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Abstract 

 

Out-of-autoclave manufacturing methods, such as liquid composite 

moulding (LCM), present opportunities for economical, high-rate 

production of composite components. Elimination of the autoclave from the 

manufacturing cycle not only significantly reduces cycle times and energy 

consumption, but capital equipment costs are also lower, improving access 

to lightweight, high stiffness and strength composite components across 

many engineering sectors. However, a bottleneck stage common to most 

LCM processes is the transformation of two-dimensional dry reinforcement 

material to a three-dimensional preform. Defects, including out-of-plane 

wrinkling, fabric bridging and fibre waviness, which are possible to correct 

by hand during traditional laminating methods, reduce the strength and 

stiffness of the finished component. The generation of these defects 

presents a significant challenge to the development and subsequent 

industrial uptake of automated preforming processes, such as double 

diaphragm forming (DDF) and matched tool forming.  

This thesis presents an investigation into the deformation mechanisms 

that cause defects when preforming laminates of multiple plies of non-

crimp fabrics (NCFs). NCFs are well placed to be used in automated 

processes as absence of crimp improves their in-plane mechanical 

properties, but this comes at the expense of reduced overall stability. 

Deformation modes of NCFs, such as out-of-plane bending and in-plane 

shear, are well known for single plies, but the influence of inter and intra-

ply frictional and nesting behaviours on formability is less well understood.  

To investigate the inter-ply frictional behaviour (Chapter 3), a novel 

characterisation test was developed to determine coefficients of friction 
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when subject to conditions representative of a DDF process. Results for a 

pillar stitched, biaxial NCF indicated the high sensitivity of the coefficient 

of friction to the level of applied compaction pressure generated by the 

vacuum. Friction values at vacuum pressure were observed to be up to 

100% higher than those recorded using a conventional sled test. Fabric-

fabric friction was also observed to be orientation dependent, as parallel 

fibres at the inter-ply interface produced higher coefficients of friction than 

at any other angle. The significance of these orientation and pressure 

dependencies was demonstrated using a modified hemisphere forming rig 

to control the degree of inter-ply slip. Results from the test indicated that 

the resulting punch force was dependent on the fibre angles at the inter-

ply interface, and that variation in the local friction behaviour can affect 

the formability of a component and induce unwanted defects. 

Through-thickness compaction behaviour of the same biaxial NCF was 

investigated using a conventional compaction test (Chapter 4). The 

response of multi-ply laminates to normal load was found to be orientation 

dependent, with parallel inter-ply fibre orientations exhibiting lower 

compaction stiffness than at any other angle. Optical microscopy was used 

to visualise this behaviour at the microscale, demonstrating differing intra-

ply deformation mechanisms dependent on orientation. Improvements to 

numerical modelling of inter-ply compression were made, as the standard 

hard contact model was shown to significantly overestimate contact 

stiffnesses. 

To establish the relationship between inter-ply friction and compaction 

behaviours, a further compaction analysis was performed in-situ of a 

computed tomography (CT) scanner to evaluate the deformation of the 

fabric surfaces at the mesoscale (Chapter 5). Due to low contrast between 

dry carbon fibres and air, a machine learning approach was applied to 

process the data and isolate the parameters of interest. Fibre volume 
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fraction, fibre bundle aspect ratio and inter-ply contact area were used to 

analyse the fabric deformation when subjected to pressures of up to 165 

kPa. Good correlation was observed between the experimental and 

machine learning values for the fibre volume fraction. At vacuum pressure, 

it was estimated that the real mesoscale inter-ply contact area was only 

40% of the total apparent ply surface, which was then used in a numerical 

model to predict inter-ply frictional forces as a function of applied normal 

load.  

Finally, the direct influence of inter-ply friction on in-plane shear and out-

of-plane bending deformation modes was analysed (Chapter 6). It was 

demonstrated that the bending stiffness of a multi-ply NCF stack is much 

greater than the sum of its parts, due the contribution of a frictional 

bending moment. Similarly, by using a novel adapted bias extension test 

the shear resistance of a multi-ply stack under vacuum pressure was 

shown to be highly dependent on the number of fabric-fabric interfaces 

between plies of differing fibre orientations. To conclude, a DDF case study 

was presented to demonstrate the effect of these behaviours on the 

formability of an industrially relevant geometry. A finite element process 

model was used to analyse the out-of-plane wrinkling defects generated 

during the forming of thick NCF structures.  
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1.1 Background and motivation 

The demand for advanced composite materials, such as carbon or glass 

fibre reinforced polymers (CFRPs or GFRPs), is increasing across many 

different engineering sectors.  Their high specific strength and stiffness 

makes them an ideal candidate for many weight-saving applications, 

offering performance advantages over more commonly used isotropic 

materials.  

The driving force behind this demand and associated research has 

historically been the aerospace industry. The Boeing 787 Dreamliner and 

Airbus A350 XWB were both launched in 2013 and created a significant 

milestone, as each aircraft was constructed from over 50% composite 

materials by weight [1], [2]. Since then, global demand for more fuel 

efficient aircraft has only increased, with Airbus forecasting a demand of 

40,850 new passenger and freighter aircraft by 2042 [3].  

In more recent years, the energy sector has been the principal driver for 

composite material market growth, generating 14% of global volume 

between 2019 and 2022, supported by regulations and subsidies benefitting 

wind energy [4]. The most commonly used materials in the wind turbine 

industry are GFRPs, rather than CFRPs, due to cost and damage tolerance 

[5]. Wind turbine blades can be very large (up to 131 m in length [6]), but 

are typically not as geometrically complex as aerospace and automotive 

components, and as such are still typically produced using traditional 

manufacturing processes such as hand layup [7]. However, as the wind 

turbine blade market is expected to grow from USD$ 18.68 billion in 2023 

to USD$ 83.03 billion by 2032 [8], higher rate, automated manufacturing 

processes such as liquid composite moulding (LCM) [9], automated tape 

laying (ATL) or braiding [10] may be required to meet the demand.  
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The escalating demand for composites from the automotive industry should 

also not be overlooked. The use of composites in road vehicles is no longer 

reserved only for high-end, niche vehicle applications, as reduced mass is 

required to meet challenges concerning general consumers and climate 

change. Many high-volume original equipment manufacturers (OEMs), 

such as BMW [11], Jaguar Land Rover [12] and Toyota [13] are now 

regularly producing and researching the use of not only CFRPs and 

GFRPs, but also natural fibre composites [14], as well as recycling of end 

of life components. For example, as well as using natural fibres and bio 

resins [15], ProDrive’s P2T technology uses thermoplastic resin systems to 

enable the recovery and reapplication of the reinforcement material [16]. 

Body panels [17], entire chassis [18] and chassis components [19],  and 

pressure vessels (COPVs) for use in hydrogen storage [20] have all been 

targets for lightweighting using composite materials. Low emission 

vehicles are a particularly prominent user of composites due to the relative 

importance of minimising component mass to maximising vehicle efficiency 

and range. As the UK transitions towards the 2035 zero emissions target 

the demand will only increase, with UK electric sales alone being expected 

to reach nearly 600,000 vehicles by 2028 [21].  

The increasing production volumes required across so many engineering 

sectors are generating considerable research into many automated 

manufacturing processes, as traditional manufacturing techniques are 

simply too slow and energy intensive to meet cost and rate requirements. 

Parts are often hand-formed from prepreg material, layer by layer, and 

then cured within an autoclave. Depending on component size and the 

material systems used, a typical autoclave cure cycle can range from 2 to 

10 hours, producing a theoretical maximum output of approximately 1,000 

parts per annum (ppa). Hand layup is skilled and time-consuming work, 

and further complications from the storage and limited shelf life of 
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prepregs, combined with high capital equipment cost, results in-autoclave 

manufacturing being unsuitable to meet the demand for most non-

aerospace composite applications.  

Resin transfer moulding (RTM) processes present an opportunity to 

improve cycle times compared to in-autoclave manufacturing, with some 

processes able to produce up to 90,000 ppa [22]. Energy usage and material 

wastage is also reduced during high volume manufacture of net-shaped 

components [23].  RTM can offer significant cost savings over autoclave 

processes in terms of time, energy intensity and raw material cost [24], but 

only when considering large enough production volumes (100-10,000 ppa 

[25]), since RTM tooling can require high initial capital.  

RTM requires the transformation of 2D raw, dry reinforcement material 

into a 3D component in an initial preforming stage before injecting resin 

under pressures of up to 100 bar [26]. The principal disadvantage of using 

an automated preforming stage is the formation of defects such as 

wrinkling, fabric bridging or fibre buckling within the reinforcement fabric 

architecture, which could otherwise be removed by hand with traditional 

hand layup processes. Subsequently, preforming is the current bottleneck 

in an RTM process and is hindering its industrial uptake. These defects 

can reduce the mechanical performance of a finished composite component 

by up to 40% [27], and therefore understanding why they form is critical 

for the development of mass-manufacturing of composite components.  

Composite components across automotive and aerospace often differ in 

terms of size, geometry and production volumes, but non-crimp fabrics 

(NCFs) are of interest to many sectors due to their improved in-plane 

mechanical properties compared to woven fabrics and highly tailorable 

laminate configurations. Consequently, NCFs are well-suited for 

engineering applications where mass saving is critical, as a well optimised 

layup can maximise the specific mechanical properties of a composite 
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component. On paper, the absence of crimp often makes NCFs less 

formable than woven fabrics  [28], but in reality, the increased stability 

makes them ideal candidates for use in automated and semi-automated 

preforming, which enables multiple plies to be formed in a single operation.  

Although NCFs have seen some automated use in industry (for example, 

BMW’s use of NCF and RTM manufacturing in 2007 [29]), defect formation 

is one reason why NCFs have not yet seen more widespread adoption.  

1.2 Thesis aims and objectives 

The formation of defects during automated and semi-automated 

preforming methods is a key challenge to high volume production of light-

weight composite components. The principal aim of this thesis is to further 

the understanding of the mechanisms that cause these defects to arise 

when forming NCFs, as they are of particular interest to industry. The 

focus of the work is on the specific deformation modes that arise when 

forming laminates consisting of two or more plies – predominantly inter-

ply sliding and through thickness laminate compaction. This aim will be 

achieved through the following four principal objectives: 

 

1. To characterise and understand the inter-ply sliding behaviour of an 

NCF subject to representative forming conditions. 

 

2. To characterise and understand the through-thickness compaction 

behaviour of an NCF subject to representative forming conditions. 

 

3. To determine the influence of through-thickness compaction and 

inter-ply friction on the formability of NCF preforms. 
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4. To improve process modelling techniques for forming of multi-ply 

preforms over realistic geometries, and to predict defects induced by 

multi-ply deformation mechanisms. 

 

The motivation and reasoning for these aims and objectives is further 

elaborated upon in the literature review presented in Chapter 2. 

1.3 Outline of thesis 

To achieve the aims and objectives described in section 1.2, this thesis is 

divided into the following key chapters: 

• Chapter 2 presents a comprehensive literature review of the state of 

the art of composites manufacturing, providing background 

information on various reinforcement material architectures and 

manufacturing techniques. Both single and multi-ply deformation 

mechanisms are analysed, and common characterisation methods 

are evaluated for each. A review of existing numerical modelling 

techniques is presented for conducting fabric forming simulations. 

Finally, the research questions created by the literature review are 

highlighted and related to the aforementioned aims and objectives. 

 

• Chapter 3 presents a novel method that attempts to overcome the 

limitations of existing inter-ply friction characterisation tests, 

addressing Objective #1. This test is used to investigate the 

frictional response of a biaxial NCF to parameters of interest, 

including the applied normal load and inter-ply fibre orientation. 

The influence the frictional behaviour has on a preform is 

demonstrated using a matched tool forming process, to address 

Objective #3. 
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• Chapter 4 focuses on the through-thickness compaction 

characterisation of the same biaxial NCF to meet Objective #2. 

Compaction tests are used to measure the laminate response of dry 

laminates of varying thicknesses and ply orientations. The nesting 

behaviour of the laminate is evaluated using both compression tests 

and optical microscopy and compared to a similar biaxial NCF. 

Finally, the experimental data is used to improve an existing 

numerical process model to define interactions between fabric plies, 

in view of Objective #4. 

 

• Chapter 5 considers the relationship between the macroscale friction 

and compaction mechanisms observed in the previous two chapters, 

concluding Objectives #1 and #2 and informing Objective #3. 

Microscale CT scanning is used to capture laminate deformation 

subject to increasing through-thickness compaction loads. A novel 

methodology to process the CT data is presented, employing 

machine learning instance segmentation to isolate the changing 

shape of the fabric yarns. The output of the model is used to estimate 

key parameters of interest, including mesoscale inter-ply contact 

area, which is then used to explain macroscale frictional behaviour 

observed in Chapter 2.  

 

• Chapter 6 finalises the work on Objective #3 by considering the 

influence of friction on the isolated bending and shear deformation 

mechanisms of biaxial NCFs with novel methods presented for 

characterising multi-ply behaviours. This influence is fully 

contextualised through the use of a finite element (FE) forming 

model, using experimental data from previous chapters to accurately 
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consider the friction and compaction behaviours. Finally, this model 

is validated by experiments, using an industrially relevant preform 

geometry, produced using DDF.  

 

• Chapter 7 concludes the work completed by summarising the key 

contributions made and providing guidelines for multi-ply process 

modelling and analysis. Finally, areas for potential future work are 

discussed. 

1.4 Chapter summary 

This first chapter has outlined the thesis, contextualising the 

overarching aims and objectives with a brief introduction to the 

background of the problem. The structure of the work has been 

presented, and each chapter’s relationship with the objectives of the 

research has been discussed.  

A simple graphic is shown in Figure 1.1 to summarise the structure of 

this thesis and each chapter’s relation to the aims and objectives of the 

work.  
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Figure 1.1 - Overview of thesis structure. 
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2. Literature Review                               
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2.1. Introduction 

This chapter reviews the current state-of-the-art for composites 

manufacturing to best understand the mechanisms of how dry composite 

fabrics transform from two-dimensional to three-dimensional geometries. 

Key manufacturing techniques and common fabric architectures are 

presented, followed by a discussion of the principal forming mechanisms 

for both single plies and multi-ply laminates. Typical defects that these 

mechanisms can cause are evaluated, followed by an analysis of common 

characterisation methods to describe their behaviour.  Finally, the use of 

advanced methods of predicting and measuring fabric forming behaviours 

are discussed, including finite element (FE) models.  

2.2. Out-of-autoclave manufacturing of fibre reinforced 

composites 

Reduction of both production cycle time and energy consumption is critical 

to meeting the rising demand of composite materials. The end market for 

composite products is expected to expand at a compound annual growth 

rate of 3.3% and reach an estimated value of USD$ 114.7 billion by 2024 

[30]. Traditional manufacturing techniques (predominantly hand layup) 

are not positioned to meet this demand and present a major bottleneck in 

the production process. Viable solutions to increasing the rate production 

must reduce the dependency on touch-labour and increase levels of 

automation [31]. To reduce energy consumption and meet sustainability 

targets within the composites sector, a shift away from autoclave focused 

manufacturing is necessary. The embodied energy of CFRP has been 

reported up to values of 1150 MJ/kg [32], significantly higher than that of 

isotropic materials such as steel, which with an average amount of recycled 

content has a value of only 20.1 MJ/kg [33]. To be competitive within the 
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industry, out-of-autoclave processes must not only reduce energy 

consumption and increase rate, but maintain or improve upon component 

quality, scalability of size, adaptability of geometry and minimise cost. 

2.2.1. Liquid composite moulding 

Liquid composite moulding (LCM) processes are semi-automated 

composite manufacturing methods that produce high-rate, near-net shape 

composite components with complex geometry [34]. The two most common 

LCM processes are vacuum infusion (VI) and resin transfer moulding 

(RTM), and both operate under similar principles. Compaction pressure is 

applied to dry reinforcement (typically continuous fibre) to consolidate the 

laminate, after which a low-viscosity polymer matrix is infused and 

allowed to cure once fully permeating the fabric. For VI, atmospheric 

pressure is used to both consolidate the dry reinforcement and drive the 

flow of the resin within the polymeric vacuum bag. Prior to infusing 

reinforcing material with resin, a semi-automated forming operation is 

performed on the preform stack to transform the 2D fibre reinforcement 

into a 3D component architecture. Processes such as automated dry fibre 

placement (ADFP) can be used to produce highly optimised fabric blanks 

to minimise material wastage and enhance mechanical properties of the 

preform, although production rate can be low. The geometry of the preform 

can be stabilised by using a small quantity of heat-activated polymer 

binder so it can subsequently be removed from the tool and trimmed to size 

as required. The polymer matrix is then infused under high pressure, 

typically  < 10 bar [34]. This process of producing a composite component 

from its constituent materials is shown in Figure 2.1. 
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Figure 2.1 - A diagram of a 3 stage semi-automated manufacturing process, showing the 

material preparation and cutting, the preforming of the fibre reinforcement and the 

infusion of resin under pressure. 

 

The preforming stage of any LCM process is critical to ensure defect free 

fibre architectures are produced of the final composite component. Where 

traditional hand-layup techniques would enable careful manipulation of 

the laminate by a skilled operator, the semi-automated preforming 

processes employed for LCM do not. As a result, preforming is often the 

primary production bottleneck of any LCM manufacturing, and therefore 

mostly been employed for relatively simple part geometries used in the 

aerospace industry [35–37]. Some preforming processes can also be used to 

directly produce composite components using thermoplastic [38] or 

thermoset [39] prepreg material, however this thesis will only consider 

their application to dry fibrous preforms for LCM applications. 

2.2.2. Matched tool forming 

One method of preforming both continuous and discontinuous fibre 

architectures is matched tool forming [40–42]. Using a punch, die and 

blank holder, matched tool preforming is a similar process to that of sheet 

metal punch forming. The 4-stage process to creating a preform using 

matched tool forming is shown in Figure 2.2: 
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a) Preparation: The tool surfaces are prepared with necessary mould 

release agents and binding agent is applied to the fabric blank, 

which can then be transferred to the tool. 

b) Blank close: The blank holder is closed to constrain the preform 

material to the edge of the tool cavity. In a matched tool process, the 

constraining force and forming force are independent of one another. 

c) Forming: The punch is driven into the die using a hydraulic press, 

passing through the blank holder. The fabric blank deforms, taking 

the shape of the tool. The heated tool activates the polymer binder 

so that it can stabilise the preform after deformation. 

d) Preform removal: The punch is raised and the preform released from 

the mould, now as a 3D fabric architecture. 

 

 

 

Figure 2.2 - A diagram showing the 4 stages undertaken in a typical matched tool 

preforming process [40]. 
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The significant cost of industrial-scale matched tool machinery and its 

required tooling typically limits its use to high volume components 

(~30,000 ppa [43]), such as those seen in the automotive sector. Another 

limiting factor of matched tool preforming is that of size as the punch is 

actuated by a hydraulic press, very large components such as wind turbine 

blades or aerospace wing spars become prohibitively expensive to 

manufacture and maintain accuracy and part quality over large lengths.  

2.2.3. Diaphragm forming 

Diaphragm forming is a semi-automated method of manufacturing dry 

fibre preforms for use in LCM processes [34,44–46] A significant advantage 

of diaphragm forming over other forming processes is the lower capital 

cost, as the required vacuum pumps and associated rig are far cheaper than 

press tool or in-autoclave equipment. Additionally, its adaptability to a 

large range of component sizes with minimal difference in cost make 

diaphragm forming an attractive option for mass production of composite 

preforms. This scalability is limited only by the size of the diaphragms and 

rig available, as larger components can create challenges to handling and 

processing. However, there is evidence of DDF being used to manufacture 

structural aerospace composite components of up to 14m in length, 

significantly improving production rates when compared to hand-layup 

methods [47]. 

Diaphragm forming can be conducted with either one deformable 

diaphragm (single diaphragm forming, SDF) or two deformable 

diaphragms (double diaphragm forming, DDF).  The DDF process is shown 

in Figure 2.3, and can be described in 4 principal stages: 

a) Preparation: the material blank with applied powder binder is 

placed between two deformable diaphragms applied with mould 

release agent to improve handling. The first vacuum is induced 
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between the diaphragms, consolidating the fabric stack, and 

constraining its movement relative to the tool position. 

b) Tool approach: Heaters are used to activate powder binder prior to 

forming. The diaphragm frame is then lowered over the tool, 

bringing the diaphragms and fabric into contact with the upper 

surface of the tool. 

c) Forming: A second vacuum is induced underneath the lower 

diaphragm, causing the diaphragms and fabric to draw into the tool 

and form the desired preform geometry in a single, rapid step. Both 

vacuums remain in place whilst heat is applied to activate the 

applied powder binder. 

d) Part removal: Once the binder has cooled, the two vacuums are 

removed, and the upper diaphragm is detached. The finished 

preform can then be released from the mould. 

 

 

 

Figure 2.3 – A diagram showing the 4 principal stages of a double diaphragm forming 

process [44]. 
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SDF processes are very similar to DDF, but do not have a secondary 

diaphragm to constrain the fabric prior to or during the forming step (stage 

c). Whilst this does offer more process flexibility (as multiple plies can be 

formed sequentially), the lack of control on the fabric provided by the 

diaphragm can increase variability, and the number and magnitude of 

defects found in the finished preform [48].  

2.3. Dry fabric architectures 

Composite textile fabrics are typically constructed of continuous yarns of 

glass, carbon or aramid fibres. Raw fibres are supplied on a spool (also 

referred to as a bobbin) and are then spread to achieve the desired yarn 

shape and size [49] (typically 6K, 12K or 24K), which can then be stitched 

or woven together using industrialised techniques similar to historical 

weaving or knitting, but at rates of several hundred kg/hr [50]. Textile 

fabrics present a good balance of material cost and manufacturability, but 

can produce large amounts of material scrap due to the on-roll format. 

Preparation of plies from feedstock rolls can waste between 25% and 50% 

of the input material for a given component [51], highlighting the need to 

rationalise the preforming process wherever possible. 

The final intermediate composite material can take many forms, but the 

present work focuses on carbon fibre 2D woven textiles and non-crimp 

fabrics (NCFs), due to the increased interest in thin-ply composite 

laminates in the aerospace sector and other high-performance industries 

[52]. 

2.3.1. Woven fabrics 

Arguably the most common form of dry composite textiles, woven fabrics 

are typically made of two yarn directions (warp and weft) that are 

interlaced in a repeating structure. The subsequent over-under undulation 
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of the yarns, known as crimp (shown in Figure 2.4), can have a significant 

effect on the formability, handleability and the overall mechanical 

properties of a part.  

 

Figure 2.4 - A cross section of a simple woven fabric highlighting yarn crimp. 

 

Fabric weaves with a large degree of crimp, such as the plain weave shown 

in Figure 2.5a), are easier to handle, since crimp increases the stability of 

the fabric. This is caused by the transfer of longitudinal stiffness of the 

yarns into the through thickness directions and increasing the intra-ply 

friction through the number of fibre to fibre contact surfaces. However, this 

also reduces the in-plane stiffness and strength of the fabric. Different 

weaves can decrease the amount of crimp present in a fabric (Figure 2.5b 

and c), which can improve mechanical properties and handling stability, at 

the cost of ease of formability. 
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Figure 2.5 - Commonly found fabric weave patterns, generated using TexGen software 

[53]. a) Plain weave. b) Twill weave. c) Satin weave. 

 

2.3.2. Non-crimp fabrics 

Non-crimp fabrics (NCFs) are fabric materials that have significantly less 

crimp compared to traditional woven fabrics. One or more unidirectional 

(UD) plies are stitched together with an additional material, typically 

whose contribution to the mechanical properties of the complete fabric are 

negligible compared to that of the reinforcement fibres. The absence of 

crimp in the fabric results in improved in-plane mechanical properties 

[54,55], which alongside the inherent flexibility in laminate design makes 

NCFs an attractive choice for use in a wide range of composite components. 

Bibo et al. [56] demonstrated an improvement in both tensile strength and 

stiffness of approximately 30% when comparing a glass fibre NCF to a satin 

weave composite with comparable volume fractions, as shown in Figure 

2.6. 
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Figure 2.6 – Comparison of tensile (left) and compressive (right) strengths for 3 glass 

fibre composites of similar fibre volume fractions: unidirectional prepreg tape (UDPT), 

NCF and a woven composite with quasi-isotropic layup (WF) [56]. 

 

The improvement in mechanical properties comes at the cost of stability of 

the NCF material architecture, as each yarn is subject to fewer constraints. 

This can result in improved formability, as the fabric is able to easily 

conform to a given tool geometry, but the drawback is that the material is 

prone to generate defects when forming.  

Single ply, UD NCFs provide the greatest flexibility in laminate design, as 

a specific fibre angle can be selected for each individual layer. This presents 

opportunities for UD NCFs to be used in laminates alongside other 

composite fabrics, providing additional strength and stiffness in the 

loading direction with minimal supplementary weight. For example, UD 

NCFs are often used in large wind turbine blades [57] and aerospace wing 

spars [58] where the principal loading direction is well known and can 

easily be reinforced. However, forming of dry UD NCFs presents 

challenges, as low transverse tensile stiffness can cause gapping and local 

in-plane waviness [59,60]. For the same reason, UD NCFs can be fragile 

when handling, and therefore usually  require stitches or the inclusion of 

additional material to improve stability [61]. Furthermore, a complex 
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tailored layup design significantly inhibits production rate, as laying each 

individual ply at specific angles is a time-consuming process.  

Biaxial NCFs present a potential solution to the obstacle of production rate; 

two UD layers are stitched together to create a single ply (Figure 2.7), 

increasing the rate at which laminates can be assembled. The yarn 

directions are typically stitched perpendicular to each other, with a stitch 

direction usually at either 45° or 90° to that of the fibre direction. The 

constraining effect of the stitch pattern is highly influential on the shear 

behaviour of a biaxial NCF, which in turn influences its formability. For 

example, the orientation of the in-plane segments of a pillar stitch pattern 

(Figure 2.8a) can lead to asymmetric shear behaviour [62], whereas a tricot 

stitch pattern (Figure 2.8b) exhibits shear behaviour, independent of 

direction [63].  

 

 

Figure 2.7 - Typical biaxial NCF assembly with a tricot stitch pattern [40]. 

 

Triaxial or quadaxial NCFs consist of additional layers of UD material 

stitched together in a similar manner to that of biaxial NCFs. More layers 

increase the handling stability and assembly time of the fabric [64]. 

However, the limitation to laminate design and decreased formability [65] 

often make triaxial and quadaxial NCFs a less attractive choice in general 

to industry than biaxial or UD fabrics (although are sometimes used in 
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hand layup manufacturing), and are therefore considered outside the scope 

of this thesis. 

 

 

Figure 2.8 – Upper and lower perspectives of biaxial NCFs with a) pillar stitches and b) 

tricot stitches [63]. 

 

2.4. Single-ply NCF forming mechanisms 

Understanding the mechanisms by which NCFs deform when 

transforming from a 2D fabric into a 3D preform is critical to the 

development of processes such as DDF. These deformation mechanisms are 

highly dependent on the architecture of the fabric in question and are 

influenced in turn by the constraints applied upon them by a given forming 

process. Deformation is typically non-linear and irreversible [40].  

Macroscale forming mechanisms can be considered in 3 main modes: 

tension, shear and bending behaviours. Despite the multitude of 

differences in the structure of reinforcement materials used in forming 

processes, the deformation modes are often common between them.  
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2.4.1. Intra-ply shear behaviour 

Considered to be the primary deformation mechanism for fibre-based 

materials [43,66], intra-ply shear describes the rotation, compaction and 

slip of tows about their crossover points, as shown in Figure 2.9. Since a 

two-dimensional fabric cannot conform to a three-dimensional tool 

(especially one with Gaussian curvature), the yarns of the fabric must 

rotate relative to each other in order to conform to the target geometry [43].  

 

 

Figure 2.9 – Shear forming mechanism of a typical biaxial NCF [67]. 

 

The shear modulus of a fabric, G, is significantly smaller than its tensile 

counterpart, E (G/E < 0.001) [67]. In a woven fabric, this is due to the 

limited resistance created by the inter-yarn friction at the warp-weft 

crossover points. The shear behaviour of a plain weave glass fibre fabric is 

shown in Figure 2.10, indicating 3 distinct regions of shear behaviour [68], 

typical of many 2D woven fabrics. At low shear strain (Region 1), the shear 

resistance produced by the fabric is relatively low, as it is only a function 

of the weak intra-yarn frictional forces. As the yarns begin to partially 

contact, the filaments re-organise and compact together, increasing the 

measured shear force (Region 2). Upon reaching a critical shear angle, also 

known as the locking angle, the yarns are entirely laterally compressed, 

producing a sharp increase in in-plane shear force within the fabric (Region 

3). This phenomenon is also known as shear locking.  
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Figure 2.10 - Shear strain vs shear force for a plain weave glass fibre fabric, with 3 

distinct regions of shear behaviour indicated [68]. 

 

In a biaxial NCF, the elimination of fibre crimp means that inter-yarn 

friction is much lower than woven fabrics, since there are no fibre crossover 

(pivot) points. The shear behaviour of the NCF is dominated by interactions 

from the stitch pattern. This results in typical biaxial NCFs exhibiting 

asymmetric shear behaviour, depending on the orientation of the stitches 

relative to the primary yarns [69,70]. For a biaxial NCF with fibre 

orientations ±45° relative to the stitch direction, this can be designated 

positive shear (stitches in tension) or negative shear (stitches in 

compression), as shown in Figure 2.11a. In positive shear, the stitches are 

likely to rupture at larger shear angles (as shown in Figure 2.11b), 

generating a sudden drop in shear resistance and non-elastic deformation. 

Since the compressive stiffness of the stitching is significantly less than 

the tensile stiffness, there is no peak found in negative shear, where the 

gradual increase in shear resistance is produced using the same yarn 

friction and compaction mechanisms as found in woven fabrics.  
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Figure 2.11a) – Schematic showing the asymmetric shear behaviour of a biaxial NCF as 

dictated by stitch tension and compression. b) Resulting difference in shear behaviour 

[62]. 

 

Intra-ply shear behaviour of UD NCFs is intrinsically linked to the 

transverse tensile behaviour due to their highly anisotropic structure, and 

so UD fabrics are never subject to pure shear deformation when forming 

[61];  instead shear strains rarely occur without inherent transverse strain 

[59]. Subsequently, as demonstrated in Figure 2.12, the shear resistance of 

a UD fabric is typically much lower than that of bi-directional fabrics due 

to the weak transverse tensile strength of the fabric.  

 

 

Figure 2.12 - Normalised shear force versus vs. shear angle comparison of a UD NCF 

and woven fabric material [61]. 
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2.4.2. Out-of-plane bending behaviour  

Out-of-plane bending behaviour (Figure 2.13) of NCFs is another 

deformation mechanism critical to forming curved geometries without 

damaging fibres. The bending stiffness is significantly lower than the in-

plane stiffness as yarns can slide relative to each other [66], but it also 

exhibits non-linear behaviour. Consequently, conventional Bernoulli-Euler 

beam theory is not appropriate for describing the bending behaviour of dry 

NCF material, and more complex definitions are required. Figure 2.13 

shows the typical bending mechanism for a biaxial NCF.  

 

 

Figure 2.13 - Bending mechanism of a typical biaxial NCF [43].  

 

Due to the fabric architecture, the stiffness is dependent on the direction 

of bending. In a positive bending case (right side of Figure 2.13), the 

longitudinal fibres on the upper face are loaded in the tensile direction, 

where the transverse fibres on the lower face are subject to a transverse 

compressive load. This gives the fabric a higher bending stiffness than 

when bent in a negative direction [71], as shown by the left side of Figure 

2.13. This behaviour is quantified for a biaxial NCF in Figure 2.14, showing 

a simplified constant bending stiffnesses for both directions, determined 

using a cantilever bend test.  
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Figure 2.14 - Constant bending rigidities for positive and negative bending directions at 

two different angular deflections [71]. 

 

However, the bending stiffnesses of many composite fabrics are not linear 

[71–75]. Due to buckling and slippage of fibres and yarns, composite fabrics 

tend to exhibit decreasing bending stiffness as the curvature of the bending 

profile increases, as shown in Figure 2.15 [74], where the bending stiffness 

of the biaxial NCF rapidly approaches zero before stabilising into a linear 

profile. It can be seen that the positive and negative bending profiles are 

slightly different, indicating again how the mesoscale architecture of the 

fabric influences its bending behaviour [71]. It is also of note how the 

majority of the curve is significantly less stiff than the constant values 

obtained from the standard cantilever bend test, designated 𝐵41.5°
𝑁𝐶𝐹  on Figure 

2.15, indicating the importance of considering the non-linearity of the 

bending behaviour during characterisation of anisotropic materials such as 

NCFs. Methods of characterising bending behaviours of NCF materials are 

discussed in further detail in Section 2.7.2. 
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Figure 2.15 - Non-linear bending stiffness versus curvature behaviour for a biaxial NCF 

[74]. 

 

Liang et al. [76] considered the non-linear bending behaviour of a dry 

multi-ply stack of twill carbon fibre woven fabric, the results of which can 

be seen in Figure 2.16. Like the aforementioned biaxial NCF, the bending 

behaviour of a single ply is non-linear (Figure 2.16c). The bending stiffness 

of a 20-ply stack of the same material is significantly larger than the sum 

of its parts and exhibits increased non-linearity. This is attributed to 

frictional forces between the plies as they slide over one another, producing 

a “friction moment”, as shown in Figure 2.16d, and is a phenomenon that 

can be observed in the bending of other laminate materials, such as a stack 

of paper [76]. 
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Figure 2.16 – a) 20-ply bending sample. b) Single ply bending sample. c) Bending 

moment versus curvature of single ply sample. d) Bending moment versus curvature of 

the multi-ply stack and the sum of its parts [76]. 

 

Bending behaviour of UD NCFs is less well documented in existing 

literature. Senner et al. [77] characterised the bending behaviour of a UD 

NCF with the aim of describing it with a constitutive model. It was found 

that the UD material studied exhibited very different bending 

characteristics to an isotropic material (polypropylene), as would be 

expected. It is concluded that the bending behaviour is highly anisotropic, 

being similar to that of biaxial NCFs in the fibre direction and minimal in 

the transverse direction. Schirmaier et al. [61] found that this anisotropic 

bending stiffness can produce a specific wrinkling mode during the draping 

of UD NCFs, highly dependent on the fibre direction. The authors conclude 
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that the bending behaviour of the UD NCF requires further investigation 

to complete a proper characterisation.  

2.4.3. Frictional behaviour 

The full effect of frictional behaviour on fabric forming is not yet fully 

understood, due to its complexity, and there is currently no testing 

standard available for characterising the frictional behaviour of fibrous 

materials (i.e., determining the static and dynamic coefficients of friction). 

A benchmark investigation [78] studied the influence of different factors 

on the frictional behaviour of a tool-ply interaction in an attempt to develop 

a precise characterisation method, but differences in results of dynamic 

coefficient of friction of over 50% were recorded by different research 

groups. 

Frictional behaviour, and subsequently characterisation, of a composite 

fabric can be classified into three scales [79]: micro (individual filament 

level), meso (tow level) and macro (fabric or ply level). The scales are not 

independent of one another however, as changes on the microscale (i.e., 

movement of individual filaments) will affect the mesoscale behaviours, 

which will ultimately affect macroscale mechanisms by extension [80]. It 

is therefore important to understand the frictional mechanisms that 

contribute to fabric deformation at each of these scales, and how they can 

be evaluated differently.  

A coefficient of friction can be static or dynamic, the former of which 

describes an initial resistance to relative motion, and the latter a resistance 

after movement has begun. Empirical laws of friction can be used to 

describe the frictional behaviour of most isotropic, non-deformable 

materials [81]: 

1. Amontons’ first law: the frictional force between two surfaces is 

proportional to the normal load applied to the surfaces. 
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2. Amontons’ second law: the frictional force between two surfaces is 

independent of their apparent area of contact. 

3. Coulomb’s law: the frictional force between two dry surfaces is 

independent of the relative sliding velocity. 

The first of Amontons’ laws is commonly known as the Amontons-Coulomb 

friction law (or often simply Coulomb’s law) [82], and is typically presented 

in the form 𝐹𝑡 =  𝜇𝑁, where 𝐹𝑡 is the total frictional force resisting sliding 

between two surfaces, 𝑁 is the applied normal force between the surfaces 

and 𝜇 is the ratio between them, known as the coefficient of friction. 

However, since dry reinforcement fabrics of all architectures are 

deformable when subject to an applied load normal through the thickness 

direction, the standard empirical laws of friction do not necessarily apply 

[83]. Research into tool-ply friction for dry fabrics considers many different 

processes, including matched tool forming [79,84–86], filament winding 

[87] and 3D weaving [88], among others. Tool-ply frictional behaviour of 

NCFs was investigated by Avgoulas et. al [89], who demonstrated that the 

coefficient of friction between ply and tool reduced by between 25% and 

47% when subject to increased normal load. Mulvihill et al. [85] examined 

the effect of tool surface topography on tool-ply friction of individual carbon 

fibre tows, and found that the frictional forces obeyed a power law 

description shown in Equation (2.1), which agrees with previous work on 

tool-ply friction by the same authors [79].  

 

𝐹𝑡 = 𝑘𝑊𝑛 (2.1) 

 

This power law is derived from the Amontons-Coulomb friction law and 

was originally described by Howell et al. [90], where 𝑘 is an experimentally 

derived proportionality constant with units of 𝑁−𝑛+1, relating normal load 
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𝑊 to frictional load 𝐹𝑡 . Index 𝑛 is a dimesnsionless fitting parameter that 

describes the deformation mechanism of the fabric and is given in the range 

2

3
≤ 𝑛 < 1, where a value of 

2

3
 represents a fully elastic deformation, and 1 

represents fully plastic [91]. For non-deformable materials, 𝑛 = 1 and 

Equation (2.1), reduces to a more typical Amontons-Coulomb Law. 

It should also be noted that many studies investigating tool-ply friction of 

composite fabrics focus on the inclusion of viscous resin alongside that of 

fabric reinforcement. A common characterisation approach is that of a 

Stribeck curve [92–96], such as the example shown in Figure 2.17. A 

Stribeck curve shows the variation in coefficient of friction, 𝜇, with the 

dimensionless Hersey number (sometimes referred to as the Stribeck 

number). The Hersey number is defined by Equation (2.2), where 𝜂 is the 

dynamic viscosity of the resin, 𝑈 is the sliding speed and 𝑊 is the applied 

normal load at the interface [97]. 

 

𝐻𝑒𝑟𝑠𝑒𝑦 𝑁𝑢𝑚𝑏𝑒𝑟 =  
𝜂𝑈

𝑊
 (2.2) 

 

 

Figure 2.17 - Variation in coefficient of friction with Hersey number, known as a 

Stribeck curve. The three distinct lubrication regimes are indicated.  
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The Stribeck curve describes 3 distinct regions of lubrication. At very high 

slip pressures, or low slip rates and viscosities, the region is designated 

boundary lubrication. In this scenario, the support provided by the resin 

film is negligible, and large frictional forces are generated by the 

interactions of the tool surface and the fabric reinforcement. An increasing 

proportion of the load is supported by the resin as the mixed lubrication 

region is reached (sometimes referred to as the elasto-hydrodynamic region 

[98]), generating a substantial decrease in 𝜇 as fewer tool-ply interactions 

occur. When the Hersey number is sufficiently high, the lubrication region 

is considered to be hydrodynamic, whereby the applied load is fully 

supported by the hydrodynamic pressure within the resin film between the 

tool and the ply. This behaviour is also relevant for ply-ply sliding of 

prepregs, as well as ply-tool interactions. Larberg et al. [99] observed large 

differences in lubrication regime (and subsequent coefficients of friction) 

corresponding to material features such as volume fraction of fibres, fibre 

stiffness and inclusion of toughening agents. This highlights the 

significance of fabric structure when considering ply sliding, and how 

apparently similar materials can exhibit very different frictional 

behaviours. 

However, the importance of tool-ply friction to the forming of NCF 

materials is perhaps of less consequence to the preform quality than other 

material and process parameters. Figure 2.18 shows the differences in 

macroscale wrinkle amplitude and location for a range of process 

parameters in a 2-ply DDF process, including tool-diaphragm friction and 

ply-diaphragm friction and ply-ply friction [100]. This enables analysis of 

which process parameters are most significant to the formability of this 

particular preforming case. It can be seen that, for this DDF preform, these 

two surface interactions are of little consequence to the formability of the 

hemisphere compared to ply-ply friction, each producing a < 8% difference 

in wrinkle amplitude and location. 
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Figure 2.18 – A polar chart displaying the percentage change in wrinkle amplitude and 

location as a function of various experimental parameters of interest [100]. 

 

A similar relationship was observed by Yu et al. [45] for a similar 2-ply 

DDF preform  using a biaxial NCF. It was found that for low inter-ply 

coefficients of friction (< 0.15), diaphragm-ply coefficients had no impact on 

the maximum wrinkle length of a C-spar preform. For higher levels of 

inter-ply friction, increasing diaphragm-ply coefficients produced only 

slightly longer wrinkles, and it is concluded that the influence of the inter-

ply coefficient is likely to become even more dominant with an increasing 

number of plies. Therefore, the focus of the rest of this thesis will be on ply-

ply interactions of biaxial NCFs, rather than ply-tool, due to their greater 

significance on the forming process. 
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2.4.4. In-plane tensile behaviour  

In-plane tensile stiffness of a biaxial NCF fabric has the largest magnitude 

of the deformation modes (bending and shear), due to the high stiffness of 

the fabric reinforcement in the fibre direction. The tensile behaviour of an 

NCF is dictated by the reorganisation and elongation of fibre bundles at 

the meso and microscales within the fabric, as shown in Figure 2.19. In 

woven fabrics, this can cause non-linear tensile behaviour at small loads 

due to the undulations of warp and weft yarns [101,102]. Whilst some 

minor non-linearity has been observed in the tensile strain behaviour of 

biaxial NCFs (attributed to fibre misalignment or stitch pattern [103]), the 

tensile behaviour tends to be linear [104] and so this is generally ignored 

in process simulations for computational efficiency without significantly 

compromising precision when modelling tensile behaviour [40,105,106].  

 

 

Figure 2.19 - In-plane tensile forming mechanisms of a biaxial NCF [43]. 

 

As biaxial NCFs are assumed to be effectively inextensible in the fibre 

directions, the formability of a preform is not typically affected by its 
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response to tensile loading. However, it has been shown that high levels of 

tensile stress within an NCF lead correspond to regions of fabric bridging 

in regions of complex geometry, such as concave areas [44]. 

For UD NCFs, tensile behaviour in the longitudinal fibre and transverse 

directions differs significantly when compared to biaxial NCFs. Along the 

fibre directions, the tensile stiffness is very high, and the fabric can be 

considered inextensible, in the same manner as biaxial NCFs. In the 

transverse direction however, the tensile load is transmitted by the stitch 

pattern and any additional materials used to hold the yarns together (such 

as supplementary glass fibres found in some carbon UD NCFs). Figure 2.20 

[61] shows the large amount of fabric strain generated by the relatively 

weak stitching pattern during a uniaxial tensile test. Despite the tensile 

forces experienced by the fabric being fairly linear, fabric gapping causes 

macroscale transverse tensile behaviour that is very complex to model 

[107]. 

 

 

Figure 2.20 - Complex transverse tensile behaviour of a carbon fibre UD NCF 

demonstrating large amounts of fabric strain and resulting gapping between yarns a) 

before and b) after a transverse tensile test [61]. 
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2.5. Multi-ply NCF deformation mechanisms 

The following section of this literature review will consider the deformation 

mechanisms that occur in a stack of multiple plies during a forming 

process. These mechanisms can be more complex, due to additional 

dependency on both material and processing parameters, and often have 

subsequent effects on the aforementioned single-ply deformation 

mechanisms (such as inter-ply friction increasing multi-ply bending 

stiffness, as discussed in Section 2.4.2). Multi-ply mechanisms (friction in 

particular) are highly dependent on material properties and processing 

conditions, and consequently very few characterisation standards can be 

found in the literature. 

As existing literature highlights inter-ply friction as being of significant 

influence on the formability of composite fabrics [45,108–110], it will be the 

main focus of this thesis.  

2.5.1. Inter-ply frictional behaviour 

Macroscale sliding between plies (inter-ply slip) is a deformation 

mechanism that is critical to creating 3D preforms from 2D fabric 

architectures [111] (the influence of inter-ply friction on the quality of 

preformed composite fabrics and how it can generate defects is discussed 

in detail later in this literature review, in section 2.6). The amount of slip 

that occurs during a forming process is dependent on the tool geometry, the 

material being formed [108] and the process parameters that the material 

is subject to, and as a result characterisation of inter-ply frictional 

behaviour has proven difficult to standardise [78]. Despite this, many 

investigations have been undertaken to better understand inter-ply 

friction and its effects on the formability of composite components [112–

116]. However, most existing studies in the literature focus on the inter-
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ply friction of saturated fabrics (i.e., prepregs), which can sometimes 

exhibit different frictional behaviours to dry counterparts.  

Multiple parameters have been reported to influence inter-ply frictional 

behaviour, coefficients of which are typically much higher than those for 

tool-ply friction [108]. Sourki et al. [109] examined the inter-ply frictional 

behaviours of a thermoplastic prepreg, and found that both static and 

dynamic coefficients of friction were statistically dependent on both lay-up 

orientation and applied normal load, despite the inclusion of a lubricating 

resin. This anisotropic behaviour is also exhibited by dry fabric yarns at 

the mesoscale [117–119], where it has been shown that the surface 

topography of both mesoscale yarns and microscale filaments causes the 

ply orientation to dominate frictional behaviour. Inter-tow angles close to 

0° can produce coefficients of friction up to twice as high as those at 90° 

[120]. This is corroborated in work by Dutta et al. [121], who demonstrated 

large variations in coefficients of friction with fibre orientation 

combinations during the inter-ply sliding of UD prepreg. Tourlonias et al. 

[118] used a nanotribometer to measure coefficients of friction between 

individual fibres at a range of relative angles, finding that the coefficient 

decreases as the angle increases. In particular, a step increase in frictional 

forces were observed when fibres were interacting parallel to one another. 

Sugimoto et al. [122] observed that the kinetic friction of a single carbon 

fibre interacting with a fibre bundle was strongly affected by the 

compression stress due to changes in the packing states of the bundles.  

Anisotropic and pressure-dependent frictional behaviour at the macroscale 

can be attributed to a change in contact area between the plies as the fabric 

deforms. Yarns and fibres are able to commingle and nest at low inter-ply 

contact angles [123] (discussed in more detail in section 2.5.2). Likewise, 

increased normal load increases the contact area between plies as the 

fabric deforms. As the area between the plies increases, the more 

microscale asperities from each ply are forced into contact with one another 



2.5 Multi-ply NCF deformation mechanisms 

 

 

 

 

40 

 

[124]. This real contact area (referred to as 𝐴𝑟𝑒𝑎𝑙) is typically much smaller 

than the apparent contact area between two surfaces, reportedly up to 

1:10,000 when considering contact at the nanoscale [125]. 

The influence of micro-asperities on the microscale contact and frictional 

behaviour of surfaces has been widely studied, such as in the early work of 

Greenwood and Williamson [126]. The mechanism of asperity contact is 

also what defines the difference between adhesion and friction of two 

interfaces, where the former is a measure of the tensile strength of micro-

asperities, whereas frictional forces are created by their shear strength 

[127]. Additionally, changes in contact area between asperities is the cause 

of static and dynamic frictional behaviours. At the onset of sliding at the 

interface, asperities shear and deform and are subsequently replaced by 

new, smaller asperities [128], leading to a further reduction in 𝐴𝑟𝑒𝑎𝑙 

[129,130]. This reduction in area causes a drop in measured values of 𝜇 

when in motion, defining the dynamic coefficient of friction (𝜇𝑑) [131]. 

However, as normal load is not borne by a directly proportional number of 

asperities (due to the non-linear deformation of the fibre bundles [84]), the 

frictional forces produced by the shear strength of the asperities will not be 

directly proportional to the applied load. Unlike relatively un-deformable 

materials, such as metals, the inter-ply coefficient of friction of a 

deformable fabric is subsequently dependent on the normal load applied to 

the sliding interface.   

The consideration of asperities leads to the introduction of a  generalised 

model of adhesion and friction as proposed by Derjaguin [132], often 

referred to as an extended Amontons’ law [82,133], where 𝐴𝑟𝑒𝑎𝑙 is defined 

as the real contact area between asperities: 
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𝐹𝑡 =  𝜇(𝑁0 + 𝑁) = 𝜇𝐴𝑟𝑒𝑎𝑙(𝑝0 + 𝑝𝑛) (2.3) 

 

In Equation (2.3), 𝑝𝑛 ≔ 𝑁/𝐴𝑟𝑒𝑎𝑙 is an averaged normal pressure, and 𝑝0 ≔

𝑁0/𝐴𝑟𝑒𝑎𝑙 is an adhesion parameter. Introducing a material specific critical 

shear stress, 𝜏0 ≔  𝜇𝑝0, the equation becomes: 

 

𝐹𝑡 =  𝜇𝑁 +  𝜏0𝐴𝑟𝑒𝑎𝑙 (2.4) 

 

At low normal loads, the total frictional forces generated by the surface 

interactions (𝐹𝑡) are dominated by the contribution from the second term 

in Equation (2.4), which is known as adhesion-controlled friction. At higher 

normal loads, the first term (the traditional Amontons-Coulomb law) 

dominates, and the friction can be considered to be pressure or load-

controlled [134]. The influence of either case on frictional forces produced 

by a given scenario is highly material and scenario dependent [82]. Due to 

the relatively high loads that composite reinforcement materials are 

subjected to during preforming, this thesis will use the standard 

Amontons-Coulomb law to describe inter-ply frictional behaviour, which is 

common practice in similar friction focused studies. 

2.5.2. Through-thickness compaction behaviour 

Compaction and nesting behaviour of multi-ply laminates changes the 

fabric geometry and inter-tow voids [135], which not only affects the 

laminate permeability during moulding and the fibre volume fraction post 

moulding [123,136], but also the inter-ply frictional behaviour during 

forming. Nesting of fabrics is considered to be the intermingling of 

individual tows and fibres between plies in surface-to-surface contact with 

one another, changing the compressive response of the fabric stack [137]. 
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Potluri et al. [138] defined nesting in terms of a “nesting factor”, shown in 

Equation (2.5) (where 𝑡𝑠 is the total thickness of a stack of 𝑛 plies, and 𝑡𝑖 is 

the thickness of an individual ply) which is a useful indicator to the level 

of inter-ply commingling during a compression stage. 

 

𝑁𝐹 =  
𝑡𝑠

∑ 𝑡𝑖
𝑛
𝑖=1

 (2.5) 

 

Nesting of adjacent plies has been examined in multiple contexts in the 

literature, but typically in the role of determining permeability and resin 

flow through woven laminates under normal load [123,135,136,138–141]. 

Yousaf et al. [135] used computed tomography (CT) to capture geometrical 

changes in a single glass fibre woven ply subject to transverse compression, 

using digital element methods. The high x-ray contrast between glass 

fibres and air produced high fidelity images under different levels of 

loading.  It was found that an absence of intra-ply friction in the 

subsequent simulation caused greater tow deformation than observed in 

the experiment, as tows could more easily slide relative to each other. 

Follow-up work [139] used the same methods to examine meso-scale 

nesting in multi-ply dry glass fibre woven preforms. It was found that the 

degree of nesting has a significant impact on meso-scale geometry changes, 

which in turn affects laminate permeability.  

A noteworthy study on fabric compaction behaviour is that of Robitaille et 

al. [123,141,142]. It was observed that as the number of plies in a stack 

increases, so too does its initial Vf, but the compaction stiffness decreases 

for both woven materials and random mats. It was also observed that 

relaxation responses decrease as the applied pressure rises. Viscoelastic 

stress relaxation of a wide range of reinforcement materials has been 

reported in existing literature [141,143–148], and is a phenomenon that 
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should be taken into account when considering any method of compaction 

characterisation. 

In NCFs, nesting and compaction behaviours are highly dependent on 

material architecture and orientation. In work by Yousaf et al. [149], a 

biaxial [0°/90°]4 NCF laminate exhibited a 14% thickness reduction at 600 

kPa, whereas a [±45°]4 laminate only produced a 4% reduction. This was 

attributed to the different stitching patterns and tow shapes of the two 

different NCFs. The influence of the fibre architecture and the layup 

sequence on the compaction of NCFs was also investigated by Grieser et al. 

[150,151]. The effect of a variety of material and process parameters on the 

compaction behaviour were reviewed, including number of plies, testing 

speed, cyclic compaction and stitching types. It was found that higher 

testing rates resulted in increased compaction resistance, and the 

alignment of stitches had an influence on compaction behaviour until the 

superficial density of the stack exceeded 300 g/m2, where the deformation 

of carbon yarns became the dominant mechanism in dictating compaction 

behaviour. 

2.6.  Fabric forming defects 

Semi-automated preforming of composite fabrics can regularly produce 

defects in the fibre architecture that would be traditionally removed by 

hand. These defects can reduce the strengths and stiffnesses of a finished 

component by up to 40% [152,153], and therefore understanding how 

specific deformation mechanisms can produce these undesirable defects is 

critical to mitigating their effect. Examples of some common defects found 

in semi-automated forming processes are shown in Figure 2.21. 
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Figure 2.21 – Some common defects found when preforming dry composite fabrics. 

Images from [43]. 

 

2.6.1. Defect modes 

Arguably the most common defect mode [154], out-of-plane or macroscale 

wrinkling (Figure 2.21a), typically occurs when local in-plane shear and 

compressive stresses increase with shear angle [43], which is often used as 

a measure of macroscale wrinkle initiation [66]. These stresses are then 

dispersed as the fabric wrinkles out-of-plane when the shear locking angle 

is reached, a region known as “over-shear”. However, regions of high shear 

do not always correspond with areas where defects are found [155] and 

over-shear is not the only cause of macroscale wrinkling. High coefficients 

of friction (both inter-ply and tool-ply) have been shown to generate local 

regions of compressive strain, forcing the material to bend out of plane 

[45,156–158]. In these cases, reducing the coefficient of friction was 
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observed to increase the formability of the preform. The material bending 

stiffness has been observed to be the driving factor of macroscale wrinkle 

amplitude and wavelength [159], so high quality bending characterisation 

is necessary when attempting to predict ply folds with accuracy. The 

severity of these large wrinkles can also be dependent on processing 

parameters, such as tool geometry [160,161], implying that material 

parameters alone (such as shear angle) may not always be sufficient to 

accurately predict macroscale ply folds.  

Mesoscale wrinkling, sometimes known as bundle looping, is produced 

when yarns experience longitudinal compressive loads [43]. Depending on 

processing conditions, this load can either generate out-of-plane fibre 

bundle loops (if there is insufficient normal load to constrain the tows in-

plane), or in-plane fibre waviness (if the normal load is adequate) as shown 

in Figure 2.21b. Research has shown that regions of negative shear are 

more likely to produce in-plane fibre waviness in biaxial NCFs, since the 

stitch yarns are subjected to compressive forces. Tensile loading of the 

stitches in the positive shear regions tends to resist further deformation, 

preventing in-plane waviness from occurring [160]. Mesoscale wrinkling 

can be mitigated by applying tensile loads to the system to reduce the 

magnitude of compressive loads in both diaphragm [162] and matched tool 

forming [163]. 

Laddering defects (Figure 2.21c), also known as gapping defects, are 

generated by transverse tensile load, causing yarns to spread and open 

which can result in undesirable resin rich regions in a finished component 

[164]. Laddering behaviour is dictated by the mesoscale architecture of the 

fabric, and the localised tool-ply, inter and intra-ply frictional forces that 

inhibit one fibre direction from moving relative to the other [165]. Tensile 

strain and stress along the principal fibre directions can be used as a 

measure or predictor of the likelihood of laddering occurring [43]. 
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Stitch damage or rupture (Figure 2.21d) is a defect unique to NCFs (as 

woven fabrics are not stitched). It occurs in positive shear regions when the 

stitch fails under tension, causing areas of the fabric to then severely over-

shear [62]. Stitch failure does not necessarily affect the mechanical 

properties of a finished component as the behaviour of each primary yarn 

is unaffected [43]. Instead, constraints on each yarn are relaxed, reducing 

stability and allowing for additional translation and rotation, increasing 

the likelihood of other defect modes occurring.  

Poor tool conformity (fibre to tool bridging, see Figure 2.22) is almost 

entirely dictated by frictional forces present within a forming process. 

Friction prevents material draw in, either at tool-ply, tool-diaphragm or 

ply-ply surface interfaces, reducing conformity to the tool surface [43]. The 

distance between the preform and the tool surface is typically used to 

quantify bridging, a metric that can also be used to measure out-of-plane 

wrinkling defects. However, the principal difference between wrinkling 

and bridging defect formation is the tensile forces that are needed for the 

latter to occur, as opposed to compressive forces [44].  

 

 

Figure 2.22 - Example of a glass fibre NCF hemisphere preform, produced using DDF, 

exhibiting tool bridging and large macroscale wrinkling defect modes. 
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2.6.2. Influence of the forming process on defect formation 

The principal process parameter that causes differing defect modes in 

matched tool and diaphragm forming is the normal load applied to the 

surface of the fabric blank during the material draw-in stage. Through-

thickness fabric compaction is limited to 1 bar (vacuum pressure) during 

diaphragm forming, much lower than that of a matched tool equivalent. A 

comparison between the two methods [42] demonstrated how the reduced 

constraints in DDF enables local thickening of the material when shearing, 

reducing out-of-plane buckling relative to a matched tool forming process. 

As the larger compressive loads in matched tool forming inhibit the change 

in thickness that arises with shear close to the locking angle, both woven 

and NCF fabrics are more likely to buckle out of plane [166].  However, tool 

bridging defects are much more common in DDF, as once again the draw-

in forces are limited by vacuum pressure [44].  

2.7.  Material characterisation methods 

A broad range of techniques exist to characterise the deformation modes of 

different textile materials subject to different processing conditions. 

Consequently,  few of these methods have been standardised [167] and 

their results must be carefully considered.  

2.7.1. Shear characterisation methods 

Existing literature most commonly presents two different methods for 

characterising in-plane shear behaviour – the bias extension test and the 

picture frame shear test.  
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Figure 2.23 - Schematic of undeformed (left) and deformed (right) bias extension test, 

highlighting three distinct shearing zones labelled A, B and C [168]. 

 

The bias extension test is conducted using a rectangular fabric sample 

(with an aspect ratio of 2:1 or greater), constrained along its short edges. 

The fibre orientations are at ±45° to the loading direction [167], to avoid 

direct tension in the fibres. Similar to a uniaxial tensile test, a constant 

displacement is applied to the upper edge and the force required is 

recorded. Digital image correlation (DIC) is used to accurately measure 

shear angle in the ROI during a bias extension test [167,169–171]. Lebrun 

et al. [168] describe a method of calculating the global shear angle based 

on the assumption of three distinct areas of shear, as shown in Figure 2.23. 

Zone A is assumed to have zero shear, Zone B is an intermediate shear 

region and Zone C is subject to pure shear. The shear force is calculated 

using the same assumptions, and can be derived using a kinematic analysis 

[167].  

The picture frame shear test uses a specialised trellis fixture to induce 

homogeneous, pure shear in the ROI of a fabric sample, as shown in Figure 

2.24. The samples are clamped on 4 sides at a ±45° orientation to the 
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loading direction (labelled 𝐹). In practice, the 4-sided frame means only 

orthogonal biaxial fabrics (woven or NCF) can be characterised using the 

picture frame test, as otherwise the pure shear region may not be fully 

isolated from any tensile components. Care must be taken to maintain a 

constant tension through the fabric  when clamping across samples, as this 

can have a significant effect on the final shear behaviours observed by 

inducing a tensile force component [172]. A constant vertical displacement 

is applied to the upper corner of the trellis frame, causing the fixture and 

affixed sample to shear in-plane. Results are then normalised using a 

variety of methods in order so to compare against picture frames of 

differing geometries [167].  

 

Figure 2.24 - Schematic of picture frame test undeformed (left) and deformed (right) 

[173]. The ROI subjected to pure shear is highlighted in red.  

 

Numerous comparisons between these two principal shear 

characterisation tests can be found in existing literature. Harrison et al. 

[174] claimed that the deformation mechanisms generated in picture frame 

tests are closer to those experienced during actual component forming, but 

argue that the bias extension test is a rapid and robust method of 
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determining locking angle. However, above certain shear angles (~35° for 

a thermoplastic prepreg) the bias extension test is more liable to inter-tow 

slip and the ROI is no longer subject to pure shear. Additionally, the high 

likelihood of out-of-plane wrinkles forming in the bias extension test can 

further limit the range of shear angles for which it is valid [71]. Likewise, 

the picture frame test is not without its drawbacks. It is particularly 

sensitive to fibre misalignments when mounting samples in the frame, so 

higher accuracy is required when cutting and mounting material [175]. 

Taha et al. [176] conclude that results obtained from both methods are 

comparable when normalised, but suggest that where the bias extension 

test presents a simple and fast experimental procedure with more complex 

post-processing, the picture frame test is more time consuming but 

generates pure shear deformations.  

In summary, selection of the most appropriate shear characterisation 

method should be undertaken on a case-by-case basis, considering both 

material and process parameters, ease of use, and the ultimate goals of the 

experiment.  

2.7.2. Bending characterisation methods 

The most common methods for characterising the bending stiffnesses of 

composite reinforcing material are the cantilever bend test [71,73,177], the 

Kawabata Evaluation System (KES) [72,178,179] and multi-point bending 

tests. Each have their benefits but are likely to be more appropriate for a 

given material or load case.  

A cantilever bend test typically uses gravity to generate a bending moment 

in a fabric sample of known dimensions and is the subject of two testing 

standards (ASTM D1388-14 and BS EN ISO 9073-7). In the conventional 

experiment, normally used to measure stiffnesses of materials with linear 

bending behaviour, a specimen is placed on a flat surface with a ruler on 
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top, as shown in Figure 2.25. The ruler and specimen are slid forward, over 

the edge of the surface, until a specified deflection angle (𝜙) in the specimen 

is achieved. The overhang length is noted using the ruler, enabling 

calculation of a constant linear bending stiffness. 

 

 

Figure 2.25 - Schematic of a traditional cantilever bend test as devised by Peirce et al. 

[177]. Image adapted from [71]. 

To characterise non-linear bending stiffness, such as that exhibited by 

NCF materials, the cantilever bend test can be adapted to digitally capture 

the full bending profile of the fabric specimen. This has often been 

accomplished using two-dimensional imaging methods (i.e., cameras) 

[72,73,76], but also with three dimensional laser scanning [71]. The non-

linear bending behaviour is typically described using a plot of curvature 𝜅 

versus bending moment 𝑀, from which the bending stiffness (Equation 

(2.6)) can also be determined.    

 

𝐸𝐼 =  
𝑀

𝜅
  (2.6) 

 

A KES bending test uses a specific bending meter (known as KES-FB2) to 

characterise both standard bending and recovery behaviours. The 

parameters that can be evaluated from the resulting bending chart include 
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bending modulus and hysteresis width [179]. The immediate disadvantage 

of KES-FB2 compared to a cantilever bend test is the need for a specialist 

and complex flexure rig to perform the experiment, so the KES method is 

less common in the literature.  

Multi-point bending tests, such as the three and four-point bend tests, 

apply a bending moment using an automated mechanism, usually a 

universal testing frame. They require sufficiently large bending rigidity of 

the specimen [180] and so are only employed to characterise the bending 

behaviour of stiffer materials, for example resin cured composites 

[181,182], and not normally dry fabrics.   

2.7.3. Friction characterisation methods 

Characterisation methods of frictional behaviour within a forming process 

are highly dependent on the scale at which the frictional forces are being 

considered (i.e., micro, meso or macroscale). Since the macroscale frictional 

behaviour is dictated by the micro and mesoscales, it is important to 

understand how to measure frictional forces across a wide range of 

scenarios. 

When using low loads with individual fibres at the microscale, adhesive 

properties of individual fibres are significant and an extended Amontons’ 

law (Equation (2.4)) becomes more relevant. One method to characterise 

friction between fibres is by suspending a single tensioned fibre in a carrier, 

and then applying a small load (< 0.1 N) between two carriers before sliding 

to generate a frictional force [118,183]. Figure 2.26 shows an example setup 

in a nanotribometer, investigating the influence of fibre angle on fibre-fibre 

friction. The fibres are tensioned to around 0.15 mN and glued in place on 

the carriers.  

Sugimoto et al. [122] used pull-through test to determine kinetic 

coefficients of friction, whereby a single fibre was placed on a paper 
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template and pulled between two fibre bundles. Once again, the forces 

involved were very low, in the order of a few mN, and a custom testing 

apparatus was used. 

 

 

Figure 2.26 - A nanotribometer friction testing rig with two single fibre samples at a 

relative inter-fibre angle of 45° [118]. 

 

Meso and macroscale friction characterisation is more prevalent than 

microscale in the literature, partially because the tests are less complex 

than when observing single fibre interactions. Existing tests tend to be 

common at both scales and take one of 3 forms: sled tests, pull-out or pull-

through tests, and capstan tests.  

The sled test is the simplest of the three; evidence exists of the test 

originally being developed by Leonardo da Vinci in the 15th – 16th centuries 

[184], and little has changed since then. A relative motion is induced 

between material affixed to a stationary base plate and a weighted sled, 

ideally through the use of a line with very high axial stiffness. The force 

required to move the sled is recorded, and an Amonton-Coulomb friction 

law (𝐹 =  𝜇𝑁) is used to calculate the coefficient of friction between the two 

surfaces. The sled test was previously standardised for use with plastic film 
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and sheeting (ASTM D1894-14 [185]), but it was withdrawn from 

circulation in March 2023 and has not been reinstated at time of writing. 

An example test set up is shown in Figure 2.27. 

 

 

Figure 2.27 - Image of a typical sled test setup, measuring frictional forces between two 

samples of dry woven carbon fibre fabric reinforcement.  

 

A significant disadvantage of the sled test is its maximum weight capacity. 

As mass is added to the sled and frictional forces increase, the tow cable is 

subject to increased strain, subsequently invalidating the load 

measurement. Additionally, the test is very liable to stick-slip motion, 

causing large oscillations in frictional forces that are not present in actual 

manufacturing processes [186]. This makes it a suboptimal test for 

calculating coefficients of friction of deformable materials over a range of 

pressures, as the results become less reliable as pressure increases. 

Despite this, the sled test can be found in friction studies of composite 

fabrics for both inter-ply and tool-ply interactions [45,84,117]. 

Pull-through and pull-out friction tests [78,92,187–189] use the same 

principle – a material specimen (sometimes supported by a scaffold) is 
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clamped between two platens, upon which more material samples are 

affixed (Figure 2.28). A load is applied normal to the surface of the platens, 

typically using a hydraulic or pneumatic cylinder for precise load control 

[78], but the use of calibrated springs is not uncommon [190]. The 

difference between a pull-out and pull-through test is one of relative 

sample size – in a pull-out test the central samples are shorter than the 

outer, so that they are pulled out of the clamping region (as shown in 

Figure 2.28). In a pull-through test, the central samples are much longer 

than the outer samples, so that when a relative displacement is applied a 

constant supply of material is moved through the clamps. In general, a 

pull-through test provides more reliable results as the influence of any edge 

effects of the specimen are eliminated. 

 

Figure 2.28 - An example schematic of a pull-out friction characterisation test  using 

actuated normal load [97]. 

 

Pull-through tests are adaptable to a range of normal loads (and 

temperatures if platens are heated) but do have some drawbacks. There is 
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no testing standard at the time of writing, making comparison between 

tests difficult. Additionally, the test itself requires a custom-made rig, 

which does not usually have any method of containing fluids, such as resins 

if the fabric is saturated, or additional surface modifiers included in the 

test.  

 

 

Figure 2.29 - Schematic of a capstan friction test for fibrous tows [191]. 

 

Capstan friction tests are arguably the least common of the main friction 

tests and are typically reserved for mesoscale characterisation. As shown 

in Figure 2.29, a tow specimen is draped over a drum and tensioned at 

either end. The drum is rotated about a centrally aligned shaft, and 

resistance to its motion is generated by frictional forces from the tow. The 

apparent coefficient of friction can be calculated as a function of the 

tensional forces and the wrapping angle of the tow around the drum.  

Capstan tests have been used for both tool-tow [191] and ply-tow [119] dry 

friction characterisation. The rotational motion of the capstan makes it an 

ideal test for measuring wear on textile materials [192], as the sliding 
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distance has effectively no limit (particularly for tool-tow tests) and can be 

carefully controlled. Cornelissen et al. [119] found that the capstan results 

were comparable to that of a sled test. In this case, the limiting factor of 

the normal load is the tensile strength of the tow and its attachments, 

which is likely to be dependent on the test set-up. Additionally, the drum 

material needs to be changed to account for any different surface pairings, 

which is inconvenient when considering the influence of many different 

parameters. 

In summary, each friction test set-up has its merits, but none seem entirely 

capable of characterising a composite fabric under conditions fully 

representative of a preforming process. To improve understanding of the 

macroscale contact behaviours, friction must be carefully isolated and 

tested under temperature, pressure and slip rates closely depicting a 

specific process. Additionally, underlying micro and mesoscale 

mechanisms must be separately investigated to fully appreciate 

component-scale frictional behaviour.  

2.7.4. Tensile characterisation methods 

Tensile characterisation of composite fabrics is typically undertaken in 

either uniaxial or biaxial loading cases. In a uniaxial tensile test, fabric 

samples are clamped at both ends, usually in the principal or transverse 

fibre directions (depending on the material being tested). A displacement 

is then applied to the specimen, usually with a universal testing frame, and 

the load required is recorded.  

Biaxial loading is especially preferable for woven fabrics, as non-linear 

stiffening caused by de-crimping of yarns under uniaxial load can affect 

tensile behaviours in the secondary fibre direction [101,102]. For a biaxial 

tensile test, fabric samples are produced in an X configuration by removing 

transverse yarns where not required. The central square region where both 
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yarn directions are present is considered to be the region of interest (ROI), 

as can be seen in Figure 2.30. A range of tensile loads can be applied in 

both fibre directions, and the fabric response is recorded to establish a 

“tension surface” to describe the behaviour. To fully characterise and 

understand the response of the material under tensile load, the ratio 

between the two loads can vary between zero and infinity so as to consider 

the influence of any asymmetry in the fabric architecture, such as stitching 

in a biaxial NCFs [193]. 

 

 

Figure 2.30 – A biaxial tensile test rig using glass fibre “X” shaped specimens [101]. 

 

It is difficult to accurately characterise transverse tensile behaviour of UD 

NCFs as the tensile response is highly dependent on the clamping 

conditions and sample sizes [61]. This behaviour is described in Figure 

2.31, where the transverse stiffness is dominated by the tensile stiffness of 

the supporting glass fibres in the carbon fibre fabric when clamped, but the 

much weaker frictional force generated between the carbon and glass fibres 

if they are not.  
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Figure 2.31 - Transverse tensile behaviour of a carbon fibre UD NCF [61]. 

 

2.8. Fabric forming simulations  

The final section of this literature review will briefly consider forming 

process simulations for composite fabrics. Whilst the aim of this thesis is 

not to construct entirely new simulation tools, it is still important to 

understand their structure and capabilities in order to effectively facilitate 

their use.  

2.8.1. Kinematic models 

Kinematic modelling is a relatively computationally inexpensive method of 

simulating fabric draping behaviour that does not consider any physical 

properties or boundary conditions [194]. Instead, kinematic draping 

simulations (KDSs) use geometric approximations to make predictions of 

draping behaviour, improving run time at a cost of severely reduced 

accuracy [195].  

A KDS considers a textile fabric to be a pin-jointed net of inextensible rigid 

bars, and as such it can only deform using an in-plane shear mechanism 
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[196]. As a result of this, defect prediction can only be estimated via 

comparison of local shear angles to a pre-determined shear locking angle. 

“Mapping methods” [197]  are used to fit the two-dimensional net to a 

three-dimensional tool geometry, as shown in Figure 2.32.  A popular 

mapping method is known as the fishnet algorithm [198], which can be 

conducted very quickly but considers yarn paths between nodes to be a 

straight line, causing reduced accuracy.  

 

 

 

Figure 2.32 - An illustration describing fabric mapping methods – a: undeformed fabric 

blank. b: Fabric mapped to a geometric surface [198]. 

 

In particular for this thesis, critical disadvantages of KDSs is their 

inability to consider any friction or compaction mechanisms during a 

forming process [197]. When considered alongside their relative inaccuracy 

compared to FE methods [199], this makes them unsuitable to predict the 

forming response of multi-ply-based preforms, despite their relative 

computational efficiency. Therefore, KDSs will not be pursued further as a 

method of analysing forming behaviour of multi-ply preforms in this work.  
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2.8.2. Finite element models 

As commercial computational power has advanced, the popularity of 

utilising three-dimensional FE models for fabric draping and forming 

simulations has increased. FE methods enable the physical properties of 

the material and process parameters to be considered through the use of 

numerical modelling. As a result, they are much more computationally 

expensive than a KDS, but can consider non-linear effects derived from 

anisotropic material behaviour, as well as inter-ply interactions such as 

friction [200]. 

Fabric forming is a quasi-static process, and so can be simulated either 

implicitly or explicitly [201]. Implicit modelling requires the solving of a 

system of non-linear equations using a direct integration method, 

considering the entire time step simultaneously. This means that the time 

increment is not restricted by stability conditions, allowing for larger time 

steps to be used. However, convergence difficulties caused by deformation 

are common, reducing the stable time increment. Therefore, implicit 

analyses are not ideal for more complex forming simulations [200].  

The same deformations do not produce convergence issues in explicit 

methods, which updates the solution incrementally. The solution to each 

time step depends on the solution of the previous, the size of which is 

limited by material properties and is significantly smaller than that of an 

implicit analysis. Mass scaling is often applied to increase the time step 

size, by artificially increasing the mass of elements in the system. However, 

mass scaling should be used with care, as changes to the global mass can 

cause erroneous results [202]. 

2.8.3. FE modelling scales 

The scale of the system being considered by an FE model is critical to the 

modelling methods used. The main difference between micro, meso and 
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macroscopic simulations is one of geometry – how the fibres, yarns and 

plies (and their associated mechanical properties) are represented in a 

model.  

 

 

Figure 2.33 - Schematics of various modelling methods for 2D fabrics [200].  

 

Microscale FE simulations consider fibres (or groups of fibres smaller than 

a yarn) to be individual components, typically modelled as deformable 3D 

beam elements [203]. Microscale modelling approaches are far from 

uncommon, but are considered out of scope for the purpose of this literature 
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review as the computational expense of using them at an industrial scale 

remains impractical [200].   

Mesoscale (Figure 2.33c) FE methods consider each yarn as an individual 

component in a system, typically in the form of a periodic or repeating 

patterns of representative unit cells [204]. Stitches are sometimes included 

in mesoscale NCF models to accurately represent the fabric architecture 

[205]. Mesoscale FE geometries can be produced several ways, including 

manually modelling each yarn, reconstruction from CT data [204] or 

procedurally generated through a third party such as TexGen [53]. 

Mesoscale FE models are often used to accurately predict material 

behaviours, such as permeability [205,206], but not entire forming 

processes, as the precise geometrical descriptions required can be very 

computationally expensive [207]. 

The majority of FE forming simulations are undertaken at the macroscale 

[208] due to the decreased computation cost at component scale (but 

mesoscale forming models are not uncommon [209]).  Mechanical 

properties are determined using the characterisation methods described in 

section 2.7, which can then be applied to a material model for use in the 

simulation using either continuous, discrete or semi-discrete element 

formulations [200]. A summary of the advantages and disadvantages of 

each approach can be found in Table 2.1. 

The continuous approach (Figure 2.33a) has been widely used in forming 

simulations due to its ability to be implemented without the need to modify 

element formulations. Using homogenised material models to represent 

fabric plies can reduce computational time but typically cannot be used to 

represent meso or microscale mechanisms. Continuum models can be 

implemented in the form of a hyper or hypoelastic model to track non-

orthogonal material deformation, which is necessary for accurate 

prediction of material responses [210].   
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A discrete macroscale approach [211,212] (Figure 2.33b)  is essentially a 

large mesoscale analysis, where each yarn is described by simplified 1D 

beam or spring elements. This produces a very large number of components 

(and contacts between them), becoming very computationally expensive. 

As a result, discrete element formulations are not a popular solution in FE 

forming models. Similar to a fully discrete model, a semi-discrete model is 

also formulated from a mesoscopic approach, considering yarns as 

individual components [213]. A semi-discrete approach (Figure 2.33d) 

determines the component strain from the nodal displacements, leading to 

numerically efficient elements. Additionally, yarn directions are 

independent from the edge of the element, allowing for implementation of 

non-linear bending behaviour. However, this approach requires specialist 

element formulations that are not commonly found in commercial FE 

software packages [200]. 

 

Table 2.1 - Advantages and disadvantages of typical FE model approaches [200]. 
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2.8.4. FE process modelling 

Full-scale forming processes such as DDF or matched tool forming are 

typically modelled using either membrane, shell elements or a combination 

of both [200]. Membrane elements are a popular choice [155,214–216] due 

to their reduced number of degrees of freedom, which reduces computation 

time. However, their principal drawback is that they neglect the bending 

stiffness of the fabric ply as they typically have translational degrees of 

freedom at each node, but not rotational. This produces results that give a 

good indication of shear behaviour (which can indicate likely defect areas) 

but cannot accurately determine the shape or size of wrinkles [155]. Some 

models combine the use of membrane elements with other element types 

to improve the quality of the simulation, such as those developed by Lin et 

al. [217] which uses additional truss elements to represent high tensile 

stiffnesses. 

Shell elements are better placed to predict wrinkling defects due to their 

consideration of bending stiffness, giving a more accurate prediction of 

wrinkle amplitude and length [159] as well as tool bridging [218]. Shell 

models are often more computationally expensive than their membrane 

equivalents, as high-resolution meshes are necessary to ensure accuracy 

and small time increments are required to maintain stability. Boisse et al. 

[219] note that as classical plate and shell theories do not apply to 

composite fabrics, it is necessary to decouple the in- and out-of-plane 

stiffnesses. Additionally, using accurate non-linear bending data in a shell 

model produces more accurate wrinkle predictions, as shown in  Figure 

2.34 [74].  
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Figure 2.34 – Comparison of wrinkle patterns for a) experiment, b) Non-linear bending 

model and c) constant bending stiffness [74]. 

 

Since the fabric bending stiffness is much lower than the tensile stiffness, 

most commercial FE software cannot reproduce accurate bending 

behaviour, since the bending stiffness is calculated from the axial moduli 

of the ply [74]. Therefore, models that employ coupled membrane and shell 

elements are increasingly used to decouple the bending stiffness from the 

tensile stiffness [220–224]. These models often use layers of elements, as 

shown in Figure 2.35, employing very thin shell elements to account for the 

bending behaviour and lower-order elements to account for the in-plane 

behaviour to more closely resemble reality. Alternative solutions can be 

found in the development of specially formulated elements [225], but these 

are often complex to apply and may not be compatible with commercial 

FEA software.  

 

 

Figure 2.35 - Shell-membrane hybrid model for dry textiles [224]. 
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2.8.5. Friction in multi-ply forming simulations  

Simulating a forming process for laminates consisting of two or more plies 

increases the complexity of the simulation, not only because of the 

increased number of elements and contacts involved, but because the 

likelihood of defects is larger when compared to forming single layers 

(particularly when the plies have differing orientations) [45,108,114,226]. 

Modelling surface interactions precisely can be computationally expensive, 

and the main methods being node-to-node contact [227] and surface-to-

surface contact [228], and occasionally specialist contact elements. These 

approaches tend to be similar across FEA packages, albeit with some minor 

differences.  

 

Figure 2.36 - Abaqus FEA Coulomb frictional behaviour [229]. 

 

Overwhelmingly the most common method of including frictional 

behaviour in process modelling is using the standard Amontons-Coulomb 

friction law to calculate frictional shear stress between contact pairs. Each 

contact pair is comprised of a primary (master) and secondary (slave) 

surface, the former of which generates contact forces. In Abaqus FEA, 

stick-slip Coulomb friction is implemented by disabling any relative slip 

until the shear stress across the interface is equalled or exceeded, as 
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summarised in Figure 2.36. It is possible to manually define more complex 

frictional behaviour in some FE software packages, such as through the 

use of a VFRIC or VFRICTION user-defined subroutine in Abaqus/Explicit 

[230] and USRFRC in LS-DYNA [187].  

2.9. Chapter conclusions 

To manufacture structural composites at volume using LCM processes, a 

forming stage is required to transform a two-dimensional fabric blank into 

a three-dimensional preform. In a semi-automated preforming process, 

such as DDF, this can often induce defects within the fibrous preform, such 

as wrinkles. Understanding the mechanisms that cause these defects to 

arise is critical to their prediction and mitigation, and these mechanisms 

are highly dependent on material architecture.  

Biaxial NCFs will be the principal materials used for this study due to the 

recent surge in interest from industry. The single-ply shear, bending and 

tensile behaviours of biaxial NCFs are thoroughly researched and well 

understood, however, the role of multi-ply deformation mechanisms 

(compaction and friction) on the formability of thick structures are less well 

known. Several studies have observed that reducing inter-ply coefficients 

of friction by using lubricants can improve preform formability, but the 

inclusion of additional non-structural material into a composite is 

undesirable, as is introduces additional steps into an LCM manufacturing 

process. 

Forming studies of NCF laminates consisting of many plies are found 

infrequently within the literature, generating an as-yet-unanswered 

question for forming of thick structures – how does non-Coulomb frictional 

behaviour in an NCF laminate affect its formability? To answer this 

primary research question and understand its implications, several others 

must be asked: 
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1. What are the mechanisms that dictate inter-ply frictional behaviour, 

and how are compaction and friction behaviours of NCFs connected?  

 

2. How does inter-ply friction affect the bending and shear behaviours 

of a dry multi-ply NCF laminate? 

 

3. Can friction induced defects be mitigated without the use of 

lubricants? 

 

4. What does a predictive FE model need to consider to more accurately 

model NCF friction, and what is the significance of this accuracy? 

 

The ensuing chapters will attempt to answer these questions using a 

variety of experimental and modelling techniques, including material 

characterisation at the macro and mesoscales, coupon-level and full-scale 

experimental forming studies, coupled with FE simulations.   
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3.1 Chapter outline and research aim 

This chapter aims to understand the macroscale (ply level) frictional 

behaviour of biaxial non-crimp fabrics (NCF)s when subjected to 

compaction loads representative of a double diaphragm forming 

(DDF) process. To achieve this research aim, a method for 

characterising the macroscale frictional behaviour of composite 

fabrics subject to compaction loads up to vacuum pressure is 

presented.  Referred to as an overlap friction test, this method is used 

to investigate the effect of applied normal force and inter-ply fibre 

orientation on the frictional behaviour of biaxial NCFs. It is 

demonstrated that the frictional forces generated by fabric-fabric 

interactions are highly dependent on both normal load and fibre 

orientation, a phenomenon driven by the compaction behaviour of a 

dry laminate.  

3.2 Chapter methodology 

The first section of this chapter will describe the materials used and 

introduce the testing methodologies employed to characterise the 

macroscale inter-ply frictional behaviour and a study to contextualise 

the characterisation results in an actual forming scenario.  

3.2.1 Materials 

The primary NCF material used in this thesis is a polyester pillar 

stitched biaxial fabric designated FCIM359, provided by Hexcel 

Reinforcements, Leicester UK. The relevant material properties of 

FCIM359 are shown in Table 3.1. Samples of FCIM359 used for the 

tests in this chapter were prepared and cut by hand using a rotary 

cutting knife. 
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Table 3.1 – Material properties of FCIM359. 

Name FCIM359 

Fabric surface 

 

Supplier Hexcel 

Fabric type Biaxial NCF 

Areal weight 441gsm  

Fabric thickness 0.4mm 

Stitching Polyester pillar stitch, 4.5mm 

spacing 

Fibre 24k carbon tows 

On-roll fabric 

orientation 

Stitch 0o, fibre ±45o 

 

Inter-ply friction characterisation tests were performed over a range 

of ply orientations and normal pressures. The nomenclature for 

capturing these parameters is described in Table 3.2. Whilst 

FCIM359 is a biaxial NCF, only the fibre bundle orientations and the 

fabric-fabric contact interfaces are considered for the naming 

convention. Interfacial fibre angles are used to name each interaction 

according to a clockwise positive direction when viewed from the front 

face of the test packet (as designated by yellow lines in Table 3.2) 

relative to the direction of sliding (as designated by red lines in Table 

3.2). The direction of the polyester pillar stitching is also relevant to 

the results of the overlap friction test and are always 45° out of phase 

with the fibre angles (i.e., the stitch angle of the first ply is -45° from 

the fibre direction, and the stitch angle of the second ply is +45° when 

in face-to-face contact). 
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Table 3.2 - Example surface interactions and corresponding nomenclature for the 

friction characterisation tests. 

 

The vacuum bag material used in the overlap friction test was 

VACflexP, a nylon bagging film in a “sock” format (i.e., factory sealed 

along both long edges) typically used for vacuum infusion of long, 

narrow composite components. The VACflexP material was 

purchased from VAC Innovation UK, and the relevant material 

properties can be found in Table 3.3. 

 

 

 

Schematic of inter-ply 

interface 
Laminate 

layup 

Nomenclature 

(fibre angle at 

inter-ply 

interface) 

Stitch 

angle at 

inter-ply 

interface 

Inter-ply 

fibre 

orientation 

 

[+45/-

45//+45/-45] 
[-45o/45o] 0o/ 0o 90o 

 

[90/0//0/90] [0o/ 0o] -45o/45o 0o 

 

[90/0//+45/-

45] 
[0o/ 45o] -45o/ 0o 45o 
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Table 3.3 - Material properties of VACflexP [231]. 

Name VACflexP 

Thickness 0.05 mm ± 10% 

Density 1.13 g/cm3 

Tensile strength 

Machine direction 

95 MPa ± 10% 

Tensile strength 

Transverse direction 

90 MPa ± 10% 

Elongation at break 

Machine direction 

320 % ± 10% 

Elongation at break 

Transverse direction 

370 % ± 10% 

 

3.2.2 Overlap friction test methodology 

During DDF processes, vacuum pressure is applied normal to the tool 

surface, often producing undesirable compressive forces that inhibit 

inter-ply fabric sliding where it is required to produce a high quality 

preform. This out-of-plane compression consolidates the laminate 

stack, changing the surface topography of each ply at the inter-ply 

interfaces.  

A sled test (ISO 8295:1995 and ASTM D1894 [withdrawn at time of 

writing]) was considered unsuitable for effectively capturing the 

frictional behaviour when subjected to representative compaction 

loads, due to the generation of undesirable stick-slip behaviour and 

strain in the testing apparatus. As shown in Figure 3.1, stick-slip 

behaviour can produce very large oscillations in measured force which 

increase in severity as more load is applied to the sled, reducing the 

accuracy of the force recorded. Additionally, strain in the cable used 

to tow the sled leads to an inaccurate measurement of the static 

coefficient of friction, as shown by the progressive linear increase 
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before the vertical dashed line in Figure 3.1 (which also demonstrates 

minor stick-slip motion). 

 

 

Figure 3.1 – Example of a frictional force versus extension graph of a 90° fabric-

fabric FCIM359 interaction, produced using a traditional sled test with an 

additional mass of 2kg. Severe oscillations produced by stick-slip motion are 

exhibited. 

 

The overlap friction test seeks to overcome the drawbacks of a 

conventional sled test so that in-situ inter-ply frictional behaviour can 

be characterised effectively. As with diaphragm forming, the test uses 

vacuum pressure to generate a normal load over one or more surface 

interactions. Similar to existing ply pull-through or pull-out tests, 

fabric samples are affixed to opposing faces of rigid support plates (as 

shown in Figure 3.2a), using 3M double-sided adhesive tape, the shear 

strength of which was observed to be considerably higher than the 

transverse shear strength of FCIM359. A maximum load of 2.7 kN 

was observed when conducting the test with just the 3M tape in place, 

with no fabric. This was approximately 2.5 times larger than the 

maximum crosshead forces recorded when the fabric was in-situ. The 
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plates were made of 5 mm thick BDMS with dimensions of 200 mm x 

50 mm.  

The support plates are used to isolate the frictional behaviour of the 

fabric from the in-plane deformation of the plies, which is particularly 

important when the fibre orientations are off-axis to the sliding 

direction. Spacer tabs are used at the ends of the support plates to 

compensate for the thickness of the fabric plies to ensure the sliding 

plane is central to the assembly when the plates are clamped in the 

testing frame, avoiding any unwanted bending. This resulted in a 

final total sample length of 175 mm and an initial contact area of 8750 

mm2
 (Figure 3.2c).  

 

 

Figure 3.2 - (a) Schematic of the overlap test. (b) Test packet containing fabric 

samples and support plates loaded in universal testing frame. Key components of 

the test are labelled. c) FCIM359 fabric samples affixed to support plates with 

dimensions labelled for a [0°/0°] test. 

 

The support plates, with samples affixed, are loaded into the vacuum 

bag (with a small amount of breather material placed below the lower 

clamp location to prevent lock-off), which is sealed at either end using 

tacky tape to form a test packet (see Figure 3.2b). The test packet is 
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connected to a vacuum pump using a through-bag bayonet fitting, 

through which the air in the packet is evacuated, simulating the 

consolidation stage of a DDF process. A quarter-turn ball valve and a 

pair of digital vacuum gauges are used to regulate the vacuum 

pressure applied. A gauge was placed at each end of the test packet to 

ensure uniform distribution of the normal load across the plates. 

Additionally, Fujifilm Prescale pressure measurement film was used 

in a trial prior to testing to confirm this uniform distribution across 

the entire overlap sample area.  

The test packet is loaded into rubber-faced jaws, fixed to 10kN side 

action grips, clamping through the diaphragm material onto the ends 

of the support plates, as shown in Figure 3.2b. The grip faces are the 

same size as the spacer plates (25 mm x 50 mm), aiding alignment of 

the test packet within the universal testing frame and a torque 

wrench is used to maintain a consistent clamping force, at 30 Nm. A 

constant vertical displacement is applied via the crosshead at a 

velocity of 50 mm/min, extending the test packet and causing the 

fabric samples to slide over each other. The force required to generate 

this displacement is recorded via a 50 kN load cell which is calibrated 

to within 1.00% error in tension and 1.06% error in compression. The 

extension of the test packet was observed to have no effect on the 

quality of the vacuum applied, as determined by a digital vacuum 

gauge positioned below the lower clamp. The vacuum gauge and the 

tacky tape seals at the ends of the vacuum bag were positioned outside 

of the deformed area, avoiding any influence on the measured 

frictional force. 

Adhesive targets placed on the steel support plates on the inside of 

the vacuum bag were tracked by a video extensometer to validate the 

crosshead displacement by ensuring there was no additional 

compliance within the system. The average displacement error 
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between the crosshead data and the video extensometer was 0.16% 

over a sliding distance of 50 mm. Multiple pairs of video extensometer 

targets were used to confirm that the plates slipped linearly with no 

rotation during the test. The circular targets used to track the 

displacement were approximately 5 pixels in diameter (0.47 mm), 

representing a systematic error of 0.93% in a displacement distance 

of 540 pixels (50 mm) over the course of the test. 

3.2.3 Isolating frictional forces 

The force required to extend the test packet is influenced by not only 

the friction at the inter-ply contact surface, but also the tensile 

stiffness of the diaphragm material and additional frictional forces 

from the surface interactions between the diaphragm and the support 

plates. Therefore, it is necessary to process the raw data measured by 

the load cell to isolate the frictional force of interest at the inter-ply 

interface. The unwanted effects from the diaphragm and the 

additional frictional forces are isolated by testing a non-deformable 

material with a known coefficient of friction. 

Friction data for non-deformable baseline materials was obtained 

from a sled test, which was used to calculate a theoretical frictional 

force over an extension range, using Coulomb’s law of friction (𝐹 =

 𝜇𝑁). This theoretical friction data was then subtracted from the 

original crosshead force from the overlap test to determine the 

unwanted load contribution from the vacuum bag extension and any 

other interactions within the test packet. The coefficients of friction 

were measured for two different non-deformable materials using the 

overlap test, which were compared to reference values measured by 

the conventional sled test. Both materials produced identical 

calibration curves for the data reduction process when a normal 

pressure of 100 kPa was applied. The results from the overlap test for 
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dry steel (plate on plate) (CoF of 0.35) and PTFE coated plates (CoF 

of 0.14) were found to be in good agreement with the reference data 

obtained from the sled test. This confirmed that the unwanted 

contribution from the stiffness of the vacuum bag and the additional 

friction surfaces between the bag and the plates could be effectively 

removed, validating the test setup. If the vacuum pressure, initial 

contact area and extension distance are kept constant over all 

experiments, the subsequent calibration curve can be assumed to be 

constant for any surface pairing. 

This data reduction process is described in Figure 3.3, indicating 

results for a steel-steel interaction. The theoretical frictional force 

curve is calculated from the coefficient of friction obtained from the 

sled test. This force decreases since the overlap area decreases with 

increasing extension (for a given constant applied pressure). No 

change in coefficient of friction was observed as the applied pressure 

was increased for the steel-steel interaction, which confirms the 

robustness of the approach. Additionally, the repeat-to-repeat 

variability in the test proved to be low, exhibiting minimal variation 

in calculated coefficients of friction. 
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Figure 3.3 – Data reduction process for a steel-steel interaction using a known 

friction coefficient of 0.35. The linear theoretical friction is subtracted from the 

measured crosshead force to produce a calibration curve containing the additional 

load data that is not of interest. 

 

Figure 3.4 shows the data reduction process applied to a fabric-fabric 

interaction for a pair of FCIM359 plies. The calibration curve obtained 

from the steel-steel interaction is used to isolate the frictional force 

from the crosshead load curve, which is based on an average of 3 

repeat specimens. The resulting isolated frictional force decreases, 

since the applied pressure is constant, but the specimen overlap area 

decreases. This isolated load can subsequently be used to obtain the 

coefficient of friction for any given extension point. 
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Figure 3.4 - Data reduction process for an FCIM359 interaction with parallel 

fibres at the fabric-fabric interface. 

 

Figure 3.5 shows the variation in coefficient of friction for a pair of 

FCIM359 plies using the overlap test, determined from the isolated 

friction load using Coulomb’s law. The normal load for every given 

point of extension is determined using the remaining overlap area of 

the plates to determine the coefficients of friction 𝜇, as shown in 

Equation (3.1), where 𝑃 is the pressure within the test packet, 𝐴 is the 

overlap area and 𝐹 is the isolated frictional force: 

𝜇 =  
𝐹

𝑃𝐴
 (3.1) 

 

Whilst Coulomb’s law is a simplification, it is considered to be 

appropriate for this coupon-level test because the ratio between the 

frictional and normal forces is assumed to be constant for each load 

case, producing a steady state value for the dynamic coefficient of 

friction, 𝜇𝑑𝑦 [78], as indicated by the later linear portion of the curve 

in Figure 3.5. A large peak can be seen at approximately 2.5 mm of 

extension, indicating the static coefficient of friction, 𝜇𝑠𝑡. Behaviour 
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before this peak is dictated by the initial contact of the fabric, as small 

sliding (<2 mm) likely causes increased nesting, and the elastic 

deformation of micro asperities. Additional information can be 

derived from the curve that may be useful for future surface 

interaction modelling, including the static to dynamic decay constant, 

𝛽 [187], which can be defined using Equation (3.2), where Δ𝑥 is the 

sliding distance from the peak of the curve to its steady state: 

 

𝛽 =  

ln (
𝜇𝑠𝑡

𝜇𝑑𝑦
)

Δ𝑥
 

(3.2) 

 

The decay constant describes how the frictional behaviour transitions 

from static to dynamic and is dictated by the shear strength of the 

microscale asperities at the interface. For deformable composite 

fabrics, the fabric architecture and fibre orientation can have a 

significant influence on the number of asperities in contact and 

therefore the macroscale decay constant.  

 

Figure 3.5 - Variation in coefficients of friction for an FCIM359 fabric-fabric 

interaction with stitch angles of [0°/90°] and parallel fibre angles of [-45°/-45°]. 
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3.2.4 Hemisphere forming study 

A matched tool forming case was used to simulate the effect of 

different inter-ply sliding conditions within a multi-ply preform, in 

order to contextualise the friction values obtained from the coupon 

test. A schematic of the forming set up is shown in Figure 3.6 

demonstrating the inclusion of a vacuum bag to generate a 0.1 MPa 

clamping pressure on the preform, representative of the DDF process. 

Fabric samples affixed to aluminium plates (Figure 3.6 and Figure 

3.7) were assembled about a central fabric blank to control the local 

coefficient of friction. Attempts were made to generate areas of high 

friction to inhibit uniform draw-in of the blank during the forming 

process, to create areas of fabric bridging, and to manipulate the shear 

behaviour in the final preform.  

 

Figure 3.6 - Schematic of match tool forming test to simulate inter-ply sliding. 

 

Two 300 mm × 300 mm FCIM359 plies were used to produce the 

preform blank, between which additional Epikote 05390 powder 

binder was applied between the plies to stabilise the geometry once it 

had been formed. A layup of [0°/90°// 90°/0°] was used to produce the 
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preforms for two reasons: to minimise slip at the interface between 

the two central plies, and to ensure symmetry of the frictional forces 

about the mid-plane of the laminate. The forming process was 

conducted at ambient temperature to avoid the binder influencing the 

friction. The hemispherical punch and the blank holders were heated 

to 100 °C once the form was complete, in order to activate the powder 

binder. The punch force was recorded using a 50 kN load cell on a 

universal testing machine. The force required to deform the vacuum 

bag was subtracted from the measured punch force to isolate the force 

required to enable the fabric plies to slip. 

 

 

Figure 3.7 - Image of hemisphere forming test quadrant plates, in-situ of sealed 

diaphragms. 

 

Two of the configurations used fabric plies fixed to friction plates (see 

Figure 3.6) to create fabric-fabric interfaces of perpendicular and 

parallel fibres respectively. A simplified distribution of the initial 

local coefficients of friction produced by these layups can be seen in 

Figure 3.8. This illustration only considers the coefficients of friction 

prior to any sliding or shearing of the fabric blank, as the fabric 
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structure is known to change locally during forming. Slip generated 

at the perpendicular fibre interfaces in Figure 3.8a was expected to 

produce a low, uniform frictional force due to the consistent 

orthogonal fibre arrangement between plies. According to Section 

3.3.2, the coefficient of friction (𝜇1) for this case was expected to be ~ 

0.5 for full vacuum clamping pressure (0.1 MPa). 

 

 

Figure 3.8 - Simplified diagram describing the initial distribution of local 

coefficients of friction prior to forming, generated by a) perpendicular fibres and b) 

parallel fibres. 

 

The parallel interfaces highlighted in red and blue in Figure 3.8b were 

expected to produce higher frictional forces than the perpendicular 

fibre case. Whilst the interface fibres are generally parallel, the slip 

direction differs between the red and blue regions. According to the 

results from the overlap friction test in section 3.3.2, the coefficients 

of friction are similar for 𝜇2  (slip in the transverse fibre direction) and 

𝜇1 (a perpendicular fibre interaction) at approximately 0.5. 𝜇3, 

however, was estimated to be closer to 0.72, as per the results of the 

overlap test. The third configuration used only the polished 

aluminium friction plates, offering a surface with a low coefficient of 
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friction at the interface (approximately 0.23, as determined by the 

sled test), which served as a benchmark. 

The required punch force to create the preform at the end of the 50 

mm stroke was chosen as the dependent variable to assess the 

formability of each test set up. A higher punch force indicates lower 

fabric formability, which can be problematic for processes such as 

DDF, where forming forces are often limited. If the frictional forces in 

the system outweigh the forming forces, then fabric draw in will be 

limited and bridging can occur.  

3.3 Results and discussion 

The following section of this chapter presents the results of the 

methodologies and materials introduced in Section 3.2. First, the 

influence of normal load on macroscale friction behaviour is discussed. 

Following this, the effect of ply stacking sequence, or ply orientation, 

is presented. The relationship between ply orientation and applied 

normal load is then considered, which is contextualised using the 

aforementioned compaction tests for two biaxial materials. Finally, 

the results of the hemisphere forming study are presented. 

3.3.1 Effect of normal load  

Results from the overlap test indicate a pressure dependency for the 

frictional behaviour of FCIM359. Figure 3.9 shows the variation of the 

coefficient of friction over the 50 mm sliding distance during the 

overlap test for a range of applied pressures, where each curve 

represents an average for a minimum of 3 repeats. The surface 

interaction was [-45°/- 45°] in each case. Data were obtained using the 

sled test for the lowest applied pressure of 4 kPa, producing static and 

dynamic coefficients of friction of approximately 0.29 and 0.25 
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respectively. Once again, stick-slip motion can be seen in the 

calculated coefficients of friction, even at a relatively low compaction 

pressure.  

It can be seen that both the static and dynamic coefficients of friction 

are much higher when the fabric plies are subjected to higher normal 

loads. At 50 kPa (half vacuum pressure) the static and dynamic 

coefficients were found to be 0.50 and 0.38 respectively. These values 

increased further to 0.55 and 0.48 at an applied pressure of 75 kPa, 

and to 0.73 and 0.58 at full vacuum pressure (100 kPa). An increase 

of 60% is therefore observed for the static coefficient of friction and 

57% for the dynamic coefficient of friction when the applied normal 

pressure increases from 4 kPa to 100 kPa. These values are 

significantly larger than those reported in the literature (0.18 to 0.3 

[71,155,232]), which are commonly used as input parameters for 

forming simulations for similar materials. Higher values for the 

coefficient of friction can be attributed to the deformability of the 

fabric plies using this approach, as an increase in applied load causes 

a reduction in ply thickness and a subsequent flattening of the yarns 

[150,233]. The change in surface topography of the fabric causes an 

increase in the number of asperities in contact with one another [234], 

increasing the real contact area between the plies. In addition, yarns 

and individual fibres from each ply can become nested together 

(commingled) for certain ply layups, further enlarging the apparent 

contact area.  
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Figure 3.9 - Variation in the coefficient of friction of a [-45°/-45°] fabric-fabric 

surface interaction over a 50 mm sliding distance for 4 different applied pressures.  

 

3.3.2 Effect of ply stacking sequence 

Figure 3.10 shows contour plots for the static (left) and dynamic 

(right) coefficients of friction, where each axis of the plot corresponds 

to the fibre angle of each ply relative to the slip direction. The contour 

colours refer to the magnitude of the coefficient of friction. Each 

orientation pairing was repeated at least 3 times with new fabric 

samples applied for each repeat. Both plots are diagonally symmetric, 

as mirrored test configurations (i.e., [0°/15°] and [15°/0°]) produced 

consistent coefficient of friction values within 4% of one another. 
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Figure 3.10 - Contour plots of coefficients of friction as determined from the 

overlap test at vacuum pressure. (a) Static coefficients of friction. (b) Dynamic 

coefficients of friction. Diagonal lines have been added to each plot to highlight the 

trend in coefficients with parallel fibre angles, and additional data points have 

been determined using linear interpolation to smooth the contour plot. 

 

The observed trend is similar for both the static and dynamic 

coefficients of friction. It is also apparent that the range of friction 

coefficients produced as a result of varying the fibre orientations 

under a full vacuum load is smaller than those produced by varying 

the applied pressure (Figure 3.11), indicating that ply orientation is 

less significant than the applied compaction pressure. The static 

coefficient of friction ranged from 0.521 with a [-45°/45°] interaction, 

to 0.731 at a [-30°/-30°] interaction. Similarly, the dynamic coefficient 

range started at 0.500 for a [-45°/45°] interaction and increased up to 

a maximum value of 0.732 at [-15°/-15°]. Peak coefficients for both 

static and dynamic friction were observed when inter-ply fibres were 

parallel, and stitches were perpendicular. Diagonal lines have been 

added to the contour plots in Figure 3.10 to highlight this trend. 

Coefficients at orientations other than 0° were observed to be less 

dependent on inter-ply fibre angle, producing a more uniform 

coefficient distribution, with the exception of [45°/-45°], which 
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produced a higher static coefficient due to interfering parallel stitches 

at the interface. 

Fibre orientations where the inter-ply fibre angles were the same, but 

the stitch angles were different, did not produce the same coefficients 

of friction. For example, [45°/-45°] with a 90°/-90° stitch angle pairing 

(top left corner of Figure 3.10b) produced a dynamic coefficient of 

0.617, and [-45°/45°] with a 0°/0° stitch angle pairing (top left corner 

of Figure 3.10b) produced a dynamic coefficient of 0.500. Whilst the 

inter-ply fibre angle has a dominant effect on the fabric-fabric friction, 

the stitch angle also contributes to the sliding behaviour for this 

fabric. 

Large oscillations in frictional forces are observed when the stitch 

direction of both fabric surfaces is perpendicular to the direction of 

slip, such as for a [45°/-45°] ply pairing. Opposing stitches are forced 

to slide over each other, which is also reflected in the coefficients of 

friction, as shown in Figure 3.12. The wavelength of the oscillations 

agrees closely with the pitch between the rows of stitches (4.5 mm) 

when both plies are perpendicular to the direction of slip. This is 

similar to the ‘shock’ phenomenon that has been observed during 

inter-ply sliding of plain weave fabrics [234]. Oscillations were also 

observed for additional orientation pairs with parallel stitch angles, 

such as [0°/90°] (45°/45° stitch interaction), with the wavelength of 

the oscillations increasing as the stitch angle approached 0°. The 

amplitude of the oscillations was observed to decrease over the course 

of the test when the sliding distance was greater than 50 mm, due to 

a reduction in the number of stitch interactions within the overlap 

area. 
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Figure 3.11 - Variation in dynamic coefficient of friction for 3 surface interaction 

orientations over 3 applied pressures. Error bars displayed indicate ± 1 standard 

deviation from the mean. The relative inter-ply fibre angle increases from left to 

right. 

 

3.3.3 Relationship between fibre orientation and normal load 

Figure 3.11 shows the interaction between the applied normal 

pressure and the relative fibre angle, in terms of the dynamic 

coefficient of friction measured by the overlap test. The influence of 

the fibre angle is relatively small at low applied pressures (50 kPa), 

as the coefficient of friction is reduced by 17%, from 0.41 to 0.35, as 

the relative inter-ply angle is increased from 0° (parallel fibres) to 90° 

(orthogonal fibres). The influence of the relative inter-ply angle 

becomes more significant as the applied normal pressure increases 

(i.e., at 100 kPa). The dynamic coefficient of friction reduces by 30%, 

from 0.72 to 0.5, as the relative fibre angle is increased from 0° 

(parallel fibres) to 90° (perpendicular fibres). This reduction is caused 

by the nesting behaviour of the fabric, as the fibre-to-fibre contact 

area at the mesoscale (tow level) decreases for larger relative fibre 
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angles (i.e., perpendicular fibres). The highest levels of fibre nesting 

occur between plies when the fibres on both sides of the interface are 

parallel (an inter-ply fibre angle of 0°). The relationship between 

normal load and macroscale inter-ply friction behaviours is discussed 

in more detail in Chapters 4 and 5. 

 

 

Figure 3.12 - A comparison of the variation in coefficient of friction for a [-45°/-45°] 

surface interaction with a perpendicular stitch orientation, and a [45°/-45°] 

surface interaction with a parallel stitch orientation. Blue arrows indicate 

direction of sliding. 

 

3.3.4 Effect of slip direction 

The effect of slip direction (relative to the global fibre direction) has 

also been studied. The frictional behaviour has been investigated for 

cases where the relative fibre angle at the inter-ply interface were the 

same (i.e., parallel fibres), but the loading direction was varied 

relative to the fibre direction. Thus, the slip direction varied by the 

same angle for both fibre directions at the interface respectively. All 

samples were subjected to a normal pressure of 100 kPa.  
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Figure 3.13 shows the effect of slip direction on the static and dynamic 

inter-ply coefficients of friction. As the angle between the fibre 

orientation and the slip direction increases, the dynamic coefficient of 

friction decreases, while the static coefficient increases. When the 

fibre orientation is perpendicular to the direction of slip (transverse 

fibre slip), fibres must roll over one another across the radial 

direction, creating a large initial resistance to motion and producing 

a high static coefficient of friction. When in motion, however, the 

fibres are not able to nest as effectively, reducing the real contact area 

between plies and therefore reducing the dynamic coefficient of 

friction. 

 

 

Figure 3.13 - Effect of slip direction on inter-ply static and dynamic coefficients of 

friction. Error bars show ± 1 standard deviation from the average. 

 

This phenomenon is also captured by the variation in the decay 

constants between the static to dynamic coefficients of friction (see 

Equation (3.2) for definition), as shown in Figure 3.14. As the fibre 

orientations become perpendicular to that of the slip direction, the 

decay constant increases (i.e., the sliding distance required to achieve 
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a linear coefficient of friction decreases). This behaviour is interesting 

from a surface interaction modelling point of view, as it is 

questionable whether the static coefficient of friction is more relevant 

than the dynamic coefficient of friction when the inter-ply slip 

distances are low. 

 

 

Figure 3.14 - Effect of slip direction on the decay constant of static to dynamic 

coefficients of friction. Error bars show ± 1 standard deviation from the average. 

 

It can be seen in Figure 3.14 that the decay coefficient at a parallel 

fibre interface is negative, due to the static coefficient of friction being 

lower than the dynamic (shown in Figure 3.13). A full investigation 

into the cause of this is considered beyond the scope of this thesis, but 

it is likely caused by the microscale contact mechanisms at the ply-

ply interface – as sliding begins to initiate fibres find positions to nest 

and the number of asperity contacts increases. 
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3.3.5 Significance of inter-ply frictional behaviours on formability 

In general, friction, shear, bending and tensile deformation 

mechanisms all contribute to forming behaviour. To highlight the 

contribution of the friction and to analyse the effect of the fibre 

orientation dependency, a hemisphere forming case was designed to 

induce controlled levels of inter-ply slip. Three of the layups used 

during the overlap friction test were selected to investigate the 

influence of the local coefficient of variation on the magnitude of the 

frictional forces generated during forming.  

Results from the hemisphere forming study in Figure 3.15 indicate 

that the measured punch force had a high dependency on the applied 

clamping pressure, with the peak force increasing from 0.75 kN to 8.2 

kN as the applied pressure on the friction plate was increased from 

15 kPa to 100 kPa. Similar to the findings from the overlap friction 

test, the influence of the fibre orientations at the slip interface was 

less significant in terms of the forming force, but a trend could be 

established.  

Figure 3.15 shows that the punch force was higher when all fibres 

were parallel at the inter-ply interface between the blank and the 

fibres attached to the friction plate, compared with the perpendicular 

fibre case. This difference is more significant when full vacuum 

pressure is applied, which is also in agreement with the results from 

the overlap test. The punch force required to form the preform 

increases from 6.3 kN to 8.2 kN when the fibres are rotated at the 

inter-ply interface to become parallel with one another. 

 



3.3 Results and discussion 

 

 

 

 

97 

 

 

Figure 3.15 - Frictional force vs punch displacement results for hemisphere 

forming study. 

 

In addition to variations in measured punch force, anisotropic friction 

behaviour resulted in some additional forming defects on the surfaces 

of the preform. Figure 3.16 shows an example of in-plane fibre 

distortion, caused by failure of the stitches. This laddering 

phenomenon is only observed where parallel fibres at the interface 

slip transversely relative to one another (i.e., the blue shaded areas 

in Figure 3.8b). As the transient fibres on the blank draw in to form 

the hemisphere, the stationary fibres attached to the friction plate try 

to resist the motion, resulting in local bunching of the primary yarns 

and large tensile stresses in the stitches. This is indicative of the 

different slip mechanisms that occur during transverse slip of parallel 

fibres and longitudinal slip of parallel fibres, as this type of defect is 

not visible in the other quadrants (shaded blue in Figure 3.8b). 
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Figure 3.16 - Example of in-plane fibre distortion caused by anisotropic friction in 

the forming process. 

 

3.4 Chapter summary and conclusions 

A novel characterisation test for capturing inter-ply frictional 

behaviours under normal loads representative of a DDF process has 

been presented. The test uses vacuum pressure to apply compaction 

to a fabric-fabric interface, where samples can be fixed at any 

orientation to enable investigation of anisotropic friction mechanisms. 

The test showed that inter-ply frictional behaviour of FCIM359 is 

anisotropic; interactions with parallel fibres at the interface 

generated higher static and dynamic coefficients of friction than those 

of any other angle, which was attributed to fabric-fabric nesting 

behaviour.  

The influence of normal pressure on the friction of FCIM359 was also 

demonstrated. Results have shown that coefficients of friction 

commonly used for DDF forming simulations are much lower than 

real-world values, due to the assumption that the fabric plies are non-
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deformable. Increasing the applied normal pressure during the 

overlap test from 25 kPa to 100 kPa increased the measured 

coefficient of friction by up to 43%, due to increased ply-ply nesting 

and fabric deformation, which will be explored in the next chapter.  

The significance of the variation of friction was evaluated using a 

matched tool forming test to induce controlled inter-ply sliding. It was 

found that inter-ply sliding of fabric-fabric interfaces with parallel 

fibres required significantly higher punch forces to create a preform, 

and hence these architectures have lower formability (i.e., higher 

potential for defect formation) and should be avoided from a Design 

for Manufacture point of view. However, in a typical DDF or matched 

tool forming process, slip between plies with parallel fibres at the 

interface is expected to be minimal. As they deform in a very similar 

manner, any relative motion would be caused by geometrical features, 

such as laminate thickness increasing corner radii.  
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4. An investigation of multi-

ply compaction and nesting 

behaviour 
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4.1 Chapter outline and research aims  

The aim of this chapter is to investigate the macroscale compaction 

and nesting behaviours of dry multi-ply biaxial NCF laminates, in the 

context of the inter-ply frictional behaviours discussed in the previous 

chapter.  

A traditional through-thickness compaction test is employed as the 

primary characterisation method and is first used to investigate the 

typical response of a dry multi-ply stack to through-thickness 

compressive load. This data is used to calculate a consolidation 

stiffness of the laminate for later inclusion in finite element analysis 

of DDF processes. The effects of ply orientation and the inclusion of a 

polymer veil material are investigated to quantify inter-ply nesting 

through the stack, which is visualised using optical microscopy.  

Additionally, the viscoelastic relaxation behaviour of the laminate 

stack is examined, considering the effect of compressive strain rates 

and ply orientations to inform studies in later chapters of this thesis.  

4.2 Chapter methodology 

The first section of this chapter describes the materials and 

methodology used to characterise the multi-ply compaction behaviour 

of biaxial NCF fabrics.  

4.2.1 Materials   

The primary material used in this chapter is the same biaxial pillar 

stitched NCF as described in the previous chapter, FCIM359. The 

relevant material properties for FCIM359 can be found in Table 3.1. 
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A second biaxial NCF was used to study the influence of the use of the 

inclusion of a polymer veil material on the inter-ply compaction and 

subsequent frictional behaviours. HiMax® MBB00 (also provided by 

Hexcel Reinforcements) was selected as a comparison to FCIM359, 

due its similar biaxial architecture and areal weight. The non-woven 

PPS thermoplastic polymer veil is commonly included in composite 

materials to improve the inter-lamina fracture toughness of a finished 

component. The relevant material properties of MBB00 are shown in 

Table 4.1, and the nomenclature for its usage is the same as for 

FCIM359, as described by Table 3.2. 

 

Table 4.1 - Material properties of HiMax® MBB00. 

Name HiMax® MBB00  

Veiled fabric 

surface 

Supplier Hexcel 

Fabric type Biaxial NCF 

Areal weight 536gsm  

Fabric 

thickness 

0.52mm  

Non-veiled 

fabric surface 

Stitching Polyester pillar 

stitch 

Fibre 12k carbon tows 

On-roll 

fabric 

orientation 

Stitch 0o, fibre ±45o 

 

 

4.2.2 Fabric compaction tests 

Both biaxial fabrics were analysed using a through-thickness 

compaction test (Figure 4.1) fitted to a universal testing machine, to 

understand the nesting behaviour of the plies. Fabrics with lower 
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through thickness stiffnesses are more susceptible to fibre nesting 

about the inter-ply interface and are therefore likely to exhibit higher 

coefficients of friction. The test rig platens were aligned before the test 

using a steel plate, and two lateral LVDTs were used to confirm there 

was no rotation between the platens. Baseline tests were conducted 

at a rate of 1 mm/min, as the effect of compressive strain rate was not 

investigated for this initial study. The applied force was measured by 

a 50 kN load cell.  

 

 

Figure 4.1 - a) Schematic of compression test set up, showing bilateral LVDTs to 

validate the compressive displacement measurement. b) Image of test set up.  
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To present the resulting data from these tests, the crosshead force 

was used to calculate pressure over the sample area, and the LVDT 

displacement was used to estimate the fibre volume fraction (𝑉𝑓) of 

the stack using data from the material data sheet. This is described 

by Equation (4.1) where 𝑚 is the areal mass of the fabric, 𝜌 is the 

density of carbon fibres, 𝑛 is the number of plies and 𝑑 is the absolute 

distance between the platens. Representing the data in this manner 

enables comparison with many similar tests and materials in the 

literature. 

 

𝑉𝑓 =  
𝑛 ∙ 𝑚

𝑑 ∙ 𝜌
 (4.1) 

 

4.3 Results and discussion 

The following section of this chapter presents the results of the 

compaction tests undertaken and evaluates their significance when 

compared to the macroscale frictional behaviour presented in the 

previous chapter.  

4.3.1 FCIM359 nesting behaviour 

Fabric coupons were cut to 50 mm × 50 mm and stacked to create 2, 

4, 8 and 10 ply laminates. The ply orientations were chosen to produce 

parallel, perpendicular and 45° inter-ply fibre orientations for every 

inter-ply surface interaction through the stack, ([0°/90°//90°/0°]n/2, 

[0°/90°]n and [0°/90° //±45°]n/2 respectively, where n refers to the total 

number of plies in the layup). 

Results from the compaction tests for laminates of increasing 

numbers of plies are shown in Figure 4.2. It can be seen that parallel 
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fibre interactions exhibit a lower compaction stiffness than non-

parallel fibre interactions, which can be attributed to the microscale 

nesting behaviour of the filaments. At parallel inter-ply fibre 

orientations (0°), yarns and individual fibres of contacting plies can 

slide past one another in the through-thickness direction, and 

therefore a higher fibre volume fraction is achieved for a given 

compaction pressure. If the inter-ply fibre orientation is anything 

other than 0° however, this nesting is inhibited, as the fibres from 

opposing plies prevent one another from commingling. This can be 

seen in every graph for the increasing number of plies shown in Figure 

4.2, as the perpendicular (90°) and 45° fibre orientation interactions 

exhibit very similar compaction behaviour.  
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Figure 4.2 - Fibre volume fraction versus compaction pressure of FCIM359 

laminates. a) 10 ply laminates. b) 8 ply laminates. c) 4 ply laminates. d) 2 ply 

laminates. Each curve represents an average of 3 repeats, and a horizontal 

magenta line indicates vacuum pressure, representative of a DDF process. 

 

This compaction orientation dependency aligns closely with the 

results seen in the overlap friction test described in Section 3.3. A 

larger coefficient of friction is measured when the inter-ply fibre 

orientation is at 0°, due to the relatively large contact areas from 

increased fibre nesting along the length of the fibres. For all other 

inter-ply angles the nesting behaviour is reduced, as the tows only 

make local contact with one another at common high points along the 

length of the fibres, yielding lower, more uniform coefficients of 

friction when compacted during forming.  

The anisotropic compaction behaviour can be examined further using 

optical micrographs, such as those shown in Figure 4.3. Images 
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indicate that the laminate with perpendicular fibres at the interface 

([0°/90°]8) exhibits minimal intra-ply deformation through the cross 

section, with the yarn shapes and spacings remaining consistent 

throughout. Conversely, large deformations of the ply surface can be 

observed when the fibres are parallel at the inter-ply interface (see 

Figure 4.3b for the [0°/90°//90°/0°]4 laminate). Yarns from each ply are 

forced into the available gaps between the yarns of the contacting ply, 

deforming the fabric at the mesoscale. Individual fibres from different 

plies become commingled, dramatically changing the surface 

topography of the plies.  

 

 

Figure 4.3 - (a) Optical micrograph of a [0°/90°]8 laminate under vacuum load 

showing consistent yarn shape and spacing. (b) Optical micrograph of a 

[0°/90°//90°/0°]4 laminate under vacuum load showing yarn deformation along the 

parallel fibre interfaces between plies. Yellow lines indicate approximate ply 

interfaces. 

 

a) 

b) 
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When considering the macroscale inter-ply frictional behaviour 

discussed in Chapter 3, this deformation contributes to the change in 

friction in both the longitudinal and transverse slip directions. For 

slip in the longitudinal fibre direction, the contact area between the 

plies is increased as additional yarns and fibres are pushed against 

each other. Transverse slip is impeded by yarn deformation, as nested 

yarns and fibres must shear or deform during the test for the plies to 

move relative to one another. Similar behaviour has been observed for 

woven fabrics [235]. As a result of these two independent slip 

restriction mechanisms, any fabric-fabric surface interaction with 

parallel fibres will exhibit larger coefficients of friction when under 

load than perpendicular fibres, regardless of the relative angle of the 

fibres to the direction of slip.  

A trend in the compaction stiffness and number of plies was observed, 

whereby laminates with more plies were slightly less stiff than those 

with fewer. Figure 4.4 shows the average values of fibre volume 

fraction for each laminate at vacuum pressure (also represented by 

the horizontal magenta line on Figure 4.2). The largest Vf value (for a 

10-ply stack) when fibres were parallel was 8% larger than the 

smallest value (a 4-ply stack), suggesting that thicker laminates are 

more compliant than thinner laminates. Once again, this is likely due 

to increased levels of nesting within the stack – more yarns and fibres 

are available to comingle, allowing a greater fibre volume fraction to 

be achieved for a given compaction pressure. This results aligns with 

the results presented by Lomov et al. [136], who demonstrated that, 

for a given compaction pressure, relative ply thickness decreases with 

an increasing number of layers. 
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Figure 4.4 - Fibre volume fraction at vacuum pressure for FCIM359 laminates of 4 

different numbers of plies. Error bars represent ±1 standard deviation from the 

mean. 

 

4.3.2 MBB00 nesting behaviour 

Inclusion of a polymer veil material was observed to reduce the 

anisotropy of the nesting behaviour of biaxial NCFs. Figure 4.5a, b 

and c show the compaction curves for 10, 8 and 4 ply layups of MBB00 

NCF respectively, with plies orientated to generate parallel (0°), 

perpendicular (90°) and 45° fibre orientations at every inter-ply 

interface. The difference in compaction stiffness between orientations 

was negligible, implying that the inclusion of the veil material 

significantly reduces inter-ply nesting of fibres. Figure 4.5d shows the 

difference in compaction behaviour between the 10-ply MBB00 and 

10-ply FCIM359 laminates. Whilst the MBB00 material exhibits 

slightly stiffer compaction behaviour because of the inclusion of the 

veil, the orientation dependency is negligible compared to that of the 

FCIM359 plies. All three curves for the MBB00 samples lie on top of 
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one another, indicating that the compaction behaviour is independent 

from the inter-ply fibre orientations. 

 

 

Figure 4.5a) 10 ply MBB00 laminate compaction curves. b) 8 ply MBB00 laminate 

compaction curves. c) 4 ply MBB00 laminate compaction curves. d) Comparison of 

10 ply compaction curves for MBB00 and FCIM359 NCFs. Each curve represents 

an average of 3 repeats, and the horizontal magenta lines indicate vacuum 

pressure, representative of a DDF process. 

 

Examining the fibre volume fractions of MBB00 laminates held under 

vacuum pressure reinforces this. Figure 4.6 shows a much weaker 

correlation between orientation and volume fraction when compared 

to the equivalent data for FCIM359. Likewise, the effect of reducing 
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the number of plies is less significant, as the amount of inter-ply 

nesting is reduced.  

 

 

Figure 4.6 - Fibre volume fraction at vacuum pressure for MBB00 laminates of 4 

different numbers of plies. Error bars represent ±1 standard deviation from the 

mean. 

 

Figure 4.7 shows optical micrographs of two 8-ply laminates 

constructed using the MBB00 NCF containing the non-woven 

polymer veil, which are directly comparable to the micrographs in 

Figure 4.3 for the FCIM359 material. For the perpendicular fibre case 

(Figure 4.7a), the laminate architecture is much the same as 

FCIM359, maintaining a yarn structure with consistent size and 

spacing. Inclusion of the polymer veil between the plies clearly 

reduces the penetration of fibres across the inter-ply interface for the 

parallel MBB00 fibre orientation case, as can be seen in Figure 4.7b, 

compared with the equivalent FCIM359 laminate (Figure 4.3b). 

Whilst the yarns are still able to deform, microscale fibre commingling 
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is entirely prohibited, and material from each ply remains in discrete 

layers.  

 

 

Figure 4.7 - Optical micrographs of 8 ply laminates with interleaved polymer veil 

under vacuum load. (a) [0/90]8 laminate. (b) [0/90//90/0]4 laminate. Arrows to the 

right indicate the locations of the polymer veil between each MBB00 ply. 

 

The absence of nesting behaviour in the MBB00 material has the 

subsequent effect of changing the inter-ply frictional behaviour of the 

NCF. Figure 4.8 shows a comparison of the dynamic coefficients of 

friction obtained using the overlap test (see Chapter 3) for both 

FCIM359 and MBB00 NCFs. The FCIM359 plies exhibited a 28.8% 

difference in dynamic coefficient of friction between the parallel and 

perpendicular fibre interactions, but the same orientations for the 

MBB00 NCF produced a much smaller difference of 10.9%. The 

coefficients for the MBB00 (0.49 – 0.52) are both similar to the 

a) 

b) 
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perpendicular value for the FCIM359 (0.55), as the veil prevents 

nesting of the fibres between plies. 

 

Figure 4.8 - Comparison of dynamic coefficients of friction for a biaxial NCF 

(FCIM359) and a biaxial NCF with a non-woven veil (MBB00), for both parallel 

and perpendicular fibre orientations. The error bars shown display ± 1 standard 

deviation. 

 

Figure 4.9 shows the deformation of the veiled material as a result of 

the overlap test. The veil is initially distributed uniformly over the 

surface of the sample but becomes distorted during the test by the 

raised stitches, causing the non-woven material to tear and 

agglomerate. In addition, some damage to the carbon tows was 

observed below the veil. As the primary purpose of the veil is to 

improve the inter-lamina fracture toughness, it may be important to 

consider how this damage influences the final mechanical 

performance of the component if large slip distances are expected 

during the forming process. 

 



4.3 Results and discussion 

 

 

 

 

114 

 

 

Figure 4.9 - (a) MBB00 NCF samples before conducting overlap test and (b) after 

conducting overlap test. 

 

4.3.3 Viscoelastic stress relaxation 

Characterisation of the stress relaxation behaviour of multi-ply 

FCIM359 laminates was conducted using the same experimental test 

set up described in Figure 4.1. It is important to consider viscoelastic 

stress relaxation when predicting the compaction response of dry 

multi-ply preforms, and it is difficult to accurately calculate time-

dependent spring back [236].  The data gathered from the relaxation 

tests will primarily be used to inform the in-situ X-ray computed 

tomography (CT) work presented in the next chapter.  

Figure 4.10 shows the relaxation profiles of dry laminates subject to 

3 different compressive strain rates; 10 mm/min, 1 mm/min and 0.5 

mm/min. Each laminate used a [0°/90°]10 layup and was compressed 

to a maximum load of 150 N (equivalent to 166 kPa) before being 

allowed to relax for 10 minutes. It can be seen that the rate of 

compression has a significant influence on the load at the end of the 

allowed relaxation period, wherein larger rates result in a much lower 

final compressive load. This behaviour agrees well with that of other 

a) b) 
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textile reinforcement materials in the literature (such as the work 

conducted by Robitaille et al. [142], who note that compaction rate is 

the most significant influence on the relaxation process) and can be 

attributed to reorganisation of the fibre structure within the 

laminate.  A 10 mm/min compressive strain rate produced the largest 

drop in compressive stress, with a 74% reduction in measured load. A 

1mm/min compressive strain rate exhibited a 59.1% reduction, whilst 

a 0.5mm/min rate exhibited a 49.6% reduction. This behaviour aligns 

with what can be found in existing literature, and can be attributed 

to the complex time-dependent movement and rearrangement of 

fibres at the microscale [146,148,237]. 

 

Figure 4.10 – Relaxation profiles of a dry FCIM359 NCF stack subject to 10 

mm/min, 1 mm/min and 0.5 mm/min compaction rates. 

 

The cyclic compaction response of dry fabric laminates was also 

investigated with the aim of determining the appropriate load cases 
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for the in-situ CT scanning presented in Chapter 5. The test was 

conducted by applying a constant displacement to the upper platen 

until a pre-determined load was achieved, followed by a 10-minute 

relaxation period. A 1 mm/min strain rate was used for the test; whilst 

a slower strain rate may have produced less relaxation, a 1 mm/min 

rate was selected as it was the minimum stable rate possible to be 

applied by hand when using the screw-action compression rig 

described in Section 5.2.2.  

As a 1 mm/min rate produced a load relaxation of approximately 60%, 

the target load profile was achieved by exceeding the desired load by 

50% (as the target load profile was considered to be an ideal minimum 

desired compaction force). This is presented in Figure 4.11, which 

shows an example cyclic compaction curve for a single dry laminate 

sample of FCIM359, using a layup sequence of [0°/90°]16.  

The load profile was selected to give an evenly spaced range of 

pressures up to and including vacuum pressure, representative of 

DDF processes. Each peak of the curve indicates 150% of the 

subsequent target load. It can be seen that with each additional cyclic 

load, the time taken to achieve a stable compressive load increases, 

quickly becoming larger than the allocated 10 minutes relaxation 

period. Despite this, the compressive force at the end of each 

relaxation period was within 20% of the target load with an average 

of 15%, which was deemed a sufficient approximation for the purpose 

of the tomography work in Chapter 5. 
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Figure 4.11 - An example loading profile used to investigate cyclic compaction 

behaviour of FCIM359. 

 

Layup sequence was found to have little influence on the cyclic 

compaction response of FCIM359. Two laminates were tested, 

[0°/90°]16 and [0°/90°//90°/0°]8, which were selected to generate 

perpendicular and parallel fibre interactions at the interface 

respectively. Figure 4.12 shows the relaxation percentage from the 

initial load for each of the cyclic load targets and layup sequences. 

Over the entire load case, a gradual reduction in the magnitude of 

relaxation can be seen as the applied load increases, from 45.2% to 

40.3%.  

This decrease can be attributed to the rearrangement of the fabric 

architecture, as described in existing literature [142,237,238]. Intra-

ply friction causes the applied compaction energy to dissipate further 

over each applied normal loading cycle. Very little difference in 

relaxation behaviour can be seen between the two layups, however. 

This suggests that the inter-ply nesting (or lack of) does not have a 

significant influence on the fibre re-organisation, as both laminates 

appear to be equally able to re-distribute the accumulated 
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compressive strain energy. Additional work, such as high-resolution 

imaging in a synchrotron may be able to investigate this phenomenon 

further in real-time, but unfortunately this is outside the scope of this 

thesis.  

 

 

Figure 4.12 – Change in stress relaxation percentage across a 7-cycle load profile. 

 

4.4 Chapter summary and conclusions 

The compaction and nesting behaviours of a biaxial non-crimp fabric 

have been characterised using a standard through-thickness 

compression test. Results demonstrated that inter-ply fibre 

orientation has an effect on the compaction stiffness of a dry stack. 

Layups with parallel fibres at ply-ply interfaces exhibited lower 

compaction stiffness than those at any other angle, which presented 

very similar compaction responses. The effect of the number of plies 

was also investigated, showing that as the number of layers in a stack 

increases, the compaction stiffness decreases, because more nesting 

can be achieved. 
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Introducing an inter-lamina polymer veil eliminated the anisotropic 

compaction response of the fabric by way of inhibiting nesting. 

Consequently, inter-ply friction of the fabric was also observed to be 

isotropic, confirming the initial anisotropic behaviour is a function of 

nesting. Inter-ply sliding was seen to degrade the quality of the veil 

material, which should be of consideration when forming a component 

where such a material is expected to improve fracture toughness.  

Optical microscopy was used to capture the nesting behaviour, having 

infused fabric samples with resin whilst held under vacuum pressure. 

This gave a representation of the nesting behaviour, further 

demonstrating that the surface topology of a ply-ply interface is highly 

dependent on fibre orientation.  

The viscoelastic relaxation behaviour of the laminate was analysed, 

finding the relaxation behaviour to be highly dependent on strain 

rate. Slower rates produced less relaxation, as fibres were able to 

reorganise within the structure. The effect of cyclic loading on 

relaxation was investigated, but longer relaxation periods are 

required to fully explore the relaxation behaviour during a cyclic 

loading profile. 
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5. An investigation of the 

relationship between 

friction and compaction 

behaviours                     
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5.1 Chapter outline and research aims  

This chapter aims to establish the relationship between the multi-ply 

deformation mechanisms analysed in the previous two chapters: 

macroscale inter-ply friction and multi-ply compaction. The former 

presented that the frictional behaviour of a biaxial NCF was 

anisotropic due to the nesting mechanisms presented in the latter. 

Whilst important to understand, this phenomenon is of only minor 

significance to an actual DDF process, as it is unlikely that 

substantial levels of inter-ply slip will occur between plies of the same 

orientation. The pressure dependency of the ply-level friction, 

however, is of much greater import, and an improved understanding 

of how biaxial NCFs deform under load will assist with mitigating and 

designing against frictionally induced defects in the future. 

This chapter uses in-situ X-ray computed tomography (CT) to capture 

the mesoscale (yarn level) deformation of 16-ply laminates subject to 

a normal compaction load. To process the large quantities of data 

produced from the CT scans, a supervised segmentation model is used 

to identify, segment and classify the two yarn directions. The output 

of the model is then processed to extract parameters of interest to 

describe the deformation of the fabric. Finally, a numerical model is 

presented to analyse the relationship between the measured 

mesoscale inter-ply contact area and the macroscale friction. 

5.2 Chapter methodology 

The following section of this chapter describes the methodology used 

to gather CT data and subsequently estimate fibre volume fraction 

(Vf), fibre bundle aspect ratio and mesoscale inter-ply contact area to 

quantify fabric deformation under normal load. An analysis of the 
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model’s training and efficacy is presented, and some strengths and 

weaknesses of using this process are discussed. Finally, the 

methodology for extracting the parameters of interest from the 

segmentation model output data is presented. 

The in-situ compaction rig used in this study was developed and used 

in collaboration with Dr. Andrea Codolini at the University of 

Cambridge. The instance segmentation model used was an “off-the-

shelf” model produced by Ultralytics. The implementation of the 

model, preparation of training data, and post-processing analysis was 

undertaken by the author. 

5.2.1 Materials 

As per the previous chapters, the reinforcement fabric used in this 

study was FCIM359, a pillar stitched biaxial NCF provided by Hexcel 

Reinforcements, UK. The relevant material properties for FCIM359 

can be found in Table 3.1. 

5.2.2 X-Ray CT procedure 

To apply the required compressive load in-situ of the X-Ray CT 

microscope, a custom-made test rig was designed, as shown in Figure 

5.1. The rig uses acrylic rather than aluminium for many of the 

components, to minimise X-ray attenuation (and subsequent image 

noise) in the CT data. For example, the fabric specimens were 

sandwiched between spacers within the platens, both of which were 

made of acrylic. The rig was designed as an isolated unit, and so the 

compaction load was applied using a screw mechanism on a bench top 

before the rig was transferred to the microscope. An integrated load 

cell was used to measure the compaction load applied, which was 

calibrated using a certified Instron universal testing frame. The load 

was applied manually, using a stopwatch to approximate a 1 mm/min 
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compressive strain rate. When the relaxation of the fabric was 

estimated to have stabilised based on the data gathered in Chapter 4, 

the rig was transferred for subsequent scanning. Defined by time 

restraints on access to the CT microscope, the applied loading regime 

is shown in Table 5.1. 

 

 

Figure 5.1 – Diagram of compaction test rig designed to apply compressive load to 

a fabric sample in-situ of an X-Ray CT microscope. 

 

Table 5.1 - Loading regime for CT scans, shown in load applied and resultant 

pressure on the fabric samples. 

Scan # 1 2 3 4 5 6 7 

Load (N) 15 30 45 60 75 90 105 

Pressure (kPa) 16.67 40 62.22 84.44 112.2 134.4 164.4 
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A Zeiss Xradia 510 Versa 3D X-ray microscope (XRM) was used to 

conduct the in-situ computed tomography work, support and access to 

which was provided by a Royce@Cambridge external funding grant. 

For each tomograph, the XRM acquired 1024 projections, having an 

exposure time of 2 seconds. The effective pixel size of the images was 

approximately 13.25µm. To capture large volume scans at such high 

resolution, a wide-angle optical lens of 0.4x magnification was coupled 

to the detector (2000 x 2000 pixels).  Figure 5.2 shows the set up 

within the XRM, with key components indicated.  

 

 

Figure 5.2 - Image of the test set up used for the CT work, with critical 

components labelled. 

 

The 2D projections obtained were then reconstructed to create a 

three-dimensional representation. No nominal beam hardening 

correction was applied during the reconstruction process. The 

reconstructed data was exported as a stack of TIFF images, which was 
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then analysed using the commercial software VGStudioMax 2022.4. 

A Gaussian filter with a size of 3x3x3 voxels was applied throughout 

the volume to enhance the sharpness of the boundaries between the 

fibre bundles. The data was finally exported as 1000 slices along the 

loading plane. Figure 5.3 shows an example output of the post 

processing; fibre bundles that cross the image (left to right) are 

designated the longitudinal direction, with the opposing direction 

(into the image) being designated the transverse direction. 

 

 

Figure 5.3 - A post-processed CT image of a [0°/90°]16 laminate of FCIM359, 

subject to a 15N compressive load.  

 

5.2.3 Instance segmentation model 

Machine learning was used to process the CT data, as the similar X-

ray absorption rate of carbon fibre and air produces images that are 

difficult to segment using more traditional methods, which are more 

suitable for glass fibres or resin infused composites [239–242]. An off-
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the-shelf approach was taken to the computer vision work, in the 

interest of time and quality. The Ultralytics YOLOv8 framework 

[243,244] was used to identify, segment and classify the transverse 

and longitudinal fibres in the CT scanner images. YOLOv8 provides 

various model scales tailored to specific applications and hardware 

requirements, striking a favourable balance between speed and 

accuracy [245]. Moreover, it boasts a user-friendly implementation 

with Python integration and comprehensive documentation.  

Figure 5.4 describes the process of training and implementing the 

model to extract the identified parameters of interest from each 

tomography scan.  Following the post-processing of the raw images, 

25 images were annotated manually using PyLabel to train and 

validate the model. This was a very time-consuming process, as the 

boundary of every fibre bundle in the image must be delineated by a 

polygon and classified with the appropriate longitudinal or transverse 

label. Each image was annotated by the author to eliminate the 

influence of any annotator bias [246]. The images were chosen at 

random across every load profile and thickness, in order to maximise 

the quality of the training dataset. To maximise the number of 

training images, the dataset was augmented by mirroring about the 

Y-axis, flipping about the X-axis and applying additional gaussian 

blur, producing a final training dataset of 200 images and associated 

annotations. 80% (160) of these images were designated for training 

use and the remaining 20% used for validation. 
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Figure 5.4 - Simplified workflow of the instance segmentation process used to 

extract parameters of interest from XRM data. 

 

5.2.4 Model training and efficacy 

The segmentation model was trained using the Google Colab Pro, 

which grants access to powerful NVIDIA A100 Tensor Core GPUs. 

The maximum resolution of the images Google Colab was able to use 

to train the model was only 800 x 800 pixels, which does limit the 

quality of the output data.   

Figure 5.5 shows how the segmentation loss function improves with 

each epoch, quantifying the discrepancy between the predicted 

segmentation output and the ground truth segmentation of the 

validation dataset, providing a measure of how well the model is 

performing. The exponential decrease in both the training and 

validation loss curves signifies the model's ability to progressively 

learn and improve its performance throughout the training process. 
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The similarity between the two curves, along with their convergence 

to a plateau, indicates that the model is successfully generalising to 

unseen data and is not suffering from overfitting. This observation 

highlights the model's capacity to capture the intricate segmentation 

patterns present in the data, resulting in enhanced accuracy and 

similarity between the predicted and ground truth segmentations. 

The plateauing of the loss curves also assists in identifying the 

optimal epoch where the model achieves its peak performance without 

excessive training that could result in overfitting. 

 

 

Figure 5.5 – Segmentation loss versus epoch for the YOLOv8 segmentation model. 

 

To further analyse the efficacy of the model, the output segmentation 

masks can be investigated. Figure 5.6a shows the segmentation model 

applied to the same post-processed image shown in Figure 5.3. When 

once again utilising Google Colab Pro, the prediction model 

demonstrates commendable efficiency, with an average inference 

time of approximately 15 ms per image. This remarkable speed 

enables the model to process a substantial number of images within a 
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constrained timeframe, showcasing its capacity for high-throughput 

image analysis. The model is very effective at segmenting transverse 

fibre bundles, successfully identifying all complete bundles within 

this specific image.  

Incomplete transverse bundles at the edges of each image were not 

included when annotating the training data, and are therefore not 

isolated by the model. Longitudinal fibre bundles are also well 

segmented; however, a small minority of regions have been missed 

and some appear to have been identified as multiple instances of 

slightly varying lengths. The latter issue is not considered significant, 

as post-processing is undertaken on a pixel-by-pixel basis, as shown 

in Figure 5.6. Each individual mask is coloured according to its 

associated label (blue for transverse fibre bundles and green for 

longitudinal fibre bundles) and saved to a composite image, isolating 

the fibrous structure from any complex background elements, such as 

stitching, tomography artifacts or the acrylic platens. This simple 

output can then be exported for later post-processing. 

 

 

Figure 5.6 – a) Output from the segmentation model for the 15N load case. The 

masks are isolated from the unwanted background image and saved to a 

composite image according to their classification (blue – transverse fibre bundles 

or green – longitudinal fibre bundles). b) 3D reconstruction of machine learning 

output produced using 3D Slicer 5.2.2 software, where fibre directions are also 

colour-coded blue or green. 
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It is important to understand the limitations of the segmentation 

model to properly contextualise the output results. The model has 

more difficulty segmenting longitudinal bundles than transverse fibre 

bundles due to the unbalanced nature of the dataset - each CT image 

contains a maximum of 16 – 22 longitudinal bundle sections but can 

contain up to 6 times as many transverse bundles due to the cross-

sectional orientation. This results in the training dataset containing 

significantly more transverse instances than longitudinal, potentially 

causing the model to be biased towards the former when deployed. 

Consequently, detail is occasionally lost on longitudinal instances, or 

sections of the fibre bundle missed when segmenting. Future work on 

this topic may consider a method to reconstruct the laminate scan 

from both the coronal and sagittal orientations to re-balance the 

training dataset and improve the accuracy of the segmentation model, 

particularly when considering the quality of the longitudinal (green) 

fibre bundles.   

Plotting the F1 score of each class (and the combined classes) against 

confidence thresholds, as shown in Figure 5.7, gives another 

indication that the model has more difficulty segmenting the 

longitudinal than the transverse fibre bundles. The F1 score is a 

metric that balances precision (how many predicted segments are 

actually relevant) and recall (how many relevant segments are 

correctly identified) by calculating their harmonic mean. It is 

particularly useful when the dataset is imbalanced, as it considers 

both false positives and false negatives. The confidence threshold 

represents the confidence value above which a prediction is 

considered positive. It can be seen that for any given confidence 

threshold, the accuracy of the longitudinal instances is lower than 

that of the transverse instances, which have a very high and 

consistent F1 score. The maximum F1 score of all classes was found 
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to be 0.88 at a confidence threshold of 0.43, where the transverse and 

longitudinal F1 scores were 0.96 and 0.80 respectively. However, this 

does not necessarily represent the optimum confidence threshold 

value for the segmentation model, as it is deemed more important 

that recall is maximised, rather than precision, capturing the greatest 

possible number of both transverse and longitudinal instances. 

 

Figure 5.7 - F1 score versus confidence threshold for transverse fibre bundles, 

longitudinal fibre bundles and the mean of both classes combined.  

 

A final drawback of the model that must be considered is one of 

human error as the training and validation dataset was annotated 

manually. Any systematic error introduced at this stage of the ML 

process will be carried forward into the final predictions. Future work 

may consider employing an increased number of researchers to 

annotate training data to reduce the significance of this systematic 

error. 
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5.2.5 Post-processing of model output 

The aspect ratio of transverse bundle cross-sections, fibre volume 

fraction and inter-ply contact area were identified as measures of 

fabric deformation when under load. In particular, mesoscale inter-

ply contact area was used to attempt to explain the pressure 

dependency of inter-ply friction observed in Chapter 3, as it is 

proportional to the number of asperity contacts that resist inter-ply 

sliding (see Section 2.4.3). 

Post-processing of the output images (such as the one shown in Figure 

5.6a) is conducted using MATLAB. Figure 5.8 describes the post-

processing procedure. After determining the fibre volume fraction, 

each individual output image from the segmentation model is divided 

into the two respective fibre orientations (Step 2 in Figure 5.8). The 

aspect ratio of the transverse bundles is used as a measure of how the 

cross-section deforms as the load is applied. It is extracted from the 

isolated transverse masks by considering the dimensions of the 

bounding box of each polygon, which is determined using an in-built 

MATLAB function.  

To calculate the contact length in each image, further processing is 

required. Now that additional noise and unwanted features have been 

eliminated, it is possible to use a traditional canny edge detection 

algorithm, another in-built function of MATLAB, to delineate each 

polygon (Step 3 in Figure 5.8). This produces a binary image where 

the boundary of each instance is represented by a white border with 

a width of a single pixel. Since FCIM359 is a biaxial NCF, the intra-

ply contact area between the two fibre directions is not considered 

relevant to the inter-ply friction as it is assumed that no sliding occurs 

within each ply during a forming process. Therefore, only the contact 

length between each ply is of significance and edges of the polygons 
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that do not contribute to this can be discarded (Step 4 in Figure 5.8). 

For the orientation of plies used, this constitutes the top edge of the 

transverse instances, and the bottom edge of the longitudinal 

instances. 

 

 

Figure 5.8 - Post-processing of ML output images to obtain estimated contact areas. 
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Finally, the remaining lines from both the longitudinal and 

transverse instances can be superimposed into a single image for 

comparison (Step 5 in Figure 5.8). A sensitivity analysis to determine 

how close a pixel from each fibre direction needs to be to be considered 

“in contact” is discussed in Section 5.3.3. 

Figure 5.9 shows the complete number of transverse and longitudinal 

bundle instances detected by the post-processing method for each load 

case. A small negative gradient can be seen, suggesting the model has 

more difficulty defining the bundles as the applied compaction load 

increases. This is likely due to fibres within bundles commingling as 

their aspect ratios increase, therefore becoming more difficult to 

distinguish clear boundaries. The greatest total number of bundles 

(15 N compaction load) was found to be less than 6.7% larger than the 

smallest (105 N compaction load).  To compensate for this small 

difference, the final inter-ply contact area values have been 

normalised according to the number of average bundles detected at 

each load increment to create an even dataset. 

 

 

Figure 5.9 - Number of transverse and longitudinal instances captured by the 

complete ML process. 
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5.3 Processing and results 

5.3.1 Fibre volume fraction 

The fibre volume fractions of the laminate under varying compaction 

pressures are used to analyse the material deformation and to 

validate the ML approach. As the output of the ML model only 

considers the fabric structure at the mesoscale, estimations of intra-

yarn (local) volume fractions are required to correct the macroscale Vf 

values. Some basic assumptions are made when estimating these 

values: 

• Fibres are assumed to be parallel along the length of the yarn. 

• All fibres are assumed to be perfectly cylindrical. 

• The influence of stitches on Vf is ignored. 

• Every bundle has the same Vf, and Vf is evenly distributed 

throughout each bundle. 

Two packing arrangements are considered for the intra-yarn fibre 

arrangement [247] – square (as shown in Figure 5.10a) and hexagonal 

(as shown in Figure 5.10b).  The maximum possible Vf for each case is 

0.785 and 0.906 respectively [248]. The variation in Vf as a function of 

applied load was estimated using the trends and calculations 

presented in Section 4.3.1 of this thesis, as the project timescale did 

not allow for a full analysis, such as that conducted by Gommer et al. 

[249]. The estimated trend of increase intra-yarn Vfs obtained aligns 

with that seen in other work by Gommer et al. [250]. 
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Figure 5.10 – Packing arrangements considered for intra-yarn Vf – a) square 

packing and b) hexagonal packing. 

 

A final assumption is made that the intra-yarn volume fraction also 

increases with applied normal load, as observed with the macroscale 

compaction behaviour in the previous chapter. Using a basic 

exponential reduction informed by macroscale experimental data 

produces an estimated minimum Vf of 0.6 in the given pressure range. 

Further microscopy of the FCIM359 samples used in section 4.3 was 

conducted to confirm the validity of this range. Binarizing the image 

(as shown in Figure 5.11) enabled calculation of intra-yarn Vf by 

simple pixel count (i.e., comparing the number of white pixels to the 

total number of pixels). This method has limitations that should be 

used to contextualise the values of Vf calculated, principally the 

resolution of the microscope and the influence of the resin on the 

packing of the fibres. As a result, it is likely that the local Vf observed 

using microscopy is lower than in reality. However, the Vf values 

produced by optical microscopy ranged in value from 0.57 to 0.68, with 

a mean value of 0.64, falling within the lower end of the estimated 

range.   
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Figure 5.11 - a) Example microscopy image (20x) of FCIM359 fibres. b) Binarized 

image used to calculate intra-yarn Vf of sample. 

 

The global fibre volume fraction of the laminate under each load is 

also determined from image by image on a pixel count basis. This is 

achieved by detecting the positive pixels at the upper, lower, left and 

right extremes, producing a global bounding box. The Vf of each 

individual image can then be defined as the ratio of the number of 

positive elements to the total number of pixels within the bounding 

box. Each global value is then adjusted to account for the intra-yarn 

Vf. Figure 5.12 shows the average volume fractions for both square 

packing (𝑉𝑓
𝑠) and hexagonal packing (𝑉𝑓

ℎ), alongside the values of Vf 

calculated numerically using Equation (4.1). 
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Figure 5.12 - Fibre volume fractions, calculated from platen displacement and 

estimated from ML output data using both square packing (𝑉𝑓
𝑐) and hexagonal 

packing (𝑉𝑓
ℎ). Error bars show ±1σ from the mean.  

 

Assuming a square packing arrangement results in an 

underestimation of global Vf by an average of 10.3% (with a minimum 

of 7.2% and a maximum of 14.6%). Conversely, a hexagonal packing 

arrangement overestimates global Vf by an average of 2.1% (with a 

minimum of 1.1% and maximum of 4.0%). The smaller error suggests 

that assuming hexagonal packing may be more appropriate in this 

case. The slight overestimation in 𝑉𝑓
ℎ may be a consequence of the low 

resolution of the bounding polygons that are used to segment each 

tomograph.  

5.3.2 Aspect ratio of fibre bundles 

To compare the deformation of transverse fibre bundles under 

different compaction loads, the change in aspect ratio (the width 
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divided by the height of a bounding box surrounding the bundle cross-

section) is shown in Figure 5.13. Change in bundle height and width 

has previously been used as a measure of fabric deformation by 

Gommer et al. [249]. As the applied load increases, each transverse 

bundle widens and becomes thinner, increasing the aspect ratio and 

changing the cross-sectional shape. The increase in mean aspect ratio 

with compaction pressure follows a quadratic trend, as shown by the 

dashed trendline, producing an R2 value of 0.91 indicating a very 

strong correlation between the two parameters. The entire data set 

was used to calculate each mean value, making the minimum sample 

size approximately 9 x 104 (as shown in Figure 5.9). 

 Like the observed behaviour of the fabric volume fraction, the rate of 

change of the transverse aspect ratios decreases as the applied 

compaction load decreases. This is caused by the increased 

compaction of the individual fibre bundles resisting further 

deformation; as the bundle Vf increases there are fewer spaces 

available in which fibres can restructure to disperse strain energy, 

and therefore the aspect ratio change decreases whilst the normal 

load rapidly increases. 
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Figure 5.13 - Variation in transverse fibre bundle aspect ratio for each compaction 

load case. Inset diagram demonstrates the bounding box determination of width 

(w) and height (h) for aspect ratio of w: h. Error bars indicate the minimum and 

maximum aspect ratios of each sample, and a quadratic trend is indicated with a 

dashed line. 

 

5.3.3 Mesoscale inter-ply contact area 

Figure 5.14 shows the variation in the normalised contact area and 

compaction load for 3 different contact sensitivities. No error bars are 

presented on the figure as each value is a simple sum of the contact 

areas of each image in each stack. The values of contact area have 

been normalised to account for the small reduction in the number of 

bundles detected as compaction pressure increases (as shown in 

Figure 5.9). The first dataset considers only pixels from longitudinal 

and transverse edges that share exact coordinates to be in contact 

(i.e., they overlap). Based on the final output image resolution, this 

represents an estimated distance of approximately 8.3 µm. The second 

and third datasets consider a larger contact resolution of +1 and +2 

pixels respectively, and as a result, both produce slightly higher 



5.3 Processing and results 

 

 

 

 

141 

 

contact areas because a greater number of pixels are considered in the 

contact summation.  

 

 

Figure 5.14 - Variation in normalised inter-ply contact area for 3 contact 

sensitivities: pixel overlap (+0 pixels), +1 pixel and +2 pixels. A quadratic 

trendline is indicated for the first case, and linear trendlines for the latter two. 

 

The trendlines produced by these analyses are plotted as dashed lines 

on Figure 5.14. The rate of change of the contact area of the 

overlapped pixel sensitivity (+0 pixels) decreases as the load 

increases, agreeing well with the behaviour shown by the volume 

fractions and aspect ratios. The rate of increase of area reduces as the 

transverse bundles deform less with increased load, and the quadratic 

trend displayed produced an R2 value of 0.90. However, the second 

two sensitivities follow a linear trend, each exhibiting strong R2 

values of 0.91. However, the overlapped pixel analysis follows a 

quadratic regression, with the rate of change of area beginning to 

plateau as the applied compaction pressure increases. The reason for 
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this difference in behaviour can be explained by analysis of the 

number of pixels that are included in the area summation at each 

sensitivity level, as shown in Figure 5.15.  

 

 

Figure 5.15 - Number of pixels considered to be in contact for 3 different 

sensitivities. 

 

The majority of pixels considered in contact are those which overlap, 

accounting for approximately 72% of the total number of pixels under 

maximum compaction pressure. This generates the quadratic trend 

for the low sensitivity case shown in Figure 5.14. Although the +1 

pixel sum is significantly lower than the +0, the opposing direction of 

the quadratic trend for the +1 pixels results in a more linear 

behaviour when included in the sum for total area. The reason for the 

increase in the number of +1 pixels is due to the change in shape of 

the transverse tow bundles as they deform: as they flatten from a 
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lenticular to rectangular shape, the vertical sides of each bundle move 

closer to the contact region. Despite this, the number of pixels at a 

distance of +2 from the interface exhibit a linear trend, once again 

producing a more linear behaviour in the contact area when included 

in the total sum.  

5.4 Relationship between contact area and friction 

In a “perfect” contact scenario, where each ply is in complete contact 

with its opposing partner, the scan volume used would be expected to 

generate an inter-ply contact area of 2084 mm2. To establish the 

relationship between the observed inter-ply contact area and 

coefficient of friction, the measured contact areas were first 

normalised to a normalised coefficient of area (𝛼), which can be 

defined as the ratio of the contact area calculated by the method 

outlined in this chapter to the theoretical perfect contact area, as per 

Equation (5.1): 

 

𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 𝑜𝑓 𝑎𝑟𝑒𝑎, 𝛼 =  
𝑂𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎

𝑃𝑒𝑟𝑓𝑒𝑐𝑡 𝑐𝑜𝑛𝑡𝑎𝑐𝑡 𝑎𝑟𝑒𝑎
 (5.1) 

 

Figure 5.16 shows the change in both 𝛼 and coefficient of friction (𝜇) 

over a 0 kPa to 100 kPa pressure range to consider compaction loads 

representative of a DDF process. The values of 𝛼 are assumed to be 

linear for the smaller pressure range, as the fabric has not yet begun 

to resist deformation. At 100 kPa, 𝛼 is approximately 0.56, suggesting 

that, at vacuum pressure, the actual inter-ply contact area at the 

mesoscale for any flat area of FCIM359 at a 0°/90° interface would be 

expected to be only 56% of the given fabric surface.  This result 

approximately aligns  with a similar study by Mulvihill et al. [79], 
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who measured a real contact area of 32% at 260 kPa for a different 

(12K) carbon fibre tow. The resolution of images used in the study by 

Mulvihill et al. were higher than that used in this study (2048 x 1536 

pixels versus 800 x 800 pixels), which combined with the lower tow 

weight may explain the difference in measured areas between the 

two.  

 

 

Figure 5.16 - Comparison of variation in coefficients of area and friction with 

applied normal compaction pressure. 

 

The values of 𝜇 were determined using an overlap friction test, as 

discussed in Chapter 3. Like the trend in 𝛼 over this pressure range, 

the increase in 𝜇 is linear – as the interface between the fabric 

samples deforms the coefficient of friction increases. However, it can 

be seen from the graph that 𝜇 is approximately 3 times more sensitive 
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to changes in pressure than 𝛼, the former exhibiting a gradient of 

3.4x10-3 and the latter 1.1x10-3.  

The 13.3 µm resolution of the CT images does not permit 

consideration of microscale inter-yarn intermingling, as a typical fibre 

has a diameter of 6 µm to 8 µm. Therefore, the microscale inter-ply 

contact area likely increases more severely with applied load than the 

mesoscale, agreeing more closely with the macroscale frictional 

measurements. Additionally, the method presented does not 

acknowledge the contribution to the sliding behaviour from the 

polyester stitches, which may further influence the frictional 

behaviour.  

The relationship between estimated contact areas (𝐴𝑅𝑒𝑎𝑙) and 

frictional forces (𝐹𝑓) can be described as a function of the applied 

compaction pressure. As the increase in area over the vacuum 

pressure range is linear, the behaviour can be described by the simple 

function in Equation (5.2), where 𝑘1 is the gradient of the linear trend 

and 𝑐1 is the estimated area when the material is not subjected to any 

compaction load. For comparison to experimental data, these values 

are determined using 𝛼 and the contact area of the fabric samples 

used during the test. Equation (5.2) can then be multiplied by 

pressure to obtain the normal load at the interface, as shown in 

Equation (5.3).  

𝐴𝑅𝑒𝑎𝑙  = 𝑓1(𝑃) = 𝑘1𝑃 + 𝑐1  (5.2) 

𝑁 = 𝑃 ∙ 𝐴𝑅𝑒𝑎𝑙 = 𝑘1𝑃2 + 𝑐1𝑃  (5.3) 

 

The coefficients in each equation are determined from Figure 5.16. 

Likewise, since the increase in dynamic 𝜇 is known to increase 

linearly, it can also be described by a similar function in Equation 
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(5.4), where 𝑘2 is the gradient of the second linear trend, and 𝑐2 is the 

theoretical coefficient of friction when no compaction load is applied. 

A Coulomb friction law can then be used to establish the relationship 

between applied pressure and subsequent frictional forces for each 

surface, as a function considering both change in area (subscript 1) 

and 𝜇 (subscript 2), described by Equation (5.5).  

 

𝜇 = 𝑓2(𝑃) = 𝑘2𝑃 + 𝑐2 (5.4) 

𝐹𝑓 = 𝜇𝑁 = (𝑘1𝑃2 + 𝑐1𝑃)(𝑘2𝑃 + 𝑐2) (5.5) 

 

A comparison of the variation in estimated frictional forces with 

compaction pressure from the numerical model and experimental 

results is shown in Figure 5.17. The error bars on the experimental 

data represent one standard deviation from the mean, and the R2 

value of the quadratic fit is 0.99. It can be seen that the numerical 

model slightly overestimates the frictional forces produced by an 

average of 8.0%. One source of this error may be the quality of the ML 

output data: low image resolution and manual polygon boundary 

marking in the training process likely results in a small over-

estimation of inter-ply contact areas, generating higher frictional 

forces than observed in reality. Future work may focus on a more 

accurate method of capturing fibre and bundle deformation, such as 

through the use of Digital Element models [251]. Despite this small 

error, the model agrees well with the experimental results, effectively 

relating the change in inter-ply contact area to increased frictional 

forces generated at the ply-ply interface.  
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Figure 5.17 - Comparison of numerically estimated frictional forces and 

experimentally measured frictional forces from Chapter 3. 

 

5.5 Chapter summary and conclusions 

This chapter has attempted to explain the macroscale friction and 

compaction behaviours presented in previous chapters by analysing 

mesoscale fabric deformation mechanisms. Multi-ply dry NCF 

laminates were imaged in a µCT scanner to investigate the influence 

of fibre orientation and normal load on the compaction behaviour. 

Controlled normal load was applied in-situ using a custom made 

through-thickness compaction rig.  

A methodology using machine learning techniques has been 

presented for processing CT data to estimate fibre volume fractions, 

tow deformation and inter-ply contact areas at the mesoscale. ML was 

used to overcome difficulties distinguishing carbon fibres from air 
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within CT data. The efficacy of the model has been analysed using 

conventional ML metrics, and the post-processing of its results to 

estimate the parameters has been discussed. The results estimated 

that the real mesoscale contact area between plies is 56% of the 

apparent contact area at vacuum pressure. Clearly there are some 

limitations with this model due to the number assumptions, which 

should be the focus of future work. 

A numerical approach was presented that examines the relationship 

between 𝜇 and the change in real inter-ply contact area induced by an 

applied normal load, up to vacuum pressure (100 kPa). The model 

produced good agreement with the experimental results, slightly 

overestimating frictional forces by an average of 8.0%. Further meso 

and microscopic analysis of the contact interface is considered to be 

outside the scope of this thesis, but a brief microscale visualisation of 

the fabric surface using scanning electron microscopy (SEM) can be 

found in Appendix A – SEM Imaging of FCIM359. 
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6. The influence of inter-ply 

friction on NCF formability 
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6.1 Chapter outline and research aims 

This chapter aims to investigate the influence of the friction and 

compaction deformation behaviours discussed in Chapters 3 and 4 on 

the macroscale forming of multi-ply NCF preforms, by means of both 

experimental and numerical analysis. This is achieved by analysing 

the bending and shear behaviours of multi-ply stacks in comparison 

to single ply samples, as well as investigating the formability of a 

larger scale component formed using DDF. 

At the coupon scale, novel methods of adapting traditional bending 

and shear characterisation tests are used to accommodate multi-ply 

samples and subject them to load cases representative of a DDF 

process. The influence of inter-ply friction on bending stiffness and 

shear resistance is quantified both experimentally and numerically, 

and the effect of varying frictional forces through different layup 

sequences is presented.  

Finally, a DDF case study is presented whereby the effect of the 

changes to in-plane shear and out-of-plane bending caused by high 

levels of inter-ply friction are demonstrated. The efficacy of an FEA 

process model is analysed and validated for a 2-ply case, before being 

used to predict the formability of 16-ply preforms. 

6.2 Experimental methodology  

6.2.1 Non-linear bending characterisation 

Inter-ply friction influences the bending stiffness for multi-ply stacks, 

generating theoretical upper and lower bounds depending on the level 

of slip [252]. The upper limit, where friction is so high that no slip 
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between layers is possible, causes the stack to effectively bend as a 

solid beam. The second moment of area for this case is as follows: 

 

𝐼𝑈 =
𝑏(𝑛𝑡)3

12
 (6.1) 

 

 where 𝑏 is the ply width, 𝑛 is the number of plies in the stack and 𝑡 

is the thickness of each ply. The total second moment of area for the 

lower limit, where friction is absent so there is no resistance to inter-

ply slip, is as follows: 

 

𝐼𝐿 =
𝑏(𝑡)3

12
 (6.2) 

 

The bending stiffness of most real-life multi-layer beams will fall 

somewhere between these two limits, depending on the coefficient of 

friction between the layers. A revised cantilever bend test was used 

to characterise the non-linear bending stiffness of multi-ply 

laminates, following a proven test methodology [71,72,76]. A 

Creaform Handyscan 3D Silver Series laser scanner was used to 

digitise the bending profile of the top ply of each sample in the form 

of XYZ point cloud data (Figure 6.1a). The resolution of the scanner 

was up to 0.1 mm. The overhang length of the test was fixed to be 

200mm to obtain a sufficiently wide range of curvatures over each 

specimen. A white powder spray (Ambersil Flaw Developer 3) was 

applied to the material to minimise reflections from the laser scanner 

and to improve the quality of the scan data. No difference in bending 

behaviour was observed when the spray was applied. Only the central 

10% of data points from each scan were used to produce a bending 
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profile, reducing the influence of any unwanted twist or rotation in 

the fabric. A deflection curve was obtained by fitting a 6th order 

polynomial to the data points for each sample, as per previous non-

linear bending studies of the same NCF material [71].  

 

 

Figure 6.1 - a) Example scan of a single ply bending sample of FCIM359. b) Free 

body diagram of the extracted 2D bending profile. 

 

As shown in Figure 6.2, loops of lightweight thread were added 

around the multi-ply specimens to prevent deconsolidation, but to still 

enable inter-ply slip, so to better represent a forming process. This 

was achieved by tying the thread loops loosely, so no compaction force 

normal to the surface of the samples was applied. The mass of the 

thread is considered negligible compared to the NCF specimen, and 

therefore it is assumed that any additional mass does not directly 

affect the bending stiffness, other than by encouraging resistance to 

inter-ply slip by way of friction. Through-thickness tufts were also 

investigated for the same purpose, as previously used by Liang et al. 
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[76], however the absence of crimp in the NCF material resulted in 

too much instability in the sample. 

 

 

Figure 6.2 - A multi-ply bending sample of FCIM359. Pink loops of light-weight 

thread to prevent deconsolidation of the stack and reflective points used for the 

laser scanner can be seen. 

 

As commonly found in the literature [72,223], the non-linear bending 

behaviour of FCIM359 is described as a function of the specimen 

curvature and the bending moment. To determine the curvature 𝜅 at 

any given point along the bending profile, Equation (6.3) was used, 

where 𝑦′and 𝑦′′are the first and second derivatives of the deflection 

curve with respect to 𝑋, as described by the free body diagram shown 

in Figure 6.1b. 
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𝜅 =  
𝑦′′

(1 + 𝑦′2)
3
2

 (6.3) 

  

To calculate the bending moment of the sample, first the accurate 

bending length of the deflection curve 𝐿𝐵 was determined, as per 

Equation (6.4), where 𝑋𝐹 refers to the 𝑋 coordinate at the free end of 

the beam and 𝑋𝐶 refers to the constrained end. 𝐿𝐵 should be equivalent 

to the overhang length of the sample, which is 210mm for this case.   

 

𝐿𝐵 = ∫ √1 + 𝑦′2
𝑋𝐹

𝑋𝐶

𝑑𝑥 (6.4) 

 

From the bending length, the curvilinear abscissa 𝑠 along the profile 

can be calculated, as shown in Equation (6.5). Point 𝑃 (shown on 

Figure 6.1b), defined by 𝑠 = 𝑠(𝑃), is the point about which the bending 

moment 𝑀(𝑠) applied by the beam 𝑃𝐹 and 𝜅 are determined. 

 

𝑠(𝑃) =  ∫ √1 + 𝑦′2
𝑋𝑃

𝑋𝐶

𝑑𝑥 (6.5) 

  

Finally, Equation (6.6) is used to determine 𝑀(𝑠), where 𝜑 is the angle 

of the curve tangent to the horizontal, 𝑢 is the curvilinear distance 

from point 𝑃 to point 𝑄, and 𝑊 is the specimen weight per unit length. 

𝑀(𝑠) =  𝑊 ∫ (𝑢 − 𝑠) cos(𝜑) 𝑑𝑢
𝐿𝐵

𝑠

 (6.6) 

  

The resulting curvature versus bending moment relationship can be 

described using Voce’s model as per Equation (6.7), where 𝑅0  and 𝑅𝐼𝑛𝑓 
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are fitting constants and  𝜅𝑙𝑖𝑚 is the exponential saturation 

parameter. 

𝑀(𝜅) =  (𝑅0 ∙  𝜅) +  𝑅𝐼𝑛𝑓(1 − exp (1 −
𝜅

𝜅𝑙𝑖𝑚
) (6.7) 

  

6.2.2 Multi-ply shear characterisation 

A bias-extension test was selected to characterise the in-plane shear 

behaviour of a multi-ply laminate subjected to varying levels of 

through-thickness compaction. The picture frame shear test (Section 

2.7.1) was not used, as additional non-shearing material could not be 

easily included in the test. The bias extension test methodology is 

described extensively by Cao. et al [167]. A shear angle (𝛾) versus 

shear force (𝐹𝑆ℎ) curve was obtained from each experiment to describe 

the shear behaviour of the fabric, calculated using Equations (6.8) and 

(6.9). 

 

𝛾 = 90 − 2 cos−1 (
(𝐻 − 𝑊) + 𝛿

√2(𝐻 − 𝑊)
) 

 

(6.8) 

𝐹𝑆ℎ(𝛾) =  
1

(2𝐻 − 3𝑊) cos(𝛾)
((

𝐻

𝑊
− 1) 𝐹 (cos (

𝛾

2
) −sin (

𝛾

2
))

− 𝑊𝐹𝑆ℎ (
𝛾

2
) cos (

𝛾

2
)) 

(6.9) 

 

where H and W are the height and width of a fabric sample, 𝛿 is the 

crosshead displacement, F is the crosshead load and 𝐹𝑆ℎ is the shear 

force normalised per unit length. 
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The fabric samples for the bias extension test were placed inside a 

vacuum bag to simulate the compaction pressures experienced during 

DDF (Figure 6.3). The force required to shear the sample and extend 

the vacuum bag can be described by Equation (6.10) [253]: 

 

𝐹𝑆ℎ = 𝐹 − 𝐹𝑑 − 𝐹𝑓 (6.10) 

where 𝐹𝑑 is the load required to extend the vacuum bag and 

𝐹𝑓 is the frictional force between the vacuum bag and the 

fabric sample. 

 

 

 

Figure 6.3 – Bias extension tests of a single ply of FCIM359. a) Pre-test, no 

vacuum. b) Post-shearing, no vacuum. c) Pre-test, induced vacuum. d) Post-

shearing, induced vacuum. 

 

Additional NCF plies were included for some bias extension tests to 

investigate the influence of inter-ply friction on the intra-ply shear 

behaviour. These fabric plies were orientated at [0°/90°] and were 

shorter than the original [±45°] plies, as shown in Figure 6.4. They 

were therefore unconstrained (i.e., not clamped at either end) to avoid 

the unwanted tensile contribution from the [0°/90°] fabric in the 

measured crosshead force. The layup sequence of the resulting fabric 

stack was varied to change the number of sliding interfaces between 
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[0°/90°] and [±45°] plies. A drawback of this method is the coupling of 

displacements between the two fibre directions via friction, and 

therefore the loads measured will no longer be generated by perfect 

shear, and so can only be considered an indication of the influence of 

inter-ply friction, and not as direct input into a material model.  

 

 

Figure 6.4 – Schematic showing an example sample set up for a multi-ply bias 

extension test to assess the influence of inter-ply friction on in-plane shear 

behaviour.   

 

6.2.3 Double Diaphragm Forming experiments 

A laboratory-scale double diaphragm forming (DDF) machine was 

used to conduct experimental forming trials. Stretchlon® HT-350 was 

used for the diaphragm material, with dimensions of approximately 

1.8m x 1.5m. Relevant material properties of Stretchlon® HT-350 can 

be found in Table 6.3. The two diaphragms are clamped between three 

aluminium frames on the machine, which are then lowered into 

position over the male forming tool using four pneumatic cylinders. 
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Table 6.1 - Material properties of Stretchlon diaphragm material 

Name Stretchlon® HT-350 

Material type Thermoplastic elastomer 

Elongation at break >550% 

Tensile strength 62 MPa 

Maximum use temp. 162 °C 

 

 

 

Figure 6.5 - Geometry of male C-spar tool and fabric blank position used for 

experimental study (dimensions in mm). The principal fibre direction is indicated 

with a red arrow. 

 

The male tool geometry used for the forming work is displayed in 

Figure 6.5, which is similar to the geometry used by Johnson et al. 

[254]. The C-spar was selected as it is representative of a typical 

aerospace geometry that is typically difficult to form, including 

sections with double curvature. A fabric blank size of 200 mm x 400 

mm was used for both the experiments and the numerical simulations 
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and was aligned centrally with the spar geometry as shown in Figure 

6.5. The longitudinal axis of the spar was designated the 0° fibre 

direction.  

The Creaform laser scanner was used to digitise the geometry of the 

final DDF preforms. In-situ scanning within the DDF machine was 

conducted with the diaphragms in place (instead of stabilising the 

preform with binder and removing from the tool) to eliminate the 

effect of any uncontrolled preform relaxation and to improve the rate 

at which preforms could be tested. Additionally, the reduced 

reflectivity of the diaphragm material compared to the surface of the 

carbon fibre preform produced significantly higher quality scanning 

data.   

The geometry was aligned to the principal axes using Creaform VX 

Elements scanning software, based on the centre of mass, producing 

a result such as the one shown in Figure 6.6. The scan contained a 

portion of the tool surface, which was used to assist with the 

alignment of the digital preform to the original geometry. An iterative 

closest point algorithm in MATLAB was then used to align the 

preform with its original position on the tool, identifying the normal 

distance between the preform and the tool surface. This was used to 

normalise the wrinkle amplitudes across the range of preforms with 

different nominal thicknesses. A global average thickness was 

determined for each preform, which was subtracted from the local 

thickness at each data point to establish the height difference. This 

wrinkle amplitude is therefore independent of the number of plies in 

the preform, enabling direct comparison between preforms of varying 

thicknesses. The same method was used for both the experimental 

forms and results from the numerical model to ensure consistency.  
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Figure 6.6 - Workflow for in-situ preform wrinkle amplitude measurement. The 

tool geometry (1a) and preform scan (1b) are aligned using an iterative closest 

point algorithm (2). The normal distance between the two surfaces is used to 

calculate conformity and wrinkle amplitude (3) which is then represented as a 

colour map on the preform geometry (4). 

 

6.3 Finite element methodology 

6.3.1 Material modelling 

The pre-existing material model used to simulate deformation of 

FCIM359 in this thesis has been validated in several previous studies 

[44,71,218,255]. The model is implemented in Abaqus/Explicit, by 

using the Composites Layup toolbox to apply a user defined VFABRIC 

material subroutine. As discussed in Section 2.8.4, each ply is 

represented by 3 layers to decouple the bending stiffness from the out-

of-plane stiffnesses. This membrane-shell structure can be described 

by the schematic shown in Figure 6.7. 

A membrane element (M3R4D) with a through-thickness single 

integration point is sandwiched between two, much thinner, shell 

elements (S4R), used to control the bending behaviour, which use 3 
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integration points to model bending. The membrane elements have 12 

degrees of freedom (DoF), and the shear elements have 24. 

 

 

Figure 6.7 – Schematic of the FCIM359 VFABRIC material model used for FE 

process modelling [223]. 

 

The central membrane element layer considers the in-plane 

behaviour using a non-orthogonal constitutive relation [62], whilst 

the two outer shell layers are used to define the non-linear, 

asymmetric bending behaviour. A mesh consisting of elements with a 

3.0 mm edge length was used for all fabric instances. The modulus of 

the fabric in the fibre direction was assigned to be 3 GPa to limit axial 

strain, as recommended by Harrison et al. [256], and a small mass 

scaling factor of 350 was applied to reduce the run time of the model. 
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6.3.2 DDF process modelling 

Each ply of the multi-ply stacks was modelled as an individual FE 

mesh, positioned centrally between two rectangular diaphragms, 

representing the experimental setup. The diaphragm material was 

implemented using the Marlow model for hyperelastic materials, 

defined using previously validated experimental data [218]. The tool 

bed and geometry, as well as the constraining walls, were modelled 

as rigid bodies.  

The compaction and draping loads were applied to the model in 

several steps, as shown in Figure 6.8. During the first time step 

(Origin to A in Figure 6.8) a pressure of 0.1 MPa was applied to the 

surfaces of both the top and bottom diaphragms at the same rate but 

in opposite directions. This pressure is maintained for a short period 

whilst the fabric stack consolidates (A to B in Figure 6.8). The 

pressure applied to the bottom diaphragm is then gradually reduced, 

causing the diaphragm and fabric assembly to drape over the tool 

surface (B to C in Figure 6.8).  

 

 

Figure 6.8 - Graph describing pressure variation for the top and bottom 

diaphragms as a function of time [218]. 
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In contrast to process modelling of single or two-ply laminates, the 

influence of the inter-ply interactions in multi-ply forming can have a 

significant influence on the formability of a component as the 

magnitude of the total frictional forces in the stack are much higher. 

Therefore, it is important to model inter-ply contact as accurately as 

the available computational resources allow. For simplicity, the 

contact behaviour for the macroscale forming model can be divided 

into tangential and normal behaviours within Abaqus/Explicit (i.e., 

friction and compaction responses).  

The inter-ply frictional behaviour is implemented as a pressure-

dependency using the standard Abaqus/Explicit penalty friction 

algorithm. The experimental data for input into this model was 

generated in Chapter 3. Although this study showed that the inter-

ply frictional behaviour of FCIM359 was also dependent on relative 

fibre orientations across the ply-ply interface, this behaviour was not 

represented in the model. The frictional forces at parallel fibre 

interfaces were shown to be considerably higher than any other angle. 

However, since plies with parallel fibres are likely to deform via the 

same mode, the relative slip between them is negligible. Therefore, in 

the interest of computational efficiency, the inter-ply frictional 

behaviour is considered to be pressure-dependent but isotropic.  

The pressure-dependent response of the material model was validated 

using a simple sled test simulation, the results of which confirmed a 

change in coefficient of friction aligning with experimental results. 

The sled test simulation also enabled the comparison of general and 

surface-to-surface (S2S) contact algorithms, as shown in Figure 6.9. 

The coefficients of friction generated by each interaction were very 

similar (within 0.57% of each other), but the frictional forces 
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generated by the general contact algorithm were a lot noisier. 

However, this noise was not observed to have any effect on the DDF 

simulations discussed later, and the reduced computation time and 

simplicity of the application of the general contact algorithm make it 

a more suitable choice for large-scale forming simulations. 

Additionally, S2S contact requires the definition of a master and a 

slave surface, which are determined by larger and smaller mesh 

densities respectively. Similarly, the relative stiffnesses of the 

surfaces in contact are also important, with the master surface 

typically being the stiffer of the two. Therefore, S2S contacts are not 

appropriate for inter-ply interactions where each ply has the same 

element size.  

 

 

 

Figure 6.9 - Frictional forces generated by sled test simulations for general and 

surface-to-surface (S2S) contact algorithms. 
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6.4 Characterisation results 

6.4.1 Multi-ply non-linear bending behaviour 

The bending stiffness of a single ply of FCIM359 is described by the 

bending moment per unit width versus curvature relationship shown 

in Figure 6.10a. The mean root mean square error (RMSE) between 

the fitted curve and the experimental data was found to be 4.2% up to 

a curvature of 0.12 mm-1. These results agree with previous bending 

characterisation of the same fabric [4]. Figure 6.10b describes the 

non-linear bending behaviour of a single ply of FCIM359, where the 

bending stiffness decreases as curvature increases. The initial 

bending stiffness at 0 mm-1 curvature was found to be 0.0076 Nm. 

 

 

Figure 6.10a) Bending moment per unit width versus curvature for a single ply of 

FCIM359. b) Bending stiffness per unit width versus curvature for a single ply of 

FCIM359. 
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The multi-ply stack exhibited non-linear bending behaviour similar 

to the curves produced for a single ply. However, for samples of the 

same length, the multi-ply samples produced a smaller curvature 

range due to the resulting increased bending stiffness. The bending 

behaviour for a multiply stack is shown in Figure 6.11, where for a 

given curvature, the bending moment for a [0/90]16 bending sample is 

greater than the summation of the bending moment for each 

individual ply in the stack. The 𝑅0, 𝑅𝑖𝑛𝑓 and 𝜅𝑙𝑖𝑚 bending parameters 

for each case, as defined by Equation (6.7), can be found in Table 6.2.  

 

Table 6.2 – Bending parameters of tested FCIM359 laminates, as defined by 

Equation (6.7). 

Description Single ply 16 x single ply Multi-ply 

Layup [0°/90°] 16 x [0°/90°] [0°/90°]16 

𝑹𝟎  0.2927 4.6908 1.5818 × 10−4 

𝑹𝒊𝒏𝒇  0.0361 0.5772 1.4240 

𝜿𝒍𝒊𝒎 0.0049 0.0049 0.0083 

 

 

This difference is defined as the frictional moment (𝑀𝐹𝑟𝑖𝑐), and has 

previously been observed by Liang et al. [76]. It is caused by the inter-

ply friction in the laminate and is a significant component of the 

overall bending moment. This friction inhibits sliding between plies 

as they bend, effectively increasing the overall second moment of area 

of the system and subsequently increasing the perceived bending 

stiffness [252].  
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Figure 6.11 - Curvature-bending moment per unit width curves for a 16-ply 

sample, a 1-ply sample and a 16-ply summation of 1-ply of FCIM359. The 

difference between 16-ply and 16-ply summation is indicated in red as the 

frictional moment.  

 

Figure 6.12 shows the variation in the friction moment with curvature 

for the same 16-ply test (the difference between the solid and dotted 

black lines in Figure 6.11), which naturally follows a non-linear 

relationship. The highest values of the friction moment can be seen 

when the curvature is at its largest, which occurs near the constrained 

end of the sample. The frictional moment contributes a significant 

proportion of the total bending moment of a multi-ply stack, up to 51% 

at the maximum curvature value of 0.023 mm-1. Therefore, any 

changes to the coefficient of friction at the interfaces between plies 

(such as those generated when normal load is applied) are expected to 

have an effect on the bending stiffness of the ply stack.  
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Figure 6.12 – Curvature versus friction moment of a 16-ply sample 

 

The experimental multi-ply bending data presented has been used to 

investigate the validity of the FE approach used in previous studies 

when considering the bending behaviour of thick laminates. When 

modelling a multi-ply cantilever bend test, additional connectors are 

included to represent the thread loops used in the experiment. 

Abaqus/Explicit enables the use of axial connectors, which constrain 

motion within defined limits along the axis of a line connecting two or 

more nodes. The positions of these connectors are represented by the 

red lines shown in Figure 6.13, which also shows an example of the 

subsequent deconsolidation of the stack when the connectors are 

absent at low compaction pressure.  
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Figure 6.13 - Left: Example FE model of a multi-ply bending test using axial 

connectors, the positions of which are highlighted in red. Right: The same test 

without connectors, exhibiting deconsolidation. 

 

The bending profiles generated by the multi-ply cantilever bending 

simulations are shown in Figure 6.14, for two 16 ply layups - [0°/90°]16 

and [±45°//0°/90°]8. The dashed lines in Figure 6.14 show the bending 

profile of the sample with the original, single ply bending data (as per 

Figure 6.10a). The original model (with standard Coulomb friction) 

does not effectively capture the increased stiffness of the multi-ply 

stack, resulting in greater levels of ply curvature. This is due to how 

the material model updates the curvature of the elements within the 

ply. The bending stiffness of each layer within the laminate shell 

element is determined at the start of every time increment from a 

global data array containing fibre curvatures from the previous time 

increment, which is used to update the stresses and strains at each 

integration point [223]. The simulated bending stiffness is therefore 

unaffected by the inter-ply friction since the curvature of each 

element is independent of the tangential contact behaviour on the 

surface. 

To capture the increase in bending stiffness caused by the inter-ply 

friction, the curvature-bending moment data has been updated to 
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account for the stiffer material stack, and the subsequent bending 

profiles represented by the solid lines in Figure 6.14. The updated 

model agrees well with the experimental range for both layup 

sequences. The drawback of this modelling approach is that 

experimental bending data is required for each layup with a different 

number of plies, requiring a global bending curve for each ply. Further 

research is required to establish the relationship between inter-ply 

friction and multi-ply bending more firmly, and to enable a more 

robust modelling approach.   

 

 

Figure 6.14 - Experimental ranges and simulated bending profiles of a) [0°/90°]16 

and b) [±45°//0°/90°]8 laminates. The equivalent range of experimental results is 

shown in grey. Dashed lines indicate the profile of the original, single ply, bending 

stiffness, and the solid lines indicate the updated multi-ply bending stiffness.  

 

6.4.2 Multi-ply shear behaviour 

Figure 6.15 shows the normalised shear force versus shear angle 

curves for a range of FCIM359 multi-ply layups, produced from the 

modified bias extension shear test. All curves represent the mean of 

a minimum of 3 repeats. Error bars have been omitted in Figure 6.15 
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to improve clarity, but the mean coefficient of variation was found to 

be less than 1% in each case, indicating good levels of repeatability.  

The layup exhibiting the lowest shear resistance was found to be a 

[±45°]8 stack (green curve), which was subjected to atmospheric 

pressure only. The lack of normal load limits inter-ply surface 

interactions, avoiding any significant resistance to the shear 

behaviour of the fabric. When vacuum pressure is introduced the 

shear resistance of the 8-ply stack (black line) is consistently higher. 

At an arbitrary shear angle of 20°, the shear force is 26.23% larger for 

the specimen held under vacuum compared to the specimen at 

atmospheric pressure. This increase is caused by greater intra-ply 

friction between the yarns at the shear rotation points, since every ply 

is at the same orientation and they are shearing in the same manner, 

the amount of slip between plies is considered to be negligible. 
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Figure 6.15 - Normalised shear force versus shear angle for a range of multi-ply 

FCIM359 layups and compaction pressures. 

 

The introduction of 8 additional [0°/90°] plies (indicated by dashed 

lines in Figure 6.15) increases the magnitude of the inter-ply 

frictional force present, which is dependent on the number of 

interfaces between plies of different orientations. It is assumed that 

the [0°/90°] plies do not shear since they are not clamped. Friction at 

the [0°/90°] and [±45°] interfaces inhibits the shear deformation of the 

clamped [±45°] plies, increasing the overall shear resistance of the 

laminate. A “blocked” layup of [(0°/90°)8, (±45°)8] only has a single 

inter-ply interface where the ply orientations are dissimilar. The 

small increase in shear force for any given shear angle produced (3% 
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greater at a shear angle of 20°) is greater than the mean coefficient of 

variation of either sample, indicating the increase is due to the 

introduction of the [0°/90°] material. Increasing the number of inter-

ply interfaces to 7 magnifies this increase in shear resistance, 

producing an increase in shear force of 15.23% at a shear angle of 20°. 

Finally, an “interleaved” layup of [(0°/90°), (±45°)]8 with 15 dissimilar 

ply-to-ply orientation interfaces results in a 42% increase in shear 

force at a shear angle of 20° compared to the [±45°]8 layup, producing 

a significantly less formable layup.  

6.5 DDF case study 

6.5.1 2-ply validation case 

To assess the influence of friction on in-plane shear and out-of-plane 

bending behaviours during the forming of a multi-ply preform, a DDF 

study was undertaken using both numerical simulations and 

experiments. Using the C-spar geometry described in Figure 6.5, a 2-

ply layup was used to validate the FE process methodology.  Figure 

6.16 shows the wrinkle patterns on the upper face of the C-spar 

geometry generated by the experiment and simulations of a 

[45°//0/90°] DDF preform. It can be seen that the standard method of 

modelling fabric-fabric interactions does not predict any out-of-plane 

wrinkling, disagreeing with the experiment. Including pressure 

dependent friction and soft contact modelling enables the simulation 

to effectively capture the location and the geometry of the lateral 

wrinkle but results in a small overestimation of its severity. The 

maximum amplitude of the wrinkle measured from the experiment 

was 1.04 mm, compared with 1.35 mm from the simulation, a 

difference of approximately 30%.  
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Figure 6.16 - [45°//0/90°] DDF preforms produced using a) experiment, b) 

simulation with standard interaction modelling and c) simulation with pressure 

dependent friction. 

 

6.5.2 Effect of stacking sequence 

A 16-ply laminate was used to investigate the effect of increasing the 

magnitude of the frictional forces within a fabric stack. This was 

achieved by using different stacking sequences, each using 8 plies at 

[±45°] and 8 plies at [0°/90°] relative to the longitudinal axis of the 

spar. These layups are described in Table 6.3. Each stacking sequence 

generates a different number of inter-ply slip interfaces (SI) to 

generate different levels of relative motion between the plies.  As 

shown in Table 6.3, it is possible to generate laminates with 5 

different numbers of SI (1, 2, 3, 7 and 15) using a 16-ply laminate with 

two different ply orientations. 
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Table 6.3 - Laminate designs used to generate different frictional forces, where 

slip interfaces are indicated by lines between rows. Ply #1 is closest to the tool 

surface. Orientations are shown in degrees from the principal axis of the C-spar 

geometry.  

Ply #/SI 1 2 3 7 15 

1 ±45 ±45 ±45 ±45 ±45 

2 ±45 ±45 ±45 ±45 0/90 

3 ±45 ±45 ±45 0/90 ±45 

4 ±45 ±45 ±45 0/90 0/90 

5 ±45 0/90 0/90 ±45 ±45 

6 ±45 0/90 0/90 ±45 0/90 

7 ±45 0/90 0/90 0/90 ±45 

8 ±45 0/90 0/90 0/90 0/90 

9 0/90 0/90 ±45 ±45 ±45 

10 0/90 0/90 ±45 ±45 0/90 

11 0/90 0/90 ±45 0/90 ±45 

12 0/90 0/90 ±45 0/90 0/90 

13 0/90 ±45 0/90 ±45 ±45 

14 0/90 ±45 0/90 ±45 0/90 

15 0/90 ±45 0/90 0/90 ±45 

16 0/90 ±45 0/90 0/90 0/90 

 

 

The results of the DDF case study are presented in Figure 6.17, 

comparing the wrinkle patterns that are generated on the upper face 

of the C-spar from both the experiments and the numerical model. As 

the number of SI increases, the severity of the wrinkling increases for 

both data sets. This trend can be attributed to the increase in 

frictional forces in the stack – as the number of opposing deformation 

modes at interfaces of dissimilar ply orientations increases, the 

resistance to deformation increases, forcing the fabric out-of-plane.  
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Figure 6.17 - Comparison of experimental and simulation wrinkle patterns for 16-

ply preforms with an increasing number of slip interfaces (SI). 

 

When stacks of [0°/90°]16 and [±45°]16 were formed experimentally and 

via simulation, no wrinkles were observed. The [0°/90°]16 laminate 
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exhibits the highest bending stiffness because there are continuous 

fibres running the length of the spar for all 16 plies, yet it remains 

relatively formable. Therefore, it can be concluded that the increased 

resistance to shear deformation is the principal mechanism causing 

the wrinkles for the other ply layups, rather than the increase in 

bending stiffness caused by the frictional bending moment for these 

multi-ply laminates.  

The shear angle distribution in the plies either side of the mid-plane 

for the simulated 1SI and 15SI cases are shown in Figure 6.18. The 

level of in-plane shear in both the [0°/90°] and [±45°] is significantly 

more constrained in the 15SI form compared with the 1SI. 

Consequently, the fabric is forced to buckle out-of-plane in order to 

conform to the tool geometry, generating large wrinkles as a result of 

the increased bending stiffness.  
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Figure 6.18 - Shear angle distributions in plies about the mid-plane for the 1SI 

and 15SI simulated forming cases shown on undeformed plies. 

 

The 15SI case ([±45°//0°/90°]8) was used to compare the primary 

transverse wrinkles from the experiment and simulation by taking a 

section along the principal axis of the spar. The experimental wrinkle 

was stabilised by forming the laminate with Epikote 05390 Preform 

Binder, which was allowed to set on the tool before infusing the 

preform with IN2 epoxy resin under vacuum pressure. Figure 6.19 

compares the shape of the experimental and simulated sections. 

Despite the limited mesh density of the simulation causing relatively 

low resolution of the wrinkle curvature, the two are in good 

agreement. In both cases, the wrinkle occurs in every ply, increasing 

in wavelength through the Z direction.   
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Figure 6.19 - Cross section of the principal transverse wrinkle in the 15SI DDF 

case for experimental and simulated forms. 

 

The simulation captures the wrinkling trend effectively, and gives a 

good approximation for the position, wavelength, and amplitude of the 

wrinkles, considering the levels of experimental variability. A 

comparison of the maximum wrinkle amplitudes is presented in 

Figure 6.20, showing reasonable agreement between simulation and 

experiment. The amplitudes have been normalised for both 

experimental and simulation data by removing the amplitude of the 

1SI case, which was very close to zero. The 1SI and 2SI cases show 

good formability, producing no significant wrinkling, capturing the 

tendencies from the equivalent experiments. When wrinkles do begin 

to form, the simulation over-estimates their severity by between 0.7 

and 1.1 mm. The simulation also predicts a number of smaller 

wrinkles that are not observed at all, in both the 2-ply and 16-ply 

experimental forms. This under-estimation in formability is caused 
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by the homogenisation of the biaxial NCF architecture – in the 

experiment, a small amount of intra-ply slip is possible between fibre 

bundles, which is not considered by the material model. As a result, 

energy that is normally able to dissipate via small intra-ply 

deformation causes the ply to force out of plane, increasing the 

amplitude of large wrinkles and generating smaller defects that are 

not observed experimentally. Importantly, however, the trend of 

decreasing formability with the number of slip interfaces is effectively 

captured by the simulation, with a strong correlation coefficient 

between simulation and experimental maximum amplitudes of 0.955. 

 

 

 

Figure 6.20 - Maximum normalised wrinkle amplitudes for experimental and 

normal DDF spar preforms, normalised to the 1SI case. 

 



6.6 Chapter summary and conclusions 

 

 

 

 

181 

 

6.6 Chapter summary and conclusions 

The mechanisms that contribute to the formation of wrinkling defects 

during preforming of thick multi-ply NCF laminates have been 

investigated using novel characterisation tests, numerical 

simulations and a DDF case study. The non-linear bending stiffness 

for multi-ply laminates was studied, demonstrating that inter-ply 

friction produces a significant increase in bending stiffness for thick 

laminates. This increase was incorporated into an explicit finite 

element analysis by including the experimental curvature-bending 

moment relationship for a multi-ply stack, which predicted results 

that agreed well with experiment.  

Multi-ply shear was investigated under varying levels of compaction 

pressure, representing the conditions experienced during the DDF 

process. On average, the resulting increase in intra-yarn friction that 

results from applying vacuum pressure (100 kPa) produced an 18.1% 

increase in the in-plane shear resistance. In addition, the influence of 

inter-ply friction on shear resistance was further investigated by 

inter-leaving additional fabric plies through the laminate stack. It 

was shown that the shear resistance of the stack increases with the 

increasing number of slip interfaces between plies of dissimilar 

orientation.  

A multi-ply DDF case study was presented using a C-spar tool 

geometry, which confirmed that increasing the number of slip 

interfaces in a 16-ply stack significantly reduced its formability, 

generating large out-out-plane wrinkling defects. This was attributed 

to the increase in shear resistance, rather than the increase in 

bending stiffness, according to the shear distribution from the 

simulation results. The wrinkle patterns produced by the simulation 

generally agreed well with the experiments, although the amplitude 
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of the wrinkles was over-estimated by approximately 1mm for the 

case with 15 slip interfaces. 
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7.  Conclusions 
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7.1 Summary of thesis 

As the global composites industry transitions away from energy 

intensive autoclave manufacturing methods, the new challenges 

presented by automated processes must be addressed. For the case of 

two-dimensional to three-dimensional fabric preforming, the primary 

concern is one of defect mitigation, and therefore an understanding of 

how wrinkles, fabric gapping and other undesirable defects form is 

required for continued development and industrial uptake. 

As initially discussed in Section 1.2 and elaborated further upon in 

Chapter 2,  this thesis aimed to improve understanding of the 

automated forming composite components constructed of multiple 

plies of biaxial NCF (as a material with current industrial relevance) 

through material and process characterisation, analysis, and 

prediction of the mechanisms that cause these defects to arise. Inter-

ply friction and through thickness compaction (and their subsequent 

effect on out-of-plane bending and in-plane shear) were identified as 

mechanisms that are poorly understood in the existing literature and 

are of particular relevance when forming thicker, multi-ply 

structures.  

The novelties from each chapter of this thesis are summarised in 

Table 7.1.  
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Table 7.1 - Summary of thesis novelties 

Chapter Summary of novelty points 

3 

• Development of a new test to characterise frictional 

behaviour under conditions representative of a forming 

process 

• Quantification of anisotropic, pressure dependent 

frictional behaviour of a biaxial NCF 

4 

• Demonstration of the anisotropic nesting behaviour of a 

biaxial NCF, and improved understanding of its 

relationship with anisotropic inter-ply friction 

5 

• Development of an image-based method of quantifying 

through-thickness deformation of dry fabrics under load, 

representative of a forming process 

• Prediction of pressure dependent frictional response 

from results of aforementioned deformation 

characterisation 

6 

• Accurate prediction of wrinkling defects in “thick” multi-

ply preforms through the inclusion of non-Coulomb 

friction surface modelling 

• Introduction of a design guideline on biaxial NCF layup 

sequence through demonstration of varying number of 

slip interfaces 

 

7.2 Inter-ply sliding behaviour 

The following conclusions have been drawn regarding inter-ply 

friction characterisation and sliding behaviour of biaxial NCFs, 

predominantly inferred from the results found in Chapters 3 and 5: 

i. The overlap friction test can be used to overcome some of the 

drawbacks of conventional friction characterisation tests, such 

as low maximum applicable normal loads and stick-slip 

behaviour. 
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ii. Inter-ply friction of a biaxial NCF is highly dependent on the 

compaction pressure – as the applied normal load increases, 

the static and dynamic coefficients of friction increase 

exponentially. 

iii. Pressure dependency of inter-ply friction can be attributed to 

deformation of the fabric when subject to normal loading. A 

change in contact area between plies at the tow and fibre level 

contributes to an increased resistance to relative motion but 

does not fully explain the phenomenon.  

iv. Inter-ply friction of a biaxial NCF is dependent on the relative 

fibre orientations of each ply – ply-ply interactions with 

parallel fibre interactions generate static and dynamic 

coefficients of friction of greater magnitude than interactions 

at any other relative fibre angle.  

v. The significance of anisotropic friction on component 

formability is minor, as the amount of inter-ply slip between 

plies of similar orientation is negligible. However, additional 

fabric gapping defects may be generated in some cases as a 

result of high localised frictional forces. 

 

7.3 Through-thickness compaction behaviour 

The following conclusions regarding through-thickness compaction 

behaviour of biaxial NCFs have been made, informed by results from 

chapters 4 and 5: 

i. Similar to the inter-ply frictional behaviour observed with the 

overlap test, the compaction response of a biaxial NCF is 

dependent on inter-ply fibre orientation. Fabric stacks with 

non-parallel fibre orientations exhibit higher compaction 
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stiffnesses than those with parallel fibres, as tows are not able 

to commingle and nest within contacting plies without 

additional deformation. 

ii. Introduction of additional inter-lamina material, such as a 

polymer veil, can inhibit nesting between plies, preventing the 

orientation dependency of the compaction response. 

Subsequently, the anisotropic inter-ply friction behaviour is 

also eliminated, confirming the nesting behaviour as its cause.  

iii. Real contact area between plies at the mesoscale (tow level) is 

significantly less than the apparent contact area at the 

macroscale (ply level) and increases as a function of applied 

normal load. It can also be used to estimate more accurate 

frictional forces generated at a given interface under known 

conditions. 

 

7.4 Multi-ply formability 

Finally, from Chapter 6, the following conclusions have been reached 

concerning the formability of multi-ply laminates, considering the 

influence of friction and compaction behaviours on the in-plane shear 

and out-of-plane bending behaviours: 

i. Inter-ply friction can significantly increase the bending 

stiffness of a multi-ply stack of biaxial NCF material via a 

frictional bending moment. 

ii. Inter-ply friction between plies of dissimilar fibre orientation 

can increase resistance to in-plane shear deformation. 

Subsequently, laminate stacks with greater number of ply-ply 

interfaces with dissimilar fibre orientations (SIs) exhibit much 

higher shear resistance than those with fewer SIs. 
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iii. The number of SIs within a laminate stack has a serious impact 

on the formability of a preform – laminates with a greater 

number of SIs were shown to generate more severe out-of-plane 

wrinkling in both experimental and numerical analyses. It can 

be concluded that, for the C-spar geometry presented, the 

increased resistance to shear was the most significant factor in 

this reduced formability, since laminates with no SIs and 

higher bending stiffness did not produce wrinkles. 

iv. To more accurately simulate the forming of thick structures 

using FEA, it is necessary to take into account the pressure 

dependency of the inter-ply friction. 

7.5 Recommendations for future work 

Some limitations of the work conducted in this thesis and potential 

improvements to the methodologies have been discussed in each 

chapter. Additionally, some additional questions have been generated 

that may be prevalent when considering further research on the topic 

of forming of multi-ply laminates: 

i. Are the same inter-ply friction and through-thickness 

compaction mechanisms observed for biaxial NCFs applicable 

to UD materials? The characterisation methods outlined in this 

thesis can be used to investigate multi-ply deformation 

mechanisms for other materials, which combined with a UD 

material model, could enable accurate prediction of defects in 

UD and UD-biaxial hybrid laminates using FEA. 

ii. How does a biaxial NCF fabric deform at the mesoscale when 

subject to not just compaction load, but sliding between plies? 

High-rate, in-situ CT analysis, such as that made possible 

using a synchrotron light source, would be required to 
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effectively capture images of deformation at a sufficient 

frequency.  

iii. A custom surface interaction model may be of interest to 

improve the accuracy of the homogenised forming simulation. 

This model could account for not only the pressure dependency 

of inter-ply friction, but also static and dynamic coefficients of 

friction, and the fibre orientation dependency that was deemed 

out of scope for this thesis. By utilising Abaqus/Explicit 

VFABRIC, VFRICTION and VEXTERNALDB subroutines, the 

friction bending moment could also be captured, improving the 

robustness of the material model.  
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Appendices 

Appendix A – SEM Imaging of FCIM359  

A series of micrographs were obtained using scanning electron 

microscopy (SEM; FEI XL30; 10 kV; spot size 4.5 m; 10.5 mm 

working distance; secondary electron (SE) imaging mode). Imaging of 

the FCIM359 (see Table 3.1 for material properties) was performed to 

visualise how increases in microscale filament contact area might 

directly contribute to the generation of larger frictional forces. The 

fabric samples were coated with platinum to maximise conductivity 

and improve the final image quality. It should be noted that the 

images produced were not subjected to any compaction load prior to 

or during scanning. 

The figure shows 3 examples of areas of the fabric, increasing in 

magnification from 569x to up to 9416x. As the aspect ratio of the 

bundles and contact area between them increases, the more 

individual fibres of opposing plies come into contact with one another. 

In the images with the highest magnification, it can be seen that the 

fibres are not perfectly smooth as there are asperities on the surface. 

These asperities are caused by the application of sizing to the fabric, 

as well as flaws in the surface of the carbon fibres themselves. The 

influence of asperities on the microscale contact and frictional 

behaviour of surfaces has been widely studied, such as in the work of 

Greenwood and Williamson [126]. As the increase in load is not borne 

by a directly proportional number of asperities (due to the non-linear 

deformation of the fibre bundles), the frictional forces produced by the 

shear strength of the asperities will not be directly proportional to the 

applied load. Unlike high stiffness materials such as metals, the inter-
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ply coefficient of friction of a deformable fabric is subsequently 

dependent on the normal load applied to the sliding interface. 

Therefore, to further improve the understanding of the relationship 

of macroscale ply-ply friction and applied normal load, further 

microscale analyses may be required.  

 


