specimen N1) c) Xantu.Layr (specimen X1). For interpretation of the load-displacement 

curves see Figure 5.13 

The Cerex PA interleaved joints all had a filler crack as the first failure event (Figure 5.14a, 

point A) at an average of 25% lower load than the baseline joints. The reason for this 

knockdown is probably the insufficient infusion of the dry mat by the resin during curing and 

the subsequent porosity near groups of entangled PA fibres (perforations in Figure 5.9e). 

With the elimination of the perforations in the mat and lower interface thickness to reduce 
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the amount of resin needed from the prepreg plies to wet the dry veil, it is possible that the 

drop in interface strength could be mitigated. Similarly to the baseline joints, the crack 

propagated down to the skin and caused delamination on the filler surface up to the web, 

but could not trigger delamination immediately under the filler and the joint withstood 

further loading. Finally, the skin gave in (Figure 5.14b, point B) and started delaminating. 

However, the improved damage tolerance can be seen in Figure 5.13, as the joint carried 

about 2000 N load during skin delamination and absorbed a high amount of energy, whereas 

most other joints could only take about 500 N following initial failure. 

The NanoStitch interleaved joints behaved similar to the baseline joints both in terms of 

failure mechanisms (Figure 5.14b, point A and B referring to radius laminate and filler crack, 

respectively) and average initial failure load (<1% difference). Specimens N2 and N3 did not 

achieve a second peak after initial failure. Because the initial failure did not occur in the filler-

laminate surface, the NanoStitch layer could not alter the failure behaviour here. However, 

the nanotube forest under the filler and across the skin-overlaminate interface did not alter 

the failure mechanism during the delamination of the skin either. To balance the more 

complex manufacturing procedure, a significant improvement would be needed in 

performance to consider this concept as a viable solution. It is also possible that NanoStitch 

nanotubes work better with toughened resin (such as TC350-1 in [37]), but are not able to 

improve the properties of the 8552 resin used in this thesis. 

The Xantu.Layr interleaved specimens reached the highest average initial failure load of all 

proposed concepts, 6% higher than the baseline, but this is within statistical error due to the 

low number of coupon tests. The failure mechanisms were similar to the ones occurring in 

the baseline joints as the overlaminate cracked first in the case of X1 and X2 specimens 

(Figure 5.14c, point A). However, further cracks occurred in the laminate (Figure 5.14c, point 

B), followed by the final filler crack (Figure 5.14c, point C) and sudden drop in load. X3 

specimen failed with the filler crack as the first sign of damage initiation. 

5.3 Additively manufactured fillers 

Due to the recent development of high-performance substances and manufacturing 

processes, thermoplastics are becoming a viable choice of material for primary aerospace 

structures. They generally have higher strength, higher fracture toughness and better fatigue 

properties than thermoset resins, along with other advantageous secondary properties such 

as recyclability and lack of toxic components. However, thermoplastic parts are generally 

manufactured as individual components, and not co-cured with a thermoset laminate. The 
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concept presented here is a 3D printed thermoplastic filler, co-cured with the epoxy matrix 

based laminate of the T-joint. This concept combines the high production rate using prepreg 

materials, the low labour requirement of additive manufacturing and the high strength of 

thermoplastics. 

5.3.1 Embedded filler 

Besides utilising the advantageous properties of thermoplastic materials, additive 

manufacturing also enables the macro level modification of material properties. By 

combining different materials in the same structure, it is possible to tailor the stiffness of the 

filler. Based on simulations and experimental results in this thesis and in the literature 

(section 3.1 of the research paper in Chapter 2), peak stresses always occur on the surfaces 

of the filler. This means that the inner part of the filler remains “unutilised” as it carries less 

load. Therefore, by increasing the stiffness inside the filler while keeping its stiffness 

relatively low near its perimeter, both the joint stiffness and the failure load can be increased. 

Using the configuration proposed in section 4.12, which triggers failure in the filler while 

keeping the laminate undamaged at the same load, preliminary simulations were carried out. 

The behaviour of the conventional rolled noodle, a low modulus filler and an embedded filler 

configuration with variable stiffness materials (low, medium and high) are compared. 

The geometry of the embedded filler can be seen in Figure 5.15. The dimensions of the zones 

are defined based on an intuitive optimisation process, which aimed at finding a 

configuration that evenly redistributes the stress across the filler. 

The low modulus filler resembles a high-performance thermoplastic such as polyetherimide 

(PEI), whereas the medium and high modulus fillers are representative materials of short 

fibre reinforced thermoplastics. The three elastic stiffnesses of the low, medium and high 

modulus materials are 2500 MPa, 7500 MPa and 12500 MPa, respectively, and the Poisson’s 

ratio is 0.4 in all cases. Plasticity is not included in the model for this preliminary study, 

however, engineering thermoplastics, especially with fibre reinforcements, do not exhibit 

highly nonlinear behaviour. The yield strength of the materials is assumed to be 117.5 MPa 

which is the same as the in-situ transverse strength of the rolled noodle. This is 

representative of high-performance thermoplastics and can be even higher with 

reinforcements in the material. 
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Figure 5.15 Geometry of the embedded filler 

The load-displacement curves of the three configurations can be seen in Figure 5.16. The 

stiffness of the joint with rolled filler is 3129 N/mm whereas the joints with embedded and 

low stiffness fillers have 4% and 7% lower stiffnesses. The low stiffness configuration failed 

at 4570 N by reaching 117.5 MPa von Mises stress in the filler near the filler edges, which is 

a 19% improvement compared to the reference joint with rolled noodle (3845N, see Figure 

4.26). The embedded configuration failed at 5010 N with critical von Mises stress in the high 

stiffness region of the filler (Figure 5.17). This is 30% higher than the strength of the joint 

with conventional filler and 10% higher than the joint with low stiffness filler. 

 

Figure 5.16 Load-displacement curves of the conventional rolled filler, low modulus thermoplastic 
filler and embedded filler 
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Figure 5.17 Von Mises stress distribution in the embedded filler at 5010 N load 

Whereas the joint stiffness reduction with a thermoplastic filler can be disadvantageous from 

the aspect of an aircraft component, the knockdown can be reduced and the strength further 

improved with a variable stiffness embedded filler design. 

5.3.2 Material selection 

In order to co-cure a thermoplastic filler with the thermoset laminate and implement it in an 

out-of-plane joint, the material needs to meet three requirements.  

First, it must have higher melting temperature than the cure temperature of the thermoset 

resin in the laminate (180 °C), otherwise the geometry could not be retained during the 

curing of the joint. 

Second, the thermoplastic material should have comparable or higher yield strength than the 

transverse tensile strength of the thermoset composite material, as the latter is the driving 

factor for influencing the strength of a conventional UD composite noodle (see Chapter 2). 

Note that the strength of a 3D printed structure differs from the strength of a component 

which has been injection moulded from the same material [43]. 

Third, the thermoplastic material must be compatible with the thermoset resin. To 

quantitatively measure this property, bimaterial fracture toughness tests should be carried 

out with the used thermoset resin and representatively manufactured thermoplastic 

materials. However, such experimental characterisation was out-of-scope for this work. 
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Based on the review of the commercially available engineering thermoplastics, the materials 

shown in Table 5.6 have been considered. The values are used for reference only, as the 

provided strength can be yield or tensile, and the operating temperature can be melting, 

deflection or glass transition temperature, depending on data provided in the datasheets. 

The cited properties are for unreinforced resins and can be considered as minimum values 

because with the addition of particle or short fibre reinforcements, the strength can increase 

more than two-fold (e.g. from 80 MPa to 200 MPa tensile strength with 30% carbon fibre 

content in case of PBI [44]). Moreover, the reinforcement reduces the coefficients of thermal 

expansion and increases stiffness. 

Table 5.6 Considered thermoplastic materials. In the “Strength” column “Y” refers to yield strength, 
“T” refers to tensile strength. In the “Operating temperature column “M” refers to melting 

temperature, “D” refers to deflection temperature, “G” refers to glass transition temperature 

Name Strength 
Operating 

temperature 

Compatibility with 

epoxies 

 [MPa] [°C]  

Polyaryletherketone (PAEK) Y 87 [45] M 340 [45] No (similar to PEEK) 

Polyamideimide (PAI) T 152 [46] D 278 [46] Yes [47] 

Polybenzimidazole (PBI) T 160 [48] G 360 [48] Yes [49] 

Polyetherimide (PEI) Y 105 [50] M 370 [50] Yes [51] 

Polyetheretherketone (PEEK) Y150 [52] M 342 [52] No [51] 

Polyetherketoneketone (PEKK) T 110 [53] M 331 [53] No (similar to PEEK) 

Polyethersulfone (PES) Y 90 [54] D 200 [54] Yes [55] 

Polyimide (PI) Y 103 [56] M 380 [56] Yes, when treated [57] 

Polyphenylenesulfide (PPS) T 85 [58] M 285 [58] Yes [59] 

Polysulfone (PSU) T 70 [60] M 329 [60] Yes [61] 

Liquid Crystal Polymers (LCP) T 80 [62] M 340 [62] Yes [63] 

Even though the materials listed in Table 5.6 might be suitable from the aspect of strength, 

melting temperature and epoxy-compatibility, the additive manufacturing procedure sets 

further limitations. A material developed for injection moulding or similar thermoplastic 

manufacturing processes cannot be directly implemented in additive manufacturing and 

needs further modifications in its composition to be used as a filament. Therefore, only a 

limited number of thermoplastic resins are commercially available as filaments. 

From the aforementioned materials to the candidate’s best knowledge, only PEI has been 

demonstrated on structural level in the literature to meet the second criterion, i.e. to be 

compatible with epoxy thermoset resins [51,64]. Therefore, the commercially available 
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ULTEM™ 1010 PEI (referred to as “ULTEM” in this thesis) and CarbonX™ Carbon Fiber Ultem™ 

PEI (referred to as “CarbonX” in this thesis) filaments were chosen in this work to be 

manufactured with an in-house built fusion deposition modeling (FDM) printer. According to 

the manufacturers’ datasheets [65,66], the longitudinal tensile strengths of ULTEM and 

CarbonX are 56 MPa and 145 MPa, and their elastic moduli are 2500 MPa and 7700 MPa. The 

filament diameter is 1.75 mm for both materials. The glass transition temperature of both 

materials is 217 °C. 

5.3.3 Characterisation of the filament materials 

 CarbonX fibre geometry 

CarbonX is a short fibre reinforced material and due to the nature of the filament 

manufacturing process and the manufacture of the 3D printed component with the filament, 

the fibres are oriented along the axis of the filament. For this reason, the material has 

orthotropic behaviour, which needs to be considered during the design of the printed 

component. 

The micrographs of the CarbonX filament can be seen in Figure 5.18. based on measurements 

from the transverse cross-section (Figure 5.18a), the diameter of the short fibres is 8 µm, 

which is in the same magnitude as the diameter of the AS4 fibre (7.1 µm [41]). As expected 

from a short fibre reinforced material, the longitudinal orientation of the fibres is not as 

uniform as in the case of a long fibre reinforced material such as AS4/8552 prepreg (Figure 

5.18b). The longest fibre length measured from this cross-section is 130 µm. The effect of 

porosity present in the filament is unknown, but it was assumed that due to the melting of 

the filament during printing, the matrix would become homogeneous. Nevertheless, both 

ULTEM and CarbonX were annealed at 120 °C for 2 hours to eliminate the moisture content 

before printing. 

 Tensile strength 

Due to their filament-based structure, thermoplastic materials manufactured with an FDM 

printer have anisotropic behaviour and have lower strength than their injection moulded 

counterparts made of the same material [43,67].  

If several filaments are printed next to each other to form a solid component, there will be 

inevitable gaps occurring between the solidified filaments. The volume of these gaps can be 

minimised by matching the feed rate and flow rate with the required volume to be filled with 

the material, but exceeding this volume causes the addition of extra material to the 
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component and its distortion from the desired geometry. If a 3D printed component is 

subjected to loading, the area of the loaded cross-section will be reduced by the area of the 

voids between filaments (Figure 5.19a). Moreover, due to the localised stress concentrations 

near these gaps, the strength of the part is further reduced. 

 

 

Figure 5.18 Micrographs of the CarbonX filament a) transverse cross-section b) longitudinal cross-
section 

The anisotropic behaviour is the result of the different load-bearing cross-section of the 

material when a filament is loaded axially or transversely to the axis of its printing direction 

(Figure 5.19b). 

 

Figure 5.19 Structure of a 3D printed part: a) voids present in the cross-section of the material b) 
difference between the areas of the loaded cross-sections 
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The tensile strength of the ULTEM and CarbonX materials were measured via tensile tests 

with Type II dog bones according to ASTM D638 [68]. The filling pattern of the longitudinal 

(“XY”) and transverse (“ZX”) specimens are shown in Figure 5.20. The longitudinal pattern 

was based on the alternation of 0° and 90° layers and the outside boundary of the geometry 

was printed first to provide a continuous boundary and eliminate stress concentrations. The 

transverse pattern was printed with 90° layers across the specimen. 

 

Figure 5.20 Filling patterns of the dog bone specimens 

The specimens were printed with 0.1 mm nominal voxel size with an in-house built FDM 

printer. Extruder temperature (385 °C), bed temperature (140 °C) and print speed (20 mm/s) 

were set up according to the manufacturer’s recommendations [65,66]. Then, the coupons 

were annealed to eliminate the thermal stresses accumulated during printing (kept at 150 °C 

for 1 hour, kept at 205 °C for 1 hour, kept at 150 °C for 30 minutes, cooled down to room 

temperature). Five-five specimens were manufactured for the ULTEM material (denoted as 

“PA” and “PB” for XY and ZX directions, respectively), three for the CarbonX longitudinal 

direction (“CA”) and four for the transverse direction (“CB”). 

The measured average tensile strengths can be seen in Table 5.7 and the values for each 

specimen in Appendix 2.3. The measured 63.6 MPa longitudinal value of ULTEM is 14% higher 

than the 56 MPa provided by the manufacturer [69]. The transverse strength is not provided 

in the datasheet, but it was measured to be the 55.3 MPa, which almost matches the 

longitudinal strength measured by the manufacturer. Contrary to the expected strength 

increase due to the fibre reinforcement, the longitudinal and transverse strengths of CarbonX 

were 27.3 MPa and 10.9 MPa, respectively. The longitudinal value is 81% lower than the 

manufacturer’s measurement (145 MPa, [66]). The reason for this can be the porosity 

present in the dog bone specimens (Figure 5.21). Whereas the ULTEM material only 
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contained expected voids according to Figure 5.19, the CarbonX specimen suffered from 

severe porosity. Moreover, based on the different shades of inter- and intra-layer resin 

(Figure 5.21b), the matrix did not consolidate properly. The reason for this is assumed to be 

the incorrect printing parameter setup. Therefore, the CarbonX material and the embedded 

filler concept presented in Section 5.3.1 was eliminated due to the low mechanical properties 

and only a filler made of completely ULTEM material was investigated. 

Table 5.7 Tensile strength of ULTEM and CarbonX 

Material Filling pattern Average tensile strength (SD) 

  [MPa] 

ULTEM Longitudinal (0°/90°) 63.6 (4.3) 

ULTEM Transverse (90°) 55.3 (8.9) 

CarbonX Longitudinal (0°/90°) 27.3 (0.2) 

CarbonX Transverse (90°) 10.9 (6.8) 

 

Figure 5.21 Cross-sections of the dog bone specimens: a) ULTEM b) CarbonX 

5.3.4 Manufacturing 

A filler was printed with the same geometry as the baseline noodle presented in the research 

paper in Chapter 3. There were two possible printing directions to be considered: along axis 

Y of the T-joint, where the layers are parallel to the skin laminate, or along axis Z, where the 

layers are perpendicular to the axis of the filler (Figure 5.22). In a real-life application, the 

latter solution would not only result in a component with height up to 0.5 m, which is an 

often-used noodle length, but would also require more complicated support structure for 

the printing, especially if the required filler geometry is curved along its length. On the other 

hand, printing along axis Y requires less or no support structure, the uniformity of the 

geometry is retained in better quality and due to the low voxel size (0.1 mm), the curvature 

of the radius can be followed sufficiently. Therefore, the filler was printed along axis Y with 

alternating 0°/90° layers and one continuous strand of filament along the circumference of 
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each layer. The printing of the dog bone specimens and fillers were carried out by colleagues 

of the candidate: Dr Robert J. A. Allen and Dr Simon R. G. Bates. 

 

Figure 5.22 Possible printing directions of a T-joint filler a) along axis Y b) along axis Z 

After deburring the edges to accurately match the geometry, it was annealed according to 

the manufacturer’s recommendation (kept at 150 °C for 1 hour, kept at 205 °C for 1 hour, 

kept at 150 °C for 30 minutes, cooled down to room temperature). The filler during the 

assembly of the T-joint can be seen in Figure 5.23. Among all concepts proposed in this thesis, 

including the conventional rolled noodle, handling of the additively manufactured filler was 

the easiest. This can be a significant factor in order to cut manufacturing time and labour 

cost. 

 

Figure 5.23 3D printed ULTEM filler during the assembly of the T-joint 

After manufacturing the T-joint, cutting three 25 mm wide coupons and carrying out the 

polishing, variable quality specimen cross-sections were revealed (Figure 5.24). In some 

cases, the surface was pristine and homogeneous (Figure 5.24a), whereas in some cross-

sections the printer incorrectly manufactured the layers and gaps appeared between the 

filaments (bright areas in Figure 5.24b-c due to different light reflection, and shown in higher 

magnification through a DIC lens in Figure 5.25a). The defects are assumed to be in 

connection with the code generated for printing, the capabilities of the 3D printer used and 

the printing parameters set up. Achieving higher quality should be possible with an industrial 
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grade printer and fine-tuning of the printing parameters. The bounding geometry of the filler 

is satisfactory as the thermoset resin filled the uneven surface caused by the discrete steps 

of the printed layers, ensuring a smooth transition of Ply 1 of the overlaminate from the skin 

to the web (Figure 5.25b). In some cases, the edges of the filler caused the wrinkling of the 

overlaminate (Figure 5.24c), but these locations are not considered critical in terms of stress 

concentrations and therefore are not handled as manufacturing defects. 

 

Figure 5.24 Micrographs of the manufactured 3D printed fillers: a) no defect (specimen P2 back) b) 
minor defects (specimen P2 front) c) major defects (specimen P1 front) 



127 
 

 

Figure 5.25 Quality of the 3D printed filler: a) defects inside the filler (specimen P1 back) b) bounding 
geometry of the right surface of the filler (specimen P3 back) 

5.3.5 Experimental testing and results 

Typical load-displacement curves are presented in Figure 5.26 (further curves are presented 

in Appendix 3.2), and the list of initial failure loads (defined as the load at damage initiation) 

can be found in Table 5.8. Micrograph of a failed specimen can be seen in Figure 5.27. 

 

Figure 5.26 Load-displacement curves of the experimental tests. Only A4 of the baseline and P2 of 
the 3D printed joints are shown for comparison 

Table 5.8 Test results. Micrograph of the specimen in bold is shown in Figure 5.27. Only A4 of the 
baseline joints is included and average is taken from 6 specimens (see Table 3 of the research paper 

in Chapter 3) 

Joint ID Initial failure load Average (SD) Difference 

  [N] [N] [%] 

Baseline A4 4235 4366 (330) - 

3D printed 

P1 2603 

2510 (278) -57% P2 2197 

P3 2730 
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The elastic modulus of the ULTEM material is 2500 MPa, which is 72% lower than the 

transverse elastic modulus of the baseline noodle (8800 MPa), and is reflected in the joint 

stiffness difference between the baseline and 3D printed joints. 

 

Figure 5.27 Micrograph of a failed specimen (P2). For interpretation of the load-displacement curve 
see Figure 5.26 

As mentioned in the previous subsection, 3D printed fillers suffered from manufacturing 

defects. This was reflected in the results as all three joints failed initially with cracking of the 

filler (Figure 5.27, point A) at 57% lower average initial failure load compared to the baseline 

case. In specimen P1, the laminate remained intact, whereas in P2 and P3 specimens it was 

immediately followed delaminations in the overlaminate. However, because of the high 

fracture toughness of PEI material, the filler crack could not propagate and reach the skin 

immediately and the joint absorbed more energy before the filler-skin interface failed (Figure 

5.27, point B). Despite the lower strength of the joints, the interface of the 3D printed filler 

and Ply 1 of the overlaminate did not fail in any cases. This proves that the cohesion between 

the thermoplastic PEI and the thermoset 8552 materials is sufficient for structural 

applications. 

5.4 Conclusions 

The results demonstrated that polyamide non-woven interleaves can increase the damage 

tolerance of the structure even if manufactured as part of a prepreg laminate, but they 

reduce the strength of the interface at the same time. NanoStitch vertical nanotubes did not 

alter the behaviour of the joint in this specific application. Xantu.Layr non-woven nanofibre 

veils changed the initial failure load of the joints by 6%. 

3D printed fillers suffered from manufacturing defects and subsequent drop in strength but 

showed that the cohesion between thermoplastic and thermoset resins is sufficiently strong 
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and the weakest link in hybrid components is not the bimaterial interface. With optimised 

print parameters and the application of high strength, high temperature and epoxy 

compatible thermoplastic resins having been developed in recent years, 3D printed fillers can 

replace the labour-intensive rolled noodles. 
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Chapter 6  

Chopped and braided fillers 

6.1 Introduction 

As identified in Chapter 2, there are numerous manufacturing methods available in the 

literature to produce fillers, but most of these processes are expensive, immature, or limited 

to specific applications. As a result, the primary choice to be used with joints manufactured 

from prepreg laminate is still the manually rolled “noodle”. The high cost of the noodle comes 

from the labour intensive process. Based on the manufacturing of the baseline joint in 

Chapter 3, this step accounts for about 25% of the total manufacturing time. However, this 

can be even more significant in real life applications, where longer noodles are required, as 

unless the surrounding laminate, it cannot be fabricated by more than one person at a time. 

Therefore, it is desirable to pursue automated manufacturing techniques, which can reduce 

or eliminate the involvement of human labour and the rolling step. This chapter proposes 

two manufacturing methods to generate fillers with the aim of lower manufacturing cost, 

but similar or marginally reduced mechanical performance than the conventional UD noodle. 

The next section introduces a concept based on chopping prepreg material and forming it 

into a deltoid shape. Section 6.3 proposes a hybrid design using two resin systems, where a 

resin infused braided filler is assembled with the surrounding prepreg laminate of the joint. 

In each section, T-joints with the same configurations presented in Chapter 3 but utilising the 

proposed concepts are manufactured and tested under tensile loading, their failure 

mechanisms are discussed, and the results are compared to the baseline T-joint. 

6.2 Chopped fillers 

In most cases, fillers are not considered as structural components, which means a stiffener is 

designed with a void and the strength and stiffness of the filler are not accounted for in the 

design. This is a conservative approach, because the presence of the noodle during the 

experimental certification always results in better mechanical performance than the 

analytically or numerically designed component containing a void. Therefore, the 

longitudinal fibre orientation of a noodle is not a performance requirement but the result of 
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the manufacturing process. By removing this manufacturing constraint, alternative concepts 

and manufacturing procedures become available. 

Injection moulding and compression moulding are considered as primary solutions for high-

volume manufacturing due to the minimal or non-existent human labour involvement in the 

process. However, to exploit the low cycle time and freedom in achievable geometry, it is 

necessary to replace long fibres with short fibre reinforcement in the charge. The proposed 

filler concept utilises chopped unidirectional and woven prepreg chips, which are injection 

or compression moulded into the filler forming tool, then assembled and cured with the 

laminate the same way as in the case with the conventional rolled noodle (Figure 6.1). 

Moreover, this method can use wastage material resulting from the cutting of prepreg plies, 

therefore the material cost and storage cost of the filler is eliminated. The following 

subsections introduce a proof of concept manufacturing method by manual chopping of the 

material, which serves as a basis for further development of a fully automated procedure. 

 

Figure 6.1 Automated manufacturing procedure of a chopped filler. Steps 3 and 4 are manually 
carried out in this thesis 

6.2.1 Manufacturing 

Hexcel HexPly® AS4/8552 material (same as the laminate in the T-joint) was used for the UD 

chips, whereas Hexcel HexForce™ AGP280-5H [70] was used for the woven chips. The latter 

consists of the same AS4 fibres [41] and 8552 resin [42] but has a 5 harness satin woven 

structure and nominal cured ply thickness of 0.29 mm. 
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In theory, the chip size should be as small as possible so that the mechanical behaviour of 

the filler approaches isotropic; but large enough so that the fibre length is larger than the 

critical fibre length to avoid loss of the material strength. The critical fibre length (𝑙𝑐) of 

AS4/8552 with 3K tow size is 0.18 mm (see Equation 6.1 [71]), where fibre diameter (d = 7.1 

μm) and fibre strength (𝜎𝑓 = 4619 MPa) is from [41], and matrix shear strength (𝜏𝑚 = 91.6 

MPa) is from [72]. Due to the lack of available data in the literature, the matrix shear strength 

is taken as the interlaminar shear strength of the AS4/8552 material system. As shear failure 

is resin dominated, the two values shall be similar. Based on preliminary trials, a 5x5 mm chip 

size was chosen for both concepts, as smaller pieces of UD prepreg fell apart during handling. 

However, it is noted that the woven prepreg can be cut into smaller pieces due to its more 

stable woven structure. The selected chip size is one magnitude larger than the critical fibre 

length, and therefore the use of the prepreg interlaminar shear strength instead of the matrix 

shear strength is acceptable. 

 𝑙𝑐 =
𝜎𝑓𝑑

2𝜏𝑚
 (6.1) 

After cutting the same volume of prepreg material as used in the rolled noodle, the chips 

were manually placed and distributed in the noodle forming tool (Figure 2a of the research 

paper in Chapter 3), debulked, and finally assembled within the T-joint (Figure 6.2). 

 

Figure 6.2 Underside view of the chopped UD filler before the assembly of the overlaminates and the 
skin 

After curing and cutting three-three specimens for each concept (denoted as “CU” for 

chopped UD and “CW” for chopped woven), the coupons were observed under a microscope 

(Figure 6.3 and Figure 6.4). The width of the fillers were higher compared to the baseline case 

and varied across the cut specimens, which is caused by the random orientation and location 
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of chips across the length of the filler (Figure 6.2). This effect can be reduced with smaller 

chip size and an automated procedure using a closed noodle forming tool. Subsequently to 

the wider and higher filler, as the filler volume was fixed, the ply thickness was increased in 

the radius (Figure 6.3c) and the skin under the filler became non-flat (Figure 6.3b). During 

manufacturing, the noodle forming tool was filled up with chips being generally parallel to 

the skin or rotated along the Z-axis. This resulted in a marginally increased resin-rich zone 

near the top edge of the filler, and lack of chips being parallel to the X-Y-plane. The woven 

fillers have smaller resin-rich zones, which can be due to the relatively lower thickness of the 

yarns within the woven chips compared to the thickness of the UD chips, therefore they can 

adjust to the “chip drops” easier. 

 

Figure 6.3 Micrographs of the manufactured chopped UD specimens: a) specimen CU1 b) specimen 
CU2 c) specimen CU3 
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Figure 6.4 Micrographs of the manufactured chopped woven specimens: a) specimen CW1 b) 
specimen CW2 c) specimen CW3 

The specimens were scanned with a Nikon XT H 225 ST CT scanner (Perkin Elmer 1620 16-bit 

flat panel detector, voltage: 157 kV, current: 157 μA, exposure time: 500 ms, average number 

of projections: 2930, voxel size: 0.02 mm) and scans were examined with Avizo 9.2.0 software 

to measure the porosity. No voids were visible in any micrographs of the surfaces, and the 

CT scan revealed <0.1% porosity content in both fillers. However, this is within the 

boundaries of the maximum of 2.5% allowable void content in aircraft components [73]. The 

largest void of all six specimens having 0.17 mm diameter can be seen in Figure 6.5. 
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Figure 6.5 CT scan image of the largest void present in the chopped fillers (specimen CU2 shown) 

6.2.2 Experimental testing and results 

Typical load-displacement curves are presented in Figure 6.6 (further curves are presented 

in Appendix 3.3), and the list of initial failure loads (defined as the load at damage initiation) 

can be found in Table 6.1. Micrograph of the failed specimens can be seen in Figure 6.7 and 

Figure 6.8. 

 

Figure 6.6 Load-displacement curves of the experimental tests. Only A4 of the baseline, CU1 of the 
chopped UD and CW1 of the chopped woven joints are shown for comparison 
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Table 6.1 Test results. Only A4 of the baseline joints is included and average is taken from 6 
specimens (see Table 3 of the research paper in Chapter 3) 

 

Figure 6.7 Micrographs of the failed chopped UD specimens: a) specimen CU1 b) specimen CU2 c) 
specimen CU3.  For interpretation of the load-displacement curves see Figure 6.6 

Joint ID Initial failure load Average (SD) Difference 

  [N] [N] [%] 

Baseline A4 4235 4366 (330) - 

Chopped UD 

CU1 4507 

4589 (106) +5% CU2 4709 

CU3 4552 

Chopped woven 

CW1 4107 

4112 (343) -6% CW2 4457 

CW3 3771 



137 
 

 

Figure 6.8 Micrographs of the failed chopped woven specimens: a) specimen CW1 b) specimen CW2 
c) specimen CW3. For interpretation of the load-displacement curves see Figure 6.6  

Chopped UD and woven joints initially failed with radius delaminations at 4589 N and 4112 

N average loads, respectively (Figure 6.7 and Figure 6.8, points A). These values correspond 

to +5% and -6% difference compared to the baseline configuration. However, the failure of 

the chopped fillers (Figure 6.7a, point C; Figure 6.7b-c and Figure 6.8a-c, points B) differed 

from the failure of the rolled noodles. In the latter case, the noodle fails because its low 

transverse tensile strength cannot withstand the loads acting on it from the opening 

mechanism of the radius. The crack then propagates without any significant resistance down 

to the skin. In the case of the chopped fillers, most of the inside surfaces (filler side) of Ply 1 

in the overlaminate are covered with chips following the curvature of the ply. This provides 

protection from the opening mechanism of the radius, unless the fibre orientation of the chip 
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is the same as of a noodle, which is unlikely. Therefore, the crack can only initiate at the end 

of a chip (chip drop) where the resin is accumulated such as the one highlighted in Figure 

6.8c with point B (pristine specimen can be seen in Figure 6.4c). Then the crack propagates 

along the surfaces of the chips until reaching the other side of the filler and delaminating the 

skin from the flanges. In this manner, the orientation and location of the chips can be used 

to tailor the crack initiation location and the behaviour of the crack propagation within the 

filler and even improve its damage tolerance. Among the chopped UD specimens, CU1 

showed different failure mechanism: between the crack initiation in the radius (Figure 6.7a, 

point A) and the crack initiation in the filler (Figure 6.7a, point C), there was another crack 

within the radius (Figure 6.7a, point B). Among the chopped woven specimens, CW1 showed 

different failure mechanism: after the initial radius crack (Figure 6.8a, point A), the filler 

remained intact and the skin delaminated from underneath the filler (Figure 6.8a, point B). 

Subject to the achievable level of automated manufacturing procedure, chopped fillers are 

feasible solutions to replace the currently utilised rolled UD noodles. 

6.3 Resin infused braided fillers 

Because dry materials do not need freezer storage, resin infusion is a more cost-effective 

process than manufacturing with pre-impregnated materials. Moreover, due to their 

freedom in achievable geometry and increased out-of-plane strength, utilisation of braided 

components is one of the most advantageous features of structures manufactured with resin 

infusion. However, the manufacturing quality and performance of prepreg laminates are still 

preferred in many applications.  

The proposed concept combines two manufacturing technologies: the prepreg laminates of 

the skin and overlaminates are assembled with a resin infused and B-staged braided filler, 

and then the assembly is co-cured (Figure 6.9). The cost reduction comes from the 

commercial availability of braided fillers, the automation of the infusion step and the reduced 

processing and assembly time. Moreover, conventional rolled noodles are manufactured and 

assembled during the manufacturing of the stiffener, whereas resin infused braided fillers 

can be prepared in advance, stored in freezer, and used later. This parallel processing can 

further reduce manufacturing time. 

6.3.1 Material selection 

The two main methods to produce 3D preforms are 3D weaving and braiding. The first 

procedure can achieve virtually any geometry reproducible by the weaving pattern, whereas 
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the latter is suitable for long beams with a given cross-section. At the time of writing this 

thesis, the 3D woven filler manufactured by Biteam AB [74] was in a prototype stage, and 

was not available with the desired geometry. Therefore, only a braided filler produced by 

Eurocarbon B.V. was explored [75]. 

 

Figure 6.9 Manufacturing procedure of a resin infused braided filler 

As it can be seen in Figure 4 of the research paper in Chapter 2, a braided filler can suffer 

from insufficient compaction. This is because the dry braid cannot retain its intended shape 

before and during the curing process, causing a resin rich zone to form and dimensional 

instability. To avoid this issue, another concept was proposed, where several smaller 

diameter braids with the same total cross-sectional area were placed in the filler forming 

tool. This way the braids can move independently from each other during forming and curing 

and can adapt the geometry of the sharp edges of the triangular zone. The single braided 

filler had 28.3 mm2 cross-sectional area and the multiple braided contained eight smaller 

braids each having 3.6 mm2 cross-sectional area, resulting in the total 28.8 mm2 value. These 

correlate with the theoretical 27.5 mm2 cured cross-sectional area of the rolled noodle. The 

representations of the braid cross-sections are shown in Figure 6.10. The datasheet provides 

the aforementioned cross-sectional areas and the diameters of the braids [75]. However, 

former is measured in infused state at 50% fibre content, and latter is a nominal value, which 
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results in marginal difference between the provided (measured) area and the derived value 

from the diameter. 

 

Figure 6.10 Representation of the braid cross sections: a) single braid b) multiple braids 

Combining resin infusion and a prepreg material system results in two resins to be co-cured 

in the same structure and in the same cure cycle. The Hexcel  8552 resin [42] was given by 

the laminate used throughout the thesis, and Hexcel HexFlow® RTM 6 resin was chosen for 

the infusion of the braided filler. This system is from the same manufacturer, has the same 

180 °C cure temperature and requires low injection pressure [76]. 

6.3.2 Manufacturing 

The braids were placed into a sealed resin infusion tool similar to the one in Figure 2a of the 

research paper in Chapter 3 and the resin was injected according to the manufacturer’s 

recommendation [76]: preheated tool at 120 °C, preheated and injected resin at 80 °C, 1 bar 

injection pressure. After infusion, the resin was B-staged at 140 °C for 30 minutes and then 

placed into freezer before assembly. The B-staging and freezer storage were implemented to 

prevent the drop of viscosity of the resin at room temperature and to ease the handling 

process. The infusion process was carried out by Matthew Shorter (GKN Aerospace). 

Removing, unpacking and assembling the braided fillers with the laminate took less time than 

noodle rolling procedure. However, further analysis is needed to quantify the reduction in 

manufacturing time. The braids during the assembly of the joint can be seen in Figure 6.11. 
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Figure 6.11 Underside view of the braided fillers before the assembly of the overlaminates and the 
skin: a) single braided b) multiple braided 

The curing of the T-joints was followed by cutting and polishing of the three-three specimens 

(“VS” referring to single braided and “VM” referring to multiple braided coupons). The 

micrographs of the single and multiple braided fillers can be seen in Figure 6.12 and Figure 

6.13. Similarly to the chopped concepts, the width of the multiple braided fillers increased, 

as well as the ply thickness in the radius (Figure 6.13c), leading to a marginal skin waviness 

under the filler (Figure 6.13b). Contrarily, the single braided filler had superior compaction 

and retained its geometry with significantly less resin-rich pockets within it (Figure 6.12a). 

The reason for this is that the multiple braided fillers contain 8 individual braids which are 

less resistant to the applied pressure and resin movement in the joint during curing, whereas 

the single braided fillers have higher integrity and can withstand the acting forces on them 

more sufficiently. 
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Figure 6.12 Micrographs of the manufactured single braided fillers: a) specimen VS1 b) specimen VS2 
c) specimen VS3 

The braided T-joints were CT scanned with the same method as described in Section 6.2 and 

neither of the fillers contained any voids. However, the fibre angle of the braided filler can 

be obtained from the CT scans, and it was measured to be 25° based on the single braided 

specimen (Figure 6.14). 
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Figure 6.13 Micrographs of the manufactured multiple braided fillers: a) specimen VM1 b) specimen 
VM2 c) specimen VM3 

 

Figure 6.14 Fibre angle measurement of a single braided specimen (VS1) 
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6.3.3 Experimental testing and results 

Typical load-displacement curves are presented in Figure 6.15 (further curves are presented 

in Appendix 3.4), and the list of initial failure loads (defined as the load at damage initiation) 

can be found in Table 6.2. Micrograph of the failed specimens can be seen in Figure 6.16 and 

Figure 6.17. 

 

Figure 6.15 Load-displacement curves of the experimental tests. Only A4 of the baseline, VS1 of the 
single braided and VM2 of the multiple braided joints are shown for comparison 

Table 6.2 Test results. Only A4 of the baseline joints is included and the average is taken from 6 
specimens (see Table 3 of the research paper in Chapter 3) 

Joint ID Initial failure load Average (SD) Difference 

  [N] [N] [%] 

Baseline A4 4235 4366 (330) - 

Single braided 

VS1 3924 

3401 (1118) -22% VS2 2052 

VS3 4226 

Multiple braided 

VM1 4723 

4471 (422) +2% VM2 3984 

VM3 4705 
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Figure 6.16 Micrographs of the failed single braided specimens: a) specimen VS1 b) specimen VS2 c) 
specimen VS3.  For interpretation of the load-displacement curves see Figure 6.15 

In all six cases of the single and multiple braided specimens, the joints failed in the filler 

(Figure 6.16 and Figure 6.17, points A) and the overlaminate remained undamaged. The 

average initial failure loads were 3401 N and 4471 N respectively, resulting in -22% and +2% 

difference compared to the baseline joints. It is notable that VS2 specimen failed at 2052 N, 

which is the lowest initial failure load of the 30 specimens tested, and VM2 failed at 3984 N, 

which also significantly differs from the average value. These can be accounted for the 

variability of cross-section across the length of the noodle, leading to alteration of fibre-rich 

and resin-rich zones on the filler surface in different cross-sections. Due to the non-0° 

orientation of the braided fibres, the crack could not propagate downwards directly and had 
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to change its direction several times while developing several smaller cracks. In the VS2 

specimen, it resulted in a damage tolerant behaviour as the crack propagated in a varying 

route instead of reaching the skin in a straight path (Figure 6.16b, between points A and B). 

In some cases, the skin delamination was delayed by almost horizontal cracking of the 

bottom of the filler (Figure 6.16a, until point B). The main difference between the single and 

multiple braided specimens was the location of the crack initiation in the filler. In the first 

case, it started higher and closer to the top edge of the deltoid, and in the latter case, it 

started at a similar location as in case of the rolled noodle. Most probably, this is because the 

multiple braided fillers have fibres oriented closer to 0° than the fibres in the single braided 

filler.  

 

Figure 6.17 Micrographs of the failed multiple braided specimens: a) specimen VM1 b) specimen 
VM2 c) specimen VM3. For interpretation of the load-displacement curves see Figure 6.15 
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It is assumed that the advantageous features of the two concepts, namely the geometrical 

accuracy of the single braided filler and the strength of the multiple braided filler, can be 

combined by manufacturing a single braided preform with smaller diameter warps, and 

therefore with closer-to-0° fibre orientation. However, this concept is subject to the 

capabilities of the manufacturer. 

As the interface of the filler and Ply 1 did not fail, it is demonstrated that curing together an 

infusion resin and prepreg resin can provide sufficient strength in the structure. With the 

reduced cost of the proposed manufacturing procedure, resin infused braided fillers are a 

highly favourable choice to replace conventional rolled noodles. 

6.4 Conclusions 

Fillers manufactured from chopped unidirectional and woven chips yielded essentially the 

same strength as the baseline filler (+5% and -6% in comparison). With further development 

in the manufacturing procedure, such as using waste prepreg material and automated 

cutting and injection or compression moulding of the chips, this concept can become a high 

production rate alternative of currently used methods. 

Braided fillers consisting of resin infused single and multiple braids cured together with the 

prepreg laminate of the T-joint were manufactured and tested. While the single braided 

concept failed at 22% lower load than the baseline, the multiple braided filler was 2% 

stronger. Moreover, all specimens failed without delaminating the interface of the filler and 

the laminate, which demonstrates that the different infusion and prepreg resins formed a 

strong bond. This means that resin infused fillers can match the strength of the unidirectional 

rolled fillers. 
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Chapter 7  

Conclusions 

This thesis addresses the limitations of rolled unidirectional fillers by proposing new material 

systems that have better mechanical performance or have lower manufacturing cost and 

time. 

Chapter 3 introduces a high-fidelity numerical framework with experimental validation to 

simulate the failure of a T-joint subjected to tensile loading. The model is not only capable of 

capturing the location of the failure initiation but also predicts the failure load with 3% 

accuracy using LaRC05 failure criterion. To achieve this accuracy it is required to account for 

the moisture and thermal stress state of the specimens, the manufactured shape of the filler, 

the variable ply thickness in the radius, the through-the-thickness mesh refinement of the 

laminate and the in-situ strengths of the plies. Moreover, a new phenomenon called “filler 

effective ply thickness” is proposed to address the increased strength of the filler when 

embodied in the laminate. 

The parametric numerical tool enables the engineer to modify the configuration of the joint 

and use it for optimisation studies, development of design rules and stacking sequence 

guidelines for similar out-of-plane joints. Based on this, Chapter 4 explores various 

configurations of T-joints to investigate the effect of parameters on the failure initiation type 

and relative strength of the filler. As a result, a configuration is proposed which can trigger 

the failure of the filler before the failure of the laminate, and can serve as a basis for 

standardised test method for testing the strength of alternative filler materials. 

Chapter 5 carries out the inspection and characterisation of non-woven veils to be used for 

interleaving fillers and T-joints. At the cost of a knockdown in strength, polyamide interleaves 

demonstrate a significant improvement in damage tolerance of the joint even if the structure 

is manufactured from prepreg laminate. Without adding extra weight or thickness to the 

laminate, Xantu.Layr nanofibre interleaf can match the initial failure strength of a T-joint by 

6%. 

It is demonstrated that additively manufactured PEI thermoplastic fillers can achieve 

sufficient cohesion with epoxy resins co-cured in the same assembly, and the weakest link in 

the hybrid structure is not the bimaterial interface. Additionally, the 3D printed filler leads to 
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the lowest manufacturing time among all concept presented in the thesis. As the 

manufacturing of a rolled UD filler can take up 25% or more of the time required to produce 

a T-joint, this can contribute to a significant cut in manufacturing cost and time. 

Chapter 6 introduces two novel techniques to manufacture cost-effective fillers. By chopping 

UD and woven prepreg plies and placing the chips into a forming tool, fillers are produced 

that can match the strength of a UD filler within ±6%. Although the procedure used in this 

thesis is based on manual handling of the material, it serves as a proof of concept for a 

possible automated procedure. Automating the cutting, moving and forming of the chips and 

implementing the usage of waste material can reduce the amount of human labour and 

eliminate the excess material required for filler manufacturing. 

The other technique involves the resin infusion of a braided preform, B-staging it for ensuring 

better handling of the filler, and assembling it with the prepreg laminates of the T-joint. 

When used with multiple smaller braids, it showed -2% difference in strength compared to 

the UD noodle counterpart. This shows that the hybrid material system consisting of resin 

infusion and prepreg resin cured in the same cycle can form a strong bond.  

Whether the goal is increased strength, damage tolerance, or reduced manufacturing cost 

and time, the proposed solutions can serve as a basis to replace the traditional rolled noodle 

with optimised filler materials in composite structures. 

7.1 Future work 

The output of the thesis includes a comprehensive numerical framework and demonstration 

of novel materials and manufacturing methods. However, there are certain aspects of the 

work that can serve as a basis for further research and development: 

 The FEA model presented in Chapter 3 is currently limited to the analysis of 

symmetric T-joints under tensile loading and the prediction of initial failure. 

However, with the modification of the Python script and the UMAT code it is possible 

to extend its capabilities to other types of joints such as L or omega (hat) shaped 

stiffeners, and implement progressive failure analysis. This could lead to further 

understanding of filler failure and damage tolerance in other environments. 

 The FEA model is only validated with a T-joint having a specific configuration. 

However, to ensure the confidence in its universal failure prediction capabilities, it 

needs validation with other configurations. One particular configuration should be 
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the one presented in Section 4.12, which should trigger filler failure before the failure 

of the laminate. 

 The 3D printed fillers suffered from manufacturing defects. It is believed that with 

the optimisation of the printing parameters, higher quality samples could be printed. 

With the utilisation of the full strength of the PEI filament and inclusion of other 

recently published and commercially available filaments, this concept might match 

or surpass the strength of a rolled noodle and could become a viable option for wider 

use. 

 The chopped fillers demonstrated similar strength as the baseline UD filler, but the 

proof of concept manufacturing procedure used in this project involved the manual 

cutting, placement and debulking of the chips. This time consuming procedure could 

be replaced by developing an injection or compression moulding machine. 

 Braided fillers have an inhomogeneous structure at the scale of a filler and therefore 

they cannot be represented with a homogeneous isotropic material in an FEA model. 

However, with the advancement of numerical analysis of braided and 3D woven 

structures in recent years, it would be possible to implement the discrete modelling 

of the braided filler in the framework presented in Chapter 3. This would provide 

analysis capabilities for braided fillers. 
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Appendix 1  

In-situ strength calculations 

The in-situ transverse tensile strengths of a thin embedded, thin outer and thick ply are given 

by: 

 𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑒 = √

8𝐺𝐼𝐶

𝜋𝑡𝛬22
°

 (A1.1) 

 𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑛,𝑜 = 1.79√

𝐺𝐼𝐶

𝜋𝑡𝛬22
°

 (A1.2) 

 𝑌𝑇
𝑖𝑠,𝑡ℎ𝑖𝑐𝑘 = 1.12√2𝑌𝑇

𝑈𝐷 (A1.3) 

where 𝐺𝐼𝐶  is mode I fracture toughness, t is ply thickness, 𝑌𝑇
𝑈𝐷 is unidirectional transverse 

tensile strength and 𝛬22
°  is a parameter defined as: 

 𝛬22
° = 2(

1

𝐸2
−
𝜈21
2

𝐸1
) (A1.4) 

where 𝐸1 and 𝐸2 are elastic moduli in 1 and 2 directions and 𝜈21 is Poisson’s ratio in 21 plane 

[16]. 

The in-situ in-plane shear strength of a ply is given by: 

 𝑆𝐿
𝑖𝑠 = √

(1 + 𝛽𝜙𝐺12
2 )1/2 − 1

3𝛽𝐺12
 (A1.5) 

where 𝛽 is the shear response factor, 𝐺12 is the shear modulus in plane 12, and 𝜙 is a 

parameter defined for thin embedded, thin outer and thick plies in the following way: 

 𝜙 =
12(𝑆𝐿

𝑈𝐷)2

𝐺12
+ 18𝛽(𝑆𝐿

𝑈𝐷)4 (A1.7) 

 𝜙 =
48𝐺𝐼𝐼𝐶
𝜋𝑡

 (A1.8) 

 𝜙 =
24𝐺𝐼𝐼𝐶
𝜋𝑡

 (A1.9) 

where 𝑆𝐿
𝑈𝐷 is the unidirectional in-plane shear strength and 𝐺𝐼𝐼𝐶  is mode II fracture 

toughness [16]. 

The value of 𝛽 for AS4/8552 was obtained through curve-fitting (Figure A1.1) of the following 

equation [19] to the shear stress – shear strain curve measured in [20]:   
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𝛾12 =

1

𝐺12
𝜎12 + 𝛽𝜎12

3  
(A1.10) 

 

Figure A1.1 Curve fitting on the measured shear stress – shear strain curve of AS4/8552 to obtain the 
shear response factor 

The in-situ out-of-plane shear strength of a thin ply is calculated as: 

 𝑆𝑇
𝑖𝑠 =

(2 sin2 𝛼0 − 1)

𝜂𝐿 sin 2𝛼0
𝑆𝐿
𝑖𝑠 (A1.11) 

where 𝛼0 is the matrix fracture angle in pure compression and 𝜂𝐿 is the longitudinal friction 

coefficient [17]. 

As compressive failure did not occur in the T-joint, the compressive in-situ strengths were 

not used in the research paper in Chapter 3. However, the failure indices (according to [11]) 

were monitored for all simulations in this thesis, therefore, the calculation of the in-situ 

transverse compressive strength is also included here according to [17]: 

 𝑌𝐶
𝑖𝑠 =

(1 − 2 cos2 𝛼0)

𝜂𝐿 cos
2 𝛼0

𝑆𝐿
𝑖𝑠 (A1.12) 
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Appendix 2  

Material characterisation 

Appendix 2.1 Testing error during the mode I fracture 
toughness measurement of Optiveil and Cerex 
interleaves 

Mode I fracture toughness measurement via DCB specimens requires the application of 

tensile loading. During this, the top grip of the test machine is pulled downwards and the 

bottom grip is pulled upwards. However, there is a slack between the fixture of the machine, 

the grip and the clevis pin. This slack is overcome by gravity in the case of the top grip (both 

forces pointing downwards), but in the case of the bottom grip, the gravitational force has 

an opposite direction (pointing downwards) to the tensile loading (pointing upwards). 

Therefore, during the application of the tensile loading, the grip is first lifted up until the slack 

is eliminated (pin and holes are fully in contact), and then the load is applied on the specimen 

(Figure A2.1). Ideally, the slope could be eliminated with a spring used under the bottom grip, 

which forces the grip and pin into fully engaged position on the top surface of the hole. 

 

Figure A2.1 Slack during the application of tensile loading 

The mass of the grip is 7 kg, therefore approximately 70 N preload appeared in the load-

displacement curves along with a different stiffness than the actual stiffness of the specimens 

(Figure A2.2). This could be corrected by subtracting the grip weight from the measured load, 

which would provide the actual load acting on the specimen, but due to uncertainty in the 

method this was not utilised and the obtained values are used for comparison instead. 
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Figure A2.2 Typical load-displacement curve of a DCB specimen with the slack shown during the 
application of the load 

Appendix 2.2 Fracture toughness measurement of 
Xantu.Layr interleaf 

Seven DCB and six ENF specimens were manufactured according to ASTM D5528 [39] and 

D7905/D7905M [38] standards. The geometry of the DCB specimens can be seen in Figure 

A2.3. Specimens with the same dimensions but without the hinges were used for the ENF 

tests too. The coupons were manufactured with a [020] layup, resulting in a theoretical 3.92 

mm and measured average 3.94 mm thickness. The delamination was implemented by using 

an Ethylene tetrafluoroethylene (ETFE) film in the midplane. After cutting, the edges of the 

specimens were ground up to P1200 quality. 



155 
 

 

Figure A2.3 DCB specimen dimensions 

The tests were carried out with 1 mm/min crosshead speed, and unloading of the cracked 

ENF specimens with 0.5 mm/min speed. The measured mode I and mode II fracture 

toughnesses can be seen in Table A2.1 and Table A2.2. 

Table A2.1 Mode I fracture toughnesses of Xantu.Layr specimens 

Specimen 
Precracked 𝑮𝑰𝑪 (MBT) 

Deviation from linearity 

Precracked 𝑮𝑰𝑪 (MBT) 

5% offset 

 [kJ/m2] [kJ/m2] 

DCB1 0.38 0.41 

DCB2 0.35 0.38 

DCB3 0.39 0.43 

DCB4 0.37 0.39 

DCB5 0.35 0.38 

DCB6 0.38 0.40 

DCB7 0.38 0.40 
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Table A2.2 Mode II fracture toughnesses of Xantu.Layr specimens. Precracked result from specimen 
ENF5 (underlined) was ignored, as it did not meet the candidate toughness validation criterion 

according to the standard 

Specimen Non-precracked 𝑮𝑰𝑰𝑪 Precracked 𝑮𝑰𝑰𝑪 

 [kJ/m2] [kJ/m2] 

ENF1 2.21 1.87 

ENF2 2.32 1.61 

ENF3 2.25 1.36 

ENF4 2.29 1.54 

ENF5 2.42 1.80 

ENF6 2.36 1.84 

Appendix 2.3 Tensile strength of ULTEM and CarbonX 
specimens 

The tensile strengths of the ULTEM and CarbonX specimens can be seen in Table A2.3. 

Table A2.3 Results of the ULTEM and CarbonX tensile tests 

Specimen Filling pattern Tensile strength 

  [MPa] 

PA1 Longitudinal (0°/90°) 62.1 

PA2 Longitudinal (0°/90°) 58.9 

PA3 Longitudinal (0°/90°) 60.8 

PA4 Longitudinal (0°/90°) 68.5 

PA5 Longitudinal (0°/90°) 67.9 

PB1 Transverse (90°) 52.3 

PB2 Transverse (90°) 60.9 

PB3 Transverse (90°) 46.8 

PB4 Transverse (90°) 67.9 

PB5 Transverse (90°) 48.6 

CA1 Longitudinal (0°/90°) 27.4 

CA2 Longitudinal (0°/90°) 27.4 

CA3 Longitudinal (0°/90°) 27.0 

CB1 Transverse (90°) 6.3 

CB2 Transverse (90°) 21.1 

CB3 Transverse (90°) 8.0 

CB4 Transverse (90°) 8.2 
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Appendix 3  

Load-displacement curves of the T-joint 

tensile tests 

Appendix 3.1 Interleaved joints 

Load-displacement curves of the interleaved filler experimental tests can be seen in Figure 

A3.1. 

 

Figure A3.1 Load-displacement curves of the interleaved filler experimental tests. Only A4 of the 
baseline joints is shown for comparison 

Appendix 3.2 Additively manufactured fillers 

Load-displacement curves of the interleaved filler experimental tests can be seen in Figure 

A3.2. 



158 
 

 

Figure A3.2 Load-displacement curves of the additively manufactured filler experimental tests. Only 
A4 of the baseline joints is shown for comparison 

Appendix 3.3 Chopped fillers 

Load-displacement curves of the interleaved filler experimental tests can be seen in Figure 

A3.3. 

 

Figure A3.3 Load-displacement curves of the chopped filler experimental tests. Only A4 of the 
baseline joints is shown for comparison 

Appendix 3.4 Braided fillers 

Load-displacement curves of the interleaved filler experimental tests can be seen in Figure 

A3.4. 
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Figure A3.4 Load-displacement curves of the braided filler experimental tests. Only A4 of the 
baseline joints is shown for comparison 
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