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Abstract 

Fibre reinforced thermoplastic composites are a widely used material with a 

growing global market share. This is partially driven by a need to improve energy 

efficiency through weight reduction. These composites offer high specific strength 

and stiffness thanks to their mix of a low-density polymer matrix and high-strength 

fibres. However, during the forming of complex geometries with multiple fibre 

reinforced plies, these plies must undergo significant deformation. This requires 

sliding between plies to relieve stress and avoid defects in the final part. Reducing 

friction coefficients between adjacent plies of fibre reinforcement could allow for 

more complex geometries to be formed with less wrinkling.  

The principle aim of this study was to investigate the feasibility of a blue-sky 

concept: utilising molten metal as a lubricating interlayer in the thermoforming of 

thermoplastic composites. The low viscosity of the interlaminar tin is intended to 

reduce frictional stresses between adjacent sheets, thus reducing compressive 

stresses resultant wrinkling in the part. Induction heating is used to melt tin sheets 

in a hybrid composite tin layup and conduction leads to the melting of the matrix 

phase of adjacent nylon-carbon composites. A novel multi-step male tool is then 

used to form the part while simultaneously removing the majority of the 

interlaminar tin from the final part. Experiments showed layups with up to three 

interlayers of tin could be successfully heated and formed via induction heating. 

Another advantage of the method is the ability to use the metal layers to heat 

composite parts efficiently and uniformly from the inside. 

Building on the development of the novel manufacturing process, mechanical 

testing, non-destructive testing and some numerical simulation was carried out to 

further explore the process. Microscope imaging, 2D x-rays and 3D CT scans are used 

to quantify residual tin. Residual tin volumes as low as 1.5 % were achievable when 

consolidating flat geometries. The interlaminar shear strength of manufactured 

components was tested. Despite reductions in yield and flexural stiffness, process 

refinements produced parts with interlaminar shear stiffness comparable to 

benchmark samples. Finally, simulation of the multistep forming process using a 

pantographic beam and membrane model allowed the influence of multi-step 

forming and friction variation to be studied. 
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Nomenclature 

Latin Alphabet 

𝐴 Area  

𝑏 Part breadth 

𝐶௧ Combined thermal mass 

𝐶 Specific heat of part 

𝐸 Flexural modulus 

Fp Pull-out force 

𝐹 Normal force 

𝑓 Coefficient of friction 

𝐻 Hersey number 

𝐼 Intensity 

ILSS Interlaminar shear strength 

ILSSY Interlaminar shear stress at yield 

𝑗 Energy radiated 

𝐿 Part length 

𝑛ଵ,ଶ Refractive index 

�̇� Heat transfer rate 

𝑅௦ , 𝑅 Polarisation states 

𝑠 Test span 

𝑡 Part thickness 

𝑇 Temperature 

𝑇ௗ Degradation temperature 

𝑇 Glass transition temperature 

𝑇 Melt temperature 

𝑈 Sliding velocity 

𝑉 Volume 
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Greek Alphabet 

𝛿 Skin depth 

𝜖 Emissivity 

𝜃 Angle 

𝜂 Fluid viscosity 

Μ Magnetic permeability 

𝜇 Linear attenuation coefficient 

𝜉 Wave speed in material 

𝜏 Shear stress on interply interface 

𝜏 Shear stress at zero velocity 

Ρ Resistivity 

𝜌 Density of material 

𝜎 Stefan Boltzmann constant 

𝜑 Sliding angle 

𝜔 Frequency 
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Chapter 1  Introduction 

Fibre reinforced composites are a major global market worth ~$100 billion 

annually with predicted growth rates of 6 % annually [1]. Carbon fibre 

reinforcements offer high strength and weight savings, but can be more 

expensive than the more common glass fibre reinforcements. Thermoplastic 

composites are lightweight, offer high specific strengths, and unlike thermoset 

composites it is possible to reshape and recycle parts. These attributes make 

them well suited for many applications particularly in the automotive, 

aerospace, and wind energy industries [2]. Thermoplastics are however more 

energy intensive to form than thermosetting composites due to the higher 

temperatures and pressures required, but offer benefits in increased 

recyclability, good impact resistance and high toughness. A shared difficulty is 

the forming of complex geometries, such as in Fig 1.1a, where the draping 

mechanics of the fibre reinforcements restrict deformation. The key 

deformation mechanisms are intra-ply shear (fibres rotating) and inter-ply slip 

(adjacent sheets sliding relative to each other). These mechanisms help relieve 

compressive stresses during forming; however, if compressive stresses overcome 

the slight bending stiffness of the composite blank, then it can lead to buckling 

and wrinkling in the composite sheet as shown in Fig 1.1b. These wrinkles can 

then lead to lower strength and stiffness and increased risk of failure in the part 

[3], [4]. Thus, it is desirable to improve inter-ply slip mechanics to allow for 

thermoplastics to be thermoformed into more complex geometries with less 

defects.  

Figure 1.1. (a) Carbon fibre engine fan with complex geometry (image from [5]) (b) wrinkles when forming 
tetrahedron shape with twill weave carbon fibre fabric with +/-45 orientation (image from [6]). 
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Inter-ply slip in a fibre reinforced thermoplastic composite is influenced by 

pressure and the frictional behaviour of a viscous, resin rich interlayer between 

adjacent textile plies. Prior studies have shown that the frictional performance 

of this interlayer can be well described through a Stribeck curve [7]. Thus, for 

standard thermoforming conditions, decreasing matrix viscosity (i.e., by 

increasing temperature) and decreasing sliding velocity can both reduce friction 

coefficients. This thesis investigates a “Blue-Sky” idea to reduce interlayer 

viscosity and thus reduce inter-ply friction. The idea is to use a molten metal as 

a low viscosity lubricant. Specifically, tin is chosen to pair with a nylon matrix. 

Both have similar melt temperatures (232 °C vs ~220 °C respectively). Tin has a 

significantly lower viscosity than nylon (~.02 Pa. s vs ~200 Pa. s [8] [9]). Tin also 

has a high surface tension making it unlikely to mix with the molten nylon.  

Several new techniques were explored in designing the process. Firstly, it was 

desired to have a multi-step forming tool capable of producing a pressure 

gradient from the centre of the blank towards the edges to remove molten tin 

during the forming process. Secondly, induction heating was explored as an 

option for heating a carbon-nylon / tin composite layup. This exploited the 

conductive properties of the tin enabling more targeted heat generation.  

The main objectives of the thesis are as follows: 

 Develop a novel process for thermoforming advanced thermoplastic

composites while using a molten tin lubricating interlayer (iMelt).

 Identify methods of evaluating the quantity of residual tin in the part.

 Quantify any influence the presence of residual tin might have on

mechanical properties.

 Numerically investigate the influence of changing friction coefficients and

multistep tooling on the thermoforming of a complex geometry.

This project investigates a potential step change in the thermoforming of 

thermoplastic composites. The feasibility of utilising an extremely low viscosity 

interlayer (molten tin) to lubricate the forming blank is explored. To this end, an 

‘Induction Melt Thermoforming’ process is created. The electromagnetic 

properties of the molten tin are exploited to heat a carbon-nylon composite / 
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tin hybrid layup and a multi-step tool is used to press form the composite while 

removing the interlayer. The idea for lubrication is inspired by Vanclooster who 

used layers of neat thermoplastic resin to lubricate the forming of glass 

reinforced polypropylene and found that increasing the interlayer thickness 

reduced the tendency to wrinkle [10]. The proposed method would likely be 

used for high volume, medium size components (up to approximately one meter 

in size) as there is a requirement for relatively expensive multistep tooling. The 

process also introduced small quantities of residual tin into the part which would 

likely pose regulatory challenges in industries such as aerospace, or in 

applications with high thermal cycling. Therefore the automative industry is a 

likely target for the technique. Chapter 2 will cover the relevant literature and 

motivations for the project in more depth.  

Chapter 3 explores the development of the novel Induction Melt Thermoforming 

process. Several multilayer flat samples are consolidated, before progressing to 

multilayer forming of a ripple geometry. This Chapter also covers the 

development of an analogous thermoforming process using radiant heating, to 

act as a control to assess the quality of the induction melt thermoformed 

manufactured parts.  

Chapter 4 develops processes for quantifying the amount of residual tin left in 

the formed parts. A mixture of microscope analysis of polished cross-sections, CT 

scans and X-ray scans are used to evaluate the quantity and distribution of 

residual tin, analysing both volume and projected surface area. CT scans offer 

high resolution detail on the residual tin quantity and allow for interpretation of 

the thickness and through thickness location of the residual tin. This is however 

time consuming and expensive, so conventional x-ray film is used to provide a 

faster, cheaper tool which could potentially be used for low-cost quality control 

in a manufacturing process. Algorithms are developed to quickly process CT and 

X-ray scans giving guidance as to part quality.

Chapter 5 assesses the influence that residual tin has on the mechanical 

performance of the part. The presence of residual tin between laminates raises 

questions about increased risk of delamination in the final part. This is assessed 

via interlaminar shear strength tests and results are compared with control 
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samples without interlaminar tin. A sensitivity analysis is also carried out 

assessing the influence of tin on mechanical properties between test specimens. 

In Chapter 6 simulation of a multistep forming process is carried out. Composite 

sheets representative of a glass fabric are modelled and the influence of varying 

friction, number of forming steps and geometry complexity are examined.  

Chapter 7 presents the main conclusions of the work and indicates future 

avenues for exploration of the process and potential refinements which could be 

made to this prototype thermoforming process.  

This thesis extends the state of the art by firstly showing that hybrid composite-

tin layups can be heated via induction heating and formed using a novel 

incremental forming process to remove the vast majority of molten interlaminar 

tin. Secondly, it develops algorithms for the characterisation of residual tin 

within manufactured blanks and assesses the influence of the residual tin on the 

mechanical properties of the blanks. Finally, simulation of the forming process is 

carried out to assess the influence of multi-step forming on the stresses in the 

thermoformed blank.  
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Chapter 2  Literature Review 

2.1 Introduction 

Composites are materials composed of two or more constituent materials. A 

common form of composite involves combining fibres (high strength, high 

stiffness but low structural integrity) with a polymer matrix (low strength, low 

density) making the bulk of the material. Fibre reinforced thermoplastic 

composites commonly use reinforcements where the fibres are assembled in 

yarns before being combined to form flexible sheets. This reinforcement can 

then be embedded within a polymer matrix offering structural integrity to the 

composite. Combined, this can create high strength parts (due to the fibres) 

with low density (due to the low density of the polymer reinforcement). This 

combination makes it an attractive replacement for metal in structures where 

weight is a key concern. One driver of their adoption is a desire to reduce 

emissions in transport [11]. Dramatic weight reductions of ~50 % can be obtained 

by replacing steel or aluminium components with carbon fibre reinforced 

polymer composites due to their superior specific stiffness and strength, 

compared with conventional materials [12].  

This thesis looks at a composite where a thermoplastic nylon matrix is reinforced 

with carbon fibres. In the rest of this Chapter an overview of common composite 

manufacturing methods, including key challenges involved in their forming, will 

be given. The general background is based on several reviews of composite 

processing [13], [14], [15], [16].  

2.2 Fibre Reinforced Thermoplastic Composites 

Fibre reinforced thermoplastic composites involve the use of a thermoplastic 

matrix material with reinforcing fibres adding stiffness and strength to the part. 

These can take the form of randomly arranged short fibres, or continuous fibres 

in the form of unidirectional tapes or woven textiles. In this thesis, layups 

consisting of multiple layers of unidirectional carbon fibres in a nylon matrix are 

formed into a complex geometry. These cross-ply laminates have continuous 
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fibres with adjacent fibre layers in a [0/90/90/0] layup. This offers good 

formability and high strength in the two primary orientations. Fig. 2.1a shows a 

diagram of unidirectional fibres embedded in a matrix material. Fig. 2.1b shows 

a carbon fibre reinforced nylon car floor plate formed with press forming which 

is the technique explored in this thesis. Alternatively, Fig. 2.1c shows a carbon 

fibre reinforced nylon boat hull which was created via hand layup of fibres. 

Figure 2.1: (a) Diagram of unidirectional fibres embedded in matrix material. Adapted from [17] (b) press 
formed nylon carbon fibre car floorplate (United States Council for Automotive Research LLC) (c) carbon fibre 

boat hull  

2.2.1 Thermoplastic Matrix 

In a composite material, the fibre reinforcement is embedded in a matrix 

material. The matrix has the primary aim of adding structural integrity to the 

fibres and preventing relative displacement. Doing so allows the fibre 

reinforcement’s high stiffness and strength to be fully utilised. Polymers are a 

common matrix choice. These are made of small repeating units (known as 

monomers) which form long interwoven chains. Polymers are produced when 

monomers are exposed to some combination of high temperature, high pressure 

and a catalyst. For example, the nylon 6 used in this thesis is commonly 
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produced by exposing the monomer caprolactam to temperatures of ~260 °C in 

an atmosphere of nitrogen gas. This formed epsilon-aminocaproic acid which can 

be condensed in a high temperature vacuum to produce nylon-6 [18]. Polymers 

can take the form of thermosetting and thermoplastic polymers. Thermosetting 

polymers such as epoxy undergo an irreversible curing process under exposure to 

heat, high pressure or a catalyst. This curing process creates strong chemical 

bonds between polymer chains creating a hard solid which cannot be easily 

reshaped; however, they can be degraded at very high temperatures (Td) [19].  

Thermoplastics consist of long polymer chains with high molecular weight. The 

polymer chains of thermoplastic polymers are joined by intermolecular forces 

(secondary or physical bonds) such as van der Waals interactions or hydrogen 

bonding [20]. High temperatures can weaken and eventually overcome the 

intermolecular bonds which transforms the thermoplastic from a semi-crystalline 

or amorphous solid at low temperatures, to a liquid at higher temperatures. 

Thermoplastics exhibit a glass transition temperature (𝑇) above which the van 

der Waals interactions holding the amorphous phase together are overcome by 

increasing thermal energy and a melt temperature (𝑇) where any crystalline 

structure begins to break down. During the cooling process, physical bonds are 

reset, and the crystal structure may reform. This enables repeated reforming 

through heat treatment. Typical variations in stiffness with temperature in both 

thermoplastic and thermosetting polymers are shown Fig. 2.2.  

In the liquid state, the viscosity (a measure of resistance against flow) decreases 

with increasing temperature. Viscosity is a crucial factor in the quality of a final 

part as it determines the ease with which the matrix material can impregnate 

the fibres [14] as well as influencing the ease of forming complex shapes. Matrix 

materials need to fully wet the fibres during the forming process and a high 

viscosity makes this difficult. Thermoplastics have a high viscosity compared 

with uncured thermosets (e.g., PA6 has a viscosity of ~200 Pa.s at 250 °C [21] vs 

~1 Pa.s for uncured Epoxy [22]). It is therefore common for thermoplastic 

composites to be pre-impregnated and pre-consolidated before forming to 

reduce void content. Methods include comingling thermoplastic and fibre yarns, 

use of film stacking (alternating polymer and fibre laminate sheets), or by 

infusing a low viscosity monomer which is then polymerised in situ. In situ 
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polymerisation is promising as the lower viscosity monomers can aid the forming 

of complex geometries. However not all polymers are suited to in situ 

polymerisation due to the polymerisation process conditions required 

(temperature, pressure, catalysts). The process can also leave residual stresses 

(due to thermal gradients or crystallisation kinetics), high void content or 

unreacted monomers in the component all of which can have negative effects on 

the mechanical properties [23].  

 

Figure 2.2: Example stiffness behaviour of thermoplastic and thermoset polymers. Tg = glass transition 
temperature, Tm=melt temperature, Td=degradation temperature.  

2.2.2 Fibre Reinforcement 

Fibre reinforcements are made from individual fibres bound together into yarns 

or tows before being combined into individual sheets (plies), then multiple 

sheets can be combined to create laminates. Common fibre choices are glass or 

carbon fibres, but a variety of materials find use including aramid [24] or basalt 

[25] in addition to self-reinforced composites that use similar fibre and matrix 

materials [26]. Fibres offer high stiffness and strength axially along the fibre, 

but low strength and stiffness under transverse loading. This can be seen In Fig. 

2.3 which shows the influence of loading angle on tensile strength for a 

unidirectional polypropylene fibre reinforced polypropylene composite. A 

strength drop-off of over 90 % can be seen when comparing specimens 

orientated parallel to the applied force compared with specimens orientated 

perpendicular to the applied force.  
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Figure 2.3. Plot showing tensile strength of unidirectional polypropylene matrix-fibre composite with varying 
loading angle. Figure adapted from [27].  

This thesis examines the forming of thermoplastics reinforced with biaxial cross-

ply carbon fibres, so a brief overview of the manufacturing process of carbon 

fibres will be given. A more general overview of fibre manufacturing and 

treatment can be found in [28]. Carbon fibres can be produced from several 

different precursor materials with the most common being polyacrylonitrile [29]. 

The specifics vary but the general process remains the same for all processes. 

First the polymer is spun into a multifilament fibre. This filament ‘tow’ is then 

oxidised at temperatures between 200-400 °C for approximately two hours. The 

fibre is then carbonised at temperatures of 1000-1700 °C in an inert atmosphere. 

This removes any hydrogen, nitrogen, or other impurities from the fibre, leaving 

it with a modulus of ~200 GPa. Exposure to heat leads to increased alignment of 

the carbon crystal structure which increases the stiffness of the fibre. Some 

fibres are then further heat treated at temperatures of ~3000 °C to increase 

their strength further [30].  

Continuous fibre reinforcements in composite parts allow for high stiffness and 

strength in the directions of the fibres. The reinforcements are formed in a 

variety of ways, including weaving, and braiding of textile fabrics as well as tape 

laying of unidirectional reinforcements. Fig. 2.4 shows some examples of these, 

with Fig. 2.4a showing a unidirectional ply with white cross stitching to hold the 

fibres in place. Fig. 2.4b shows a biaxial [+/-45] non crimp fabric, and Fig 2.4c 

shows a biaxial [0/90] twill weave. Short fibre alternatives are easier to process 
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however offer lower stiffness and strength than long fibre reinforced composites 

[31]. Unidirectional tapes can be formed into multiaxial composites by using 

automated tape laying machines to lay up multiple layers of unidirectional tape 

either before a separate consolidation process or as part of a single process 

whereby the tape layer also heats and locally bonds the parts [32]. This can be 

used to create simple flat sheets or used to precisely control fibre orientation in 

larger parts [32]. 

In general, there are trade-offs between the maximum strength or stiffness of 

the reinforcement and the ratio of strength in the major and minor axis. This 

can be seen in Fig. 2.5 where the tensile stiffness of several knitted (BSS, BT2, 

BD), woven and mat reinforced glass-epoxy composites is shown. The vertical 

axis refers to the warp direction and the horizontal axis to the weft direction. 

The woven textiles offer the highest performance in the axial directions, but the 

performance drops significantly at +/- 45 °. Knitted fabrics, on the other hand, 

offer lower but constant stiffnesses. As shown in Fig. 2.3, unidirectional fibres 

offer higher strength and stiffness in the primary orientation but have a much 

sharper drop off in the non-primary orientations.  

 

Figure 2.4: Diagram of different carbon fibre reinforcements (a) unidirectional tape with transverse stitching 
(b) biaxial non crimp fabric with +/- 45° layers (c) twill weave with 0/90 layup. Images sourced from Easy 

Composites [33]. 
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Figure 2.5: Polar plot showing stiffness of a variety of glass fibre reinforced epoxy composites from tensile 
tests with samples at varying orientations. BSS, BT2, BD are knitted fabric composites (Adapted from [34]) 

Another factor to note is the adhesion between the fibre and the matrix. This 

does not directly affect the forming properties but can affect the mechanical 

properties of the final part. Carbon-fibres often show low adhesion to the matrix 

material as the surface of a pristine carbon fibre is nonpolar and does not 

interact well with the (generally) polar molecular chains of polymer matrices 

[35]. This can lead to fibre pull-out and early delamination in the part and 

several avenues have been explored to improve this. Reducing the level of 

graphite in the fibre by extending the exposure to the gas feedstock in 

manufacturing the fibre, as well as partially oxidising the fibre to increase 

surface roughness has been successful [36]. However excessive oxidation 

damages the fibre negatively influencing the tensile properties of the composite. 

Other solutions include coating the fibre in a variety of polymer materials. Liu et 

al. used an epoxy emulsifier which coated the fibre surface and improved 

interfacial shear strength by 70% in an epoxy-carbon fibre composite [37]. Use of 

graphene oxide coatings have also shown good improvements in carbon-epoxy 

composites where interlaminar shear strength improved by 47%, and electrical 

conductivity improved by up to 127% [38]. Other techniques including metal 

coating of fibres (via electroplating), oxidation via exposure to ozone or plasma 

have been shown to have a positive influence on interfacial adhesion and 
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improve fibre dispersion within a laminate. For nylon–carbon fibre interfaces, 

common surface treatments use nitric acid or involve oxidation at high 

temperatures. The oxidised graphite surface of a fibre can facilitate chemical 

bonding with nylon which enhances interfacial strength [39]. Appropriate surface 

treatments can also increase crystallisation rates and increase nucleation density 

in the nylon matrix [40]. A good summary of recent advances can be found in 

[35]. The experiments in this thesis introduce inclusions of tin into the final 

component and as such the bonding between the nylon matrix, carbon fibre 

reinforcement, and tin inclusions will be important to the final component. No 

literature on tin-nylon bonding was found, however some studies have identified 

that hygrothermal conditioning (removing moisture from the polymer) can 

reduce the interlaminar shear strength in an aluminium-epoxy glass fibre 

composite [41].  

2.3 Thermoforming of Fibre Reinforced Thermoplastic Composites 

Several methods exist for the manufacturing of composite parts. Factors such as 

reinforcement type, production volume, desired speed of production and 

required part quality all come into consideration when choosing a process. For 

short fibre reinforced composites, traditional thermoplastic processing methods 

such as injection moulding can be used. However, the nature of continuous fibre 

reinforcement introduces complexity as the fibres must conform to the desired 

shape. This often happens through draping mechanisms in thermoforming 

processes. There are two key factors that must be considered in the 

thermoforming process. First is the consolidation of the part, ensuring that there 

are no voids in the matrix, and the fibres are fully wetted by matrix material. 

Second is ensuring good conformation to the desired geometry. 

Thermoplastic resins have a higher viscosity than uncured thermoset resins 

making them poorly suited to vacuum infusion processes however it is possible to 

infuse with monomers and polymerise in-situ [42]. In some cases, pliable 

commingled textiles are draped into shape before being heated to melt the 

polymer and consolidated under pressure to remove excess air. In other cases, 

pre-impregnated and pre-consolidated sheets can be heated under radiant or 

convection heaters before being shuttled to a press and stamped between male 
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and female tooling. The cooled part can then be extracted for post processing or 

trimming.  

Fig. 2.6 shows the general press forming process. A pre-consolidated or 

comingled composite is held by a blank holder and heated under an infrared or 

convection heater. It is then shuttled to a press where the part is consolidated 

between male and female tools. The male and female tooling can be a rigid 

body (i.e., steel) or a deformable body such as a high temperature rubber. Use 

of deformable bodies leads to a more homogenous pressure distribution but is 

more vulnerable to damage to the tool and increases cooling times.  

  

Figure 2.6: Press forming process. Part is first heated under infrared heater, then transferred to press, press 
formed into shape before being demoulded after cooling.  

The blank holder supports the fibre-matrix layup (blank) during the heating and 

forming process. Blank holders often take the form of solid rings which apply 

pressure to the sheets as shown in Fig. 2.7a. They are designed to add tensile 

forces to the sheet via friction which counteract compressive forces which can 

trigger wrinkling in the part. The tensile forces must be balanced to allow some 

slippage otherwise rupture of the fibres may occur. The blank holder may use 

clamps to grip the blank or it may be held between two concentric rings or 

rollers. Careful design of a blank holder to apply membrane stresses can be used 

to reduce defects in the final part even when the draping requires high shear 

angles [43]. In some forming processes, the blank is supported by spring loaded 

clamps as shown in Fig. 2.7b. Use of springs can allow for greater control over 

applied tension than friction-based methods [44]. However, as the applied forces 

are anisotropic, it can lead to localised compressive forces and higher wrinkling 

relative to solid blank holders [45].  



Literature Review  23 

 

 

Figure 2.7: (a) Diagram of pressure based blank holder (Adapted from [46]). (b)  Picture of composite plate 
with springs used to secure plate and add tension (Adapted from [47]) 

Diaphragm forming involves the addition of one or multiple diaphragm sheets to 

constrain the part and apply consolidation pressure via a vacuum. The 

application of external pressure through air, other fluid or rigid body tooling 

allows the blank to be deformed and adapt to the female tooling. Deformable 

diaphragm sheets can stretch during forming which improves consolidation 

quality by ensuring pressure is applied evenly. While the diaphragm itself can 

cause wrinkling at the contact points, overall, its presence ensures the full 

composite blank is kept under slight tension through friction with the diaphragm 

surface, reducing the chances of wrinkling by counteracting compressive stresses 

in the fibre [48].  

More details on the mechanics of thermoforming are available in Section 2.5. In 

the experimental work for the present thesis, composites are formed between 

rigid die, male and female tooling. They are also secured by silicone rubber 

diaphragm sheets above and below the blank. Tension is applied to the 
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diaphragm via a blank holder and a vacuum is applied to add consolidation 

pressure. This is discussed in more detail in Chapter 3.  

2.4 Deformation Mechanics of Continuous Fibre Reinforced 

Composites 

The thermoforming of complex shapes requires the fibre laminates to deform. 

The ability for fibre reinforcements to do this depends on various deformation 

mechanisms. The fibres themselves offer little potential for extension due to the 

high tensile stiffness and strength of the fibres, however, for woven fabrics, 

there may be a small amount of stretching due to fibre straightening (or woven 

fibres uncrimping) [49]. A key mechanism for intra-ply deformation is “trellis 

shear”. This occurs when fibres to rotate relative to each other. Fibres/tows can 

also experience in-plane bending, out of plane bending and torsion. Adjacent 

plies can also undergo inter-ply slip and rotation to relieve stresses. These 

mechanisms are shown in Fig. 2.8.  

 

Figure 2.8: Deformation mechanisms for textile reinforcements 

Experimental investigation and constitutive modelling of these deformation 

processes are an area of interest. Understanding of the limits around forming 

allows for part design to be optimised to avoid potential defects. Models have 

been developed which aim to identify areas of high stress (either tensile or 
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compressive) or high trellis shear (which is a source of compressive stress). This 

literature review will have a brief discussion on intra-ply shear, before focusing 

on inter-ply slip which is the focus of the thesis. Numerical methods look to 

match the shear angle of fibres with resultant shear stress. These models are 

based on experimental characterisation, with Harrison et al. using uniaxial bias 

extension tests, cantilever bending tests, and picture frame tests to determine 

material properties [50]. Härtel et al. investigated methods for normalising the 

results of uniaxial bias extension tests to remove the influence of size on the 

relationship between shear force and shear angles [51]. 

2.4.1 Intra-ply Shear 

Intra-ply shear occurs when adjacent tows rotate relative to each other, thus 

shearing the full sheet. At low shear, the resistance is dominated by frictional 

forces at the cross-over points between adjacent yarns [52]. However, at higher 

shear strains, the fibre yarns begin to compact laterally which restricts the 

ability for the fibres to continue rotating. As the rotation angle increases, the 

shear stress also increases. A common theory around this is the concept of a 

“locking angle” beyond which the shear stress rapidly increases. However, this 

point can be very subjective and the point at which shear stress rapidly 

increases depends on boundary and processing conditions [53], [54]. A typical 

stress-strain curve can be seen in Fig. 2.9.  

Modelling of this has been carried out in Harrison et al. [55]. Experimental 

testing of this behaviour has been carried out using Picture Frame Tests [56] and 

Bias Extension Tests [57] both of which allow characterisation of the shear 

behaviour as in Fig. 2.9. Biaxial versions of the bias extension test have also 

been proposed [58]. Benchmarking of these tests has taken place showing that 

there is reasonable consistency between laboratories [59]. However, there are 

still potential sources of inconsistency, specifically the influence of clamping 

forces on the shear behaviour, the complications introduced by measurements at 

elevated temperatures and variability introduced by initial tensile preloading. 

Bias extension testing requires only a simple rectangular laminate with 

orthogonal plies and can be fast to set up. On the other hand Picture frame tests 

require a larger more complex test fixture, more complex specimen geometry 
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and more involved test preparation. However well executed picture frame tests 

provide a more direct measurement of shear behaviour compared to the bias 

extension test which retains axial forces which must be considered in the 

interpretation [60]. As shear testing of thermoplastic composites can require 

elevated temperatures and the use of environmental chambers to melt the resin, 

the bias extension test is often preferred when analysing thermoplastic 

composites [61]. 

 

Figure 2.9: Representative shear stress as function of shear strain for inter-yarn shear. At low shear, 
resistance is due to inter-yarn friction, at higher shear angles the shear stress increases as yarns begin to 

compact. Adapted from [13] 

2.4.2 Inter-ply Slip 

Inter-ply slip is where adjacent reinforcing sheets move relative to each other. 

An example of where this is useful can be seen in Fig. 2.10, where the inner path 

of a concave shape is shorter than the outer path. This build up of stresses and 

strains at the end of a curved composite is referred to as bookending and can 

lead to failure. Slip then relieves compressive stresses on the inner plies. If the 

sheets cannot slide, then the plies on the inner surface are likely to buckle or 

wrinkle to relieve the stresses. This is referred to as ply-ply friction and is 

dominated by an interface of molten resin between the plies. Similar mechanics 

occur between the tool and the outer ply surfaces.  

 

Figure 2.10: Inter-ply slip during deformation.  
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Constitutive equations are also able to accurately predict the locations and 

types of defects when thermoforming glass-polypropylene biaxial cross-ply 

composites [62]. Despite non-woven laminates being more likely to undergo slip, 

it was shown that inter-ply slip offers only a small contribution to the 

deformation mechanics. The modelling can also be further expanded by 

analysing factors such as the rheology of the matrix material, fibre volume 

fraction, and textile architecture [63]. This allows for temperature and rate 

dependency to be considered allowing development of a full understanding of 

the viscous behaviour which dominates thermoplastic forming.  

When the intra-ply shear and inter-ply slip mechanics are not sufficient to allow 

enough deformation to form a geometry without creating large in-plane 

compressive stresses, composite sheets tend to continue deformation with out-

of-plane buckling or wrinkling. This mechanism is undesirable as the wrinkles 

will firstly influence the aesthetic quality of the final part and, more crucially, 

they can reduce the mechanical performance of the part by introducing local 

stress concentrations and triggering premature delamination [64]. Evidence has 

shown that the presence of wrinkles frozen into a manufactured part can reduce 

strength by as much as 70% [65], [66]. Initial buckling occurs because of 

compressive stresses in the plane of the forming sheet [67]. The presence of the 

wrinkles also induces local stress concentrations when the formed part is under 

stress. These are influenced by factors such as the amplitude location and angle 

of wrinkles with several finite element models developed which can help predict 

this [64], [68]. It has been shown experimentally that the compressive forces 

peak at a low deflection before the buckling relieves the compressive stress in 

the fibre laminate [69]. Placing the part in a vacuum and applying atmospheric 

pressure through a diaphragm membrane can help reduce wrinkle initiation by 

creating tension, via friction, on the surface that resists buckling initiation [6].  

Predicting and reducing wrinkling remains a topic of focus for researchers. This 

thesis looks to develop a solution for reducing inter-ply friction in cross-ply 

laminates and enhancing inter-ply slip with the hope of producing a step change 

in wrinkle reduction.  
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2.4.3 Stribeck Curve 

Research by Gorczyca [7], [70] and Ten Thije [71], [72] have shown that the 

behaviour of the inter-ply region in composites can be characterised via a 

generalised Stribeck curve. The inter-ply region consists of two fibre layers 

separated by a molten thermoplastic boundary layer which acts to lubricate the 

sliding process. The generalised Stribeck curve describes friction coefficients 

between such lubricated surfaces and can be fundamentally broken into three 

regions. These are boundary lubrication, mixed lubrication and hydrodynamic 

lubrication. In boundary lubrication, asperities of the contact surfaces will 

touch. In hydrodynamic, the surfaces are fully separated by a lubricating fluid 

film. The mixed region acts as a transition between these two states. The 

Stribeck curve is a function of the Hersey number (H) which incorporates fluid 

viscosity (𝜂), applied normal force (𝐹) and sliding velocity (𝑈) as: 

𝐻 =
ఎ∗

ி
                            (2.1) 

The generalised shape of the Stribeck curve can be seen in Fig. 2.11. Friction 

coefficients are initially high due to contact between the surfaces in the 

boundary region. Friction coefficients then drop as the contact between surfaces 

reduces and the hydrodynamic boundary layer comes to dominate. The friction 

coefficient then tends to increase as the Hersey number increases further. 

Studies characterising the inter-ply and tool-ply behaviour in thermoplastic 

composites forming have shown that the friction can be characterised via a 

hydrodynamic boundary layer. An example can be seen in Fig. 2.12 (adapted 

from [70]) decreasing the Hersey number (in this case by decreasing velocity) 

also decreases friction coefficients (this can also be seen in Fig. 2.13). A similar 

effect can be seen when decreasing the Hersey number by decreasing viscosity 

or increasing normal pressure. This matches very well with the hydrodynamic 

region of the Hersey curve and (for most thermoplastic processing conditions) 

allows a linear relationship to be found between an approximated Hersey 

number and the friction coefficient.  
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Figure 2.11: Theoretical Stribeck curve showing relationship between Hersey Number and friction coefficient 
for lubricated boundaries 

 

Figure 2.12: Coefficient of friction vs Hersey number for changing velocity in a commingled glass 
polypropylene woven fabric. Adapted from [70]  

2.4.4 Dry Friction 

Friction is a concern when forming dry fibre sheets (i.e., without a matrix 

material). This is useful in understanding the pre-forming of dry fibre 

reinforcements performed before vacuum infusion processes. Studying dry fibre 

friction also enables greater understanding of fibre-fibre and tool-fibre 

interactions. In the context of a Stribeck curve, this can be considered as 

unlubricated friction in the boundary region where contact between fibres 

dominates. These studies can be broken down into three scales: microscopic 

studies looking at behaviour within filaments, mesoscopic work looking at tow 
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interactions and finally, macroscopic studies looking at interactions on a 

laminate scale. Investigation of contact between fibres and metallic tools has 

shown that the friction coefficients scale with pressure and physical contact 

area of the fibre [73], [74]. Analysis of the surface roughness in fibre tow-tool 

contact shows that the surface roughness has a strong influence [75]. Smoother 

surfaces can lead to a higher contact area and corresponding higher friction 

coefficients. However, this relationship does not hold at very high surface 

roughness as point contact between the fibre and the surface dominates. 

Analysis shows that real contact area can vary between different fibre 

architectures. The contact area is shown to increase as applied pressure 

increases. Comparison between unidirectional tows and non-crimp fibres shows 

that the tow-tool contact length for non-crimp fabric is ~67 % lower than a 

comparable unidirectional reinforcement [76]. For carbon fibre twill weaves, the 

real contact length can be as little as 4-8 % of the nominal length and resultant 

contact pressure 15,000 times higher than the nominal contact pressures [77]. 

Minimising contact between fibre reinforcements with interlayers is a good 

method for reducing the risk of high contact pressures which can damage tow 

structures and increase friction coefficients. 

2.4.5 Viscous Friction 

When thermoforming fibre reinforced thermoplastic composite sheets (i.e., with 

matrix material), inter-ply slip is driven by friction coefficients between 

neighbouring surfaces. This friction is dominated by the viscous behaviour of the 

molten thermoplastic matrix so fits in the hydrodynamic lubrication region of 

the Stribeck Curve. Testing these friction coefficients can be carried out through 

several methods. A simple method is the inclined plane method where a test 

specimen is placed on a horizontal surface. This horizontal surface is gradually 

inclined until the test specimen begins to slide. The friction coefficient (𝑓) can 

then be calculated from the sliding angle (φ) from the equation:  

𝑓 = tan (𝜑)                  (2.2) 

To better model the processing conditions, a few similar test methods were 

developed. ASTM D 1894 [78] standard pull-out tests for determining friction 

coefficients for plastic films and sheets can be adapted for use with textile 
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composite materials [79]. A schematic of a typical set up is shown in Fig. 2.13a. 

In simple terms, the pull-out force (Fp) required to move Specimen A from 

between two sheets of Specimen B when compressed under a normal load (Fn) is 

measured. The coulomb friction can then be calculated as follows 

𝑓 =
ி

ி
                           (2.3) 

Representative results for this process for a steel-composite interface at a 

variety of pull-out rates can be seen in Fig. 2.13b (as adapted from [80]). An 

initial high peak force, representing the static friction coefficient, must be 

overcome before reaching a lower steady state dynamic friction coefficient. 

Static friction coefficients are generally higher than dynamic friction coefficients 

as there is a degree of microscopic interlocking between surfaces that must be 

overcome to initiate movement.  

 

Figure 2.13: (a) example diagram of pull-out test. (b) representative force-extension curves for steel-
composite interface at different pull-out speeds (adapted from [80]) 

Characterization by Murtagh et al [79], [81] suggested that the resistance to 

sliding at the interface of Carbon Fibre-PEEK composites varies based on normal 

pressure and viscous lubrication. It could then be represented via a power law of 

the following format.  

𝜏 = 𝜏 + 𝑘 ∗ 𝑈                  (2.4) 

Where 𝜏 is the shear stress acting on the interface between plies and U is the 

velocity of sliding between adjacent Plies. 𝜏 is the shear stress at zero velocity 

while k and n are process parameters which must be determined experimentally. 
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Work was then carried out which could relate k and n to process conditions such 

as temperature and pressure.  

Friction coefficients in viscous composites (i.e., with a liquid matrix material) 

have been measured via pull-through and pull-out tests [7], [70], [71], [72]. 

Classic numerical models required the hydrodynamic interlayer thickness as an 

input to determine the viscosity terms. This is difficult to determine without 

experimental validation. Alternative methods by Harrison et al. assessed the 

friction coefficients via a custom test rig using a rheometer [82]. A model was 

developed which was able to predict the friction coefficients using temperature, 

pressure and sliding velocity. This removed the need for interlayer thickness as 

an input, simplifying the model.  

To reduce defect formation and improve formability of thermoplastic 

composites, there is a desire to reduce inter-ply friction coefficients. One 

method of doing this is by lowering the Hersey number. Techniques such as 

increasing forming temperature (to lower interlayer viscosity), decreasing 

forming speed and increasing forming pressure can have positive influences on 

the ability to form wrinkle free geometries when forming composites with 

viscous interlayers that can be characterised as lubricated friction. As mentioned 

in the Introduction, the idea for lubrication is inspired by Vanclooster [10] who 

used layers of neat thermoplastic resin to lubricate the forming of glass 

reinforced polypropylene and found that increasing the interlayer thickness 

reduced the tendency to wrinkle[NO_PRINTED_FORM]. Other methods of 

lubrication include powders such as magnesium stearate which is used in the 

plastics industry to lubricate the motion of pellets (such as in plastics forming, 

or in drug manufacture[83]), aid in tool lubrication in moulding of plastics [84], 

and also used to reduce viscosity in the forming of polypropylene. Recent efforts 

have also included the use of liquid epoxy resin as a lubricant when forming non 

crimp fabrics [85], [86]. These have found a 64% reduction in fabric-fabric 

friction coefficient when comparing the sliding of the neat dry fabric and sliding 

with the lubricating epoxy interlayer, and evidenced that this reduced wrinkle 

formation. This agrees with the Stribeck curve described earlier in the chapter 

as the process moved from boundary to hydrodynamic lubrication. However this 
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method would very likely leave residual epoxy resin within the composite which 

may be undesirable.  

In this thesis liquid tin is used to lubricate the forming process of a carbon fibre 

reinforced nylon composite. Molten nylon has a viscosity of ~200 Pa. s at a 

temperature of 260 °C [9]. Molten Tin has a significantly lower viscosity at ~.02 

Pa. s at 253 °C [8]. Both have similar melt temperatures (232 °C vs ~220 °C 

respectively) making them well suited. Molten tin also has a high surface tension 

(~550 mN/m at 230 °C [87]) making it unlikely to mix with the nylon matrix.  

This raises the possibility that tin could be used to lubricate the forming process 

and be removed from the laminate without leaving contaminating elements. The 

possibility of a lubricating interlayer while also removing contaminants 

motivated this choice.  

2.5 Experimental Investigation of Thermoforming 

Many studies and solutions have attempted to deal with the issue of unwanted 

wrinkling in fibre reinforced thermoplastic composites. This Section will cover 

some of them.  

2.5.1 Matched Die Forming 

Matched die forming was the subject of much early study [88]. Crucial factors 

identified were the need to maintain appropriate pressure and temperature 

throughout the consolidation period to ensure full consolidation and minimise 

void content. Uniform pressure distributions reduced squeeze flow and resultant 

fibre displacements. More recent work attempts to model and predict the way in 

which fibres reorientate during deformation and the influence that speed of 

forming can have on sheet temperatures [89]. Other factors to consider are 

lateral pressure on vertical walls to help to fully consolidate the matrix and 

remove void content and finally the influence cooling rate has on mechanical 

strength.  

2.5.2 Diaphragm Forming 

An example of an early diaphragm forming experiment can be seen in Fig. 2.14 

as adapted from [90]. This forming experiment involved a stacked prepreg being 
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placed between two rubber diaphragm sheets. The diaphragm sheets were 

secured by two clamping rings with a vacuum ring between the sheets ensuring a 

tight vacuum as seen in Fig. 2.14a. The bottom clamping ring was attached to a 

female mould base and pressure was applied to the upper surface by high 

pressure nitrogen as seen in Fig. 2.14b. This homogeneous consolidation pressure 

led to good quality parts however issues with the durability of the rubber 

diaphragm were noted. Numerous factors such as increasing diaphragm stiffness 

(to increase resistance to out of plane buckling), decreasing blank thickness (as 

the curving of thicker laminates leads to large differences in path length 

between inside and outside curvatures) and slowing the rate of forming (as  the 

magnitude of compressive stresses depends on forming rate due to viscous 

effects) were shown to reduce wrinkling.  

 

Figure 2.14: Example of diaphragm forming process. (a) exploded view of stacked prepreg, diaphragm sheet 
and mould (b) view of pressure chamber and heating apparatus. Adapted from [90]. 

Some experiments have shown that contact between the diaphragm and the 

matrix material can to be an issue [91]. Diaphragm material (Polyimide in this 

case) showed evidence of creep into gaps between fibres under high 

temperature and pressure, which was influenced by the stacking sequence [91]. 

Methods of automating and speeding up the diaphragm forming process via 

computer control were also successful in reducing the overall manufacturing 

time. Comparisons between diaphragm and matched die forming carried out by 

Krebs et al. [92] showed that, for the tested geometry, additional tensile 



Literature Review  35 

 
stresses applied by the diaphragm helped limit the formation of wrinkling[92]. 

Nowacki et al. found that diaphragm forming allowed intra-ply rotation to occur 

more freely, which limiting wrinkle formation and that increasing diaphragm 

tension can counteract the compressive forces that initiate buckling was also 

shown in [93]. Other research has shown the potential benefits of different 

fabric styles, with knitted fabrics showing more ability to deform via loop 

stretching, and shown that while composites are likely to wrinkle at high shear 

angles, the shear angle is not the only consideration [94] as fibre slippage, 

interply slip and bending can alleviate stresses [111]. Other work by Prodromou 

et al. [95] has shown that, in multi-laminate layups, wrinkling initiated at lower 

deformation than in single laminate layups [95].  

Studies have looked at using segmented blank-holders to vary the force applied 

to the blank in different segments, allowing for control over the fibre draw in 

rate which can reduce wrinkling. However, it is found that high normal forces 

applied by the blank holder, while suppressing wrinkling, can also lead to 

defects at the part edge [96], [97]. Further work has separated dry fibre multi-

ply preforms with rigid aluminium interlayers [98]. These interlayer rings have 

large holes which allow forming around the central mould, but hold laminate 

layers apart at the edges, reducing friction coefficients and allowing more 

efficient draw-in of the laminate. However, while successful with dry fibre 

reinforcements this is less applicable to pre-impregnated composites with a 

viscous matrix material.  

2.5.3 Bridging and Tearing 

Another factor for consideration when drawing in fibres to curved geometries is 

the risk of fibre bridging or tearing. Recent work on diaphragm forming, has 

shown that the low pressure can lead to fibre bridging in more complex 

geometries as the fibres can resist being pulled into cavities or recesses [99]. 

One solution is the insertion of localised darts (cuts in the fibre reinforcement) 

to reduce tensile stresses. For a multi-ply and multi-axial sheet, localised 

openings in a single ply could be covered by other, differently orientated plies. 

However, this process would have a negative influence on the final strength of 

the part so should be used away from primary load paths. Finite element models 
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were able to identify suitable locations for darts by looking at textile shear 

angle, textile compressive strain and tensile strength in fibres [99]. Conversely if 

forming pressures are too high, then they can tear due to high frictional forces 

preventing fibre sliding [100]. To avoid these issues, multi-cavity geometries are 

often manufactured by hand layup with sequential forming operations [101]. 

This thesis hopes to address some of these issues by reducing interlaminar 

friction and allowing greater ply-ply displacement.  

2.5.4 Wrinkling 

Some studies of curved laminates differentiate between global and local 

buckling. Global buckling often occurs because of the inside paths of curved 

shapes have a shorter path length, leading to excess material. If plies cannot 

easily slide relative to each other local buckling can then occur because of local 

compressive stresses [102]. This is shown in Fig. 2.15, which shows buckling in 

the plies on the internal face of the curved shape when deforming a stack of 10 

carbon fabric plies. There is symmetrical bending in Fig. 2.15a, L-flange bending 

in Fig. 2.15b and bending after buckling in Fig. 2.15c. 

 

Figure 2.15: Laminate of 10 carbon fabric sheets bent in various configuration configurations, adapted from 
Huang et al. [103] (a) symmetrical bending (b) L-flange forming, (c) bending after buckling 

Other studies have identified evidence of “micro buckling” where in-plane 

compaction allows tows to deform and conform to a 3D curvature [55]. 

Manipulating the order of forming using fibre steering techniques can also 

mitigate draw-in and reduce wrinkling [104]. Further studies showed some 

improvements to the wrinkling mechanics were found by lowering friction locally 

or reducing the number of challenging orientation interfaces, but complete 

avoidance of wrinkling was only possible by removing the challenging interfaces 

[105].  
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Challenging interfaces are generally non-orthogonal (I.e., 90/45 instead of 

0/90). Intra-ply shear is a key deformation mechanism and relies on plies 

rotating relative to each other as discussed in Section 2.4. When adjacent plies 

are in non-orthogonal orientations at the start of the forming process, the ability 

to conform to the desired geometry is limited by interactions between 

laminates. As a result, non-orthogonal lay ups generate higher inter-ply shear 

and compressive stresses leading to earlier wrinkling [102], [106]. This process is 

exacerbated by additional plies in the laminate as shown with Prodromou et al. 

[95], and separation of the layers with active metal sheets away from regions 

experiencing deformation can reduce wrinkling as shown by Nezami et al. [98].  

Vanclooster has shown that increasing the thickness of the viscous interlayer can 

reduce the tendency to wrinkle when forming glass fibre reinforced 

polypropylene [107]. As a result of the thicker interlayer, adjacent non 

orthogonal plies act more independent which reduces compressive stresses 

caused by intra-ply shear in neighbouring plies, reducing wrinkling. Vanclooster 

increased the interlayer thickness by inserting thin sheets of lower viscosity neat 

thermoplastic between pre-impregnated polypropylene-glass fibre laminates 

[10]. This lubricated the tangential slip, reduced the interaction between 

neighbouring plies and improved the formability of the setup. On the other 

hand, it also lowered the fibre volume fraction from ~35 % to ~14 % when 

comparing no interlayer and interlayers of 1.5 mm, respectively. This would 

have a negative influence on the specific properties of the final part so a 

solution which could lubricate the forming process while maintaining a high fibre 

volume fraction would be desirable. This idea of using low viscosity interlayers 

to separate adjacent plies acts as an inspiration for the present thesis.  

Forming complex geometries with multiple non orthogonal plies remains a 

challenge despite many proposed solutions. Given the significant influence that 

fibre orientation has on the material properties of a resultant part, there is a 

strong need to explore other practical solutions to the problem. In Chapter 3, a 

multi-step thermoforming solution using a low viscosity metal interlayer is 

proposed and developed.  
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2.6 Numerical Investigation of Thermoforming 

Experimental investigation of the thermoforming process is a crucial component 

of improving the process, however it can be expensive and time consuming to 

carry out tests and optimise the process through parametric studies. Numerical 

simulations then offer an ideal solution to allow for exploration of a variety of 

forming parameters and reduce costly experimental or manufacturing errors. 

Several predictive tools and simulation methods have been developed over the 

years to predict textile forming and wrinkle formation.  

2.6.1 Kinematic Methods 

Kinematic methods of analysing draped fabric were developed in the 1950’s 

when studies into the differential equations of fitting a woven fibre 

reinforcement to a surface were developed by Mack and Taylor [108]. It acted as 

an early contribution to “cloth geometry” and concluded that general solutions 

would not be possible without arbitrary functions. These were built on by Heisey 

with mapping algorithms that treat the warp/weft intersections as pivot points 

with constant curvature between intersections [109]. The warp threads are 

modelled as straight lines between adjacent intersections (geodesic) and this 

extension allows non algorithmic surfaces to be described, providing they were 

continuously differentiable. Heisey hoped his work would act as a contribution 

towards Toffler’s dream of computer automated perfectly fitted garments [110]. 

Sadly, much work remains to be done to achieve this dream, but the principle of 

the “fishnet” style modelling of textile deformation continues to be used.  

Looking more specifically at modelling of composites, these basic kinematic 

models were built on in several ways. Long et al. developed an iterative 

procedure which used a geometric model for woven fibre preforms [111]. The 

model is used to calculate total shear strain energy for a given fibre architecture 

over a given mould and, by minimising the shear strain energy, can generate 

realistic drape patterns for hemispheric moulds. This was further built on to 

allow boundary conditions such as friction between laminate and blank holder to 

be considered allowing the press forming of fibre reinforced composites to be 

modelled [112].  
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Kinematic models can also be applied in reverse to generate formable 

geometries from formable drapes [101]. Such work uses a pin jointed net 

assumption and relies upon choosing two yarn paths across a surface. The work 

identified the useful curve glide geometries which are shapes which can be 

defined in 3D space when one curve glides along another curve to form a 

surface. Such curve glide patterns can be repeated to form tessellated structural 

core materials. While this is useful, reverse modelling drapable shapes is not 

always applicable as product needs are often driven by a desired shape. This 

method was expanded to allow the development of manufacturing instructions 

which could guide layup processes and increase the speed and accuracy of 

forming complex geometries [113].  

Geometric drape analysis is fast and can be applied to complex geometries. They 

produce shear angles which can be compared with known fibre behaviour 

allowing for reasonable estimates of the formability of a geometry. However, 

the process does not consider the mechanical properties of the fibre 

reinforcement or process parameters such as friction or other constraints. It also 

requires defining a definite start point and initial vector directions and in real 

forming problems these are likely to vary. This makes them appropriate for 

simple problems, but they may struggle with asymmetric forming or boundary 

conditions mimicking more complex forming conditions.  

2.6.2 Finite Element Methods 

The alternative is to use finite element methods to simulate mechanical models 

which better represent the forces and boundary conditions involved in the 

forming process. Finite element models break large problems into small sub 

regions which are interconnected via appropriate boundary conditions. The 

complexity means these models are usually solved using explicit solution 

methods and they can be quite computationally expensive. A constitutive model 

for the material behaviour is required to accurately represent the anisotropic 

behaviour of the fibre reinforced composites. It is also necessary to track fibre 

orientations to predict stresses, help validate the simulation and allow for 

comparison with experimentally known fibre behaviour. Another method is to 

model the yarns with beams or truss elements and to place springs at the 



Literature Review  40 

 
intersection points. This automatically tracks the fibre orientation and allows for 

accurate representation of several different textile properties. An alternative 

method is to use an anisotropic material with membrane or shell elements to 

represent the fibre behaviour. This method also requires tracking of the fibre 

orientation to ensure accurate modelling of the textile behaviour. Given the high 

computational requirements and relatively long (1-10 seconds) timeframe for 

thermoforming processes, mass, and velocity scaling are often used to speed up 

the simulation.  

Examples of constitutive models for different fibre architectures can be found in 

the literature, with models being built for different forms of woven [114] or non-

crimp fibres [115]. These models tend to approach the problem from a macro 

scale and use material properties gathered from experimental results of the 

chosen architecture. Non-orthogonal constitutive models allow the orientations 

of the fibres to be continuously updated and for the behaviour of the textile to 

be updated with the changing orientations. These models can be enhanced by 

combining them with beam or truss elements which help in modelling both out-

of-plane and in-plane bending stiffness [116]. The beam or truss elements share 

nodes with the corners of the membrane or shell elements. By giving the beam 

or truss elements different properties from the membrane or shell elements, 

more parameters involved in composite forming behaviour can be independently 

controlled (such as of fibre bending and trellis shear). Representation of out-of-

plane bending in composites remains an area of difficulty as the bending 

mechanisms do not result in matched compressive and tensile strains as would 

happen in a solid material. In practice, bending occurs because of slipping 

between fibres. A review of recent work on this phenomenon can be found in 

[117]. Another mechanism of concern is in-plane fibre bending. Observations 

show gradual changes in fibre directions which have been modelled to some 

success by looking at second gradient strain energies [118], [119]. 

Models can be extended to represent multi-ply laminates and can accurately 

model interactions between adjacent plies. For example, Ten Thije et al. 

modelled a multi-layer laminate simulated with shell elements which simulated 

the bending mechanics of the fibre laminate [120]. Friction is modelled via thin 

film lubrication and appropriate coefficients are obtained from tool-ply and ply-
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ply friction experiments, and the inter-ply shear behaviour is based on bias 

extension test results. Other inter-ply slip models involving thermal and viscous 

effects have been developed and can be applied to finite element code [121]. 

Sjolander et al. [122] were able to model hot drape thermoforming with 

multiple plies and show that wrinkling often occurred because of interaction 

between adjacent plies. It was possible to match wrinkling in experiments with 

transverse strains on convex surfaces in the simulation. Changing the stacking 

order or cutting some layers helped relieve stress.  

Another method used mutually constrained shell and membrane elements 

sharing the same nodes [6]. In this setup, the shell elements model the out of 

plane bending behaviour and the membrane elements model the in-plane 

behaviour. The membrane elements have no intrinsic bending stiffness and are 

assigned the tensile and nonlinear shear stiffnesses of the fibre reinforcement. 

The shell elements on the other hand are assigned zero shear rigidity and a 

young’s modulus equivalent to the flexural stiffness. This decouples the high 

tensile stiffness and low flexural stiffness of the fibres. This method was able to 

model double diaphragm forming of a pyramid surface and capture the wrinkling 

effects caused by high bending strains in the fibre laminates which are then 

trapped by the normal applied pressure. More recent developments have 

attempted to address the high computational time required to accurately model 

the full part by using a simplified membrane model to identify potential problem 

areas. This is then followed by local sub models with shell elements and 

appropriate boundary conditions that can more accurately predict the behaviour 

and resulting wrinkles at these problem areas [123]. Potential risk areas can be 

identified by factors such as nodal distance between the meshes of the laminate 

and the tool as well as fibre shear angles. This method was able to reduce 

simulation times to 13 % compared with using the detailed model for the full 

part. Similar models have been used to model the draping process and therefore 

predict the crushing behaviour and fracture mechanics of the resulting deformed 

composite part [124].  

Numerical models offer good approximations of the behaviour of composites 

under typical thermoforming conditions. Prediction of defects and optimisation 

of part design can be carried out without expensive experimental testing. 
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However, the full complexities of the anisotropic behaviour of the textile 

reinforcements remain difficult to model. Long computational times also remain 

an issue. In Chapter 6, a combined beam-membrane constitutive model [116] 

will be used to investigate a multi-step thermoforming process.  

2.7 Heating methods in Thermoforming Processes 

Several methods for the heating of thermoplastic composites have been 

developed and a brief overview of these methods can be found in [125]. The 

most common form of heating in the commercial thermoforming processes is 

thermal and radiant curing using radiant heaters and ovens [125]. These 

processes are mature and well understood, but still have limitations because of 

their surface heating mechanisms and the poor conductivity of polymers leading 

to long cycle times when forming thicker parts (I.e., Nylon has a thermal 

conductivity of ~0.24 W m-1 K-1 [126] and 304L Stainless Steel has a thermal 

conductivity of ~ 14 W m-1 K-1 [127], both at room temperature). A summary of 

these methods and other potential alternatives will be given in this Section.  

Convective and conductive methods rely on heat transfer using hot gasses or 

liquids which pass over the surface of the composite. The simplest example of 

this uses an oven or autoclave to heat the surrounding air. This heats the surface 

of the composite layups and conduction through the thickness of the part 

transfers this heat through the full volume. Rapid, homogenous heating of larger 

parts is made difficult by the low thermal conductivity of thermoplastic 

polymers, so energy transfer rates are lower. Some advantages of autoclaves or 

ovens are that they are very well understood technology, easy to scale, 

relatively cheap to build and operate and as such they are used frequently [125]. 

Other methods can include the use of hot gas flames, lasers, or torches which 

allow heat to be applied to specific locations, thus can be suitable for welding or 

tow placement processes [128].  

One alternative is the use of electromagnetic radiation (I.e., microwave or 

infrared). The energy in electromagnetic waves is converted into heat by inciting 

molecular vibrations in matter. Infrared radiation has strong resonance vibration 

with the polymer molecules and the energy is mostly transferred at the material 

surface. As a result of this, the intensity of the energy must be balanced with 
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the ability for the heat to transfer through the thickness of the material and 

away from the surface. Microwave radiation has a lower energy and longer 

wavelength and penetrates deeper into the surface of the material. This allows 

for volumetric heating. The heating depends strongly on the properties of the 

fibre. It is effective for pure polymer materials, as well as glass fibre or aramid 

fibre reinforced composites [129]. However, carbon fibres have a high dielectric 

loss, making them effective reflectors of microwave radiation. This reduces the 

effectiveness of volumetric heating of carbon fibre composites using 

microwaves. Furthermore, the high conductivity can lead to localised areas of 

elevated temperature and electrical arcing between fibres [130]. Infrared 

heating is commonly used due to it's simplicity and low cost, however recent 

studies have shown that volumetric microwave heating can reduce cure time by 

57.9% and energy use by 24.1% when compared with thermal curing in an oven 

[131] so it may see greater use as the technology matures.  

Ultrasonic heating is sometimes used in thermoplastic welding. This method 

converts mechanical vibrations to heat via internal frictional and visco-elastic 

effects [132]. However, when applied to parts with high fibre volume content it 

can be damaging to fibre architecture. The process also requires a solid medium 

and strong surface to surface contact to transfer the energy meaning it is rarely 

used for consolidation and heating of full blanks but is instead used for spot 

heating or welding.  

Resistive heating works by passing an electrical current through the part. 

Electrical current passed through a conductor will generate heat proportional to 

the square of current applied and the resistance of the conductor. This is 

attractive for use in spot welding or bonding by using a metal susceptor such as a 

metal plate or mesh which can be used to heat a part. Additionally, the 

conductivity of carbon fibres means the fibres themselves can be used to 

generate heat. This process can be used to heat composites with lower energy 

use relative to comparable autoclave or ovens [133]. On the other hand, the 

requirement for direct contact between fibres makes managing this process 

difficult especially for larger components, so it is not commonly used for 

preheating of blanks [125].  
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Another method of interest is the use of induction heating. Like resistive 

heating, it exploits the generation of heat via resistive losses when a current is 

passed through a conductor. However, induction heating uses an alternating 

magnetic field to induce eddy currents in the conductive material. Glass or 

Aramid fibre components can be heated using metallic susceptor materials. 

Carbon fibres are electrically conductive so eddy currents will form in the fibres 

themselves allowing for volumetric heating. Heat generation in these is caused 

by resistive loss along the length of the fibre and heating at the fibre junctions. 

If the fibres are not in contact at the junctions, then the dielectric properties of 

the matrix become significant, and the junction can be modelled as a resistor 

and a capacitor in parallel. If the fibres are in contact at the junctions, then the 

contact resistance is the predominate factor. These are shown diagrammatically 

in Fig. 2.16. Testing has shown that the interactions at the junctions are the key 

source of heat generation and that contact between fibres allows for more 

efficient heating [134].  

Induction coils are sometimes used for localised heating of small areas in 

induction welding processes [135] or in local thermoforming of small sections of 

components [136]. Other methods suggest the use of induction heating of a steel 

mould to allow for greater control over mould temperature in thermoforming 

processes [137]. The process allows for volumetric heating, but this requires well 

distributed susceptors. Induction, ultrasonic and resistance heating is primarily 

restricted to welds rather than of full components. One study has shown that of 

the three, induction welding offers the lowest energy use due to it’s fast 

processing time, but induction heating also had the highest power requirements 

[138]. It also showed that resistance welding offered a weaker bond than 

induction or ultrasonic welding, with an approximately 15% drop in lap shear 

strength.  

This thesis proposes placing a large susceptor (sheets of tin) within a 

thermoplastic composite and removing it during the forming process. Thus 

allowing an induction heating process to volumetrically heat a metal-composite 

hybrid layup in a prototype thermoforming process. This is also compared with a 

radiant heating process. The specific processes are discussed further in Chapter 

3.  



Literature Review  45 

 

 

Figure 2.16. Potential mechanisms for heating during inductive heating of a carbon fibre composite. Adapted 
from [134] 

2.8 Failure in Composites  

Understanding failure mechanics is a key component of designing and 

manufacturing fibre reinforced thermoplastic parts. Defects such as wrinkles or 

unwanted voids or inclusions in the body of the part change the failure 

behaviour. The project undertaken in this thesis aims to reduce wrinkling, 

however the process may introduce unwanted defects between laminates. 

Understanding the influence this may have on failure is important.  

Due to the anisotropic and heterogeneous qualities of fibre reinforced 

thermoplastic composites, their failure behaviour is complex and direction 

dependent. They also depend on the interaction of the matrix and the fibres. A 

recent review concluded that the anisotropic nature of composites leads to more 

complex failure mechanics than for metallic materials and that materials, 

structures, and failure modes are linked [139]. Several standardised tests have 

been developed which focus on three modes of loading: compression, tension, 

and shear. It is also possible to test for individual fibre and matrix properties. 

Preparation of the sample for specimens is crucial as specimens often 

experience stress concentrations at loading grips and the cut edges can generate 

raised stress levels. A discussion of these tests and references to relevant 

standards can be found in [13]. 
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Several failure criteria have been developed over the years to help characterise 

behaviour under load. The simplest are the non-interactive theories which 

assume stress and strain states do not interact and simply states a maximum 

stress, or maximum strain which will lead to the laminate failing. While being 

simple to apply, these criteria do not address coupling effects between different 

stress and strain components, and so, are not particularly useful for multi-axial 

loading. Interactive failure models such as the Tsai-Wu failure criteria have been 

developed which take into effect the coupling between multi-axial loading and 

varying strengths in compression or tension [140]. However, these still primarily 

look at in-plane stresses and do not address out of plane stresses. Further 

developments have separated failure methods for fibres in tension and 

compression from matrix failure such as the Hashin and Sun failure criteria 

[141]. Other methods such as Puck’s criterion have also been developed which 

consider out of plane forces acting at an angle and make attempts to predict the 

mode of failure [142].  

Recent experimental work has looked to assess the influence that wrinkling has 

on the failure of composites. Hu et al. looked at wrinkles on the convex face of 

L-shaped laminates and showed that wrinkling triggered early inter-ply 

delamination and reduced strength by up to 30-40 % [64]. In other geometries 

this has been up to 70% [65], [66] . The amplitude and location of the wrinkles 

were also shown to be crucial factors. Nartey et al. looked at the influence of 

wrinkling caused by sheet overlap and found up to 37 % drop in strength while 

also being able to numerically model the influence of the severity of the wrinkle 

(via angle of deviation) to the resultant strength [4]. Other modelling work was 

able to more accurately predict both wrinkling and the influence wrinkling would 

have on part strength allowing for a more efficient design process and more 

efficient part design.  

Interlaminar shear strength is another concern in the design of composites. This 

is the ability for adjacent layers to resist being pulled apart by shear forces. The 

existence of voids or defects between the fibre sheets that disrupt the matrix 

can have strong effects on the behaviour. Studies on carbon and glass fibre 

epoxy specimens used embedded PTFE tubes to create artificial, controllable 

voids [143]. These were then tested in a short beam shear setup to assess 
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interlaminar shear strength. There was a strong tendency for failure to initiate 

at the voids (particularly in carbon/epoxy specimens). Further evidence showed 

that a reduction in effective cross sectional area caused by the presence of the 

voids also had a strong influence on reducing interlaminar shear strength by up 

to 11% when going from 0% to 8% porosity[144]. Other studies manufactured 

composite laminates with high, uncontrolled porosity showed that interlaminar 

shear strength decreased with increasing void content. There was also a high 

degree of scatter suggesting that shape and size of individual voids had an 

influence [144]. This shows that minimising and understanding the formation of 

defects is a key factor in designing efficient and safe composite components.  

2.8.1 Modelling of failure in composites 

No numerical modelling on the influence of tin inclusions on the strength and 

failure of nylon carbon composites was carried out in this thesis. However this 

Section will contain a brief investigation into potential methods that may be 

used to do so. The influence of the carbon fibres is discussed elsewhere in the 

literature, so this will focus on the tin inclusions.  

The nylon-carbon fibre-tin component acts as a multiphase material. Modelling 

of failure in multiphase materials is often carried out at the meso-scale and is 

discussed in terms of a matrix material, an inclusion, and the interface between 

them [145]. Materials that have been modelled in this way include concrete 

[146], [147], fibre reinforced composites, and bones [148]. This concept allows 

the study of progressive failure conditions at interfaces, and enables the 

modelling of the different material properties which contribute to the overall 

properties of the multiphase material. It is suspected that the nylon-tin bonds 

will be weaker than nylon-nylon interlaminar bonds and that cracking may 

initiate at tin-nylon interfaces. It is suspected that the high ductility and lower 

yield strength of tin (tin has a tensile strength of ~ 220 MPa and a yield strength 

of ~12.5 MPa [149], whereas the composite used in the testing has a ~ 2000 MPa 

strength tensile strength and ~145 MPa in plane shear strength [150]) may 

facilitate higher levels of plastic deformation in the composite by absorbing 

energy that might otherwise cause crack growth. There is some evidence of both 

of these phenomena in the mechanical testing in Chapter 5.  
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Models used in concrete analysis offer a strong starting point for this analysis, as 

concrete is inherently multiphase with aggregate, mortar and pores all 

contributing to the bulk properties. There is also a requirement for modelling 

continuous beam reinforcements due to the wide use of steel rebar to provide 

tensile strength in concretes. A commonly used ABAQUS model (Concrete 

Damaged Plasticity) represents this on a continuum scale in shell and membrane 

elements [151]. However the behaviour of tin inclusions within nylon carbon 

fibre composites is not sufficiently well understood to be able to use a similar 

method.  

Matrix and inclusion elements are modelled together and given their own 

properties. Additional elements (cohesive elements) are placed at the interfaces 

between the matrix and inclusion elements. These are then deleted at certain 

stress criteria to simulate interfacial cracking. The stress criteria are generally 

based on the concept of a fracture energy release rate (𝐺) based on the Griffith 

energy balance [152]. This identifies a relationship between the stress at 

fracture initiation and the square root of the length of the defect which is 

constant for materials. Applied to the cohesive elements in ABAQUS this assumes 

that a linear elastic stiffness occurs along the element but there is no inherent 

limiting total stress. Therefore many models include a maximum stress to model 

plastic yielding which can blunt the crack tip [153]. Cohesive zone models 

extend this by assuming a cubic polynomial stress-displacement law, in which 

stress increases with displacement to a maximum stress value. Then the stress 

falls until a fracture distance is reached and the element is deleted. This process 

still imposes discrete steps between matrix and material, doesn’t always model 

complex fracture surfaces well, and requires remeshing to adapt to complex 

crack paths [145], [154].  

Alternatives to this include the use of phase fields, where cracks are regularised 

by a continuous phase field facilitating the tracking of cracks [145]. This 

produces a phased transition between matrix, interface and inclusion material 

properties and allows easier identification of crack paths. The smooth transition 

can also improve numerical stability. Another method is known as Extended 

Finite Element method (XFEM) [155], [156]. This uses “enriched nodes” around a 

crack feature which introduces discontinuous basis functions to the standard 
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polynomial functions in the nodes. The enriched elements contain additional 

degrees of freedom and this allows the behaviour and growth of cracks or 

discontinuities to be tracked without updating the finite element mesh.  

In the context of the problem in this thesis, the tin inclusions are consistently 

located in between plies and, at least in the simple interlaminar shear stress 

tests performed in Chapter 5, the failure regularly occurred either between 

laminates or in tension opposite the loading nose. From this it is likely that 

cohesive elements placed between plies could be sufficient for this interlaminar 

failure.  

Therefore the initial approach would involve a cohesive zone model. In this 

composite plies would be separated by a mixture of membrane or beam cohesive 

elements designed to model tin and nylon interlaminar bonds. Separate 

behaviour models would be required to separately model the Nylon, Tin and 

Composite layers. The composite and nylon models could likely be obtained from 

the literature, while the tin-nylon fracture model would require novel testing 

likely based on double cantilever beams. The lack of appropriate data or full 

knowledge suggests that building upon a simpler model would be appropriate. If 

this model proved insufficient or unstable then more computationally intensive 

models which require more input data such as phase field or XFEM could be 

incorporated. The basic Cohesive Zone Modelling proposed would also largely 

neglect shape effects of interlaminar tin and thus if required, CT scans or similar 

could be used to obtain mesh data as is often done in concrete analysis, where 

shape factors do prove significant in analysis [145].  

2.9 Recycling of Thermoplastic composites 

Recycling of composites is a growing concern. The proposed and the inclusion of 

residual metal may complicate the processes [157]. While partial energy 

recovery through incineration is possible, recycling the material is preferred 

[158]. While a variety of techniques are being explored the methods can be 

broadly grouped into the following three mechanisms.  

 Mechanical: This method involves reducing the size of scrap composites 

by cutting or crushing into smaller granules or potentially milling them 
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into a fine powder. Smaller particles are then often sorted using cyclones 

or sieves to separate fibre and matrix heavy particles [[159]. The smaller 

granules can then be reused as an input in manufacturing streams without 

changing the chemical makeup. This could take the form as pellets for 

injection moulding or filament for 3D printing [160]. Sorting and filtering 

could easily be tweaked to remove any residual metallic inclusions.  

 Thermal: This method aims to recover the carbon fibres from the matrix 

material using heat. Pyrolysis is the most common method and involves 

heating the composite at temperatures of 500-750 °C to decompose the 

matrix material, allowing for recovery of full-length fibres. The process 

must balance desire to remove charred matrix material from the fibre 

with maintaining the material properties of the fibres, with carbon fibres 

showing more resilience to the high temperatures required [161]. A 

similar technique is the fluidised bed technique, which exposes a 

shredded composite to high temperatures in an oxygen rich environment. 

The shredded composite is placed in a bed of silica sand in a metallic 

mesh where the decomposition occurs [162], [163]. An airstream carries 

out lighter fibre and matrix particles for further treatment while heavier 

contaminants (such as residual tin) are retained in the bed. Fluidised beds 

are not used as commonly as pyrolysis as the resulting fibre properties are 

often worse when compared with pyrolysis [160].  

 Chemical: This approach uses a reactive medium to chemically degrade 

the resin and allow recovery of the fibres. Breaking down the chemical 

bonds in the polymer leaves behind monomers and long fibres without any 

char residue [160]. Temperature, pressure, catalysts, and solvents are all 

variable depending on the chemistry of the matrix and fibres being 

treated. Tin is noncorrosive; however, corrosion still occurs when exposed 

to acids or alkali [164]. While detailed research or testing has not been 

carried out on this subject, the high temperatures and corrosive 

environment required to dissolve the polymer matrix is likely to either 

melt or oxidise residual tin allowing for it to be cleaned from the fibres.  

Recycling of fibre reinforced thermoplastic composites is developing but is not 

yet ubiquitous. There are a variety of competing methods based around matrix 
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and fibre style. Long term pressures to reuse materials seem likely to lead to 

standards and classification of composite parts to streamline recycling methods. 

Given the long lifespan of composites and the increasing complexity of inclusions 

and coatings that are being introduced, any commercial recycling process will 

need to be robust enough to deal with impurities. However this requirement is 

already widespread given the use of metallic fasteners in many composites. 

Mechanical recycling processes are promising in their ability to filter out residual 

metals via cyclones due to the difference in density between the materials. 

Thermal and chemical routes which can recover full-length fibres would need 

more detailed study on the chemistry of the tin to understand the behaviour and 

influence on recovery of clean fibres. 

2.10  Conclusion 

In this Chapter a brief overview of the properties and forming of textile 

reinforced thermoplastic composites is given. Fibre reinforced composites are a 

rapidly growing field however there are many issues which must be solved to 

fully unlock their potential. When forming thermoplastic composites, fibre 

reinforcements must undergo large deformations to conform to complex part 

geometry and this process requires extensive intra-ply and inter-ply 

deformation. Limits on these processes restrict the ability to form complex 

shapes and lead to unwanted defects in manufactured components.  

Efforts to improve this include the development of numerical models which 

predict the draping and deformation mechanics of the fibre reinforcements 

[112]. This facilitates adjustments to the fibre layup such as adjusting the 

stacking order or adding cuts or extra layers to the design [99]. Further process 

improvements involve adjustment to supporting components such as blank 

holders and diaphragm sheets which enables improved control over the 

compressive forces which initiate wrinkling in the composite sheets [43], [99], 

[100]. Of interest to this thesis is the concept of reducing interlayer friction 

which can be obtained through higher forming temperatures. Of specific 

inspiration to this thesis is the idea to include a lower viscosity interlayer in the 

part which lubricates the forming and separates adjacent non-orthogonal layers 

[10], [107], [165]. While significant improvements have been made in 
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composites forming processes, there are still desires to produce complex, 

multiaxial parts which are presently limited by wrinkle formation in forming [6], 

[106], [122]. Therefore, this thesis proposes a novel solution with the potential 

to act as a step changing in the thermoforming of thermoplastic composites. The 

feasibility of using a molten tin interlayer to reduce interlaminar friction 

coefficients, and therefore also reduce wrinkling formation, will be explored. 

Further Chapters include the development of the manufacturing technique, 

characterisation and testing of the manufactured parts and simulation work with 

the aim of furthering understanding of the process.  

  



Materials and Manufacturing  53 

 

Chapter 3  Materials and 

Manufacturing 

 

3.1 Introduction 

Two thermoforming processes for carbon fibre reinforced nylon were developed 

during the project. First, an induction heated process intended to explore the 

feasibility of molten tin interlayers in the composite forming process, and their 

influence on the final part. The use of the induction heater was intended to 

exploit the paramagnetic properties of the tin interlayers and allow for heat 

generation in situ. Secondly, a radiant heated thermoforming process was 

developed to allow for the manufacture of control samples without the tin 

interlayer allowing the influence of tin on the wrinkling mechanics during 

forming and the mechanical properties of the manufactured part to be studied.  

In this Chapter, the materials used in the experiments and the primary 

manufacturing and experimental techniques will be introduced. First, the 

thermoplastic composite materials will be discussed, before an exploration into 

the processes used to produce the interlaminar tin sheets. Finally, there is a 

detailed look at the two thermoforming techniques.  

3.2 Materials 

Pre-consolidated 400 x 400 mm sheets of carbon fibre – nylon composite 

consisting of four plies of TenCate Cetex® TC910 Nylon 6 UD tape [150] in a 

[0/90/90/0] layup were prepared by colleagues at the Institute of Science and 

Innovation in Mechanical and Industrial Engineering in Portugal (INEGI). These 

were initially bonded together using ultrasonic spot welding before being fully 

consolidated between heated platens using a pressure of 4 Bar at 270 °C for 30 

seconds. It is then cooled in the press for 50 minutes (to 150°C) before being 

water cooled to room temperature. The average laminate thickness is 0.68mm 

with a standard deviation of 0.10 mm. The tape had a thickness of 0.16 mm, a 

fibre volume fraction of 49% and a polymer content by weight of 40%. The 
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recommended processing temperature for the laminates is 249-271°C. The 

matrix polymer is Ultramid B3W (PA6) which has a melt temperature of 223.4 

°C. The forming behaviour of these composites is reported in Harrison et al. 

[166]. Limited rate and temperature dependent viscosity data for the matrix 

polymer are provided in the supplier’s datasheet [150]. These four-layer pre-

consolidated blanks are later reconsolidated and formed in a variety of processes 

which are outlined in the rest of this Chapter. In addition to this, a sixteen-ply 

laminate was prepared by INEGI from four of the [0/90/90/0] laminates 

discussed above for a combined layup of [0/90/90/0/90/0/0/90]S. This was to 

act as a control mechanism for the manufacturing methods during the 

mechanical testing. This is discussed further in Section 5.2.1.  

An additional point regarding the heated platens is that the sides of the laminate 

were unconstrained during the consolidation process. This led to a pressure-

driven transverse squeeze flow which reduced the thickness of the laminates 

[167]. This is shown in Fig. 3.1 (a) where the border of the original sheet before 

the squeeze flow can be seen. Fig 3.1 (b) shows a diagrammatic representation 

of the pressure state during the press forming at INEGI.  

 

Figure 3.1. (a) shows the thinned edge of the consolidated laminates (b) diagrammatic representation of the 
process. 
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During the consolidation process, laminates were held in a 0.3 mm thick silicone 

rubber diaphragm bag under atmospheric pressure (Silex 60° Shore A Hardness 

High Temperature Silicone Rubber Sheet [168]). Additional 1 mm thick sheets of 

the same material were also used to help the forming process as discussed in 

Section 3.3.3.  

3.2.1 Tin Sheet 

A supply of tin sheets was required for the manufacturing process and a few 

considerations came into the decision making. Firstly, it had to produce 

consistent sheets of 150x150x1 mm at low cost. Secondly, given much of the tin 

was to be expelled, a method of recycling the tin was desired to help lower 

long-term costs. Therefore, a gravity fed aluminium mould was developed to 

produce the tin sheets. It consists of two aluminium parts bolted together as 

shown in Fig. 3.2a. Internally there is a short 40 mm wide and 100 mm long 

sprue to load the tin. This then leads into a 150 x 150 x 1 mm cavity as shown in 

Fig 3.2b. The total volume of the cavity was approximately 22.5 cm3 while the 

volume of the sprue was approximately 120 cm3. A few sources of tin and 

methods of producing the sheets were explored and are detailed below.  

 Pre-rolled Sheet: Initially a small number of cold rolled tin sheets with 

150 x 150 x 1mm dimensions were purchased from Advent Materials [169] 

at a cost of ~£60 per sheet. These were high quality however high costs 

prohibited continual purchase. As such, further research was carried out 

to provide a cheaper and recyclable source of tin.  

 Powder: Tin powder was acquired from Gelest [170]. Despite a melt 

temperature of 231° C for pure tin, practically the tin powder required 

temperatures of more than 700° C to melt. Due to the small dimensions of 

the individual tin particles, a thin surface layer of tin oxide constituted a 

significant portion of the total volume of the powder. This tin oxide had a 

very high melt temperature so it is likely that the molten tin was trapped 

inside a tin oxide shell and high temperatures were required to overcome 

this. As there was no noble gas purge available this reduced the quantity 

of pure liquid tin that could be sourced from the powder as the high 

temperatures led to high oxidation (~50% by mass of the final product was 
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a tin oxide). This combination of high process temperature and reduced 

output meant that this method was a poor method of producing the tin 

sheets required for manufacture.  

 Solder: Tin solder (commonly used on electronic circuits) is widely 

available in all hardware shops. A 99.3% Sn 0.7% Cu alloy was chosen. The 

alloy is eutectic with a melting point of 227° C which is similar to pure 

tin. Commonly available solders come with a rosin flux intended to clean 

and reduce oxidation in the solder during the soldering process. When the 

solder flowed into the mould, the rosin flux was left behind which fouled 

the cavity. Despite cleaning, residual flux remained and repeated 

exposure to high temperature, resulting in the decomposition of the flux, 

and the production of smoke. Avoiding this required time-consuming 

cleaning between cycles slowing the process down unnecessarily.  

 Shot:  99.8% purity tin shot was purchased from Alfa Aesar at a cost of 

£227 for 2 kg [171]. This had an average particle size of 3.175 mm and, as 

such, the influence of oxidation on the surface of the shot was reduced. 

Not having rosin flux reduced issues with mould fouling and the protection 

offered by the mould itself reduced exposure to oxygen and thus only a 

small portion of the tin at the top surface of the flue experienced 

oxidation.  

During the casting process, 250 g of tin shot was loaded into the sprue. This is 

sufficient to both fill the mould and apply sufficient pressure on the cavity to 

ensure a high-quality sheet with low porosity. The mould is then placed in an 

oven at 280° C for 180 minutes. The mould is then cooled by first quenching in a 

hot water bath at 95°C, then further quenched in room temperature water. 

There was no requirement for pouring of molten tin at any stage. It was also 

possible to use the mould to recycle used tin by cutting into small pieces and 

placing it in the sprue and cavity. Given the required mass of material for the 

casting process, the cost of the first sheet manufactured for tin shot came to 

~£30 which is approximately half the price of the cold rolled tin. Tin remaining 

in the flue experienced oxidation during the casting process and was not 

recoverable. There was also evidence of surface oxidation in the bulk sheet 

when recycling material as can be seen in a cast sheet shown in Fig. 3.2c. The 
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tin oxide forming in the flue can also be seen to the left of the image. There was 

no visible evidence of the tin oxidising during the thermoforming of the 

composites as the operation was carried out under a vacuum. Therefore, after 

forming the majority of the tin was recoverable allowing material costs to drop 

as material was recycled.  

As a potential solution to the oxidation during casting, inert atmospheres 

(nitrogen or argon) have been used to reduce tin oxidation rates, and reducing 

atmospheres (i.e., containing hydrogen) have been used to remove oxygen 

(either in solution or in a tin oxide) [172], [173] so these could be explored to 

reduce oxidation rates and potentially recover oxidised tin. There is also 

evidence that use of phosphor as an alloying element may reduce oxide 

thickness [174]. These were not used during experimentation due to time and 

equipment issues.  

 

Figure 3.2. (a) image of aluminium mould (b) main part of mould showing sprue and cavity. (c) tin sheet 
partially formed from recycled tin 
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3.3 Experimental Method 

3.3.1 Overview 

Two thermoforming methods were developed during the project. These shared 

the aim of heating a composite layup within a vacuum diaphragm and forming 

into both flat and curved geometries, however the Induction Melt 

Thermoforming process included tin interlayers intended to lubricate the 

forming process. Due to the different heating methods employed (radiant vs 

Induction heating) the technical specifications for the components required 

different approaches. This Section will explore the resulting manufacturing 

methods. It is worth noting that the induction heating unit used in the process 

was rented from Induction Coil Solutions [175] and, as such, was only available 

for a short period of time. This limited the time available for optimising the 

induction thermoforming process (5 months).  

A schematic of the basic induction heating setup is shown in Fig. 3.3a and Fig. 

3.3b (i) shows the segmented male tooling. In (ii) there is a cross-section view of 

the Carbon-Nylon-Tin sample within the Silicone Diaphragm. In (iii) the vacuum 

pump is connected creating 1 Bar of consolidation pressure. At (iv), a blank 

holder secures a double-diaphragm arrangement consisting of silicone rubber 

sheets into which the composite and metal interlayers are placed. (v) shows a 

false base plate located in the bed of the universal test machine upon which, 

(vi) the segmented female tooling mounted on. (vii) An induction coil is placed 

just below the false base plate allowing in-situ heating. The distance, d1, is the 

gap between the coil and the laminate. d1 was 25 mm when forming flat 

geometries and 60 mm when forming ripple geometries. The increase in d1 was 

necessary to safely position the Female Tooling.  
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Figure 3.3: (a) 3D construction of thermoforming set up with diaphragm and samples exploded (b) Sectioned 
schematic of the induction thermoforming setup showing: (i) multistep male tooling with segmented ripple 
tooling attached, (ii) exploded view of tin and nylon layup (yellow represents the silicone diaphragm sheets, 
black is carbon-nylon composite and green is tin interlayer), (iii) vacuum pump connector, (iv) blank holder, 
(v) epoxy-glass fibre false base plate, (vi) female ripple tooling and (vii) solenoid induction coil. d1 refers to 

the distance between coil and Sample. d1 = 25 mm for forming of flat samples, and d1 = 60 mm when 
forming ripple specimens.  

A diagrammatic overview of the radiant thermoforming setup is shown in Fig 3.4. 

Label (i) shows the multistep tool, label (ii) shows the radiant heater mounted 

on the shuttle system. In (iii), the aluminium blank holder is shown in the shuttle 

tray. (iv) shows the laminate within the silicone rubber diaphragm and (v) shows 

the forming base plate in the Zwick Z250 universal test machine. The distance 

d2 represents the distance between the radiant heater and the part which was a 

constant 110 mm.  

 

Figure 3.4: diagrammatic representation of radiant thermoforming set up: (i) multistep tool (ii) Watlow 
Raymax 2030 (iii) shuttle system (iv) sample (v) forming base plate. d2 refers to the distance between the 

heater and the sample. It was a constant 110 mm for all samples. 
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Both manufacturing set ups have several common components and some 

different components to address the different technical requirements imposed 

by the heating mechanisms. The induction heating requires non-conducting 

materials around the induction coil and has little requirements regarding 

resistance to high temperatures apart from the silicone rubber and the tooling. 

On the other hand, the radiant heating process has no requirements on electrical 

conductivity but does have a requirement that all components resist 

temperatures more than 250 °C due to exposure from the radiant heater. In the 

rest of this Section, the components and experimental parameters of the 

experimental setup will be explored in more detail. These are divided into the 

upper thermoforming set up, which consisted of:  

 A multi-step forming tool fitted to a universal test machine,  

 A lower thermoforming set up which used silicone diaphragm sheets to 

constrain the samples,  

 A segmented tool head which allowed for the thermoforming of custom 

geometries, 

 The heating apparatus.  

3.3.2 Upper Thermoforming set up 

A multi-step tool was designed by a final year project student, Emin Gulyilev 

[176], manufactured by an external contractor and was fitted into the universal 

test machine to carry out the experiments. The tool is designed to form from the 

centre of the part outwards, creating a pressure gradient and removing the tin 

interlayer during the forming process. It has four progressively longer annuli 

around a central cylinder. There is a cap at the top of the part which holds the 

annuli and attaches to the universal test machine as shown in Fig. 3.5a. A cross-

section of the upper container is shown in Fig. 3.5b. Initially, the cylinder and 

annuli hang free with the central cylinder lower than the outer annuli (Fig. 3.5c) 

The tooling is initially actuated via its own self-weight (~63 kg). As the tool is 

lowered onto a surface, the central cylinder comes into contact with the part to 

be formed first, and the weight is transferred from the upper housing onto the 

part. When the central cylinder in (c) comes into contact with female tooling 

the cylinder will rise into hollow cavity as marked by the arrow in (b) untill 
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reached the top surface. As each successive annuli comes into contact, 

additional pressure is applied to the surface from the centre outwards. Once all 

annuli come into contact with the surface, they also come into contact with the 

roof of the inner housing. This turns the multistep tool into a rigid body, 

allowing additional consolidation pressure to be applied. The total diameter of 

the tooling is 130 mm. The central cylinder is 14 mm diameter, and each annulus 

has a thickness of 14 mm. There is a 1 mm gap between each annulus. The 

pressure applied is a function of the height of the segment and the density of 

the steel, so is independent of area covered. This ranges from 47.2 kPa to 51.2 

kPa (0.472-0.512 Bar) due to the variation in length of the segments.  This steel 

tooling was used for both the radiant and induction heated thermoforming 

processes. A shorter prototype plastic version was also 3D printed from ABS 

plastic to prove the concept before final manufacture of the steel tooling. The 

cylinders were hollow and filled with lead shot to apply a pressure of ~10 kPa 

and an image can be seen in Fig. 3.5d.  

 

Figure 3.5: (a) Reconfigurable multi-step tool fitted inside a universal test machine. End of tooling fitted with 
3D printed ABS ripple tooling, (b) internal geometry of the upper housing of the multistep tooling in free 

hanging position and (c) close-up showing the end of the steel tool, (d) plastic prototype of multistep tooling. 
When the central cylinder in (c) comes into contact with female tooling the cylinder will rise into hollow 

caviity as marked by arrow in (b) 
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3.3.3 Lower Thermoforming Set-up  

The lower setup for both processes was slightly different. Fig 3.6 shows the 

setup for the induction heated thermoforming process. Fig 3.6a shows the lower 

setup prior to inserting the blank and diaphragm into the blank holder. Two 

perspex rings are supported by wooden dowels and secured using 3D printed ABS 

plastic supports. A non electrically-conductive glass fibre/kevlar/epoxy false 

base plate is positioned inside the blank holder and is supported by wooden 

dowels with white ABS printed supports. 24 sheets of glass fibre and 3 

reinforcing sheets of kevlar were combined to ensure approprite stiffness to 

provide a reaction force for the upper tooling. Below the false base plate is a 

water cooled copper helical induction coil manufactured by Induction Coil 

Solutions, powered by a 12 kW 60 kHz induction heating unit from Ceia and 

controlled by a V6 control unit. This arrangement allows for in-situ heating of 

the composite/tin specimens without a shuttle system. The surface temperature 

of the upper diaphragm was monitored using both a FLIR One Pro thermal 

imaging camera and an Etekcity Lasergrip 1080 non-contact digital laser infrared 

thermometer (both use a wavelength range of 8-14 µm). A female tool (See 

Section 3.3.4) can be secured on the false base plate to allow for the forming of 

complex geometries. Both the baseplate and the female tool must be electrical 

insulators to allow the magnetic field to pass through them and into the 

specimen. A silicone diaphragm is then supported by the blank holder, above the 

false base plate. A silicone diaphragm was used for several reasons:  

 Safety: the diaphragm constrains the molten tin during forming reducing 

the risk of burns and facilitating collection after forming process. The 

Silex Silicone sheet used had a long duration temperature rating of 300 °C 

[168]. 

 Fixed position: The diaphragm resists the force generated by the 

induction coil and imparts tensile stresses during the forming process, 

reducing tendency to wrinkle.  

 Consolidation: The vacuum pressure adds 1 bar of pressure evenly over 

the sample. It was found that the isostatic pressure provided by the 

atmosphere did not force tin out of the sample. Whereas the localised 

pressure gradient provided by the tooling did force the tin out.  
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 Oxidation: By expelling air, the risk of the molten tin oxidising under high 

temperature is reduced 

 Air ingress: The unconstrained molten tin tends to form a dendritic 

pattern (see Fig. 3.10) which would draw air into the part and disrupt the 

eddy currents resulting in heterogenous temeparture distribution over the 

sheet.  

During the experiments, it was discovered that additional protective sheets of 

silicone rubber with 1 mm thickness and a diameter of 150 mm placed above and 

below the sample were helpful in aiding the forming. This is shown in Figure 

3.6b: the nylon-composite sandwich (black) on top of the extra silicone rubber 

sheet (red) all set above the lower silicone diaphragm (white) along with the 

required breather cloth and vacuum connectors. The addition of the extra 

silicone rubber sheets helped for three primary reasons.  

 Insulation: It lowered the heat transfer rate in the z-direction out of the 

sample reducing heat loss and improving the relative significance of 

conduction within the carbon nylon blank, improving temperature 

homogenieity 

 Stiffness: It improved the structural integrity of the diaphragm, helping it 

support the molten tin and reduce the chance of it flowing away from the 

sample. 

 Pressure: During the forming process, the rings led to sharp 

discontinuities in the pressure gradient. The addition of a thicker layer of 

silicone rubber appeared to smooth over these discontinuities, thus 

ensuring a continuous pressure gradient assisting with the removal of the 

tin.   

Fig. 3.6c shows the upper ring fixed in postion with 12 g-clamps and shows 

vacuum connectors and a pressure gauge attached (to facilitate monitoring of 

pressure during forming). Emery cloth was applied to the bonded faces of the 

blank holder to ensure a tight vacuum seal. The experimental setup is key to 

achieving a homogenous temperature distribution with factors such as distance 

between coil, power applied by the heater and quality of the tin sheet 

influencing the outcome.  
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The radiant thermoforming process required materials with a high temperature 

resistance. As such, an aluminium blankholder of internal diameter 505 mm was 

manufactured. Due to the size and weight of the radiant heater, it was also 

required to shuttle the heated blank between the radiant heater and the 

tooling, a typical setup for the radiant heating process [44], [177], [178]. The 

radiant heater was mounted to a shuttle designed by Alexander Angelov (a final 

year project student [176] and adapted to fit the aluminium blank holder. This 

allowed the sample to be heated then quickly transferred to the multistep press 

for forming. Fig 3.7a shows the aluminium blank holder within the shuttle bed. 

The blankholder is secured by 4 G-clamps. Fig. 3.7b shows the blankholder 

within the shuttle and underneath the radiant heater. It is then ready to transfer 

to the multistep press for forming.  
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Figure 3.6: (a) Helical induction heating coil positioned below a 'false base-plate' positioned above induction 
coil and below silicone diaphragm, (b) internal setup of silicone diaphragm containing sample (black), extra 

silicone barrier (red) and vacuum connectors and (c) diaphragm back secured in place with clamps. 
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Fig 3.7 (a) Sample within silicone rubber diaphragm secured by aluminium blank holder within shuttle bed. 
(b) Image of the blank holder under radiant heater and prepared to shuttle to universal test machine.  

3.3.4 Segmented Tooling 

To analyse the influence on wrinkling mechanics, a ripple geometry was chosen 

for the segmented tooling. This was used as the recesses may trap the sheet if 

formed in a single step. The design could also be suited for future parametric 

study by tweaking the amplitude, wavelength and number of waves as will be 

carried out in the numerical simulations in chapter 6. In Fig. 3.8 a cross-section 

of the tool can be seen in the open (Fig. 3.8a) and closed (Fig. 3.8b) positions. 

The male tool follows a cosine curve with an amplitude of 6 mm and a 

wavelength of 26 mm. The female tool is offset with a constant cavity height 

gap of 1.74 mm to offset material thickness. Fig. 3.9a shows a cross-section of 

the segmented male tooling while Fig. 3.9b shows the segmented female tool. 

Fig 3.9c shows the segmented 3D printed ABS plastic male tooling while Fig. 3.9d 

shows the female tooling. The ABS female tooling was used in the induction 

thermoforming experiments as it is not magnetically conductive and, as such, 

will not interact with the inductive heating process. The ABS tooling was printed 

using a Stratasys F270 FDM machine with an accuracy of ± 0.2 mm. Aluminium 

versions of the male and female tooling were also manufactured for the radiant 

heating thermoforming.  
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Figure 3.8: (a) Cross-section of male and female rippled tools in closed position. Wavelength, λ, is 26 mm, 
Amplitude, A, is 6 mm and tool gap, t, is 1.74 mm. The outer radii of the central cylinder and four annuli are 
marked along with the inner radii of the four annuli on the right side. (b) cross-section of female tooling and 

segmented tips for male tooling in open position. 
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Figure 3.9: (a) CAD showing cross-section through segmented male ripple tool, (b) cross-section through 
female ripple tool, (c) 3D printed ABS single piece female ripple tool, (d) 3D printed ABS segmented male 

ripple tool, (e) single piece aluminium female tooling, (f) segmented aluminium male tooling. 

3.3.5 Induction Heating 

The primary metallic allotrope of tin, white β tin, is a paramagnetic material 

which can be heated via induction heating. An induction heater involves a high 

frequency alternating current passing through an electromagnetic induction coil. 

This creates rapidly changing magnetic fields which then generate small eddy 

currents in the conductive material to be heated. A key factor in optimising 

induction heating is the ‘skin effect’. This is the tendency for the eddy currents 

to be concentrated near the surface of a body. The skin depth, 𝛿, is defined as 

the depth in which 87 % of power is dissipated and can be calculated as, 
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𝛿 = ට
ଶΡ

ఠ
                                               (3.1) 

where Ρ is the resistivity of the material, Μ is the absolute magnetic 

permeability [179] and 𝜔 is the frequency (Hz) [180]. Note that, 𝜇 =

1.256 × 10ି Hm-1 and for tin, 𝜌 = 1.09 × 10ି Ωm. A skin depth of ~1.4 mm 

occurs at a frequency of ~80 kHz. This is appropriate for the 1 mm thick sheets 

used in these experiments as a significant portion of the energy in the coil can 

be captured. However the larger skin depth still allows for flexibility in heating 

multiple tin sheets. Heating solely the nylon-carbon laminates via conductive 

effects in the carbon fibres was attempted. However, this proved very 

inconsistent between laminates (likely due to small differences in fibre-fibre 

contact area) and struggled to get temperatures above ~60 °C.  

For the induction heating process, a 12 kW, 80 kHz induction heating unit, 

manufactured by Ceia [181], was rented from Induction Coil Solutions. This was 

controlled by a V6 control unit. Initial experiments were carried out to establish 

the feasibility of melting the tin interlayers and heating the nylon via 

conduction. Fig. 3.10a and Fig. 3.10b show helical and pancake coils 

respectively. Helical coils provide a high level of magnetic flux (and thus energy 

transfer) through the centre of the coil while pancake coils provide the highest 

level of magnetic flux just above and below the surface of the coil. Fig. 3.10c 

shows an initial experiment where a single sheet of 40 x 40 x 1 mm tin is heated 

until molten in the centre of a helical coil. The tin sheet was completely molten 

in 10 seconds showing the potential power of the heating mechanism. A 

dendritic pattern is seen in the distribution of the molten tin. A similar pattern 

can be seen in Fig. 3.10d where a single sheet of 40 x 40 x 1 mm tin was heated 

until partially molten between 0.5 mm thick sheets of carbon-nylon composite. 

The frozen tin also shows a dendritic pattern. This brings in two risks, firstly this 

pattern could draw unwanted air into the laminate. Secondly, a non-continuous 

sheet would influence the eddy currents and resultant heat generation and 

transfer within the tin, making the heating process more unpredictable and 

difficult to control.  
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Figure 3.10: Images of the early induction heating experiments: (a) shows a helical induction coil, (b) shows a 
pancake induction coil, (c) shows single sheet of tin melted with helical coil and (d) shows sheet of 

interlaminar tin partially molten, then refrozen between nylon sheets.  

Creating a uniform temperature across the tin sheet is a non-trivial process and 

was one of the greatest causes of variability within the investigation. The 

heating of the specimen is a function of numerous parameters including, for 

example: (i) heater power, (ii) distance between induction coil and specimen, 

(iii) relative position of coil and specimen in the (x, y) plane, (iv) specimen size 

and shape, (v) heat transfer between tin, composite, and rubber diaphragm, (vi) 

temperature measurement system and (vii) flow of tin within the specimen. As a 

result of these varied parameters, achieving accurate and reliable temperature 

control was challenging. Electromagnetic fields induce voltages in 

thermocouples making them poorly suited to temperature measurement. The 

temperature of the specimen was therefore measured on the upper surface of 

the silicone diaphragm with a thermal camera (Flir One) and a Etekcity laser 

thermometer as detailed in Section 3.3.3.  Due to the small distances in the z-

direction and the fact that heat is created in the centre of the part, it was 

assumed that temperature variation through the stack would be small. 

Furthermore, the fact that silicone is semi-transparent in the wavelengths used 
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by the cameras [182] meant the measured temperature was close to the 

temperature of the laminate. There was temperature variation in the (x, y) 

plane due to the lower thermal conductivity of the nylon and flow of the molten 

tin, leading to non-uniform heat generation. Despite the tin’s molten state and 

being subject to 1 Bar of normal pressure, due to the lack of pressure gradient 

inside the diaphragm, observations showed that there was no flow of tin out of 

the specimen prior to the forming process. 

Temperature control was managed by manually adjusting the induction coil 

generator power with an on-off control unit (up to 6 kW, 50% of maximum power 

output) and by manually shifting the position of the induction coil during the 

heating process, based on real-time feedback from the two temperature 

measurement techniques (thermal camera & laser thermometer). The lower 

power output reduced high temperature hotspots. Fig. 3.11 shows images from 

the thermal camera, Fig. 3.11a shows the heating of a tin-carbon-nylon layup 

(with no rubber diaphragm) using a high power (10 kW) showing the localisation 

of hotspots. Fig. 3.11b and Fig. 3.11c show heating of a tin and carbon-nylon 

layup when placed within the diaphragm sheets and using lower power (6 kW). 

The images in Figure 3.11 demonstrates improved temperature homogeneity. 

The aim was to produce an evenly distributed temperature profile across the 

specimen, hot enough to melt the tin and composite matrix phase while avoiding 

localised hot spots that could lead to failure of the diaphragm. An overall 

surface temperature reading of 250°C was the criteria used to initiate forming 

tests. This took approximately five minutes when heating two-layer composite 

specimens, and approximately ten minutes when heating four-layer composite 

specimens using 6 kW of power.  
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Figure 3.11: Captured Images from Flir One IR camera. (a) 10 kW heating of nylon-carbon tin layup with 
hotspots (no rubber diaphragm sheet), (b) 6 kW heating of tin and carbon-nylon layup within silicone 

diaphragm after 30s, (c) 6 kW heating of tin and carbon-nylon layup within silicone diaphragm after 300s. 
Scale bar refers to (b) and (c). 

Inevitably, manual control led to variable results, with failure rates decreasing 

to around 20 % as familiarity with the process and skill in adjusting the setup in 

real-time improved. The behaviour of the tin was unpredictable once molten as 

the weight of the tin also deformed the silicone rubber diaphragm and often led 

to pooling in the middle of the sample. This was partially solved by adding 

additional layers of silicone rubber as discussed in Section 3.3.3; however, a 

longer term more robust solution is to be required. That could take the form of 

reducing the quantity of tin or improving the stiffness of the diaphragm sheet 

supporting the specimen, however solutions for this will have trade-offs. 

Furthermore, as heat generation occurred volumetrically in the tin, and the tin 

flowed unpredictably, managing heat distribution remained a challenge 

throughout. The most common outcome was that the liquid tin pooled to the 

centre of the laminates as the weight of the tin deformed the diaphragm. This 

meant that the tin was located at the centre of the laminate for the start of the 

forming process and could be pushed outwards from the centre. Improving the 

stiffness of the diaphragm with additional insulating layers helped improve the 

predictability of the pooling effect. Manually adjusting the position of the 
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induction coil also aided in providing a homogenous temperature distribution. 

However, it was not possible to fully resolve the variability in the time available. 

An enhanced setup with more refined and automated feedback-based heating 

control, informed by greater understanding gained through process modelling, 

would likely further reduce failure rates.  

Another major challenge in the induction melt thermoforming experiments was 

related to the polymeric nature of the male and female ripple tooling used in 

the investigation. It was desired to carry out the heating process in situ to 

explore the possibility of removing shuttle systems, this required that the tooling 

had to be non-conducting, the only option available within the timeframe of the 

initial project funding was 3D printed ABS tooling. ABS has a glass transition 

temperature of ~110 oC and is usually printed at ~230 oC. Consequently, it 

becomes soft below temperatures required to melt tin and nylon.  As a result, 

and despite being thermally protected by the rubber diaphragm, the ABS tooling 

was inevitably exposed to high temperatures and therefore prone to distortion 

after multiple runs during thermoforming. Consequently, it had to be re-printed 

several times throughout the investigation. Future testing could potentially use 

higher temperature thermoplastics such as PEEK, or 3d printed ceramics which 

are a novel but promising area of development Despite these challenges, a large 

test matrix was conducted (20 experiments in total) and meaningful results were 

obtained. In Sections 3.4 and 3.5, a selection of results from the full 

investigation are presented and discussed.  

3.3.6 Radiant Heating 

Radiant heat uses infrared electromagnetic waves to transmit heat. These waves 

are generated by the thermal vibration of particles above absolute zero. This 

allows for non-contact transfer of heat from a hot object to a colder object. The 

wavelength and energy contained in these waves depends on the temperature of 

the source body and the Stefan-Boltzmann law describes this for a ‘black body’, 

as being proportional to the fourth power of the temperature of the emitting 

object. A black body is a body that perfectly emits and absorbs all radiation. 

Bodies that do not emit or absorb perfectly can be characterised by their 
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emissivity which gives their energy absorbed and emitted as a proportion of the 

theoretical black body radiation. This can be written as:  

𝑗 = 𝜍𝜎𝑇ସ           (3.2) 

Where j = energy radiated, 𝜍 = Stefan-Boltzmann constant (5.67𝑥10ି଼  


௦ మ ర
), T 

= temperature and 𝜖 = emissivity (ranges from 0 for a perfect reflector and 1 for 

a perfect emitter). Further details on the use of radiant heating for heat 

transfer can be found in Thermal Radiation Heat Transfer [183]. Radiant heaters 

use this principle by heating the surface of the heater to a high temperature to 

emit infrared radiation which is then absorbed by the part being heated.  

In these experiments, a Watlow RAYMAX 2030 heater was used to heat the parts. 

It has a power output of 5.7 kW and dimensions of 407 x 457 mm. This power 

output was similar to the 6 kW used in the induction coil. It was controlled using 

a Ez-Zone PM controller panel and the temperature on the surface of the heater 

was monitored by an insulated type K thermocouple. An on-off control cycle 

enabled through the Ez-Zone controller was used to control the heating element. 

Initial calculations were made to estimate the required heater surface 

temperature to obtain a part temperature of 260 °C. The procedure to do this is 

provided by the manufacturer’s technical specifications [184].  

It is desired to estimate the required power output to appropriately heat the 

composite parts to the desired temperature. This requires considering factors 

such as the heater dimensions, change in temperature, emissivity’s, distances 

and desired time taken to heat the part. In addition to this, the thermal mass of 

the sample and the surrounding silicone diaphragms (𝐶௧) can be calculated as 

outlined in the following equation.  

𝐶௧ =  𝐴   𝑡  𝜌  𝐶               (3.3) 

where 𝐴= Area of the part 𝑡 = Thickness of the part 𝜌 = density of the material 

and 𝐶 = Specific heat of the part. The relevant properties required for 

calculations of the thermal mass of the component parts are outlined in Table 

3.1.  
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Table 3.1 Parameters and results for calculations of thermal mass of heated parts. 

Parameter Nylon 0.3 mm silicone 

diaphragm 

1 mm silicone  

sheet 

 

Radius (r) (m) 0.065 0.265 0.075 

Area (A) (m2) 0.013 0.22 0.18 

Thickness (d) (m) 0.002 0.0006 0.002 

Density (𝜌) (kg/m3) 1280 1700 1700 

Specific Heat (𝐶) 

(J/(kg.K) 

1700 1100 1100 

Thermal Mass (𝐶௧) (J/K) 57.8 218.4 58.3 

From this, the heat flow necessary to raise the temperature of the part can be 

worked out from  

𝑄 ̇ =  
  ∆்

௧
                 (3.4) 

where 𝑄 ̇ = heat transfer rate and 𝐶௧ = combined thermal mass. From the 

calculated heat transfer rate, it is then possible to approximate the required 

temperature of the radiant heater, 𝑇, by rearranging the following equation:  

�̇� =
ఙ ൫ ்

రି ்
ర൯ఢ ி 

ௌி
                (3.5) 

as 

𝑇 = ට𝑇
ସ +

ொ ௌி̇

ఙ ఢ ி  

ర
                (3.6) 

In this, 𝑇 is the desired temperature of the part (523 K), 𝜎 is the Stefan-

Boltzmann constant, SF= safety factor of two (to account for any cooling effects 

and the thermal mass of the aluminium blank holder close to the silicone 

rubber), F is the view factor which is a function of heater dimensions (406 mm x 

457 mm) and distance to the part (130 mm) as detailed in the heater 

documentation [185]. Finally, 𝜖  is the effective emissivity and can be calculated 

from: 
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𝜖 =
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ିଵ

          (3.7) 

where 𝜖= emissivity of the heater and 𝜖= emissivity of the silicone rubber. The 

input parameters and results are summarised in Table 3.2. Based on the part 

parameters, heater parameters, and specified dimensions it was found that an 

approximate heater temperature of 415°C was required to heat the part to 260 

°C.  

Table 3.2 Initial parameters for radiant heater calculations. Calculated outputs in bold 

Parameter Value 

Heater area (Ah)  0.185 m2 

Desired Temperature of Part (𝑇) 533 k (250 °C) 

Change in temperature (∆ 𝑇)  250 k 

Time to heat   300 s 

Product Emissivity (𝜖 p) 0.85 

Heater Emissivity (𝜖 h) 0.85 

Effective Emissivity (𝜖) 0.74 

View Factor (F) 0.5 

Safety Factor (SF) 2 

Total Thermal Mass  334.5 J/K 

Required Heat Transfer Rate (�̇�)  278.7 W 

Required Temperature of Heater (𝑻𝒉) (K) 688 K (415 °C) 

These calculations gave an approximation of the heating requirements needed 

for the radiant heater. It was then required to validate this in practice with 

calibration experiments. Several samples were heated, and temperature was 

recorded on the surface of the heater using the thermocouple built into the 

control loop. The temperature was recorded on the upper surface and lower 

surface of the silicone diaphragm using a Flir E8-XT infrared camera and an 

Etekcity infrared laser thermometer (Note- This infrared camera had improved 

resolution and temperature range compared to the Flir One used for the 

induction heating Section. Unfortunately, it was only acquired after the rented 

induction heater was returned). Fig. 3.12 shows this temperature calibration. 
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The heater is set to 425°C and the top and bottom of the diaphragm reach 

stable state temperatures of ~285 °C and ~230 °C respectively giving an 

estimate part temperature of 257 °C. The actual heater temperature is 

therefore slightly higher than the predicted required temperature of 415 °C 

suggesting that the influence of the aluminium blank holder or the cooling 

effects of the lab were slightly underestimated when choosing the safety factor. 

The radiant heater reaches the set temperature in approximately 180 seconds 

and the diaphragm reaches steady state temperature in approximately 600 

seconds. In the experiments, a heating time of 900 seconds is used to ensure 

that the part is appropriately heated throughout. Temperatures higher than 

425°C tended to damage the silicone rubber used in the diaphragm bag leading 

to the bag rupturing during press forming (see Fig. 3.20), showing the limitations 

of the radiant heating process in forming at higher temperatures. Fig. 3.13 

shows IR images taken with the Flir E8-XT IR camera at the start of the heating 

process (Fig. 3.13a) and at the end of the heating process (Fig. 3.13b). The 

sample appears to heat evenly, and the high temperature of the radiant heater 

can be seen reflected in the aluminium blank holder.  

 

Figure 3.12 Temperature vs time at three measurement positions during calibration of radiant heater. Gray 
Shading shows active heating. Process approaches steady state temperatures of 425, 285 and 230 °C for 

heater surface, top of diaphragm and bottom of diaphragm respectively.  
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Fig 3.13 Captured images from Flir E8-XT IR camera: (a) showing heated sample shortly after heating begins 
and (b) showing sample at high temperature before forming.  

This Section has introduced the basic setup of a novel induction melt 

thermoforming process that will aim to use molten tin to lubricate the forming 

of a nylon-carbon fibre composite (a lubricated blank). It also discusses the 

details of a radiant heater thermoforming process that will be used as a control 

to help evaluate the relative performance of the Imelt thermoforming process. 

Selected results from the induction melt and radiant heater thermoforming 

processes will be discussed in the rest of the Chapter.  

3.4 Induction Melt Thermoforming Results 

The Imelt thermoforming results progress from simple cases proving the 

experimental setup and progress to more complicated set ups as outlined below.  

 Consolidation of two nylon-carbon fibre laminates while expelling a single 

layer of tin 

 Consolidation of four nylon-carbon fibre laminates while expelling three 

layers of tin 

 Thermoforming a ripple pattern using two nylon-carbon fibre laminates 

while expelling a single layer of tin 

 Thermoforming a ripple pattern using three nylon-carbon fibre laminates 

while expelling two layers of tin 

The objectives are to first prove that single layers can be heated and expelled, 

then multiple layers can be heated and expelled. From there the process was 

repeated while forming the sheets into complex ripple geometries. A further 

summary of the forming conditions can be seen in Table 3.3 at the end of the 

Chapter.  
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3.4.1 Heating and consolidation of a flat plate with one layer of tin 

Initial experiments looked to heat and consolidate two [0/90/90/0] pre-

consolidated carbon-nylon sheets and expel a single layer of molten tin. The 

objective of this was to test the feasibility of heating the laminates via induction 

heating and check that the molten tin would evacuate the sample. Therefore a 

layup of [0/90/90/0/𝑇ത]S  was chosen. This has two pre-consolidated laminates of 

carbon-nylon composite and one sheet of tin, all sheets were circular with a 

diameter of 130 mm. This initial exploration used a hollow plastic 3D printed 

prototype of the multi-step forming tool (filled with lead shot to create a self-

weight pressure of ~10 kPa). A picture of this can be seen in Fig. 3.5d. The 

specimen was held under vacuum pressure with the silicone rubber diaphragm. 

The specimen was heated until a diaphragm surface temperature of 250 °C was 

reached and the part was pressed at 500 mm/min against a flat false base plate. 

The pressure of the vacuum and the self-weight of the tooling was applied 

without any extra consolidation pressure. The result is shown in Fig. 3.14a (plan 

view) and in Fig 3.14b (internal cross-section). The tin flowed out the side of the 

specimen due to the squeeze flow and initial visual inspection of a cross-section 

(later reinforced with x-rays) suggests a low residual tin content. Therefore the 

objectives for this test was considered a success.  

 

Figure 3.14. Single layer of tin expelled from two carbon-nylon laminates [0/90/90/0/𝑇ത]S: (a) plan view 
showing cutting line, (b) cross-section along cutting line showing small traces of residual tin (above, from left 

edge to centre, below from centre to right edge).  
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3.4.2 Heating and consolidation of a flat plate with three layers of tin  

For all tests going forward, the steel version of the multistep tooling was used as 

it had completed manufacture (See Fig 3.5a-c). The intentions were twofold. 

Firstly to prove the feasibility of heating and expelling multiple sheets of tin. 

Secondly to produce samples for later mechanical testing.  

This test had three interlayers of tin separating four circular nylon sheets for an 

overall layup of [0/90/90/0/𝑇/90/0/0/90/𝑇ത]S. All sheets were 130 mm in 

diameter. The specimen was held under vacuum inside the silicone rubber 

diaphragm and heated until a diaphragm surface temperature of 250 °C was 

achieved before being pressed at 500 mm/min against the false base plate. The 

pressure of the vacuum and the self-weight of the steel multistep tool (50 kPa) 

was used to consolidate the part. A selected result is shown in Fig. 3.15a (plan 

view) and in Fig. 3.15b (internal cross-section). Initial visual inspection of the 

cross-section (Fig. 3.15b) again indicates a low residual tin content. A varying 

thickness is visible in Fig. 3.15 which is a result of manufacturing errors in the 

tooling annuli meaning there was ~0.2 mm difference in the level of the annuli 

when fully compressed.  

A total of six similar tests were performed. In one of these, full melting of the 

interlaminar tin was not obtained (i.e., a small region of undeformed tin sheet 

with no bonding between nylon plies was left behind), deeming that test a 

failure. The other five were successful in both obtaining full melting and in 

removing the vast majority of the interlaminar tin (see Section 4.3). The last 

two of these tests used an additional 1 mm thick layer of silicone rubber above 

and below the specimen layup (see Section 3.3.3) which appeared to aid the 

heating of the part and the expulsion of the tin. A summary of the parameters 

can be seen in Table 3.3, under Tin-IA and Tin-IB (Referring to specimens 

without the additional 1 mm thick layer of silicone rubber, and with the 

additional layer respectively). These specimens are also discussed in more detail 

in Chapters 4 and 5 as the specimens are used to produce test coupons for 

exploration of the residual tin quantities and mechanical properties.   
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Figure 3.15: Three layers of tin expelled from four carbon-nylon laminates [0/90/90/0/𝑇/90/0/0/90/𝑇ത]S: (a) 
plan view showing cutting line, (b) cross-section along cutting line showing small traces of residual tin (above, 

from left edge to centre, below from centre to right edge). 

3.4.3 Ripple forming using a single layer of tin I 

This test used the steel multi-step tool to form a specimen containing a single 

tin layer and two carbon-nylon sheets with an overall layup of [0/90/90/0/𝑇ത ]s. 

The objective is to test if tin can be removed when forming a complex geometry 

and identify trends in wrinkle formation.  

The layup is held inside the silicone diaphragm under vacuum pressure with an 

extra 1 mm protective silicone sheet above and below the specimen as 

observation in previous trials indicated this increased temperature homogeneity 

and smoothed over pressure discontinuities . The 3D printed female tool (Fig. 

3.9) was placed on the false base plate and the ABS segmented male tool was 

attached to the multi-step tool with a weak adhesive (See Fig. 3.9c and Fig. 3.9d 

for images of the male and female tooling, and Fig. 3.5a for an image of the 

multistep tool with ABS tooling attached). The specimen was heated to a surface 
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temperature of 250 °C before being pressed at 500 mm/min (refer to Table 3.3, 

Ripple-I).  

The outcome is shown in Fig. 3.16a (plan view) and in Fig. 3.16b (section view). 

The cross-section reveals good expulsion in some regions, but poor in others with 

significant amounts of residual tin. The surface of the formed ripple shape has 

minimal defects and the cross-sectional shape matches the original ripples. 

There were however areas of residual tin which formed thicker cross-sections. 

This tended to happen at the peaks and troughs in the ripple shape due to a 

mixture of gravity pooling the molten tin into the troughs and mismatches in the 

tool cavity height. The mismatches arose as a result of additional insulating 

diaphragm material being required to meet heating requirements. The multi-

step forming process appears to successfully mitigate damage to the surface of 

the composite. By drawing the blanks into the dips sequentially the tensile stress 

in the fibres is lower than if the part was formed in a single step. A total of five 

specimens were carried out with this layup with 4 being deemed successes and 1 

a failure.    

 

Figure 3.16: One layer of tin expelled from two carbon-nylon laminates [0/90/90/0/𝑇ത ]s: (a) plan view prior to 
cutting and (b) cross-section along cutting line showing very little residual tin along the right-hand section but 

significant amounts of residual tin in the left-hand section.  
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3.4.4 Ripple forming using a single layer of tin II 

A similar test setup as used in Section 3.4.3 was used for this, except the fibre 

orientation was changed to [0/90/90/0/T/-45/45/45/-45]. This introduces 

greater translational displacement between adjacent plies increasing 

opportunity to investigate any lubrication provided by the tin interlayer and its 

ability to mitigate wrinkling (Refer to Table 3.3, Ripple-I). The result is shown in 

Fig. 3.17a (plan view), Fig. 3.17b (oblique view), and Fig. 3.17c (internal cross-

section). Fig 3.17a shows a smooth wrinkle free appearance in the lower left 

section of the part and reveals wrinkling in the top right section of the part. 

These wrinkles are shown more clearly in Fig 3.17b. It was noted that the defect 

free side of the part tended to lie in the same side as the greatest flow of 

exiting tin. From internal cross-sections and later x-ray analysis it was noted 

that the wrinkled side had negligible tin content. It is therefore plausible that 

the tin is acting as a lubricant, however there are other potential explanations 

such as regions of high tin content correlating with higher temperatures. The 

cross-section in Fig. 3.17c shows a reasonable portion of residual tin.  

 

 

 

Figure 3.17: Second attempt with one layer of tin expelled from two carbon-nylon laminates [0/90/90/0/T/-
45/45/45/-45]: (a) plan view and (b) cross-section along cutting line showing very little residual tin along 

most of the cross-section. Tin does however, tend to ‘stick’ at corners.  
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3.4.5 Ripple forming using two layers of tin 

As a final experiment, specimens consisting of two tin interlayers and three pre-

consolidated carbon/nylon laminates with a layup of [0/90/90/0/T/-45/45]s 

were tested. This reduced the heating requirements while still preserving the 

challenging non-orthogonal forming interfaces. The result is shown in Fig. 3.18a 

(plan view) and Fig. 3.18b (section view). It can be seen in Fig. 3.18a that there 

are no wrinkles and there is a high level of symmetry to the part and the tin 

expulsion. Due to softening of the female polymeric tooling (see Section 3.3.4), 

the laminate has not conformed to the ripple shape of the tooling and has 

flattened on the left side. Nevertheless, the internal cross-section in Fig. 3.18b 

shows good removal of the tin interlayer across the cross-section but with 

significant localised residual tin on the righthand side of the part.  

The results show a lack of wrinkling, indicative of lubrication. It also suggest 

that it is possible to expel almost all the tin, given the right conditions, as 

evidenced by the low tin content in the left-hand side of the formed part. 

However, if the conditions are not suitable, then the tin is not expelled, as 

evidenced by the high tin content in the right-hand side of the specimen. 

Therefore the specimen is a partial success has not been a success it suggests 

that the process could be further optimised to enable effective lubrication, as 

shown in this example, and effective removal of residual tin, shown in one half 

of the sample.  



Materials and Manufacturing  85 

 

 

Figure 3.18: Attempt with two layers of tin expelled from three carbon-nylon [0/90/90/0/T/-45/45]s: (a) plan 
view and (b) cross-section along cutting line showing little residual tin along most of the cross-section.  

3.5 Radiant Thermoforming Results 

In this Section, some results from the radiant thermoforming will be presented. 

These were intended to mimic the induction thermoforming and act as a control 

to assess the influence of the radiant heating process. First, several flat 

specimens with a layup of [0/90/90/0/90/0/0/90]S were manufactured for the 

purposes of later mechanical testing. These will not be discussed in detail in this 

Section, but they are referred to in Section 5.2 and in Table 3.3 (No Tin-R). 

Testing then progressed to the thermoforming of the ripple geometry and some 

results will be presented in the remainder of this Section. For details of the 

overall setup, refer to Section 3.3 and Fig. 3.4 and Fig. 3.7.  

3.5.1 Rippled Thermoforming I 

This test used the steel multi-step forming tool with three circular nylon sheets 

stacked together for an overall layup of [0/90/90/0/90/0]s. The segmented 

aluminium male tooling (See Fig. 3.5f) was attached to the multistep tool with a 

light adhesive. The aluminium female tool (see Fig. 3.5e) was secured to the 

base of the universal press. All sheets were 130 mm in diameter and the 

specimen was held under vacuum with the silicone rubber diaphragm. The 
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specimen was also covered by a 1 mm thick 150 mm diameter silicone rubber 

sheet above and below the specimen to mimic the forming conditions used in the 

induction thermoforming tests. The specimen was heated as outlined in Section 

3.3.6 with a part temperature of 260 °C before being shuttled to the press and 

then formed at 500 mm/min between the multistep male tooling and aluminium 

female tooling. Fig. 3.19 shows the outcome of this test from a plan view. The 

specimen has successfully formed and has done so without obvious wrinkling on 

the surface.  

 

Figure 3.19: Rippled specimen with layup of [0/90/90/0/90/90/0]s. 

3.5.2 Rippled Thermoforming II – High Temperature 

This test thermoformed three circular nylon sheets with an overall layup of 

[0/90/90/0/+45/-45]s. This layup introduces translational displacement between 

adjacent non orthogonal plies during the forming process, thus making it more 

challenging to form. The circular nylon sheets were 130 mm in diameter and 

were covered above and below by additional 1 mm thick 150 mm silicone rubber 

sheets. The specimen was formed with a radiant heater temperature of 475 °C 

(part temperature of ~280 °C). The specimen was held under vacuum and was 

formed at 500 mm/min using the steel multi-step tooling with the ripple 

toolheads. From Fig. 3.20a (plan view) the part has formed well without major 

wrinkles; however, there are some surface defects as highlighted in red. 

However, by forming at this higher temperature the upper diaphragm was 
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exposed to high temperatures and was damaged during the forming process (as 

seen in Fig. 3.20b). This shows some limitations of heating radiantly and the 

potential benefits of generating heat from within the specimen itself as 

damaging the surface of the silicone rubber was not an issue when heating 

inductively. Due to the high costs of the high temperature silicone rubber (~£50/ 

m2 [186]) used in the experiments, reuse is strongly desired.  

 

Figure 3.20: Rippled specimen formed with radiant heater temperature of 475 °C and with layup of 
[0/90/90/0/+45/-45]s: (a) plan view of specimen (Red circle marks defects in part) and (b) Damage to silicone 

rubber due to high forming temperature.  

3.5.3 Rippled Thermoforming III 

This final experiment shows a specimen with the same layup and setup as the 

previous specimen except this specimen is formed at a lower temperature. The 

fibre layup is [0/90/90/0/+45/-45]s. The part is heated to a temperature of 260 

°C as outlined in Section 3.3.6 before being shuttled to the press and formed at 

a speed of 500 mm/min. The result is shown in Fig. 3.21 and there is wrinkling in 

the outer ring as highlighted by the red circles. The presence of similar wrinkles 

persisted in specimens formed at 425 °C. While it appears, these can be 

mitigated by increasing temperature, this damaged the high temperature 

silicone rubber. In previous results, the presence of the molten tin may have 

helped in two ways: (a) reducing damage to the silicone rubber diaphragm sheet 

by exposing it to a lower temperature and (b) lubricating the forming process 

allowing for wrinkle-free parts to be produced at lower temperatures.  
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Figure 3.21 Rippled specimen formed with radiant heater temperature of 425 °C and with layup of 
[0/90/90/0/+45/-45]s. Red marks show wrinkles near edge of part.  

3.6 Conclusions and further steps 

In this Section the feasibility of heating and forming carbon-nylon laminates, 

which were lubricated with molten interlaminar tin, into multi-cavity geometries 

was explored. A multi-step tool was used to provide a mechanism for generating 

a pressure gradient that could expel molten tin from within the laminate during 

forming. The induction thermoforming process was compared with a more 

conventional radiant thermoforming process to assess the influence of the novel 

heating method and the influence of interlaminar tin. A summary of the 

different forming mechanisms can be found in Table 3.3.  

Induction heating of the tin interlayers was shown to be an effective method of 

heating the laminate from within. It was possible to thermoform laminates with 

three interlayers of tin and remove large quantities of the residual tin (the 

precise amounts are measured in Chapter 4). It was also possible to form 

complex geometries, however there were clearly issues with retained molten 

tin. There is some weak evidence to suggest that the wrinkling defects are 

mitigated when forming into complex geometries. It is believed that the 

lubricating properties of the tin may contribute to this, however further work 

would be required to further confirm this. While the multi-axial radiant heated 

specimens experienced some wrinkling (Section 3.5.3), the fact that a biaxial 
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non lubricated specimen (Section 3.5.1) can successfully form suggests that the 

geometry is perhaps not challenging enough for a full evaluation of the 

lubricating influence of the tin interlayer. Chapter 6 numerically investigates the 

influence of rippled tooling with a higher amplitude which would be more 

challenging to form. Future investigations should therefore focus on more 

challenging geometries to better evaluate positive influence on wrinkling 

coefficients. The induction heating process had a high failure rate of around 20% 

due to imprecise manual control (despite the operators’ best efforts) indicating 

that the process requires automation and refinement going forward.  

Given the high capital costs required for multistep tooling and heating capacity 

any commercial use for this technique would require large production volumes 

to amortise the fixed costs. Furthermore, even with future improvements it is 

likely that some quantity of residual tin inclusions would be left in the 

components. This is likely to rule out high performance sectors such as 

aerospace, and the differential thermal expansion coefficients of tin and nylon 

risks crack initiation if there is thermal cycling. Therefore a potential use case 

would be the automative industry where high volumes, complex geometries and 

low thermal cycling (away from the engine) could provide a viable business case. 

However proof of consistent tin removal and minimal impact on mechanical 

properties would be required and these are tested later in the thesis.  

Some limitations and potential improvements to the induction thermoforming 

process have been identified such as  

 Female Tooling: The use of ABS plastic with a low melt temperature 

hindered the process. It is believed that use of machined PEEK (or similar 

thermoplastic with a high melt temperature) or a 3D printed or machined 

ceramic for the female tooling are fruitful avenues for future exploration.  

 Male tooling: Large gaps of 1 mm were left between annuli in the 

multistep tool to ensure that it moved freely. Smaller gaps would however 

allow for a smooth pressure gradient. It may also be possible to increase 

the number of steps in the forming process and better match the steps 

with the design of the tooling to improve flow of interlaminar tin out of 

the part.  
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 Improve and automate the heating process: These experiments used 

manual control of the heating process leaving a high level of uncertainty 

around the forming temperature. Automation and optimisation of the 

heating process would be required for commercial viability. (E.g., 

automated system of adjusting power and position of the heating system 

with a feedback loop based on the temperature distribution over the 

specimen) 

 Diaphragm: The weight of the tin deformed the diaphragm. This was 

partially alleviated by adding thicker 1 mm layers above and below the 

specimen (see Section 3.3.3).  

 Parametric study: better understanding of the various process 

parameters including, but not limited to, influence of tin interlayer 

thickness, and diaphragm thickness, and design and their influence on the 

heating process. Furthermore, looking at the influence of forming 

velocity, forming temperature, and design of the multi-step tooling on the 

wrinkling mechanics and removal of the metallic interlayer.  

Given the time (5 months) and cost constraints of the induction heater rental, 

fully exploring these options was not possible. This Chapter was focused on proof 

of concept and producing some prototype results to gain an understanding of the 

influence of the molten tin. However, given the improvements possible by 

intuitive adjustments to the process, I believe that further improvements to 

remove higher quantities of tin and better control the heating process are 

possible. The rest of the thesis will cover the compositional characterisation and 

mechanical testing of the produced parts and numerically investigate the 

forming process of the ripple geometries.  
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Table 3.3: Details of the forming processes. Specimens produced are 130 mm diameter circular plates unless otherwise specified. 

 1. No Tin-R  2. No Tin-P 3. Tin-IA 4. Tin-IB 5. Ripple-I 6. Ripple-R 

Objective Flat Control 
Specimens produced 

internally 

Flat Control 
Specimens produced 

externally 

Flat specimens with 
interlaminar tin for 
mechanical testing  

Flat Specimens with 
interlaminar tin for 
mechanical testing -
additional diaphragm 

material 

Ripple specimens with 
interlaminar tin  

Ripple specimens 
without interlaminar 

tin 

No. Specimens 
Produced - Layup 

3 - [0/90/90/0/ 
90/0/0/90]S 

1 - [0/90/90/0 
/90/0/0/90]S 

300 x 300 mm sheet 

3- [0/90/90/0/𝑇/ 
90/0/0/90/𝑇ത]S 

2 - [0/90/90/0/𝑇/ 
90/0/0/90/𝑇ത]S 

4 of [0/90/90/0/]s 
4 of [0/90/90/0/-
45/+45/+45/-45] 

3 of 
[0/90/90/0/+45/-45]s 

3 of [0/90/90/0/]s 
3 of [0/90/90/0/-
45/+45/+45/-45] 

3 of 
[0/90/90/0/+45/-45]s 

Consolidation 
Temp (°c) 

270 270 250 250 250 270 

Consolidation 
Pressure (Bar) 

2 4 2 2 2 2 

Heating Method Radiant Heater Heated Platens Induction Heater Induction Heater Induction Heater Radiant Heater 
Cooling Method 15 min. consolidation 

in press 
50 min. air cooling -> 
10 min. water cooling 

15 min. consolidation 
in press 

15 min. consolidation 
in press 

15 min. consolidation 
in press 

15 min. consolidation 
in press 

Consolidation Tool Multi-Step Press + 
Steel Base 

Heated Platens Multi-Step Press + 
Epoxy-glass fibre base 

Multi-Step Press + 
epoxy glass fibre base 

Multi-Step Press + 
male/female 

Aluminium tooling 

Multi-Step Press + 
male/female 

Aluminium tooling 
Diaphragm  0.3 mm Silicone 

Rubber + 1.0 mm 
thick Silicone rubber 

around layup 

n/a 0.3 mm Silicone 
Rubber 

0.3 mm Silicone 
Rubber + 1.0 mm 

thick Silicone rubber 
around layup 

0.3 mm Silicone 
Rubber + 1.0 mm 

thick Silicone rubber 
around layup 

0.3 mm Silicone 
Rubber + 1.0 mm 

thick Silicone rubber 
around layup 

Diagrammatic 
representation 
(Not to scale) 
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Chapter 4  Non-Destructive 

Testing and Tin Quantification   

 

4.1 Introduction 

The manufactured parts discussed in Chapter 3 contain quantities of residual tin. 

Being able to measure the location and quantity of residual tin is highly 

desirable for a few reasons. Firstly, quantification is required to assess any 

influence the tin has on part properties. Secondly, being able to swiftly and 

cheaply evaluate part quality is necessary if the iMelt thermoforming process is 

to be used in industry.  

4.1.1 Non-Destructive Testing 

One method of assessing the residual tin is optical microscopy. This requires 

cutting the part and polishing a surface to obtain a clean cross-section. This 

cross-section can then be analysed by either optical or scanning electron 

microscopes. This method has been used successfully to identify factors such as 

fibre volume fraction, porosity, fibre length and fibre orientation [187]. 

However, only exposed surfaces can be examined. Thus, full examination of the 

interior of a specimen effectively destroys the specimen. It is therefore 

desirable to also identify methods of examining specimens non-destructively. 

One such technique is x-ray radiography. As x-ray beams pass through a 

material, energy is lost via absorption or scattering [188]. By measuring the 

electromagnetic waves after they pass through an object, the differing 

intensities allow for evaluation of the internal structure. X-ray intensity along a 

path can be found using the Lambert-Beer’s law as follows [189]:  

𝐼௫ = 𝐼𝑒ିఓ௫                                          (4.1) 

where 𝐼௫ is x-ray intensity at depth 𝑥, 𝐼 is initial x-ray intensity and 𝜇 is the 

linear attenuation coefficient. Strictly, this is only valid for x-rays of a single 

energy and wavelength. However, it provides a good approximation of the 
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behaviour of even polychromatic beams [189]. The linear attenuation coefficient 

is influenced by several factors and depends on photo absorption effects, 

Rayleigh scattering and Compton scattering [190]. Contrast between materials 

requires those materials to have differing linear attenuation coefficients. In this 

investigation, the aim is to identify tin embedded in a nylon-carbon fibre 

laminate. The approximate linear attenuation coefficients of 6 cmିଵ for tin, 0.4 

cmିଵ for pure carbon [191] and 0.2 cmିଵ for nylon [192] mean that full depth 

penetration of the nylon-carbon fibre sample is possible, and there is good 

contrast between the tin and the carbon/nylon composite due to the difference 

in attenuation coefficients.  

Conventional radiography involves passing high energy electromagnetic radiation 

(x-rays) through an object and on to a detector (e.g., film, phosphor plate or 

semiconductor for digital imaging), creating a 2D 'shadow’ of the internal 

structure of the object [193]. This process could be used to image the residual 

tin quickly; however, the technique does not give information on through-

thickness location [194], [195]. In contrast, x-ray computed tomography (x-ray 

CT) can be used to construct a 3D image of an object. X-ray images are collected 

from multiple angles and reconstructive algorithms are used to create full 3D 

images [190]. While x-ray CT is primarily used in the medical field, it has also 

been used to image the internal structure of naturally occurring rocks [189], 

manufactured products [196] and in visualising the meso- and micro-structure of 

polymer composites, allowing imaging of internal fibre architecture and damage, 

with a potential resolution of around 5-7 microns [197], [198], [199], [200], 

[201].  

As powerful as CT scans are, they do have drawbacks. High resolution scans can 

only be performed on small volumes, the scanning and reconstruction process 

can be time consuming, and the initial cost for the equipment is high [197]. 

Furthermore, care must be taken in the setup of the scans and the 

interpretation of the results to avoid artifacts in the images. X-ray beams consist 

of photons of varying energy. As these photons pass through an object, the lower 

energy photons are preferentially absorbed, increasing the mean energy of the 

beam as shown in Fig. 4.1 This is referred to as beam hardening and can lead to 



Non-Destructive Testing and Tin Quantification
  94 

 
imaging artifacts when interpreting the scan results, such as dark streaks 

between optically dense objects. In order to manage this phenomenon, a tin 

prefilter was used to “pre-harden” the x-rays used in the CT scanning used in 

this chapter. Other artifacts can occur when dense objects are only partially 

captured by the x-rays, or when overly dense objects absorb large quantities of 

photons leading to “Photon starvation” and noisy projections. More details on 

artifacts and imaging issues can be found in Barrett et al [202].  

 

 

Figure 4.1: Influence of beam hardening on mean energy. The average energy of an x-ray beam increases 
after passing through an optically dense object. The increased average energy can then affects the 

interpretation of other objects.  

Thresholding is an image processing method used to distinguish between objects 

and background. This is often based on grey-level histograms where the colour 

intensity of the object and background is used to differentiate between 

materials. For clearly defined images, a bimodal distribution will be seen 

allowing for the bottom of the valley to be chosen as the threshold. Many images 

are not bimodal and thus more complex algorithms are required. Examples of 

these include the Otsu Algorithm [203], iterative algorithms [204] and algorithms 

based on information entropy [205]. A survey of recent developments in the field 

can be found in [206]. The work presented in this Chapter later uses Renyi’s 

Entropy Algorithm [207] along with grey value segmentation to threshold x-ray 

images. Optical measurements are also used to verify and calibrate the 

thresholding. 

4.1.2 Fresnel’s Equation’s 

When electromagnetic waves (such as x-rays) move between mediums of 

differing optical density, the incident wave is split between a reflected portion 
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and a refracted portion as shown in Fig. 4.2. The transmitted light is refracted in 

accordance with Snell’s law [208]. The nomenclature is as follows.  𝜃 = angle of 

incident light, 𝜃= angle of reflected light, 𝜃௧= angle of transmitted light, n1= 

refractive index of first medium n2=refractive index of second medium. 

 

Figure 4.2 Diagrammatic representation of behaviour of electromagnetic wave incident on boundary 
between two media of differing optical density. 𝜃 = angle of incident light, 𝜃= angle of reflected light, 𝜃௧= 

angle of transmitted light, n1= refractive index of first medium n2=refractive index of second medium.  

Fresnel equations describe the proportional split between the reflected and the 

transmitted waves at the boundary of optical media of differing densities. 

Incident light can be split into s-polarised (normal to plane of incidence) and p-

polarised (perpendicular to plane of incidence). The intensity of light reflected 

for each polarisation state (Rs and Rp respectively) is defined by Eqs. 4.2 and 4.3. 

For unpolarised light, the effective reflectiveness (R) can then be taken as the 

average of the two values as shown in Eq. 4.4 [209].  

The complex refractive index (n) for materials can be calculated as shown in Eq. 

4.5 and is formed of two components (𝐷𝑒𝑙𝑡𝑎 (𝑑)  and 𝐵𝑒𝑡𝑎 (𝛽)). At wave energies 

of 30 keV, these values are;  

𝑑= 1.34 x 10-6 and 𝛽= 9.64 x 10-8 for tin [210],  

𝑑= 5.56x 10-7 and 𝛽= 1.81x 10-10 for nylon [210].  

The resulting refractive indexes can be seen in Table 4.1, along with the relative 

magnetic permeabilities (Μ) [211], [212]. The refractive index and magnetic 

permeability for air can both be assumed as being one [209].  
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               (4.3) 

𝑅 =
ோೞାோ

ଶ
                 (4.4) 

𝑛 = 1 − 𝑑 + 𝑖 𝛽                (4.5) 

Table 4.1. Magnetic permeability and refractive indexes of air, tin, and nylon [23].  

Material 

Magnetic 

Permeability (Μ) 

Refractive 

Index (𝑛) 

Air 1 1 

Tin 0.999977 0.99999856 

Nylon 0.999986 0.99999944 

Given this information, the reflection coefficient for the air-nylon, air-tin, and 

tin-nylon interfaces can be calculated and is shown as a function of incidence 

angle in Fig. 4.3. This shows that a negligible portion of the incident light is 

reflected at the interfaces, and a marginal difference between the interfaces. 

As very little of the incident light is reflected, any drops in x-ray intensity can be 

primarily attributed to attenuation losses through the thickness of the material.  

Note, the exact reflection coefficient depends on the energy of the incident 

waves, however 𝛿 and 𝛽 tend to become smaller with higher energy, leading to 

smaller reflection coefficients [210]. Thus, given that the energies used in the x-

ray analysis in this section were higher than 30 keV, the reflection coefficients 

will be smaller than calculated here.  
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Figure 4.3 Reflection Coefficient for air-nylon, air-tin and nylon-tin interface at 30 keV as a function of 
incidence angle. A very small portion of incident waves are reflected. 

4.1.3 Potential Influence of Residual Tin 

High levels of residual tin are potentially detrimental for three main reasons. 

First, they will increase the mass of the final part as Tin is significantly denser 

than nylon. The percentage change in density (%∆ఘ) when a volume of tin (𝑉௧) 

replaces an equivalent volume of CFR nylon from a part with original volume (𝑉) 

can be found as follows,  

%∆ఘ =
[ఘಷೃ(ି)ାఘ()]ି() × ఘಷೃ

 ×ఘಷೃ
.                                 (4.6) 

Taking  𝜌ிோ௬ = 1.45 g/cmଷ [131], and 𝜌௧ = 7.28 g/cmଷ [149]gives the 

following:  

%∆ఘ =
ఘିఘ

ఘ
×




=>  4.02




                                       (4.7) 

[213]This shows that the density of a composite with one percent of tin by 

volume would be ~ 4 percent denser than without the tin, and five percent of tin 

by volume would be ~ 20 percent denser. This clearly necessitates minimising tin 

content for the process to be viable.  

Secondly, the presence of tin replaces interlaminar nylon bonds with a nylon-tin-

nylon interface. Strong hydrogen bonds form between nylon molecular chains 

and these are unlikely to form with a tin lattice resulting in a weaker interface. 

Testing on this is carried out in Chapter 5.  
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Thirdly, recycling of composites is a growing concern, and the inclusion of 

residual metal may complicate the processes [157]. While partial energy 

recovery through incineration is possible, recycling the material is preferred 

[158]. Given the common use of metallic fasteners in composites this is unlikely 

to be a unique blocker, however recycling was discussed in Section 2.9.  

4.2 Methods 

4.2.1 Imaging 

The quantity and distribution of residual tin in the post-consolidated laminates 

was measured using three techniques: 2D x-rays, 3D x-ray CT and optical imaging 

of cross-sections. Both x-ray techniques were used to obtain information about 

the distribution of the residual tin. The x-ray CT scans give more information 

about the residual tin than the 2D x-rays but are significantly more expensive in 

processing time and capital investment. Both are compared to first validate the 

results, and secondly to see if the extra information provided by the x-ray CT is 

necessary for bulk observations which might be used in quality control processes. 

Optical imaging gives a high-resolution view of the residual tin which can be 

reliably interpreted and, as such, can be used to calibrate the thresholding of 

the x-ray results.  

For the 2D x-ray analysis, samples were scanned at 130 kV and 5 mA for 2 

seconds from 600 mm, using an x-ray generator as shown in Fig. 4.4 (a). The 

images were collected on D4 film [214] and digitised using a backlight and digital 

camera. For the 3D x-ray analysis, selected samples were scanned in a Nikon XT 

H 225/320 LC computed tomography device at 140 kV and 136 µA as shown in 

Fig. 4.4 (b). A 0.5 mm tin pre-filter was placed over the x-ray tube to reduce the 

influence of beam hardening effects [202] as discussed in Section 4.1.1. A voxel 

size of approximately 60 microns was achieved for all samples. The CT scan data 

was compared with polished cross-sections to ensure accurate thresholding 

values were chosen. For the sectioning, samples were bisected, mounted in 

resin, and polished using a Struers LaboForce-50. Images were then captured 

using a Thorlabs Cerna optical microscope with 8-megapixel digital camera and a 

x5 lens. The sample was mounted on a motorised stage and images were taken 
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to cover the full sample. The images were then merged using Hugin Panorama 

photo stitching software.  

CT scans were carried out on five flat multi-layer sheets (Tin-IA and Tin-IB, as 

discussed in Section 3.4.2). Film x-rays were carried out on the same flat 

samples and additionally on the ripple geometry specimens (Ripple-I) outlined in 

Sections 3.4.3-3.4.5. Readers can also refer to Table 3.3 which summarises the 

forming processes used for each of the experiments.  

 

 

Figure 4.4: Schematic of x-ray set up: (a) conventional x-ray with beam landing on D4 film and (b) CT scan 
with rotating sample and digital detector.  

It was hypothesised that the influence of the tin on final material properties 

might correlate with either: (1) the percentage projected surface area covered 

by residual tin, or (2) the percentage volume of residual tin in a part. The first 

metric gives an indication of the interrupted interlaminar bonding between 

plies. The second provides an estimate of the mass of residual tin within the 

laminate. Note that neither of these measures provides information on the 

distribution of the tin within the laminate.  

4.2.2 Analysis 

To quantify these metrics, the CT scan data was first segmented in Simpleware 

ScanIP (Synopsys, USA) to identify regions of tin. Scans were segmented by light 
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intensity and the scans were cross referenced with microscope cross-sections to 

determine the appropriate values. The scan was then exported into a 3D image 

stack and analysed in MATLAB. Surface area characterisation was obtained by 

projecting the full image stack onto a single plane and then calculating the areal 

tin coverage using the known voxel dimensions. Volume characterisation used a 

similar method, however a count was kept to determine the “thickness” of each 

superimposed pixel. This approximated thickness was then used to calculate the 

total volume of residual tin [205]. 

The 2D X-rays were digitised, then converted to grayscale before being 

reorientated and rescaled to match the CT scans. The images were then 

segmented in ImageJ using a Renyi Entropy algorithm to differentiate between 

the tin and nylon-carbon [207]. The thresholded images were then imported into 

MATLAB, allowing the surface area covered by tin to be calculated using known 

part dimensions and pixel sizes. To approximate the volume of residual tin from 

film x-rays, data points corresponding to the same identifiable physical feature 

on both the film and CT scan results are compared. The thickness of residual tin 

(t) from the CT scans is compared with the grayscale (Ω) values from the film X-

rays. From these data points an estimated thickness-greyscale correlation was 

obtained as follows   

𝑡 = 0                            𝑖𝑓 Ω < 25                        (4.8) 

𝑡 = 𝑝ଵ ∗ 𝐺 + 𝑝ଶ         𝑖𝑓 Ω ≥ 25               (4.9) 

Where 𝑝ଵ = 0.003645 (95% confidence range, 0.002828-0.004462) and 𝑝ଶ = 0.1275 

(95% confidence range, 0.04169- 0.2134). These datapoints are shown in Fig. 4.5 

along with the correlation in red. This confidence range and equation applied to 

the digitised film x-rays is then used to calculate the tin volumes seen in Table 

4.2. 
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Figure 4.5: Plot of thickness of residual tin (Obtained from CT scans) compared with grayscale value obtained 
from film x-rays.  

4.3 Results 

4.3.1 Residual tin content 

In this Section, an overview of the x-ray and optical analysis of the residual tin 

content is given. Table 4.2 shows the volume of residual tin (as a percentage of 

final part volume) for a selection of the flat consolidated discs. The scans were 

carried out using a Nikon XT H 225/320 LC Computer Tomography system as 

detailed in Section 4.2.1. Over the duration of the investigation, the iMelt 

process was steadily improved - this is apparent in the results presented 

chronologically from top to bottom in Table 4.2: i.e., residual tin quantities 

decreased as the process was improved over time. Results show tin volumes 

consistently below 5-10 % when heating and forming multilayer flat specimens, 

demonstrating the basic principle of the multistep tooling, i.e., generation of a 

squeeze flow capable of expelling most of the interlaminar tin. Tests Tin-IA1 to 

Tin-IA3 use a single 0.3 mm thick silicone diaphragm sheet above and below the 

part whereas tests Tin-IB4 and Tin-IB5 were constrained by an additional 1 mm 

thick silicone diaphragm sheet above and below the part as discussed in Section 

3.3.3. Potential reasons for these improvements are (1) higher temperatures in 

the molten tin due to improved thermal insulation or (2) more continuous 

pressure profile caused by the thicker rubber layer smoothing over 

discontinuities caused by the step profile in the tooling or mismatches in the 

male and female tooling.  
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Table 4.2: Residual tin volume as a percentage of final part volume for [0/90/90/0/T/90/0/0/90/𝑇ത]S layup on 
flat plate, determined using CT scans. Tin-IA1-3 were constrained by a single 0.3 mm diaphragm sheet above 
and below while Tin-IB4-5 were additionally constrained by an additional 1 mm thick 150 mm diameter sheet 

above and below the sample.  Uncertainties relate to the resolution of the CT scan (~50 µm) 

Test Residual Tin 

Volume (%) 

Volume of Original 

Tin Interlayer 

Removed (%) 

Tin-IA1 5.7 ±ଶ.
ସ.ଵ

 97.0 ±ଵ.ସ
ଶ.ଵ 

Tin-IA2 4.2 ±ଵ.
ଶ.ସ 97.8 ±.ଽ

ଵ.ଷ 

Tin-IA3 1.5 ±.ହ
.଼ 99.4±.ସ

.ଶ 

Tin-IB4 2.5 ±ଵ.ଷ
ଶ.ଶ 98.6±ଵ.ଷ

.଼ 

Tin-IB5 1.6 ±.ଽ
ଵ. 99.0±.ଽ

.ହ 

Table 4.3 shows the volume of residual tin as a percentage of the volume for a 

selection of formed ripple geometry parts. This information comes from film x-

rays as outlined in Section 4.2.2. The tin volume percentages in Table 4.3 are 

higher than for the flat discs, ranging from 8-32 %. In addition to the challenges 

discussed in Section 3.3.5, several factors increased the comparative difficulty in 

expelling tin for the ripple geometry. One was tooling misalignment and tooling 

tolerances: deviations in tool axis alignment, or inaccuracies in the coarse 3D 

printed male and female tool surface geometries could all alter the pressure 

gradient acting on the molten tin. The segmented male tooling was also 

manufactured with large tolerances, resulting in small gaps between annuli (up 

to 1 mm, see Fig. 3.8) potentially resulting in low pressure areas that could 

disrupt the outward pressure gradient. Furthermore, the ABS tooling 

experienced deformation due to exposure to high temperatures. The tooling was 

regularly replaced to minimise this, but the pressure distribution would be 

affected. The complex shape of the ripple geometry also caused shear 

deformation of the nylon/carbon fibre laminate leading to varying laminate 

thickness. Given that the designed gap between the tools is constant at 1.74 mm 

thickness, this would lead to regions of high and low pressure, again disrupting 

the squeeze flow out of the laminate.   
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Table 4.3: Residual tin volume as percentage of final part volume for ripple geometries. Determined from X 

ray scans of part. Uncertainties relate to the resolution of the X-ray (~0.2 mm) 

4.3.2 Imaging and distribution 

The microscope images of the polished cross-section in Fig. 4.6 show that the 

residual tin lies exclusively in the three interfaces corresponding to the original 

tin sheet locations and does not penetrate through the plies. It can also be seen 

from the images that the residual tin tends to form large fragments with the vast 

majority being above 100 microns in size. This indicates that the CT scans will 

detect most of the residual tin inside the sample and can be used to give an 

accurate representation of the level of residual tin.  

Fig. 4.7 shows a comparison between a 3D CT scan and a 2D film X-ray of a 

bisected sample. Fig. 4.7a shows the raw segmented data from the CT scan with 

a significant number of residual tin fragments distributed around the specimen. 

In Fig. 4.7b this data has been transformed in MATLAB to produce a 2D 

projection with light intensity scaling with thickness of tin. Fig. 4.7b shows that 

most of the residual tin is, in fact, quite thin (<0.25mm). Finally, in Fig. 4.7c a 

Test 

number 

Layup Residual 

Tin 

Volume 

(%) 

Volume of 

Original 

Interlayer 

Removed (%) 

Tin-IC6 [0°/90°/90°/0°/𝑇ത ]s 18.2±.ଶ
ହ. 82.4 ±ହ.ସ

. 

Tin-IC 7 [0°/90°/90°/0°/𝑇ത ]s 11.4±ସ.ହ
ଷ. 88.8±ଷ.

ସ.ସ 

Tin-IC8 [0°/90°/90°/0°/𝑇ത ]s 15.9±ହ.
ହ. 86.4±ସ.ଷ

ସ.଼ 

Tin-IC9 [0°/90°/90°/0°/𝑇ത ]s 15.2±ସ.ହ
ହ. 83.9±ହ.ଶ

ସ.଼ 

Tin-IC10 [0°/90°/90°/0°/T/-45°/45°/45°/-45°] 20.2±.ସ
.ହ 81.2±.

.ଽ 

Tin-IC11 [0°/90°/90°/0°/T/-45°/45°/45°/-45°] 12.3±ହ.
ସ.ଵ 86.8±ସ.ସ

ହ.ସ 

Tin-IC12 [0°/90°/90°/0°/T/-45°/45°/45°/-45°] 32.4±ଵ.
ଽ.  72.4±଼.

଼.଼ 

Tin-IC13 [0°/90°/90°/0°/T/-45°/45°/45°/-45°] 11.1±ସ.ଶ
ଷ.ହ 88.4±ସ.ସ

ଷ. 

Tin-IC14 [0°/90°/90°/0°/T/-45°/45°]s 8.3±ସ.ଶ
ଷ.ଶ 96.4±ଵ.ସ

ଵ.ଽ 
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digitised 2D film x-ray of the same sample is shown. In this instance, both 

methods capture similar physical phenomena, although the CT scan has higher 

resolution and can detect smaller fragments than the 2D x-ray. The importance 

of the 2D x-ray lies in the speed at which it can be deployed in the quality 

control of parts. Although less accurate in detecting smaller fragments, Fig. 4.7 

(which contains a relatively high volume of tin) indicates that the 2D film x-ray 

may be sufficient to rapidly assess the quality of mass-produced parts. 

 

Figure 4.6: Microscope images of the polished cross-section. Images taken from sample Tin-IA3. Lines 
indicate the three interlaminar layers which originally contained interlaminar tin.  

 

Figure 4.7: Comparison between (a) segmented 3D CT scan showing residual tin in a bisected circular sample, 
(b) 2D projection of same 3D scan with intensity adjusted for thickness and (c) 2D X-ray of same sample. 

Results are from the Tin -IA1 sample (containing ~5.7 % vol of tin). 

Datasets regarding residual tin fragments of the flat CT scanned samples were 

extracted via Simpleware to explore the distribution and dimensions of the 

residual tin fragments. In Fig. 4.8 the orientation of the major axis is compared 
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with the length along the major axis (90°= parallel to surface). The vast 

majority of the residual tin fragments lie parallel to the surface of the part with 

the median fragment orientation being 87.4 °. Furthermore, the likelihood of 

the fragment lying parallel to the surface increases as the fragments become 

larger. Fig. 4.9 shows that most of the tin fragments are long and thin, with an 

average minor to major axis ratio of 0.232. Given the high level of similarity in 

orientation and size (particularly of the larger fragments), it suggests that the 

presence of tin could be accurately predicted from a surface projection only. 

The fact that the tin fragments lie primarily in two orthogonal axis also suggests 

that the tin may be flowing in channels parallel to the filaments which would be 

of interest in further research.  

 

Figure 4.8: Orientation of residual tin fragment major axis compared with length of the fragment. 90 ° = 
parallel to surface. Median orientation (87.4°) is marked with red dashed line. Data extracted from flat 

consolidated CT scanned samples highlighted in Table 4.1 
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Figure 4.9: Histogram showing distribution of minor axis length over major axis length for tin fragments 
which are greater than 0.2% of the total volume in the disc. 

4.3.3 Relationship between CT and X-ray 

Further analysis of the CT scanned parts was carried out in MATLAB (see Section 

4.2.2). A total of 64 small rectangular test specimens (dimensions 20 x 10 mm) 

were cut from the manufactured parts and later mechanically tested using the 

interlaminar shear test (See Chapter 5). The methods outlined in Section 4.2.2 

are used to calculate the total tin volume and the total projected surface area 

covered by tin for these smaller test specimens. The larger CT scan results were 

matched with the known locations of the smaller cut test specimens to allow for 

cropping and analysis of the small areas. The volume versus projected surface 

area of residual tin within each test piece is plotted in Fig. 4.10. A high level of 

correlation is apparent (r2 = 0.92), suggesting that the lateral projected surface 

area of residual tin is proportional to its volume. 
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Figure 4.10: Volume of residual tin versus projected surface area, measured using 3D x-ray CT. r2 = 0.92. 

The strong correlation between projected surface area and volume of residual 

tin indicates again that the simpler 2D x-ray approach may be sufficient to make 

judgement calls on residual tin content.  To test this possibility, a comparison 

between the projected surface area from the CT scan and the calculated surface 

area of tin from the 2D film x-rays was made. Film x-rays (captured and digitised 

as detailed in Section 4.2.1) were thresholded via the Renyi Entropy thresholding 

algorithm [205] in ImageJ. These thresholded images were then analysed via 

MATLAB to establish the projected surface area of residual tin in the samples 

(see Section 4.2.2). A comparison between the surface area percentage as 

calculated from the x-ray CT scans with that calculated from the film x-rays is 

shown in Fig. 4.11a, with the residual differences between the two shown in Fig. 

4.11b. The dashed line represents a 1:1 relationship and r2 of 0.83 is found. The 

plotted data suggest that the CT scans tend to give a higher value than the 2D 

film x-rays, however this tendency fades at higher quantities. It is therefore 

plausible that smaller fragments of residual tin are missed by the lower 

resolution 2D film x-rays and a higher resolution system may be required to fully 

match the x-ray CT scans.  
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Figure 4.11: (a) Comparison between surface area calculated via film x-rays and projected surface area 
calculated via the 3D CT scans. Dashed line represents 1:1 relationship. The film x-rays underpredict the 

surface area of each analysed fragment. R2 of 0.83, (b) residual differences between calculations via CT and 
film. 

4.4 Conclusions 

In this Chapter, the amount of residual tin in a series of manufactured parts was 

quantified using a mixture of microscope imaging, x-ray scans and CT scans. The 

quantity of residual tin in flat parts was found to range from 1.6% - 5.7% and the 

quantity showed a downward trend as the process was improved. However, when 

forming ripple geometries, the final part volume of residual tin ranged from 8-

32% of the part volume. High levels of tin are likely to be detrimental to the 

material properties, mass and recyclability of the final part. Furthermore, 

comparison is made between both volume and projected surface area 

measurements to assess the quality of the parts. A strong linear correlation (r2 = 

0.92) is found between projected surface area and volume (as calculated from 

CT scans). Similar results (r2 = 0.83) are found when assessing projected surface 

area results as calculated from CT scans and as calculated from film x-rays. 

Assessment of the data points suggests that the volume of tin is slightly 

underestimated compared to the CT scans and may be down to resolution 

limitations in the equipment used. The 2D approach would be suited to rapid 

quality control and assessment of mass-produced parts while the 3D approach is 

likely to be useful in further research into the influence on mechanical 

properties.  
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Chapter 5  Interlaminar Shear 

Strength 

 

5.1 Introduction 

Chapter 3 introduced iMelt thermoforming, a manufacturing process for 

composite parts which can leave unwanted residual tin in the parts. Chapter 4 

quantified the amount of this residual tin. In Chapter 5 the influence of the 

residual tin on some mechanical properties of the manufactured part is 

investigated.  

One concern is that the existence of residual tin at the ply interface could lower 

the inter-laminar shear strength (ILSS). Adhesion between solids occurs through 

a variety of mechanisms such as mechanical interlocking, physical bonding (e.g., 

Van Der Waals interactions) and chemical bonding [215]. Bonding in nylon 

structures relies primarily upon hydrogen bonds between adjacent polymer 

chains [20]. These bonds are strong, and as such, their interruption by the 

presence of residual tin may reduce the strength of the interlaminar interface, 

weakening the part and leading to failure via interlaminar shear. Another factor 

is the differing stiffness between tin and the as-manufactured Carbon Fibre 

reinforced Nylon sheets (~45 GPa [216] and ~100 GPa [150] respectively). 

Interlaminar shear strength can be characterised using test standards, e.g., ISO 

14130 [217], and is a measure of resistance to shear-induced delamination 

failure in laminated composites [25], [218]. In this investigation, it is used to 

examine the effect of residual tin on the ILSS of parts manufactured as outlined 

in Chapter 3. Adhesive bond strength can be very sensitive to material 

composition at the surfaces of the bonded materials. For example, appropriate 

use of surface oxidation and coatings (such as phenoxy) on fibres can 

dramatically increase the interlaminar shear strength of nylon-carbon 

composites with increases in excess of 100% being possible [219], [220], [221]. 

The presence of voids and sharp changes in fibre density can also reduce the ILSS 

[222], [223]. Indeed, interlaminar failure at the metal/composite interfaces in 

epoxy-aluminium/carbon fibre laminates has been demonstrated previously [41], 
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[224], [225], [226]. Specific studies into bonding on tin/nylon surfaces were not 

found, however some research has shown that tin/polymer bond strength is 

sensitive to the type of polymer used (e.g., polyurethane vs polyurethane 

acrylic) [227]. Understanding the influence of the residual interlaminar tin on 

the ILSS of carbon/nylon composites is an important goal of this investigation. 

For simplicity, the current investigation is limited to the case of flat laminates 

(see Section 3.4.2) rather than thermoformed parts of complex geometry. This 

should be the easiest and simplest scenario to examine the influence of any 

residual tin following the iMelt process. The remainder of the Chapter explores 

the material testing methods and manufacturing processes before discussing the 

key results.  

5.2 Experimental Methods  

5.2.1 Materials and Manufacturing 

This Chapter carries out tests on four distinct carbon fibre reinforced nylon 

sheets with a [0°/90°/90°/0°/90°/0°/0°/90°]S layup. Two varieties were 

formed with a lubricating interlaminar tin layer. Tin IA and Tin IB differ in that 

Tin IB was formed with an additional 1 mm thick silicone rubber sheet insert 

above and below the composite during the heating and forming. Three samples 

of Tin IA were formed (Tin IA1, TIN IA2, and TIN IA3) while 2 samples of Tin IB 

were formed (Tin IB4 and TINIB5). The details of these forming processes can be 

found in Chapter 3.  

Two further varieties without interlaminar tin were tested and these acted as 

control samples. One was produced internally using the bespoke multistep 

tooling, and another was produced externally. Both are described below.  

 No Tin (Radiant): Four [0/90]s carbon-nylon sub-laminates in a 

[0°/90°/90°/0°/90°/0°/0°/90°]S layup were heated under vacuum in a 

0.3 mm thick silicone rubber diaphragm bag at 250 °C (without 

interlaminar tin) using a 5.7 kW radiant heater (Watlow Raymax 2030) 

before being shuttled across and further consolidated with the multistep 

tooling described in Section 3.3.2 [228], creating a total consolidation 

pressure of 2 Bar from the vacuum pressure and pressure from the 
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forming tool. Temperature was monitored using a Flir E8-XT Infrared 

Camera at the upper diaphragm surface. The part was heated for 15 

minutes and consolidated between the steel male and steel female tool, 

then allowed to cool for 15 mins. This laminate is used as a control to 

help assess the influence of residual interlaminar tin (see Section 3.5.1 for 

further details).  

 No Tin (Platens): Four carbon-nylon sub-laminates were consolidated 

(without interlaminar tin) between electrically heated platens at 4 Bar 

and 270°C for 30 seconds. The platens were air cooled for 50 mins to 

150°C before being water cooled for 10 minutes to room temperature. 

The overall layup was again [0/90/90/0/90/0/0/90]S. The two ‘No Tin’ 

laminates serve as examples of conventional consolidation methods. This 

was carried out by colleagues at INEGI in Porto. This was used as an 

external control to validate our manufacturing process.  

Table 5.1 summarises the conditions used in each of the four consolidation 

methods and highlights the number of manufactured samples that are tested. A 

larger number of tin samples were analysed to provide a larger dataset allowing 

for more detailed exploration of the influence of residual tin. A final point to 

note is the variable cooling conditions, particularly between ‘No Tin-P’ and the 

other methods. ‘No Tin-P’ was cooled over 50 mins while the others were cooled 

over 15 mins in contact with the multistep tool. Slower cooling rates have been 

shown to lead to higher crystallinity [229] in finished samples, and as a result, 

may lead to higher interlaminar fracture strength [230], [231].  

5.2.2 Mechanical Testing 

Interlaminar shear strength tests were carried out using a three-point bending 

fixture in accordance with ISO 14130. The manufactured samples had thickness, 

t, ranging from 1.9 - 2.67 mm, and as such, test coupons of length L = 20 mm 

and breadth b = 10 mm were prepared by cutting from the larger sample using a 

diamond coated rod saw. The test was carried out in a Deben Microtester 

(Deben, UK) with a 5 KN loadcell. The test setup is shown in Fig. 5.1. A loading 

plunger (a) with radius 5 mm is used to apply force at the mid-span. The coupon 

(b) is mounted on two supporting bars (c) of radius 2 mm. The span, s, of the 
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support was set to 12.5 mm. The flexural properties of the coupons may be 

influenced by the relative orientation of the layup to the long axis of the 

coupons and, as such, two types of test coupon were prepared: one with the 

outer fibres parallel to the long axis of the coupon (Orientation 1) and the other 

having the outer fibres perpendicular to the axis of the coupon (Orientation 2). 

The rectangular coupons were carefully cut out from the formed discs using a 

diamond coated rod saw before being filed to size. The location of each cut 

coupon was recorded to enable accurate cross referencing with the CT scans 

(See Chapter 4). This allowed for estimation of the residual tin content specific 

to each of the ILS coupons. Coupons from the four manufacturing processes 

described in Table 5.1 were tested. The key mechanical properties (ILSS and 

flexural modulus etc.) were then determined from the force-displacement 

curves. 

Interlaminar shear stress was calculated via the following equation in 

accordance with ISO 14130. 

Interlaminar shear stress = 0.75


௧
                                                (5.1)  

where P is the applied plunger force, b is coupon width and t is coupon 

thickness. Both the maximum value (i.e., interlaminar shear strength, ILSS) and 

its yield value (ILSSY) were considered. Interlaminar shear strength was defined 

in accordance with ASTM D2344 via the maximum force reached when any one of 

the following conditions were met: (a) two-piece coupon failure, (b) a force 

drop-off of 20% or (c), 1.8 mm of plunger displacement was reached. 1.8 mm 

was chosen as, beyond this point, the coupon begins to be compressed between 

the plunger and the supporting bars, causing a rapid increase in the applied 

load. The limit on nominal plunger displacement is used in the ASTM standard to 

address the risk of compression in ductile samples. As there was considerable 

variation in the coupons and the force-displacement plots, yield was defined by 

either a 0.2% yield offset or by a drop in force (whichever occurs first). The yield 

stress was similarly calculated using Eq. 5.1.  

The Flexural Modulus (𝐸) of the coupons was defined, in accordance with ASTM 

D790, as: 
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𝐸 =
య

ସ௧య,                                                 (5.2) 

where, L is span length, b is coupon width, t is coupon thickness, and m is the 

slope of the initial straight-line portion of the load deflection curve. This 

measure is not strictly valid for the Interlaminar Shear Stress tests as the 

specimens fail in shear, not flexure. However, the gradient of the initial slope 

will be representative of a stiffness behaviour in the materials tested and it is 

felt that there is useful information contained in the measure. The Flexural 

Modulus calculation from ASTM D790 is used to help provide a correction for the 

variable thickness of the test coupons  

Table 5.1 shows the breakdown of the tested coupons based by consolidation 

method, orientation, and part dimensions. A total of 96 coupons were tested. 

Orientation 1 has the outer fibre parallel to the long axis of the part, and 

Orientation 2 has the outer fibre perpendicular to the long axis.  

 

Figure 5.1: Schematic of ILS test setup: (a) loading cylinder with radius r1= 5 mm, (b) coupon of approximate 
dimension 20 x 10 x 2 mm and (c) support cylinders of radius r2 = 2 mm and span s = 12.5 mm. 
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Table 5.1: Detailed dimensions of interlaminar shear coupons by forming method and orientation. 

Forming 

Method 

Orient-

ation 

No. 

coupons 

Tested 

Thickness 

(mm) 

Length  

(mm) 

Breadth  

(mm) 

No Tin-R 1 6 2.08 ± 0.04 19.90 ± 0.25 10.08 ± 0.19 

No Tin-R 2 6 2.06 ± 0.07 19.87 ± 0.13 9.94   ± 0.13 

No Tin-P 1 6 2.30 ± 0.05 19.72 ± 0.39 9.98   ± 0.17 

No Tin-P 2 6 2.32 ± 0.06 19.88 ± 0.25 9.90   ± 0.09 

Tin-IA1 1 7 2.42 ± 0.08 20.18 ± 0.26 10.02 ± 0.12 

Tin-IA1 2 9 2.42 ± 0.11 19.91 ± 0.41 10.03 ± 0.10 

Tin-IA2 1 7 2.36 ± 0.07 20.09 ± 0.54 10.13 ± 0.09 

Tin-IA2 2 8 2.35 ± 0.08 19.91 ± 0.53 10.10 ± 0.10 

Tin-IA3 1 7 2.27 ± 0.13 19.78 ± 0.34 10.06 ± 0.20 

Tin-IA3 2 8 2.28 ± 0.30 20.17 ± 0.36 9.96   ± 0.11 

Tin-IB4 1 7 2.48 ± 0.17 20.12 ± 0.29 10.46 ± 0.37 

Tin-IB4 2 7 2.37 ± 0.18 20.25 ± 0.48 10.49 ± 1.0 

Tin-IB5 1 6 2.48 ± 0.15 20.27 ± 0.61 9.99   ± 0.32 

Tin-IB5 2 6 2.34 ± 0.18 20.11 ± 0.31 10.18 ± 0.27 

5.3 Results 

5.3.1 Effect of Heating and Consolidation Method 

The graphs in Fig. 5.2 show the running mean of the extension versus ILSS curves 

for each manufacturing method. This allows the reader to better appreciate the 

nature of the failure of the test coupons produced by the different production 

methods. Each graph shows average results, for both relative orientations, 

indicated by the continuous (Orientation 1) and dashed lines (Orientation 2). The 

range of results (highest and lowest measurement) is shown by the lighter shade 

colour, and all individual curves are plotted in the bottom right. Looking at the 

range (shaded region) in the plots of Fig. 5.2, the laminates without tin clearly 
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show less scatter. Finally, all specimens, except for ‘No Tin-P’, exhibit gradual 

plastic failure. As the crosshead displacement increased, these ductile 

specimens were bent to such a degree that they were eventually compressed 

between the plunger and the two support bars, at which point the results 

become invalid. This occurs at a displacement ~1.8 mm: consequently, all 

results shown in Fig. 5.2 have been truncated accordingly. Note, samples which 

experience early, brittle failure are removed from the running average. 

Therefore the line slightly misrepresents behaviour at high extensions as only 

relatively ductile specimens are still included in the running average. This does 

limit the applicability of the results somewhat and use of the test setup in ASTM 

D2344 short beam strength test may help in future [232]. The ASTM D2344 uses a 

test rig with support pins of 3 mm diameter and a loading pin with 6 mm 

diameter. The smaller loading and support pins would allow for more deflection 

before compressing against the pin allowing specimens with higher ductility to 

be evaluated to failure.  

 

Figure 5.2: Mean interlaminar shear stress versus extension for each coupon type and orientation. The range 
of the results is indicated by the faded background. The bottom right plot shows all individual curves. 

Table 5.2 shows the P-values of a Welch Two Sample T-test used to evaluate the 

influence that specimen orientation had on the results. The high P-values (>0.05) 

suggest that the influence of orientation on the measured material properties is 

not significant. For consistency, we will continue to show results for each 

orientation separately.  
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Table 5.2: Statistical impact of the orientation of the tested coupon on the mechanical properties of the 

specimen. Welch Two Sample T-test was used. P-values are shown. Orientation shows no statistically 
significant impact on mechanical properties.  

 P-value 

ILSS 

P-value 

ILSSy 

P-value 

Flexural Modulus 

No Tin-R  0.73 0.06 0.53 

No Tin-P 0.22 0.68 0.16 

Tin-IA 0.79 0.28 0.20 

Tin-IB 0.12 0.12 0.86 

5.3.2 Failure Mechanics 

Fig. 5.3 shows interlaminar shear stress versus crosshead displacement 

(extension) for one representative ‘No Tin-R’ coupon. Inset photos show the 

progression of deformation and failure corresponding to points (A to D) on the 

loading curve. The coupon initially begins to deform plastically (B) before visible 

delamination occurs in the midplane, half-way between the applied loading and 

the support cylinders - i.e., corresponding to the locations of maximum shear 

stress in three-point bending. In Fig. 5.4, results for a representative coupon 

having high residual tin content (~21% surface area, from ‘Tin-A2’) is shown. The 

coupon fails via delamination occurring close to an agglomeration of residual tin, 

as shown in (C). This is again close to the location of maximum shear stress, so 

the presence of tin appears to have weakened the coupon and eventually leads 

to tensile failure of the part in (D). In Fig. 5.5, results for another representative 

coupon containing less residual tin (~6.8% surface area, from ‘Tin-A3’) are 

shown. In this case, the initial visible delamination occurs between the loading 

cylinder and the support cylinder but appears in the bottom half of the laminate 

(highlighted in C). The propagation of this delamination is limited, and the 

coupon primarily experiences plastic deformation. For most examples, failure 

tended to initiate around the midpoint between the loading and supporting 

cylinder. This corresponds with the location of maximum shear stress in the 

three-point bending arrangement (Makeev et al. [233]).  
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In some cases, the presence of tin leads to weakening of the inter-ply interface 

and more rapid delamination. However, in many cases the tin leads to a more 

ductile response. In a number of samples the tin appears to improve the ability 

of the beam to absorb energy via accommodation of further bending rather than 

by propagation of cracks to sudden failure. One example is seen in Fig. 5.5. 

Interlaminar veils have been used with varied success to improve resistance to 

fracture and improve ductility within composites [234], [235], [236]. One of the 

mechanisms is the deflection of crack growth towards longer and harder paths, 

increasing energy required for crack propagation [237]. Residual tin fragments 

may mimic this behaviour by deflecting crack growth and absorbing energy 

through ductile deformation. This behaviour will require closer examination as 

factors such as size of inclusion, and coatings have a strong influence on the 

final behaviour in interlaminar veils and are likely to also influence the 

behaviour of interlaminar residual tin [236], [238]. The behaviour was seen in 

multiple cases, however accurate monitoring is challenging as interlaminar tin 

away from the exterior surfaces cannot be seen during testing. The random 

distribution also prohibited empirical exploration of correlations between tin 

volume or location with Interlaminar Shear Strength (I.e., does the interlaminar 

layer in which the tin resides affect the final strength). Crack growth around tin 

inclusions would merit more focused study and via techniques such as double 

cantilever beam which can better isolate crack growth.  
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Figure 5.3: Interlaminar shear stress versus extension for a selected ‘No Tin-R’ radiant heated coupon. Inset 
photos show the progression of deformation and failure corresponding to points (A to D) on the loading 

curve. The circled areas indicate regions of shear-induced delamination corresponding to the locations of 
maximum shear stress. 

 

Figure 5.4: Interlaminar shear stress versus extension for a selected coupon containing high quantities of 
residual tin (from disc ‘Tin-IA2’). Inset photos show the progression of deformation and failure corresponding 

to points (A to D) on the loading curve. Failure initiates near the location of high tin content which also 
corresponds with the location of the maximum shear stress in (C). Further cracking is apparent later in (D) 

due to tensile bending stress. Stress-extension plot shows a sudden ‘brittle like’ failure. 
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Figure 5.5: Interlaminar shear stress versus extension for a selected sample containing lower quantities of 
residual tin (from disc ‘Tin-IA3’). Inset photos show the progression of deformation and failure corresponding 

to points (A to D) on the loading curve. In this sample, delamination has occurred near the cross-section of 
maximum shear stress. Stress-extension plot shows a ‘ductile-like’ response such that there is no sudden 

failure, and the sample deforms until it gets compressed between plunger and support bars after Point (D).  

5.3.3 Mechanical Properties 

Fig. 5.6 shows the mean interlaminar shear strength of the tested coupons. In 

the case of the samples without tin (i.e., ‘No Tin-R’ & ‘No Tin-P’), platen heated 

and consolidated samples (‘No Tin-P’) show lower ILSS than those heated and 

consolidated with the radiant heater and multi-step tool (‘No Tin-R’). As 

discussed in Section 5.2.1, slower cooling rate (‘No Tin-P’) has been shown to 

lead to high crystallinity and lower interlaminar shear strength [230], [231] 

which agrees with these results. For samples heated via induction heating and 

consolidated using the multi-step tool (with tin present), ‘Tin-IA’ samples show a 

significantly lower strength than the ‘No Tin’ cases, whereas ‘Tin-IB’ samples 

had comparable values. Some individual ‘Tin-IB’ specimens exhibited higher ILSS 

than the control specimens. These exhibited ductile behaviour after yield as tin 

inclusions deformed plastically as opposed to fracture occurring in the fibres. As 

mentioned, ‘Tin-IA’ & ‘Tin-IB’ samples are similar, except for an additional 1 

mm thick silicone rubber sheet inserted between the sample and the diaphragm 

bag in ‘Tin-IB’ samples which is suspected to have improved the consolidation by 

smoothing over pressure discontinuities and reducing temperature variation 

during forming (see Section 3.3.3). The changes in resultant heating and cooling 

patterns appears to have led to improvements in mechanical performance of the 
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resulting samples. This combined with the improved tin expulsion by smoothing 

over pressure discontinuities may have mitigated the formation of localised 

agglomerations of tin in the samples during consolidation (the tin content of 

individual specimens will be discussed in some detail in Section 5.3.4). The 

samples that used tin interlayers (‘Tin-IA’ & ‘Tin-IB’) show higher variability than 

the samples without tin interlayers, due to the stochastic nature of residual tin 

coverage within the consolidated samples. The fact that the ILSS of the ‘Tin-IB’ 

samples have statistically insignificant differences with the ‘No Tin-R’ & ‘No Tin-

P’ samples is encouraging and shows that simple, and not always obvious, 

changes to the setup can significantly improve the process (though the exact 

mechanism for this improvement is not yet fully understood). 

 

Figure 5.6: Mean Interlaminar Shear Strength (ILSS) by sample and orientation. Error bars show standard 
deviation of results. 

The mean interlaminar shear stress at yield (ILSSy) is shown in Fig. 5.7. The 

results here are less positive for the samples manufactured using the iMelt 

process. Coupons with a tin interlayer (‘Tin-IA’ & ‘Tin-IB’) both show significant 

reductions compared to the ‘No Tin’ samples, though the reduction for ‘Tin-IB’ 

is notably less than that of ‘Tin-IA’, again suggesting that changes to the process 

can lead to notable improvements, this time for the interlaminar shear yield 

stress. It is probable that the presence of interlayer tin initiates earlier onset of 

shear-induced delamination owing to a reduction in the adhesive bond strength 
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of the inter-ply interface. Why this occurs for yield strength (Fig. 5.7) and not 

for the maximum strength (Fig. 5.6) is unclear.  

 

Figure 5.7: Mean interlaminar shear stress at yield (ILSSY) by sample and orientation. Error bars show 
standard deviation of results. 

Fig. 5.8 shows the flexural modulus of the test coupons and is perhaps the 

mechanical property most adversely affected by use of tin interlayers during the 

heating and consolidation process. The ‘No Tin (P)’ coupons show a statistically 

insignificant difference compared with the ‘No Tin (R)’ coupons (p-value=0.63). 

However, there is a statistically significant drop off in the average flexural 

modulus of all coupons manufactured using tin interlayers, ‘Tin-IA’ & ‘Tin-IB’. 

The variability of the flexural modulus also increases in the coupons with tin 

interlayer and the difference between the ‘Tin-IA’ and ‘Tin-IB’ results is not 

statistically significant (p-value=0.12). It is possible that the presence of residual 

interlayer tin weakens the interlaminar bonds between plies and facilitates 

earlier yield. That this doesn’t then effect is less pronounced in maximum 

strength perhaps suggests that the higher ductility of the tin then enables 

further plastic deformation.  



Interlaminar Shear Strength  122 

 

 

Figure 5.8: Flexural modulus of test coupons by sample and orientation. Error bars show standard deviation 
of results. 

Fig. 5.9 shows the flexural work done on the beam before either failure or 1.8 

mm plunger displacement is reached. This shows that the externally produced 

control samples offered greater ductility in failure than the internal control 

samples. This may be influenced by the varying cooling rates and the resultant 

impacts on interlaminar bonding and matrix crystallinity. The Tin samples all 

show higher work done than the internal control samples (No Tin-P)  however in 

the case of Tin-IA this is within the margin of error. The Tin-IB samples show 

stronger performance than the Tin-IA samples which again may be related to the 

influence of the additional diaphragm sheets on temperature and pressure 

during forming. Care should be taken when interpreting these results as not all 

samples had reached failure before a plunger extension of 1.8 mm. Due to the 

limitations in the test this won’t be included in further statistical examination. 

However, there is an indication that the inclusion of tin may improve ductility of 

samples.  
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Figure 5.9: Flexural work done on beam before 1.8mm displacement. Test coupons segregated by sample 
and orientation. Error bars show standard deviation of results. 

Table 5.3 summarises the average thicknesses and mechanical properties by 

sample type, with the percentage difference compared with the control ‘No Tin-

R’ coupons marked in brackets. The coupons manufactured with the multistep 

tooling are 11.5 to 16.9 % thicker than those produced with the heated platens, 

‘No Tin-P’. This is primarily because the edges of the platen formed samples 

were unconstrained during consolidation, leading to some degree of transverse 

squeeze flow and mass-loss out the side of the sample during consolidation 

[167]. There are differences between the mechanical properties of the ‘No Tin-

R’ and the ‘No Tin-P’ test coupons, but these differences are small suggesting 

that the impact of the varying thickness is not a major factor in the properties of 

the coupons.  

 

 

 

 



Interlaminar Shear Strength  124 

 
Table 5.3: Overall mean thickness and mechanical properties for the interlaminar shear results. Percentage 

change from the radiant samples (as a reference) is shown in brackets  

 thickness 

(mm) 

ILSS  

(MPa) 

Yield Strength 

(Mpa) 

Flexural 

Modulus (GPa) 

No Tin-R 2.31  63.7  46.1  21.2  

No Tin-P 2.07 (-10.1 %) 55.4 (-13.1 %) 48.7 (+ 5.5 %) 22.7 (+ 7.2 %) 

Tin-IA 2.35 (+ 1.9 %) 40.3 (- 36.7 %) 23.7 (- 48.7 %) 11.3 (- 46.5 %) 

Tin-IB 2.42 (+ 4.9 %) 62.9 (- 1.3 %) 34.0 (- 26.4 %) 13.0 (- 38.4 %) 

 

5.3.4 Influence of residual tin on Interlaminar Shear Strength 

To better understand the sensitivity of various parameters on the mechanical 

properties of the consolidated samples, Fig. 5.10 shows a matrix of the full test 

results produced using ‘Tin-IA’ and ‘Tin-IB’. Viewing the data in this way allows 

a granular analysis of the entire dataset of results produced using the iMelt 

heating and consolidation process. The matrix allows direct comparison between 

each of the following parameters: tin surface area coverage (as calculated in 

Section 4.3), coupon thickness and the mechanical properties (ILSS, ILSSy & 

Flexural Modulus). The axes related to each plot can be found by referring to the 

end of the row and column occupied by the plot. The colours in the legend 

represent the various manufactured specimens, 'Tin-IA1’ to ‘Tin-IA3’ and ‘Tin-

IB4’ to ‘Tin-IB5’) from which mechanical test coupons were cut. The sub-figures 

on the top right show linear regressions carried out on the full dataset, along 

with r2 values. Table 5.4 shows p-values for the significance of the correlation 

between tin surface area cover and the mechanical properties for the overall 

dataset (all samples taken together) and for the datasets separated by sample. 

Correlations between tin surface area also hold for tin volume (as discussed in 

Section 4.3) but the results will focus on surface area for brevity.  

There is a statistically significant (all p-values >0.05) negative correlation 

between tin surface area and the measured mechanical properties when looking 

at all results together (see Fig. 5.10a). This correlation is quite weak with r2 
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values of 0.13, 0.09 and 0.10, respectively. The significance of this correlation 

disappears when the results are separated by sample as seen by the high p-

values in Table 5.4 (see also, Fig. 5.10b). As might be expected, there is a 

correlation between the ILSS and the ILLSY of the tested coupons (r2 = 0.55). 

There is a weak correlation between flexural modulus and ILSS (r2 = 0.13) and no 

significant correlation between the flexural modulus and ILLSY. It is also possible 

to see clustering of results by manufactured samples (Fig. 5.10c). Given the 

weak correlations found between tin content and mechanical properties, 

especially within single manufactured samples, it appears that variation in 

processing conditions had a significant influence on the final properties, 

complicating interpretation of the results. The difficulty in optimising the 

induction heating of the tin interlayer via manual control led to some variation 

in forming temperatures between samples. In addition to this, the addition of 

extra silicone rubber sheets for ‘Tin-IB4’ and ‘Tin-IB5’ smoothed over pressure 

discontinuities produced by the multistep tool during consolidation and lowered 

heat flow out of the part, thereby changing the heating and cooling profiles.  

Table 5.4. Adjusted P-Values from linear regression on relationship between surface area of tin and selected 
mechanical properties. Significant results (<0.05) are shown in bold. A significant relationship appears when 

looking across all samples, but when data is segregated by sample this correlation disappears (Excluding ILSSy 
in Tin-IA2). 

P-Values ILSS 

 

ILSSy 

 

Flexural Modulus  

All Samples 0.01 0.02 0.01 

Tin-IA1 0.27 0.18 0.18 

Tin-IA2 0.54 0.03 0.44 

Tin-IA3 0.32 0.89 0.21 

Tin-IB4 0.96 0.80 0.87 

Tin-IB5 0.21 0.34 0.82 
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Figure 5.10: Pair plots of the full set of results obtained from the tested tin-based specimens: Top right shows 
linear regression + adjusted r2 value over all results. Bottom left shows results segregated by sample type: (a) 

tin surface area vs mechanical properties, (b) tin surface area vs mechanical properties by sample and (c) 
relationship between mechanical properties. 
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5.3.5 Discussion 

The experiments were designed to assess the influence of the residual tin on the 

mechanical properties of the produced part. The orientation of the tested 

coupons showed no significant impact (See Table 5.2). Referring to Table 5.3, 

the maximum measured ILSS (63.7 MPa) occurs in the radiant heated ‘No Tin-R’ 

control samples. ‘Tin-IA’ is significantly lower than this, at just 40.3 MPa, though 

‘Tin-IB’ has a similar strength of 62.9 MPa. This difference in the performance of 

Tin-IA and Tin-IB samples has a few potential explanations: (1) improved 

temperature/pressure conditions as a result of improved operator control of the 

heating process (specifically, slowing down the heating rate and adjusting the 

induction coil to address cold spots) and the addition of extra silicone rubber 

layers around the sample, (2) the presence of a thin scattered layer of residual 

tin may act to distribute shear stresses away from the midplane location of 

maximum shear [233]. The yield Strength and flexural Modulus of the ‘Tin-IA’ 

test coupons are 48.7% and 46.5% lower than the No Tin-R coupons. The Yield 

Strength of the ‘Tin B’ coupons is also lower than the No Tin-R coupons by 26.4 % 

and is therefore an improvement in performance compared to the ‘Tin-IA’ 

coupons. However, the Flexural Modulus of the ‘Tin B’ coupons does not 

significantly recover and retains a 38.4 % reduction.  

There was a statistically significant difference between manufactured samples 

with tin interlayers, and a weak negative correlation between tin quantity and 

mechanical properties when all results were considered together. However, 

there was little evidence of any direct correlation between mechanical 

properties and quantity of tin within individual manufactured parts (see Table 

5.4). Some possible reasons for this are: (1) the distribution of residual tin 

within the specimen is likely to influence the behaviour and this may be more 

significant than simply the quantity, (2) the inclusion of any interlaminar tin may 

significantly weaken the part, with additional weakening beyond the first 

inclusion having less marginal influence on the strength of the part, (3) the 

variation in forming conditions between these samples (such as temperature, 

pressure and cooling rates) had more influence on final properties than the 

marginal change caused by an additional percentage of tin. These factors are 

known to be important in determining material properties following 
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consolidation of thermoplastic composites [230]. It is also possible that the 

smaller sample size is not sufficient for any correlation to be seen.  

The maturity of the induction heating process was very much in its infancy 

during the work and as such, there is likely to be significant scope to improve 

repeatability. For example, we have shown that the simple addition of the extra 

silicone rubber protection in the ‘Tin-IB’ samples led to significantly lower 

residual tin content (See Table 4.1) as well as higher ILSS and yield strength (See 

Table 5.4).  

The results obtained from the ‘Tin-IB’ samples (i.e., after refinement of the 

process) are encouraging. Interlaminar shear strength for these specimens was 

comparable with the ‘no tin’ (platen heated) specimens. Although the tin-

containing samples did experience a significant drop off in stiffness (≈ 38 to 47 

%), they did appear to exhibit another possible advantage. Several tin-based 

specimens responded similarly to Fig. 5.5 where significant bending deformation 

occurred without any drop-off in loading. This suggests that the tin may play a 

role in increasing energy absorption by facilitating further deformation of the 

coupons as opposed to sudden failure by detrimental propagation of cracks. 

Unfortunately, work to failure could not be reliably evaluated in the 

experiments as many of the specimens were so ductile that they deformed in 

bending to such a degree that they were compressed between the loading 

plunger and the support pins before showing any drop-off in load (see Fig. 5.5). 

Not achieving full failure due to ductile behaviour is accommodated for in the 

ASTM standard so it was considered valid to use results from these tests. 

However, use of the ASTM short beam shear standard may have enabled testing 

of the more ductile specimens to failure due to the smaller diameter of the 

loading and support beams specified [232].  

5.4 Conclusions 

Mechanical properties were assessed via interlaminar shear testing in three-point 

bending on small rectangular test coupons cut from the formed sheets and 

having known tin content (i.e., measured from the x-ray analysis in Chapter 4). 

Results were compared to those from testing of coupons produced without 

interlaminar tin sheets ('No Tin-P’ and ‘No Tin-R’). With refinement of the 
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process, interlaminar shear strengths of 62.9 MPa were achieved (from Tin-IB, 

where the samples contained a median tin content by volume of 2.03%), and this 

is comparable to the 63.4 MPa achieved with control specimens produced 

without interlaminar tin (‘No Tin-R’). There was, however, a reduction of about 

26% in the value of interlaminar shear stress at yield and about a 38% reduction 

in flexural modulus when the optimised tin-based samples were compared with 

the radiant heated control samples. However, several tests exhibited a more 

ductile failure in the samples containing tin. A statistically significant, but weak, 

negative correlation was found between tin content and ILSS (r2=0.13), ILSSy 

(r2=0.09) and the flexural modulus (r2=0.10) when looking at the entire sample 

set. However, the finding was not statistically significant when looking within 

individual samples. There is also evidence of results clustering based on 

manufactured part. Given there were challenges in controlling the heating 

process and continuing variability between manufactured samples, this suggests 

that processing parameters such as temperature, pressure and cooling may also 

influence both tin removal and mechanical properties. Other aspects such as the 

spatial distribution of the residual tin may be more significant (at least in these 

results) than tin quantity alone. This suggests that the manufacturing process 

itself needs further refinement before firm conclusions on the influence of tin on 

material properties can be drawn. Due to time and financial limitations further 

refinement of the manufacturing could not be completed during the timeframe 

of this project.  
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Chapter 6  Numerical Simulation 

of Forming Process 

 

6.1 Introduction 

Further investigation of the influence of factors such as tooling geometry, 

number of forming steps used and interlayer friction is desired to further 

understand the forming process. Simulations are therefore a useful tool in this 

endeavour. In this Chapter, a blank (with the properties of a glass fabric) is 

modelled with the intention of gaining an understanding of general multi-step 

forming behaviour. Particularly compressive and tensile forces within the fibres, 

and shear angles due to fibre rotation during deformation. The rate and 

temperature independent material behaviour of the assessed glass fabric does 

not closely replicate the carbon fibre cross ply blank used in manufacture for 

reasons discussed in Section 6.2.6. However, it is believed that useful, if limited, 

conclusions about the influence of the multistep tooling can be drawn, even if 

the simulations do not fully capture the complexity of the lubricated, 

temperature and rate dependent thermoforming behaviour involved in the iMelt 

process.  

6.1.1 Material Behaviour 

Material properties in fibre reinforced composites are highly anisotropic and 

include multiple independent parameters. This includes tensile stiffness in the 

fibre direction, in-plane shear stiffness, in-plane and out-of-plane bending 

stiffness and torsional stiffness [116], and complex friction behaviour involving 

adhesion and lubrication between plies and tooling. The influence of boundary 

conditions such as applied pressure and clamping also plays a key role. Full 

characterization of these properties has been the focus of much research, and 

they are crucial to understanding the deformation of fibre reinforcements. 

Balancing computational time with accuracy is a challenge. Accurately 

measuring material properties is also highly time-consuming. Use of multi-scale 
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predictive models can shorten the time required for material characterisation 

[239].  

6.1.2 Finite Element Modelling 

A common method of numerically assessing forming behaviour is to use 

mechanical modelling approaches such as the Finite Element method. Here, the 

materials are broken into discrete units (elements) connected via nodes [240]. 

Boundary conditions can be applied to the nodes and a mix of structural 

elements can be used to independently model appropriate material properties. 

Common element types such as membrane, shell, beam, or truss elements are 

often used to model the mechanical properties of prepregs and engineering 

fabrics, using commercial codes (such as ABAQUS, PAMFORM or LSDyna) during 

the forming process. A more detailed overview of past work was given in Section 

2.6. A brief overview of different element types is discussed in the remainder of 

this Section.  

6.1.2.1 Truss Elements 

Truss elements are 1-D elements that support loading along their axis. Simple 

methods have used networks of truss elements to model shear and tensile 

resistance. One example by Sharma et al. consists of a unit cell containing four 

“Tow elements” forming a square, with a “Shear element” across one of the 

diagonals [241]. An example of the unit cell developed by Sharma is shown in 

Figure 6.1 (a). The elements are joined with pin joints. The tow elements are 

given a constant stiffness which accommodates for fibre decrimping or slippage 

during deformation. The diagonal shear elements are given a nonlinear stress-

strain response. A similar model was developed in Skordos et al which retained 

the same tow elements but had shear trusses across both diagonals [242]. The 

diagonal shear elements allowed for a non-linear response where shear 

resistance increases at higher strains. The model developed by Skordos et al. 

also allowed for the modelling of buckling by deleting tow elements which 

experienced compressive stresses. Both models could be validated against bias 

extension tests and used to model thermoforming processes. However, models of 

these types could only simulate in plane shear resistance and did not model out 
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of plane bending. This is because the truss elements only transmit load axially 

and cannot process loads perpendicular to the axis of the truss, or bending 

moments through the truss. Exclusive use of 1D elements also restricts the 

modelling of frictional behaviour. Limitations in the contact algorithms used 

within Abaqus prevent the use of Node based surfaces as “master surfaces”, and 

surfaces defined on truss or beam surfaces are restricted to the use under 

general contact algorithms [151] . 

6.1.2.2 Membrane Elements 

Membrane elements are 2-D elements that have stiffness in the plane of the 

element, but offer no bending stiffness. These 2-D elements can increase 

simulation times vs truss elements, but can be designed with constitutive 

equations which consider the tensile stress in the fibre direction and the shear 

resistance at the crossover points [243], [244], [245], [246]. Use of 2-D elements 

also allows for more control of friction measurements when compared with 1-D 

truss elements [247]. The constitutive equations in the membrane elements 

require careful consideration of the frame of reference and require the fibre 

orientations to be constantly updated to ensure accurate representation of the 

stresses as the fibre directions change.  

6.1.2.3 Truss + Membrane Elements 

Solutions which combine truss and membrane elements have also been 

developed. The membrane elements can represent in plane shear resistance 

while truss elements represent the tensile and bending stiffnesses of the fibres 

[248], [249], [250]. These elements are “mutually constrained” at shared joints 

which allow free rotation. This node matching requires custom mesh generators. 

This also means that adaptive meshing cannot be used during the simulation 

[251]. Free rotation at the nodes also means there is no resistance to out of 

plane bending. This can lead to early buckling of the simulated composite ply 

when compared to real ply, which can resist small compressive forces [116]. This 

early buckling can however be useful as it offers a margin of safety when 

designing parts, but at the same time prevents accurate completion of 

simulations.  
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6.1.2.4 Shell Elements 

Shell elements are 2-D elements with additional degrees of freedom compared 

to membrane elements and model out of plane bending stiffness. These are 

often used to model thin sheets and can be used to model composite sheets 

[115], [252]. Stress resultant shell elements allow for separate specification of 

tensile and bending behaviour [253]. Other methods use combined shell and 

membrane elements, or multiple overlapping shell elements to decouple the 

tensile and bending behaviour of the sheets. An example of this can be found in 

Yu et al. [254] which uses a composite layup with differing stiffnesses to 

implement out of plane bending stiffnesses. The unit cell for this can be seen in 

Figure 6.1 (b). However, the additional computational power required for shell 

elements as a result of their three additional rotational degrees of freedom can 

be onerous, with some studies reporting up to a 3x increase in processing time 

compared with membrane element based simulations [114].This is further 

exacerbated by the need for elements smaller than expected wrinkle size to 

ensure accurate modelling of defects.  

6.1.2.5 Beam and Membrane Elements 

The method used in this Chapter is to pair beam elements with membrane 

elements using hinge connectors. Use of this so-called, ‘mutually constrained 

pantographic beam and membrane mesh’ allows independent control of fibre 

stiffness, flexural moduli of the sheet (both in and out of plane) in addition to 

the in-plane shear compliance. Beam elements model the axial stiffness, the in-

plane flexural moduli, and the out-of-plane flexural moduli of the fibres. 

Membrane elements provide in-plane shear resistance of the sheet through a 

constitutive model implemented in VUMAT [115]. Vertical hinges are used to join 

beam elements (warp and weft) with membrane elements which are all 

vertically offset. Figure 6.1 (c) shows mutually constrained beam and membrane 

elements without the pantographic hinges, and Figure 6.1 (d) shows the unit cell 

used in this chapter with the pantographic hinge elements. This method was 

chosen as it provides a useful method of independently controlling in plane 

trellis shear stiffness and in/out of plane fibre bending stiffnesses. However this 

potentially comes with high computational costs due to the large number of 
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elements, and small size and high degrees of freedom in the beam elements. 

The remainder of this Chapter will cover the numerical approach used in the 

simulations, and an overview of the results, before drawing conclusions. 

  

Figure 6.1 Diagram of repeated unit cells. (a) Example of truss based unit cell from Sharma et al.[241] (b) 
composite shell based unit cell adapted from Yu et al. [254] (c) mutually constrained truss-membrane 

elements and (d) mutually constrained pantographic beam and membrane elements. Warp and Weft beam 
elements are offset in z-direction and joined with membrane elements with zero-torque hinge elements.  

Adapted from [116] 
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6.2 Numerical approach 

The numerical modelling was carried out in the explicit solver of the commercial 

finite element code Abaqus. The model consisted of three main components. 

First were circular sheets (the composite blank) consisting of a pantographic 

beam-membrane model with orthogonal beams with the unit cell as shown in 

Fig. 6.1d. Each of these sheets represents one of the [0/90/90/0] composite 

sheets used in the manufacturing process (Section 3.2). Second is a hyper elastic 

sheet modelling the silicone rubber diaphragm. Third is the rigid multistep male 

and female tooling. The overall assembly involved three composite sheets with 

[0/90], [+/-45] and [0/90] orientations. The sheets are held between top and 

bottom silicone rubber diaphragm sheets and then formed between the rigid 

body multistep tooling.  

6.2.1 Composite Blank 

The composite blank was modelled using a mutually constrained pantographic 

beam + membrane model which developed by Harrison [116]. Fig 6.1 shows a 

comparison between a truss-membrane mesh (Fig. 6.1c) and the mutually 

constrained pantographic beam (type B31) and membrane (type M3D4R) mesh 

used in this investigation (Fig. 6.1d). The beam elements model fibre tensile 

stiffness, out of plane and in-plane bending, and torsion. The use of beam 

elements rather than truss elements introduces bending moments during trellis 

shear. This is solved by the offset in the z-direction and connection by zero 

torque hinge elements constrains the relative position of the nodes and allows 

for free rotation. 

The membrane elements have a thickness of 0.26 mm, and the material is 

modelled with a constitutive model implemented in the membrane elements 

using the VUMAT facility available in Abaqus. The presence of the membrane 

elements also facilitated the modelling of contact in the simulation. The model 

is adapted from [115] and a more detailed explanation of the mathematics 

behind the model can be found in that paper. The constitutive model has two 

primary functions. First is to model the fibre directional properties using a non-

orthogonal stress-strain relationship. The constitutive equation is derived by 
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considering the stresses in a conceptual structural net made of unit cells 

containing two sets of pin-jointed warp and weft fibres. The latter track the 

fibre orientations through the simulation and the fibre stress and strain are 

updated as they undergo both stretch and rotation. However, for this simulation, 

the stiffness of the fibres in the non-orthogonal constitutive model was set to be 

very low so that the contribution from the fibre stiffness in the membrane 

elements was very low. The fibre stiffness was instead represented by the beam 

elements. Despite this, the constitutive model is still able to track fibre 

orientation in the simulation. The second objective of the constitutive model is 

to represent the shear properties of the ply. The model defines unit vectors 

along the fibre orientations and from this, the stresses are represented in the 

non-orthogonal system. The non-orthogonal stress components can be used to 

define the instantaneous shear stress in the specimen, and the shear stress is 

incremented during the simulation based on the change in shear angle through 

the simulation. Details on the mathematics of the model can also be found in 

[115].  

The Timoshenko beam elements are rectangular type B31 with a general section 

behaviour. These use a linear elastic material behaviour and have a Poisson’s 

ratio of 0. The warp and weft elements are respectively placed slightly above 

and below the membrane elements as shown in Fig 6.1b. The weft and warp 

beam elements are connected to the corner nodes of the mesh with hinge 

connector elements. An Abaqus input file compatible mesh was generated using 

a pre-developed in-house Matlab code [255]. The material properties of the 

beams are calculated to provide realistic and independent values for the axial 

fibre stiffness, in-plane and out of plane bending stiffness, and torsional 

stiffness of a glass fabric blank.  

The properties used in the membrane elements and beam elements were 

calculated from literature properties of the modelled fabric. The model uses the 

properties of a glass fabric (AllScot – ECK12) which is characterised via picture 

frame tests, uniaxial bias extension tests, and cantilever bend tests by various 

internal students at Glasgow University. The processes followed can be found in 

the various papers by Harison et al. [50], [116], [256]. Further details of the 
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constitutive model in the membrane elements is available in the literature, 

specifically in Yu et al. [246] and Harrison et al. [256]. Calculations used to 

derive the beam and membrane parameters from the characterised properties 

can be found in Harrison et al. [116] and derivation of the torsional constants 

can be found in a further paper [50]. The parameters used in this model are 

detailed in Appendix A. 

6.2.2 Silicone Rubber Diaphragm 

The silicone rubber diaphragm sheets are meshed with S4R shell elements. The 

shell elements had a thickness of 0.3mm. The silicone rubber sheets are 

modelled with a diameter of 400 mm with an inner region of 200 mm with a 

higher density mesh. The outer region of the diaphragm has a mesh size of 0.01 

mm, with the inner region having a mesh size of 0.001 mm. The varying mesh 

size is to reduce the total number of elements while maintaining high resolution 

in the central region which experiences significant deformation. The outer edge 

of the diaphragm is fixed in position with an encastre boundary condition. These 

shell elements have a hyper-elastic Ogden model applied to them. The 

parameters are laid out in Table 6.1. The parameters are obtained from [99] 

which modelled the room temperature behaviour of the silicone rubber sheets 

used in the experiments outlined in Chapter 3.  

Table 6.1: Material parameters for the silicone rubber diaphragm. An Ogden model is applied in the Abaqus 
finite element code. Adapted from [99] 

Material Mu1 (Pa) Alpha1 Mu2 (Pa) Alpha2 

Silicone 150,904 3.0918 813,392 0.18451 
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6.2.3 Rigid Body Tooling 

The male and female tooling is modelled by a rigid body part with R3D4 

elements. Two versions of this were produced: one with an amplitude of 6 mm 

(refer to the experimental version in Fig. 3.8 and 3.9) and another with an 

amplitude of 9 mm. The 9 mm amplitude was chosen as it will be a more 

challenging geometry to form and should lead to higher shear angles and higher 

stresses in the fibres.  

Both versions of the tooling were divided into 15 segments instead of 5 to enable 

simulations with an increased number of forming steps. Segments are moved 

simultaneously to mimic single step forming, in groups of 3 to simulate five step 

forming as done in testing, and individual to model 15 forming steps. This 

segmentation involved a central cylinder with a diameter of 4 mm, and 14 

concentric annuli with thickness of 4.25 mm. Each annuli had a separation of 

0.25 mm. Both 6 mm and 9 mm amplitude versions of the tooling simulated have 

a radius of 65 mm and consist of five sin waves of 26 mm wavelength. A cross-

section of the 15 step 9 mm amplitude male and female multistep tooling is 

shown in Fig. 6.2a, an image of the meshed male tooling in Abaqus CAE is shown 

in Fi.g 6.2b, and plan views of both the 5 and 15 segment tooling are shown in 

Fig. 6.2c and Fig. 6.2d respectively.   

6.2.4 Boundary and Interface Conditions 

The simulations were set up to mimic the forming conditions experienced in the 

experimental part. A representative diagram (not to scale) of the geometry of 

the set-up is shown in Fig. 6.3. The segmented 15 step male tooling begins 1.59 

mm (d1) above the upper silicone diaphragm as seen in Fig. 6.3a. The diagram 

shows the 6 mm amplitude tooling. The silicone rubber diaphragms are located 1 

mm above and below the centre line and are fixed on their outer edges by an 

encastre boundary condition and can be seen in Fig 6.3b. Three composite 

sheets are located between the diaphragms. There are two sheets with a 0/90 

orientation located 0.5 mm above and below the centre line, and a third sheet 

with a +/- 45 orientation on the centre line as seen in Fig 6.3c. The female rigid 
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tooling is fixed with an encastre boundary condition, and the top of the tooling 

is 0.5 mm below the bottom silicone diaphragm as shown in Fig. 6.3d.  

 

Figure 6.2: 15-step rigid body tooling with 9 mm amplitude. (a) Cross-section of male and female tooling with 
marked dimensions. Female tool has radius of 65 mm and pattern has five sin waves with 26 mm 

wavelength. Amplitude of sin wave is 9 mm. Male tooling has one central cylinder with a diameter of 4 mm 
and 14 annuli with 4.25 mm thickness. There is a gap of 0.25 mm between annuli. (b) segmented male tool 
mesh as displayed in Abaqus CAE. (c) Plan view of 5 segment tooling.  (d) Plan view of 15 segment tooling.  
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Figure 6.3: Representative Diagram (not to scale) of the simulation set up. (a) 15-segment multistep male 
tooling positioned d3 = 1.55 mm above the upper silicone diaphragm. (b) Silicone diaphragm. Upper and 

lower diaphragms are offset from centre line by d2=1mm. (c) Composite sheets. There are three layers with 
0/90, +/-45, 0/90 orientations. Upper and lower sheets are offset from centreline by d1 = 0.5 mm. (d) Female 

tooling, positioned d4 = 0.5 mm below the bottom silicone diaphragm 

The simulation includes three steps: first a gravitational acceleration of 9.81 

m/s is applied to the full assembly. Secondly, a pressure of 100 pa is applied to 

the upper and lower surface of the diaphragm sheets and thirdly, a movement 

step moves the male tooling down at a fixed speed to form the part. This occurs 

in three ways: with one version moving all 15 segments as one to model a single 

step forming tool, a second version groups the segments into 5 groups of 3 to 

mimic the 5-step forming tool used in Chapter 3 and the final version moves 

each segment individually to model a 15-step forming tool.  

The forming step was designed so that the tooling segments covered 10 mm in 

0.02 seconds, for a speed of 500 mm/second. This compared with the speed of 

8.33 mm/second (500 mm/min) in the experimental Section, or a velocity 

scaling of 60. The full time taken for the single step forming was 0.02 seconds. 

The 5 and 15 step simulations took 0.1 seconds in total as the individual forming 

steps were offset in time (i.e., 5 times longer than the single step forming). The 

full array of simulations and parameters is presented in Table 6.2.  

A coulomb frictional coefficient of fc=0.5 is applied to all interactions apart from 

the two surface interactions between the three composite sheets. These are 

given values of 0.1, 0.3 and 0.5 depending on the simulation as detailed in Table 

6.2. These numbers were chosen based on a literature assessment of steady 

state friction in various thermoplastic composites and were intended to cover a 

range of outcomes from high friction of ~ 0.5 (low temperature, high sliding 

speed and low pressure) to low friction of ~ 0.1 [44], [82], [247]. The simulation 

number describes Amplitude-No. of Steps-Friction Coefficient.  
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Table 6.2: Details of varying parameters used in the simulations 

Simulation 

Number 

Tooling 

Amplitude 

(mm) 

Number of 

forming steps 

Interlaminar 

Friction 

Coefficient (fc) 

6mm_1_03 6 1 0.3 

6mm_5_01 6 5 0.1 

6mm_5_03 6 5 0.3 

6mm_5_05 6 5 0.5 

6mm_15_03 6 15 0.3 

9mm_1_03 9 1 0.3 

9mm_5_01 9 5 0.1 

9mm_5_03 9 5 0.3 

9mm_5_05 9 5 0.5 

9mm_15_03 9 15 0.3 

6.2.5 Simulation Robustness 

The modelling strategy which utilised a pantographic beam and membrane mesh 

to simulate the composite sheet is useful as it allows for fine control over the 

parameters. On the other hand, it has some drawbacks which limit its 

usefulness. The beam elements have a very small stable time increment due to 

their small size and high stiffness. This slows the simulation down increasing 

computation costs. The stable time increment (∆𝑡) is based on the frequency of 

the system, and if material damping is ignored, can be approximated as follows 

∆𝑡 =


క
           (6.1) 

where 𝐿 = length of element, and 𝜉 = wave speed of the material. For linear 

elastic materials with a Poisson’s ratio of zero, wave speed can be defined as 

below 
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𝜉 = ට
ா

ఘ
           (6.2) 

where 𝐸 = material stiffness, and 𝜌 = material density (see Abaqus User Manual, 

[151]). For a given mesh dimension, the computational cost can be reduced 

using either velocity scaling (making the simulation faster), mass scaling 

(increasing the density of the part) or varying the stiffness of the material. 

However, all of these can impact the accuracy of the simulation [50]. The 

modelling uses velocity scaling of ~ 60 times to speed up the simulation. Due to 

the small dimensions and high stiffness required in the modelling, the beam 

elements in the simulation have a starting stable time increment of 1.34 x10-7 

seconds, which compares with the stable time increment of the silicone 

diaphragm of 1.11 x10-5 seconds. [50] 

There were also some issues with stability in the simulation. In development of 

the simulation, tooling with amplitudes of 12 mm were attempted, as were 

simulations with pressure of 100,000 Pa. The more challenging forming 

conditions led to failure in the simulation due to ‘excessive rotation at nodes’. 

These failures tended to occur at areas of high shear deformation and tensile 

stress suggesting instability in the numerical simulation at high deformation. Fig 

6.4a shows a location of high shear deformation in the top [0/90] composite 

sheet in a simulation with a 12 mm amplitude tooling. Fig 6.4b shows the failing 

node in the middle [+/-45] composite sheet which corresponds to the location of 

high shear. The beam elements have been magnified in ABAQUS viewer to aid in 

visualisation. The node is connecting two beams with high tensile stresses and 

one beam with high compressive stresses. The introduction of the pantographic 

beams elements enables modelling of a larger number of physical phenomena. 

The use of the pantographic beams is still relatively novel and has not fully been 

explored but understanding the limitations of the simulation would be a useful 

future avenue for exploration.  
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Figure 6.4. Pictures of failure during a simulation with 12 mm amplitude tooling. Arrows point at location of 
failing node (a) area of high shear deformation in upper [0/90] composite sheet. (b) middle [+/-45] sheet with 

high tensile and compressive stresses on beams connected to failing node.  

6.2.6 Model Limitations 

There are some limitations with the model structure which means there is some 

inaccuracy in representing the experiments, as outlined in Chapter 3. Firstly, the 

silicone diaphragm is not held by a blank holder, and the restriction is simplified 

to an encastre boundary condition which ignores any slippage that might occur. 

Furthermore, the fluid interlaminar tin is not modelled. Its impact is 

approximated with varied friction coefficients between the composite sheets. 

Modelling the flow of the interlaminar tin would be useful for future projects, 

but was deemed too time consuming for this study. Finally, the blank is 

modelled as a non-lubricated glass fibre fabric, rather than the lubricated cross-

ply carbon-nylon fabric used in the experiments. The forming mechanics of the 

glass fabric had already been fully characterised [257]. This is a different 

material, and will different behaviours in some aspects such as in plane shear, as 

the fibres are effectively pinned at crossover points [166]. A modification is 

proposed in Section 6.2.7 which might address the different behaviour between 

woven and UD plies. The modelled blank also does not cover any effects of 

varying temperature that might have occurred in the real experiments, or for 

that matter, the thermal expansion of the silicone rubber. The pressure applied 

to the diaphragm surface was only 100 Pa in the simulation, compared with 

100,000 Pa in the experiment. The pressure was lowered due to instabilities in 

the simulation leading to early failure (see Section 6.2.5). Lowering the pressure 
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on the forming simulation makes it less representative of the real forming 

experiments. However, one key impact of the higher pressure in dry fabrics is to 

effectively increase frictional forces. Given that the simulated fabric is of dry 

glass fibres (i.e., not lubricated like the carbon-nylon composite used in Chapter 

3), the friction forces created in the simulation are relatively high. Conversely, 

in lubricated composites, the total frictional forces tend not to vary much with 

pressure, so effective coulomb friction can, depending on contact pairings, go 

down as pressure increases [82]. Given the difference in frictional behaviour 

with pressure, lowering the pressure when modelling the glass fabric is not as 

disruptive to the model as it could be. Characterising these phenomena would be 

an appropriate next step for this forming. However, despite the different 

behaviour of a glass fabric [257] and a molten pre-consolidated carbon-nylon 

blank [166], it is believed that it is still useful to understand the forming 

mechanics involved in the ripple geometry, the influence of varying friction, and 

the influence of multi-step tooling in the forming of a common fabric type, while 

exploring the potential of the pantographic beam and membrane mesh method 

of simulating composites.  

6.2.7 Alternative Multi-sheet Model 

An alternative method of representing the thermoforming conditions was also 

trialled. The method described above uses a single sheet comprised of beam and 

membrane elements to represent a 4 ply [0/90/90/0] unwoven laminate. This is 

limited as the fibres are effectively pinned at crossover points. Therefore it was 

proposed to use four sheets (also with a pantographic beam and membrane 

element architecture) to represent the same [0/90/90/0] layup. Thus, each 

simulated sheet would represent a single unidirectional ply. A number of 

changes to the simulation were made, and these are outlined below:  

 A total of 12 sheets were simulated instead of 3. With a layup of 

[90/0/0/90/+45/-45]s.  

 The primary direction beam elements retained the same material 

properties as previous experiments.  
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 The off-direction beam elements were given a nominal axial stiffness of 1 

MPa to give a slight resistance to lateral fibre shift. All other properties 

remained the same.  

 The membrane elements retain their low nominal axial stiffness from the 

original experiments but also retain their shear stiffness.  

 Membrane thickness in each simulated sheet changed from 0.26 mm to 

0.006 mm as each sheet only represents a single ply. The sheet z-positions 

were adjusted accordingly.  

 Boundary conditions matched 6mm_5_03, with a 6mm tooling amplitude, 

5 forming steps and an interlaminar friction coefficient of 0.3 

Details of the parameters can be seen in Appendix A. Due to the large number of 

interacting elements the simulation was computationally expensive to process, 

so only a single simulation (to match 6mm_5_03) has been carried out. 

Connections issues with the University ABAQUS license limited simulation length. 

Simulations were terminated due to external request rather than failing to 

converge. The longest simulation reached approximately 72% completion after 

267 hours. This compares to approximately 65 hours for the previous simulations. 

The results from the simulation are included in the results below however the 

increased computational cost suggests that this may not be a suitable simulation 

method going forward.  

6.3 Results 

A total of 10 simulations were carried out as detailed in Table 6.2. The 

simulations looked to vary three parameters. First, the amplitude of the ripple 

tool geometry (6 & 9 mm), second, the number of segmented steps in the 

forming process, (1, 5 & 15) and third, the interlaminar Coulomb friction 

coefficient (0.1, 0.3 & 0.5).  

The simulated parts were primarily assessed in three ways to give a proxy for 

how “challenging” the forming conditions are. First, by looking at the resulting 

shear angle of the sheet after forming. Higher levels of shear deformation can 

lead to defects in the final part however are often necessary to conform to the 

tooling. Second, by examining the axial stress in the beam elements (beams with 
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high tensile stress might experience tow tearing or bridging, beams with high 

compressive stress might experience buckling or wrinkle initiation). Finally, the 

axial stress in the beam is compared with the accumulated strain in the 1-fibre 

and 2-fibre directions of the membrane elements. This is tracked by the 

constitutive model in the membrane elements. These two criteria are similar, 

but measure slightly different physical phenomena. The strain in the fibre 

direction is primarily influenced by axial stresses. However, the stress in the 

beam elements will be a result of both axial and bending stresses in the beam. 

In all three cases, the maximum value of the parameter in each composite ply at 

each time step is plotted. The maximum stress, strain, and shear all give an 

indication of how challenging the forming conditions are. First the impact of 

varying friction is considered, then the impact of varying the number of forming 

steps.  

6.3.1 Influence of Friction 

Figure 6.5 shows the pattern of shear deformation at the end of the simulation 

in the 6 and 9 mm amplitude parts when varying the interlaminar friction 

coefficient. Fig 6.5a shows simulation “6mm_5_01” and is compared to Fig 6.5b 

which shows simulation “6mm_5_05”. As noted earlier, the simulation 

numbering system describe tooling amplitude, number of steps and friction 

coefficient respectively. Increasing the friction coefficient had only a minor 

impact on the pattern of shear deformation in the plies, with both sheets 

exhibiting similar levels of deformation. Fig 6.5c and Fig 6.5d show the shear 

deformation at the completion of forming in the “9mm_5_01” and the 

“9mm_5_05” simulations respectively (Note the different scale). The absolute 

shear deformation is higher in this model however the impact of varying the 

friction remains low.  
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Figure 6.5 Shear angle at end of simulation in bottom ply. (a) Shear angle of 6mm_5_01 (b) Shear angle of 
6mm_5_05 (c) Shear angle of 9mm_5_01, (d) Shear angle of 9mm_5_05. Initial fibre orientation of [0/90] 

marked on image.  

Fig. 6.6 shows a comparison between the axial stress component in the beam 

elements of simulations with the actual formed parts. Fig. 6.6a shows the axial 

beam stress in the high friction simulation “6mm_5_05” (see Table 6.2), which is 

compared with the wrinkling occurring in the unlubricated formed part in Fig. 

6.6b (See also, Fig 3.21) and the axial membrane strain in Fig. 6.6c. The 

highlighted red circles show similarity between compressive axial stresses in 

perpendicular fibres at the edge of the part, with wrinkling occurring at the 

edges of the formed part. The central areas experiencing high compression do 

not appear to match with wrinkling in the part. The lower friction simulation 

“6mm_5_01” in Fig. 6.6d shows lower compressive stress in the fibres, and this 

matches with the unwrinkled lubricated sample shown in Fig. 6.6e (see also, Fig 

3.18) and compares with the strain in Fig. 6.6f. The peak tensile stresses and 

strains align in each simulation, both creating a cross pattern from the centre of 
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the part. The peak tensile values occur in the centre of the part. The peak 

compressive stresses and strains are however rotated 45 degrees from each 

other, with the peak compressive stresses acting parallel to the fibre directions 

and the peak compressive strains occurring at a 45-degree offset.  

 

Figure 6.6:  Comparison between beam stresses, formed parts and membrane strains. (a) Stresses in bottom 
ply of simulation “6mm_5_05” and (b) unlubricated nylon-carbon fibre part. (c) Strains in bottom ply of 

simulation “6mm_5_05” (d) Stresses in bottom ply of simulation “6mm_5_01” (e) nylon-carbon fibre part 
lubricated with interlaminar tin (f) Strains in bottom ply of simulation “6mm_5_01”. Highlighted 

perpendicular compressive stresses in (a) match with wrinkling (red circles) in (b). See Table 6.2 simulation 
details. 
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To further assess the overall influence of the interventions, it was desired to 

look at the maximum axial stresses, axial strains, and shear angles experienced 

over the full sheets. Therefore, the maximum shear deformation in the 

membrane elements, maximum axial tensile and compressive stresses in the 

beam elements, and maximum axial tensile and compressive strains in the 

membrane elements for each time stamp were extracted and plotted.  

Fig 6.7a shows the maximum tensile stress in each ply (top, middle, and bottom) 

in both the 6 mm and 9 mm amplitude 5-step forming simulations when varying 

friction (fc = 0.1, 0.3, 0.5). Fig 6.7b shows the maximum tensile strains in the 

membrane elements. Maximum tensile stresses and strains both occur in the top 

composite sheet, suggesting that fibre bridging is most likely to occur in the top 

sheets. Increasing friction also leads to higher peak tensile stresses in the beam 

elements and increasing the amplitude of the forming tool also leads to higher 

tensile stress. Changing fc from 0.5 to 0.1 in the 9 mm simulation causes a drop 

in peak stress in the top ply of 61 % and a drop in peak strain of 66 %. As seen in 

Fig. 6.6, the peak tensile stresses occur in the central dip, and that pattern 

continues across all samples. There is good agreement between the stresses in 

the beams, and the strains measured in the membrane model. 

 

Figure 6.7: (a) Maximum tensile stress in beam elements in each ply when varying friction coefficients (b) 
Maximum tensile strain in membrane elements in each ply when varying friction coefficients. Number of 

forming steps is 5. 
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Figure 6.8a shows the maximum compressive stresses in the beam elements of 

each ply (Bottom, Middle, Top) for the 6 mm and 9 mm 5-step forming 

simulations, when varying friction. Fig. 6.8b shows the maximum compressive 

strains in the membrane elements. The influence of varying friction on axial 

stress is small in the top and bottom [0/90] plies. However, there is a more 

noticeable impact in the middle [+/-45] ply. The results for strain show similar 

behaviour in the 6 mm simulations, but in the 9 mm simulation, the variation in 

strains in the middle ply is much less than the variation in peak stresses. Overall, 

the compressive stresses in the beam elements have more variability than the 

compressive strains in the membranes. A potential reason is that the beam 

elements also undergo bending and torsion. This means they are more effected 

by out of plane forces than the membrane elements. These additional 

deformations may influence the measured axial stress in the beams, particularly 

in compression, more than in the membrane elements. 

 

Figure 6.8: (a) Maximum compressive stress in beam elements in each ply when varying friction coefficients 
(b) Maximum compressive strain in membrane elements in each ply when varying friction coefficients. 

Number of forming steps is 5. 

Fig. 6.9 shows the maximum shear angle in the membrane elements of each ply 

in the 6 mm and 9 mm forming studies when varying friction coefficients. This 

shows that varying the friction had only a small impact on the shear deformation 
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of each sheet. There is also only a small variation between plies. The 6 mm 

forming simulations experience shear angles of 15.0 - 16.1 degrees, and the 9 

mm simulations experience shear angles of 25.7 - 28.4 degrees.  

 

Figure 6.9: Maximum shear angle in membrane elements in each ply when varying friction coefficients. 
Number of forming steps is 5. 

6.3.2 Influence of Number of forming steps 

Simulations were also carried out to look at the influence of the number of 

forming steps on the difficulty of forming. These simulations used the same tool 

speed for all tests, which results in the 1 step simulation occurring faster than 

the 5 and 15 step simulations. The 15 step simulation appropriately offsets the 

starting time of movement in each tooling element to match the total forming 

time used in the 5 step specimen. Fig. 6.10a shows the variation in axial tensile 

stress in the beam elements, and Fig. 6.10b the maximum tensile strain in the 

membrane elements when varying the number of forming steps when fc= 0.3 for 

both the 6 mm and 9 mm amplitudes. The single step forming results in 

significantly higher maximum tensile stresses which are alleviated by the 5-step 

forming. For example, the stress increases to over 7 times larger from ~ 184 MPa 

to ~ 1350 MPa in the bottom ply of the 6 mm amplitude simulation or over 10 

times larger from ~ 250 MPa to ~ 2700 MPa to in the bottom ply of the 9 mm 

amplitude simulation. In terms of strain, there is a maximum increase of ~10 
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times from ~ 1.3 𝑚𝜀 to ~ 12 𝑚𝜀 The move from 5 to 15 steps shows minimal 

change in maximum stress or strain. This indicates that, for this geometry and 

layup, there is no additional benefit to additional segments beyond five. As 

there is three concentric depressions in the female tooling then three 

appropriately designed male tooling segments to match the three depressions 

may be sufficient. There is good agreement between the stress measurements in 

the beam and the strain measurements in the membrane elements.  

 

Figure 6.10: (a) Maximum tensile stress in beam elements in each ply when varying number of forming steps. 
(b) Maximum tensile strain in membrane elements in each ply when varying number of forming steps. fc = 

0.3.  

Figure 6.11a shows the variation in axial compressive stress in each ply when 

varying the number of forming steps when fc= 0.3 for both the 6 mm and 9 mm 

amplitudes. In the 6 mm forming, the single step tooling imparts similar 

compressive stresses to the multistep tooling in the top and bottom plies. 

However, there is a more noticeable impact in the middle ply. In the more 

challenging 9 mm forming, the single step has much higher maximum stresses 

(with the maximum stress in the middle ply being over 6 times larger in the 

single step forming, going from ~123 MPa to ~770 MPa). The difference between 

5 and 15 steps is again minimal. Fig. 6.11b shows the maximum strain in the 
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membrane elements over time. The maximum compressive strains appear to not 

significantly change when varying the number of steps, but the time taken for 

the strains to increase does change.  

 

Figure 6.11: (a) Maximum compressive stress in beam elements in each ply when varying number of forming 
steps. (b) Maximum compressive strain in membrane elements in each ply when varying number of forming 

steps. fc = 0.3. 

Figure 6.12 shows the maximum shear angle in the beam elements in each ply 

when varying the number of forming steps (fc=0.3). The shear angle for the 1 and 

5 step simulation track each other very closely in the initial forming step for 

both 6 mm and 9 mm. The 15-step forming exhibits a lower maximum shear 

angle in the 6 mm forming, but not in the 9 mm forming. There is once again 

limited variation in shear angle between plies in the same simulation.  
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Figure 6.12: Maximum shear angle in fibres in each ply when varying number of steps. fc = 0.3. 

To check the influence of friction on the forming behaviour, it was decided to 

check total displacement in each ply. A line of points was selected as marked in 

Fig. 6.13a, with the points following the fibres direction through the centre of 

the formed part in the top and bottom ply, and at a 45 degree angle in the 

middle ply. The total displacement at each point at the end of the forming 

process was then plotting in Fig. 6.13b. From these numbers it can be seen that, 

as a result of the different fibre architecture, the middle ply experiences 

relative displacement compared with the top and bottom plies. This will require 

relative motion of the plies to resolve, and thus the frictional forces will be 

significant in the forming process.   
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Figure 6.13: (a) Analysed line is parallel to fibre orientation in top and bottom ply (bottom ply displayed, 
points analysed highlighted in red), and at 45 degrees relative to fibre direction in middle ply. (b) Total 

displacement of points along axial line in bottom, middle and top ply. Middle ply shows different 
displacement magnitudes due to different fibre architecture. 

6.3.3 Alternative Multi-sheet Model 

As stated earlier the multi-sheet simulation was computationally expensive and 

as such the simulation was not completed. Fig. 6.14a shows the axial beam 

stresses in the mid ply of 6mm_5_03 at timestamp 0.07 seconds (to match the 

end point of the multi-sheet simulation) and Fig. 6.14b shows the axial beam 

stresses in the primary orientation of the four simulated sheets making up the 

[+45/-45/-45/+45] mid ply sheet in the multi-sheet simulation. To make these 

images, first the Warp and Weft beam elements of the middle ply were selected 

under Select element sets. Then under “ODB display options” menu and the 

“General” Submenu: “Render beam profiles” was enabled and a scale factor of 

10 was applied. For Fig. 6.14b the primary beam orientation from each of the 4 

sheets representing the middle [+45/-45/-45/+45] ply were highlighted, and as 

such lower plies are slightly obscured by upper plies. In the first scenario where 

the fibres are effectively pinned at crossover points, the peak tensile stresses 

occur in the fibres which cross through the centre of the ripple shape. However 

in the multi-sheet simulation where fibres have more freedom to shift laterally 

the peak stresses occur at the around the top of the first ripple and are more 

distributed around the fabric.  
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Figure 6.14: (a) S11 axial Beam stresses in mid ply of 6mm_5_03 at timestamp 0.07 (b) S11 axial beam 
stresses displayed in the four primary orientations of the four sheets representing the middle [+45/-45/-

45/+45] ply at timestamp 0.07. Note different scales on beam stiffnesses 

Fig. 6.15a shows the membrane strains in the primary orientation of a selected 

sheet in the middle ply of the fabric (highlighted, [+45/-45/-45/+45]). Fig. 6.15b 

shows the membrane strains in the secondary orientation of the same sheet in 

the middle ply. In this case the membrane strains in the secondary orientation 

are not representing strains in a fibre, but lateral displacement occurring 

between fibres. From this it can be seen that in order to accommodate the 

curvature of the ripples there is lateral displacement in the fibre which pass 

through the centre ripple. This is likely the mechanism which relieves stress in 

the bottom of the central ripple.  

 

Figure 6.15: (a) Primary orientation membrane strains in selected sheet in middle ply (highlighted, [+45/-45/-
45/+45]). (b) Secondary orientation membrane strains in selected sheet in middle ply (highlighted, [+45/-45/-
45/+45]).  Note different scales. In this case stresses primary orientation strains represent fibre strains, and 

strains in secondary orientation represent lateral displacement of fibres.  



Numerical Simulation of Forming Process
  157 

 
Fig. 6.16a shows the maximum tensile stresses in the four plies in each sheet 

while Fig. 6.16b shows the maximum compressive stresses in the four plies in 

each sheet. Similar to results in Fig. 6.7a (comparing with friction coefficient as 

0.3) the peak tensile stresses occur in the top ply with the middle ply seeing the 

smallest tensile stresses. However, in this simulation the peak compressive 

stresses occur in the top ply, rather than the middle ply. The total magnitude of 

the experienced stresses is approximately an order of magnitude higher than in 

the previous simulations.  

 

Figure 6.16. maximum beam stresses in plies in each sheet in multi-sheet simulation. In each chart light -> 
dark is top -> bottom of 4 ply layup. (a) Maximum tensile stresses in each of the simulated sheets in the top, 

bottom and middle laminates (b) Maximum compressive stresses in each of the sheets in the top bottom and 
middle laminates.  

6.4 Discussion and Conclusions 

In this Chapter, a pantographic beam and membrane mesh is used to model the 

multi-step diaphragm forming of three glass fabric sheets (Orientations of 

[0/90], [+/-45], [0/90]) into a ripple geometry. The ripple geometry consists of a 

sine curve, and tools with two different curve amplitudes (6 mm and 9 mm) are 

modelled. The number of steps in the forming tool is varied (1, 5 and 15), as are 

the friction coefficients between the composite sheets (fc = 0.1, 0.3, 0.5). See 

Table 6.2 for details of the simulations. The method of modelling the composite 

sheet allows for the fibre stiffness, torsional stiffness, in plane bending stiffness, 
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and out of plane bending stiffness, as well as the shear stiffness of the sheet to 

all be modelled independently. This level of control over the material properties 

of a composite is useful, however instabilities were experienced in the 

simulation when modelling more complex forming conditions (i.e., higher 

diaphragm pressure, or tooling with a higher amplitude, see Section 6.2.5).  

The forming was assessed based on the axial stress experienced in the beam 

elements (both compressive and tensile), the axial strain as predicted by the 

non-orthogonal constitutive equation implemented in the membrane elements, 

as well as the shear angle. It was found that the variations in the friction 

coefficient had minimal impact on the shear angle for both 6 mm and 9 mm 

amplitudes. Single and 5-step toolings showed similar shear deformation. The 

15-step forming tool lowers the maximum shear angle in the 6 mm amplitude 

tooling, but not in the 9 mm amplitude tooling.  

More significant differences were found in the variation in tensile and 

compressive stresses in the fibres. Moving from single step tooling to a 5-step 

tool reduced the maximum tensile stress and tensile axial strain in all plies with 

a maximum reduction of ~90% occurring in the bottom ply of the 9 mm tooling. 

On the other hand, there was limited benefit from increasing the number of 

forming steps from 5 to 15. Increasing friction increased the peak stresses and 

strains measured, particularly in tensile measurements. The biggest reduction in 

the tensile direction was in the top ply of the 9 mm simulation (reducing stress 

and strain by 61 % and 66 % respectively). The compressive stresses and strains 

showed less influence from varying the friction, with the biggest difference 

coming in the mid-ply of the 6 mm simulation with 32 % and 39 % drops in 

compressive stresses and strains, respectively. The compressive stresses 

experience “spikes” which are not matched by the measured strains, and these 

are larger in the 9 mm simulation. The beams in compression will experience 

torsion and bending stresses in addition to the compression and this additional 

complexity may be influencing the measured results. 

A multi-sheet simulation with a nominal layup of [90/0/0/90/-45/+45]s, where 

each pantographic beam and membrane sheet represented a single UD ply, was 
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also trialled. In this case the simulated fabric was a dry glass fabric, thus once 

the fibres were nominally unpinned in the simulation it led to significant lateral 

motion as the simulated fabric. This was primarily constrained with a nominal 

stiffness of 1 MPa in the off-direction of the beam elements. In a thermoplastic 

forming process the viscosity of the thermoplastic matrix would resist this 

lateral movement and appropriate modelling of this would be useful. Removing 

pinning at the crossover points in the fabric architecture is potentially useful in 

studying lateral movement of fibres in multiply UD laminates. A key drawback 

was the computational cost of the simulation. The primary simulations took 65-

70 hours to complete on a laptop, while the multi-sheet simulation took 267 

hours to reach ~70% completion. This suggests around 380 hours (~16 days) for 

completion. Possible improvements could be the removal of the off-direction 

beam elements to reduce the number of degrees of freedom in the simulation.  

These results give an indication of some of the benefits of reducing interply slip 

and the use of multi-step forming tools. They are however, of limited use when 

analysing the forming of the lubricated, temperature dependent carbon fibre 

composites used in the rest of this thesis. The use of the pantographic beam and 

membrane mesh enabled modelling of a complex fabric sheet and it was also 

possible to compare the output parameters provided by the beam and membrane 

elements, with the beam elements showing spikes in value. The simulation 

showed the positive influence of reducing friction coefficients between plies and 

the positive influence of multistep forming, particularly on reducing tensile 

strains. The results showed limited benefits of adding additional steps beyond 5-

steps when considering stresses and strains in the sheet; however, there may be 

benefits in terms of tin expulsion. Further avenues for exploration in this field 

would be to build upon prior characterisation of the carbon-nylon sheet [166] to 

obtain accurate temperature-dependent parameters for use in simulations to 

better understand the forming mechanics of the carbon-nylon layup. More 

challenging is to model the influence that the interlaminar tin has on the 

lubrication process and attempt to model the flow of tin out of the part. These 

characterisations were deemed too challenging to model for this project. They 

may, however, be useful to further inform the influence of interlaminar 

lubrication or multi-step tooling.  
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Chapter 7  Conclusions and 

Recommendations 

 

7.1 Conclusions 

This thesis is assesses the possibility of using a molten metal interlayer to 

lubricate the thermoforming of thermoplastic composite parts. Thus, a novel 

technique for the thermoforming of composites with an interlaminar tin sheet 

was developed. The interlaminar tin sheet was intended to lubricate the forming 

process and reduce friction coefficients. It is hoped this will allow the easier 

manufacture of complex geometries with a reduced risk of defects such as 

wrinkling. It also opens up the possibility of using the metal layers to efficiently 

and uniformly heat the part from the inside. To this end, several nylon-carbon 

composite parts (with and without a tin interlayer) were manufactured, non-

destructive testing was carried out to quantify residual tin defects, mechanical 

testing was used to evaluate the influence of residual tin on material properties, 

and numerical simulation was used to assess forming mechanics of the ripple 

pattern with a dry glass fabric. The conclusions can be summarised as follows.  

 A novel thermoforming technique is developed to form nylon-carbon 

composite parts with a lubricating tin interlayer. Induction heating is used 

to heat the tin interlayers and the carbon-nylon sheets are heated 

through conduction. The part is formed using a multistep tooling which 

creates a pressure gradient and removes the tin interlayer. The forming 

occurs within a silicone diaphragm to constrain the molten tin. A 

combination of consolidating flat sheets and forming of multi-cavity 

curved parts (geometry based on a cosine wave) was carried out. The 

possibility of in-situ induction heating via interlaminar tin layers was 

proven and several complications (generating heat in a moving liquid) 

were identified.  

 These composite parts were compared with unlubricated nylon-carbon 

parts manufactured using a radiant heating process (which provides a 
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different temperature profile). While it was possible to remove the 

majority of the interlaminar tin from flat sheets, curved geometries 

proved more challenging. There was some limited evidence of reductions 

in wrinkling when comparing between lubricated and unlubricated 

samples, however there remained a high level of variability in results 

which precluded any numerical analysis.  

 A mixture of CT scanning, X-ray scanning and microscopy was used to 

quantify the residual tin content using volume and projected surface area 

measurements. Results showed it was possible to consolidate flat carbon-

nylon parts with residual tin content by volume ranging from 1.5 – 5.6% 

and results improved with increased user experience. However, tin 

contents in curved parts remained higher, with the lowest value being 8.3 

% with a median of 15.2 %. 

 Comparison between residual tin volume and tin surface area showed a 

strong correlation. It was also possible to obtain comparable results for 

tin surface area from both x-ray and CT. This suggests that cheaper 2-D x-

rays would be an efficient way of rapidly quantifying residual tin content 

in the future and that the more expensive and time-consuming CT scans 

could be focused solely on tasks where required. 

 Mechanical testing focusing on the interlaminar shear strength was carried 

out to assess the impact of interlaminar tin on final part quality. The 

remnant tin caused a reduction in yield strength and flexural stiffness, 

but with process refinements, it was possible to obtain similar ultimate 

interlaminar shear strength. A weak negative correlation between tin 

content and mechanical properties is seen, but variation between 

manufactured samples dominates suggesting further process refinement is 

required. Unfortunately due to the choice of the ISO standard with a 

thicker loading plunger than the ASTM standard, the test samples 

experienced compression between loading bars which prevented accurate 

assessment of the ductile behaviour seen in many of the samples 

containing residual tin. 

 Numerical simulation of a composite sheet using a pantographic beam and 

membrane mesh was used to evaluate the influence of multistep forming 

in a dry glass fabric. Results suggest that the benefits of shifting the 
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number of forming steps from 5 to 15 steps are small, and that the biggest 

benefit of the 5-step forming is in lower tensile stress in the sheet 

(associated with lower fibre breakage, which was not seen in our 

multistep experiments).  

7.2 Future avenues for exploration 

This was a preliminary exploration of the idea and limited time was available 

with an induction heater to develop and refine the manufacturing process. As 

such, there are several future avenues for further research. Some key 

opportunities are listed below:  

 Optimisation of the thermoforming process with the intention of 

consistently reducing interlaminar tin content below 1 %. Suggestions 

include 

o Automation and control of the induction heating process to reduce 

variability in the process 

o Identifying non-conductive materials with a higher temperature 

resistance for the female tooling. Potential candidates include 

higher temperature composites such as PEEK, or 3D printed 

ceramics (though they are currently very expensive). 

o Adjusting the tooling to account for the benefits seen from thicker 

silicone rubber diaphragms. The thicker rubber appeared to smooth 

over pressure discontinuities and made heating of the part easier. 

However, the additional thickness of the rubber was not accounted 

for in the tooling design and will have led to reduced pressure at 

the peaks and troughs of the curved geometry.  

o Explore the influence of parameters such as forming speed, 

interlayer thickness and temperature on the eventual tin quantity, 

material properties and wrinkling of the part.  

 Further mechanical testing to assess the material properties in tension 

and compression, as well as further study on stiffness, ductility and crack 

propagation. Attempts to identify the influence of residual tin location 

would on final properties would also be useful, but challenging to design. 

If there is success in improving tin removal this becomes less crucial.  
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 Development of safe methods to characterise the frictional behaviour of a 

lubricating metal interlayer such as a pull through or pull-out test. 

However, the requirements of elevated temperature operation and the 

necessity of constraining the molten tin make this operation difficult. 

Possible surrogates with similar fluid viscosity at the relevant could be 

identified to mimic the setup.  

 Exploration of the feasibility of recycling composite parts with metallic 

defects. The inclusion of defects will make the recycling of the 

components more challenging. Given the large energy costs of 

manufacture, and environmental cost of landfill, cost effective methods 

of recycling are highly desirable.  

 Further development of numerical simulation to better understand the 

thermoforming process. In particular, 

o Produce models representative of the carbon-nylon composite 

sheets using prior materials characterisation and including 

temperature dependent properties 

o Modelling the induction heating process to allow for better control 

over the temperature of the part during forming.  

o Attempting to model the squeeze flow of a low viscosity molten 

metal interlayer as it is removed from the composite part.  

The overall results suggest that the use of multi-step tooling is a fruitful avenue 

for reducing tensile stress and fibre breakage in the forming of multi-cavity 

parts. One drawback is the high capital costs incurred in tooling and heating 

infrastructure which would restrict it’s use to high volume manufacturing. 

Looking to the interlaminar tin, the inclusion of small volumes of residual tin 

may have only a small negative impact on the quality of manufactured 

components. On the other hand, further development is required to remove the 

interlayer when forming curved parts. Long term success of the process will 

depend upon proving it’s use in reducing wrinkling when forming complex parts, 

the ability to obtain low levels of interlaminar tin even with complex geometries 

and reassurance that any residual tin does not have deleterious effects on the 

final material properties. 
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 Appendix A 

This Appendix outlines the parameters in the numerical simulations in chapter 6.  

First the parameters of the beam elements will be covered Detailed derivation of 

the equations can be found in two papers by Harrison et al. [50], [116]. Table A.1 

shows the required input parameters for a dry glass fabric (AllScot Plain Glass 

Fabric – ECK12) which were obtained via a mixture of uniaxial bias extension tests 

(reported in Harrison et al. [258]) and cantilever bend testing undertaken 

internally by another student at Glasgow University in accordance with Harrison et 

al. [50]. The relevant parameters  

 Fibre stiffness 

o Estimated to provide less than 1% fibre strain during tests  

 The normalised line stiffness in the two fibre directions (Tensile stiffness of 

sheet multiplied by sheet thickness) 

o Obtained via manufacturer and measurement of sheet thickness  

 The normalised out of plane bending modulus per unit width in each fiber 

direction,  

o Obtained through cantilever bending tests carried out by other 

Glasgow University student as outlined in Harrison [116]. 

 The normalised in plane bending modulus per unit width for each fibre 

direction 

o Obtained via Unixial Bias Extension tests as outlined in Harrison et al. 

[257]. 

 The areal density of the fabric. 

o Obtained from Manufacturer 

 Also required are some initial parameters related to the ABAQUS mesh, namely the 

initial membrane thickness and Beam Length. The Warp orientations are indicated 

with a 1-subscript, and the weft orientations with a 2-subscript.  
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Table A.1 Input parameters for beam and membrane elements. Obtained from internal testing undertook on 

AllScot Glass fabric by other student following methods outlined in [50], [116] 

Parameter Description Symbol Value Unit 

Fibre Stiffness 𝐸  6.5 Gpa 

Line Stiffness -1  𝛾ଵ 1.30 MN/m 

Line Stiffness -2 𝛾ଶ 1.30 MN/m 

In Plane Flexural Modulus per unit 

length- 1 

𝛼ଵ 0.002478 N m^2/m 

In Plane Flexural Modulus per unit 

length – 2 

𝛼ଵ 0.002478 N m^2/m 

Out of Plane Flexural Modulus per 

unit length – 1  

𝛽ଵ 0.001239 N m^2/m 

Out of Plane Flexural Modulus per 

unit length - 2 

𝛽ଵ 0.000771 N m^2/m 

Areal Density of fabric 𝜌 0.3 kg/m^2 

Length of Beam Element 𝑙 2 mm 

Membrane Thickness 𝑡 0.26 mm 

Table A.2 and Table A.3 show the parameters used in the Beam elements in the 

Abaqus simulation in the warp and weft directions respectively. For these 

simulations, the calculations for Warp and Weft are the same, The beam cross-

sectional area (𝐴) is calculated via the beam thickness (𝑡ଵ) and widths (𝑤ଵ). The 

beam thickness and width can be found as follows: 

𝑡ଵ = ට
ଵଶ ఉభ

ఊభ
           (A.1) 

𝑤ଵ = ට
ଵଶ ఈభ

ఊభ
           (A.2) 

This is repeated for both warp and weft (or 1 and 2) orientations. From there the 

Beam Area can be calculated: 

 𝐴 = 𝑡ଵ 𝑤ଵ          (A.3) 
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The Moments of Inertia can be calculated via Euler-Bernoulli slender beam theory 

as follows 

𝐼ଵଵ =
௧భ ௪భ

య

ଵଶ
           (A.4) 

𝐼ଶଶ =
௧భ

య ௪భ

ଵଶ
           (A.5) 

The torsional constant is approximated by the following equation:  

𝐽 =  𝛽௧ 𝑎 𝑏ଷ           (A.6) 

Where 𝑎 is the length of the long side, 𝑏 is the length of the short side, and 𝛽௧ is a 

parameter based on the ratio of the length of the long side to the length of the 

short side and can be obtained from Fenster et al. [259]. The direction cosines are 

the ABAQUS defaults for a beam In space. The Youngs modulus is calculated via the 

following 

𝐸ଵ =
ఊభ

మௐ ಳ

ଵଶ (ௐାಳ)௪ಳభඥఈభఉభ
        (A.7) 

The shear modulus (𝐺) is calculated as  

𝐺 =
ாಳభ

ଶ(ଵାఔ)
          (A.8) 

Where 𝜈 (poissons ratio) is 0 for the beam elements. Transverse shear stiffness (𝐾) 

is then calculated from the following equation defined in the ABAQUS user manual 

[151]:  

𝐾 = 𝑘 ∗ 𝐺 ∗ 𝐴          (A.9) 

Where 𝑘 is a shear factor, which is defined in the ABAQUS manual as 0.85 for a 

rectangular beam element [151]. Damping was determined via trial and error 

during the simulation process.  
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Table A.2 Model Parameters for Beam elements in Warp Direction of composite sheet. Parameters 1-9 are under 
*Beam General Section. Parameters 10 under *Transverse Shear Stiffness and Parameter 11 is under *Damping, 

for details refer to ABAQUS documentation [151].  

No. Parameter Description Symbol Value Unit 

1 Area A 1.62 x 10-8 m2 

2 Moment of inertia for bending about the 1-
axis 

I11 3.08 x 10-17 m4 

3 Moment of inertia for bending about the 2-
axis 

I22 1.54 x 10-17 m4 

4 Torsional Constant J 3.49 x 10-17 m4 

5 First direction cosine of the first beam 
section axis 

- 0 - 

6 Second direction cosine of the first beam 
section axis 

- 0 - 

7 Third direction cosine of the first beam 
section axis 

- -1 - 

8 Young's modulus 1-axis E 1.57 x 1011 Pa 

9 Shear modulus 1-axis G 7.82 x 1010 Pa 

10 Transverse Shear Stiffness - Homogenous K 1076 Pa 

11 Damping, Alpha - 30 s-1 
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Table A.3 Model Parameters for Beam elements in Weft Direction of composite sheet. Parameters 1-9 are under 
*Beam General Section. Parameters 10 under *Transverse Shear Stiffness and Parameter 11 is under *Damping, 

for details refer to ABAQUS documentation [151].  

No. Parameter Description Symbol Value Unit 

1 Area A 1.28 x 10-8 m2 

2 Moment of inertia for bending about the 1-
axis 

I11 2.43 x 10-17 m4 

3 Moment of inertia for bending about the 2-
axis 

I22 7.57 x 10-18 m4 

4 Torsional Constant J 1.97 x 10-17 m4 

5 First direction cosine of the first beam 
section axis 

- 0 - 

6 Second direction cosine of the first beam 
section axis 

- 0 - 

7 Third direction cosine of the first beam 
section axis 

- -1 - 

8 Young's modulus 2-axis E 1.98 x 1011 Pa 

9 Torsional shear modulus 2-axis G 9.92 x 1010 Pa 

10 Transverse Shear Stiffness – Homogenous K 1076 Pa 

11 Damping, Alpha - 30 s-1 

The membrane elements are used to provide shear stiffness to the fabric. The 

membrane elements use a constitutive model (Stress power model) implemented in 

VUMAT. It is outlined in more detail in Harrison et al. [256] but an overview will be 

given here. The model takes data from picture frame tests of a fabric and relates 

the measured shear force per unit length vs shear angle (𝐹௦) to in simulation 

stresses and strains. A polynomial curve is fitted to the measured shear force – 

shear angle data, and this is the only external input required for the shear portion 

of the model. Through derivation outlined in Harrison et al. [256] the following 

equations can be found which relate the principal stresses in the stress tensor (𝜏௫௫ 

and 𝜏௬௬) to the shear force -shear angle curve based on the shear angle 𝜃.  

𝜏௫௫ =
ிೞ

బ
(

ୱ୧୬ ఏିୡ୭ୱమ ఏାଵ

ୱ୧୬ ఏ ୡ୭ୱ ఏ
)        (A.10) 

𝜏௬௬ =
ிೞ

బ
(

ୱ୧୬ ఏାୡ୭ୱమ ఏିଵ

ୱ୧୬ ఏ ୡ୭ୱ ఏ
)        (A.11) 
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These relate stresses in the simulation with the shear force vs shear angle curve 𝐹௦. 

These are then expressed incrementally. This allows the shear stress-strain 

behaviour to be updated incrementally as a function of shear angle within ABAQUS 

Explicit.  

Δ𝜎 = 𝜎(𝜃 + Δ𝜃) − 𝜎(𝜃)        (A.12) 

Table A.4 shows the input parameters in the VUMAT subroutine which is used to 

determine the shear properties of the mesh. Polynomial curves and corresponding 

angular velocities are stored in a text based format in an accessible location with 

in the PC. To update the stress properties within the simulation, first the angular 

rate is calculated and a representative shear-force shear-angle curve is chosen. 

From the shear rate and shear angle, the shear force can then be chosen from the 

stored curves. This stress increment can then by passed back into Abaqus.  

The parameters for the VUMAT subroutine were selected as follows. The Youngs 

Modulus, shearing modulus were given low nominal values as these properties 

would be dominated by the beam elements. The resin modulus was also set to zero 

as the simulation was of a dry fabric. The vector components identify the initial 

orientation of the fibres and are determined from *ORIENTATION in the ABAQUS 

routine.  

The thickness of the fabric, number of filaments and diameter of filaments was 

obtained from the manufacturer. The ratio for the undulation effect and the 

asymmetry were both set to 1 as nominal values. The length of the picture frame 

and fabric thickness were obtained from internal tests on AllScot Glass fabric 

(ECK12) which had been carried out by other students internally in line with 

Harrison et al. [256]. The shear curve parameters were obtained from the data 

produced from the picture frame tests.  
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Table A.4 Model parameters in VUMAT subroutine for membrane elements in composite sheet [50], [116] 

No. Parameter Description Value Unit 

1 Youngs Modulus for fibres in Alpha Direction 0.65 Pa 
2 Shearing Modulus 0 Pa 
3 Youngs Modulus for fibres in Beta Direction 0.65 Pa 
4 Resin Modulus 0 Pa 
5 First component of Vector Alpha - start condition  0.0074 - 

6 Second component of Vector Alpha - start 
condition  

0 - 

7 First component of Vector Beta - start condition 0 - 
8 Second component of Vector Beta- start 

condition  
0.0074 - 

9 Fabric Thickness 0.00026 M 
10 No. of Filaments in Alpha Tow 600 - 
11 No. of Filaments in Beta Tow 600 - 
12 Diameter of Filament in Alpha Tow 1.6 x10-5 m 
13 Diameter of Filament in Beta Tow 1.6 x10-5 m 
14 Ratio of Youngs Modulus for Undulation Effect 1 - 
16 Asymmetric Factor of Bending compression 

Modulus 
1 - 

17 Length of Picture-Frame Shear Specimen 0.24 m 
18 Thickness of Picture-Frame Shear Specimen 0.00026 m 
19 Shear Curve Parameter 0 1.36387 - 
20 Shear Curve Parameter 1 1.147 - 
21 Shear Curve Parameter 2 20.9684 - 
22 Shear Curve Parameter 3 7.967 - 
23 Shear Curve Parameter 4 1.3634 - 
24 Shear Curve Parameter 5 0.40983 - 
25 Shear Curve Parameter 6 -0.0426557 - 
26 Shear Curve Parameter 7 0.00174804 - 
27 Shear Curve Parameter 8 -3.25326 x 

10-05 
- 

28 Shear Curve Parameter 9 2.29584 x 
10-07 

- 
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