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Abstract 

This thesis aims to reduce the costs associated with optimising a part, process, and tool design in order to 

avoid defects when using the thermoplastic stamp forming process. This was done by investigating the 

defects that can occur when using the process, the mechanisms by which they occur, and how they can be 

avoided. This knowledge can then be used to avoid defects in other designs, hence reducing design 

optimisation costs. This work focuses on an omega geometry that was stamp formed from a carbon fibre 

PEEK laminate in a series of manufacturing trials. Wrinkling, corner thinning, edge squeeze out, and fibre 

breakage defects were observed in the trials. Hypothetical mechanisms that caused these defects were 

proposed, and design feature modifications that prevented each of them were identified. However, the 

modification that prevented wrinkling caused fibre breakage, so an optimum design that prevented both 

wrinkling and fibre breakage was not tested. However, this optimum design was proposed based on the 

hypothetical defect mechanisms. 

The use of process simulation was also investigated as this has the potential to reduce design optimisation 

costs by predicting whether defects will occur in a given design. A forming simulation was conducted for 

three of the designs tested in the trials, and for the proposed optimum design. A verification and validation 

process was conducted in order to establish and improve the credibility of the simulations. It was initially 

found that there was uncertainty in the defect predictions due to the use of fibre stress to indicate defects. 

However, this uncertainty was reduced by using basic methods that accounted for the compaction and 

temperature reduction of the material. The fact that the defects were predicted with reasonably low error 

and uncertainty suggested that the models used in the simulations could be used to predict defects in similar 

designs.  
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 Research problem 
Thermoset polymers are used in the majority of advanced composites applications because the resin has a 

relatively low viscosity prior to curing, which generally makes them easier to process 7. However, a 

traditional manufacturing process using thermosets will involve the manual or automated layup of individual 

plies, followed by resin transfer (if not using prepreg), and eventually the curing of the resin. This leads to 

cycle times that are typically in the order of a few hours, and these processes are therefore only suitable for 

low-volume applications 8. This has driven the development of a range of processes that offer lower cycle 

times. One of the most successful examples when using thermoset composites is High-Pressure Resin 

Transfer Moulding where cycle times of less than 10 minutes are possible 9. This involves manufacturing a 

dry fibre pre-form, placing it in a closed matched-metal mould, and then rapidly injecting fast curing resin at 

a high pressure. However, this process does require expensive mixing and injection machines and a large 

hydraulic press to keep the mould closed. There are also a number of other difficulties such as the necessary 

storage and handling of highly reactive resins. 

Thermoplastic composites can be processed in a matter of minutes because no change in the chemical 

structure of the thermoplastic matrix is required. This means thermoplastic composites only need to be 

melted, shaped and then re-frozen. Thermoplastic composites that are reinforced with continuous fibres are 

of particular interest for structural applications, as will be discussed further in section 2.2.2. These materials 

are herein referred to as Continuous Fibre Reinforced Thermoplastics (CFRTPs). Stamp forming is the name 

given to the process of forming a flat CFRTP laminate into a part. It is similar to metal stamping.  A typical 

stamp forming process comprises of the following steps:  

1. Heat the laminate to melt the thermoplastic matrix 

2. Transfer the molten laminate to a press with the tool mounted 

3. Close the press to form the molten laminate to the tool geometry 

4. Apply pressure and wait for the formed part to cool to the tool temperature, which is low enough to 

freeze the material. 

5. Open the press and demould the part 

Figure 1 provides a schematic of the stamp forming process. 
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This chapter has provided a general background to this thesis and the problems it addresses. Chapter 2 

presents a literature review of the relevant technical aspects of these problems, which is then used to justify 

the scope of the thesis presented at the end of the chapter. 
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Chapter 2 Literature Review and Thesis Scope 
 Scope 

The scope of this chapter is to review the work that has investigated the defects that occur when stamp 

forming CFRTPs, and how the design of part, tool and process can be optimised to avoid these defects. 

Knowledge from other processes and material types, e.g. diaphragm forming of dry fabrics, is included in the 

review as the defect formation can be fundamentally similar. The role of material behaviour in the defect 

formation is an important factor, so the description of the constituents of CFRTPs is also included in the 

discussion.  Subsequently, the effect of various part, tool and process design features on defects is reviewed. 

How the process can be simulated is then discussed, starting with the development of the various material 

models that have been developed in literature, followed by a brief discussion of how these models are 

implemented numerically with the Finite Element method. The material characterisation tests supplying the 

parameters of these models are then reviewed, followed by how the simulation results are analysed to make 

defect predictions. How the credibility of a simulation is established through a verification and validation 

process (V&V) is discussed subsequently, followed by some examples of where forming simulation results 

have been validated through comparison to manufacturing trials. 

At the end of this chapter, a summary of the review is provided along with a discussion of the thesis scope. 

Two research objectives are also provided along with where these objectives are tackled in subsequent 

chapters. 

 CFRTP Constituents 

2.2.1 Thermoplastic polymers 

Thermoplastic polymers can be categorised by whether their molecular structure is amorphous or semi-

crystalline. Amorphous polymers are less resistant to chemical and environmental attack and are more 

susceptible to creep. Because of this, semi-crystalline polymers tend to be used in more demanding 

structural applications. The properties of both types of polymer vary significantly depending on the chemical 

structure of the individual polymer chains. The mechanical performance of the polymer tends to be higher 

where the chain length is high, and the inter-molecular forces are strong 8. However, these properties also 

correlate with a higher melting point, and this typically makes their processing more difficult. As can be seen 

in Figure 4, a large range of polymers are available. This allows a designer to choose one that is suitable for a 

given application in terms of performance, processability and cost. 
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Friedrich refers to as interply rotation 30. Tool-ply slip is when a ply slides relative to the tool surface during 

forming. 

Deconsolidation  

Deconsolidation occurs when a consolidated laminate is heated to above its melting temperature and causes 

the thickness of the laminate to increase. Voids form within and between the plies, which can lead to 

deconsolidation. This tends to occur during the heating phase of the stamp forming process when no 

external through thickness pressure is being applied. 

In woven fibre architectures, the crimp in the tows causes the fibre bed to store elastic energy during 

consolidation. When the matrix is melted, it no longer resists the through thickness expansion of the fibre 

bed causing deconsolidation 34. The lack of crimp in unidirectional fibre architectures means that less elastic 

energy is stored in the fibre bed and hence contributes less to the through thickness expansion during 

deconsolidation. However, deconsolidation is also driven by the thermal expansion of moisture dissolved in 

the polymer during heating, and this has a relatively larger effect when processing unidirectional laminates 
35. 

Percolation flow 

Percolation flow is the flow of the matrix relative to the fibres. Belnoue et al. state that this type of flow is 

more typical to low viscosity thermoset matrix materials, and that transverse shear flow is more dominant in 

thermoplastics due to the high viscosity of the matrix 36. Cogswell states the resin percolation can occur, 

although it is more typical in woven composites due to the fact that fibres are restricted from moving 

transversely by the interweaving tows 8. However, Friedrich et al. found that resin percolation did occur in CF 

UD reinforced PEEK  to the outside of a corner when forming a single bend under certain processing 

conditions 30. 

Transverse shear flow 

Transverse shear flow, sometimes referred to as squeezing flow, is the flow of both fibres and matrix 

perpendicular to the fibre direction. When this occurs, the material is considered to be an incompressible 

fluid and fibres and matrix flow together. Cogswell highlights that this typically occurs in response to through 

thickness compaction 8. Belnoue also presents it as related to compaction and states that this is more typical 

where the viscosity of the polymer is higher 36. 

The modelling of these deformation mechanisms will be revisited in section 2.6 in the context of process 

simulation. The characterisation of the mechanisms in order to generate the parameters of these models will 

also be described. 
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 CFRTP defects 
As discussed previously, a defect is defined as any deviation from the intended design that causes the part to 

not meet its design requirements. Therefore, not all deviations from the intended design constitute a defect, 

it is specifically only those which cause it to not meet the design requirements. For example, if the deviation 

reduced the strength of the part to such an extent that it could no longer carry the required structural 

loading it would be considered a defect.  For any process, there are many possible types of defect. Indeed 

132 defect types that occur in Resin Transfer Moulding (RTM) are presented by Potter, who proposes a 

taxonomic approach to categorising them 17. Potter also states that most complex defects fall into three 

principal types: 

1. Defects relating to fibre wrinkling and misalignment 

2. Defects relating to thickness changes 

3. Defects relating to residual stress and distortion 

There does not appear to be a similar defect taxonomy presented in the literature for the stamp forming of 

CFRTPs, but the three complex defects mentioned above are also important in this process .The present 

work focuses on these complex defects that originate in the forming and consolidation stage. This is because 

these defects seem to be more difficult to avoid in the design optimisation process, and more difficult to 

predict with process simulation. They are therefore more in need of research attention than less complex 

defects, for example those related to foreign objects or handling. Defects related to residual stress and 

distortion are not covered in order to limit the scope of the present work, as they involve different physical 

phenomena and deformation mechanisms, thus requiring different methods to analyse and different models 

to predict 18,37,38. 

2.4.1 Fibre wrinkling 

The cause of wrinkling has been investigated by several authors.  Sjölander et al. suggest that wrinkles can 

occur by either the whole laminate being put under global in-plane compressive stress, or with a single ply 

being placed in compression in the fibre direction, which can then propagate and cause wrinkling in the rest 

of the stack 39. In either case, compressive stress is identified as the fundamental cause of wrinkling. They 

further state that the global type of wrinkling arises where there is excessive material in the laminate due to 

a double curvature geometry, and this excessive material must be collected into a wrinkle. This excessive 

amount of material can be removed through in-plane shearing, however where resistance to this shearing is 

higher than the resistance to out-of-plane bending, bending, or buckling will be preferred which results in 

wrinkling. Haanappel also notes that this balance between the resistance to in-plane and out-of-plane 

deformation is critical to wrinkle development, and also includes interply shearing as an important 

mechanism when forming a stack of plies with multiple fibre orientations as the plies shear in different 

directions 29. Again Friedrich also noted the importance of interply slip here, but refers to it as interply 
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design meeting its requirements. This requires both a method to categorise or measure the deviation and a 

method to determine appropriate acceptance criteria. 

The easiest method of wrinkle assessment is through visual inspection of the part as out-of-plane wrinkles 

are plainly visible if they occur at the surface. For wrinkles that cannot be detected by visual inspection, 

more advanced methods can be used.  Ramesh et al. assessed the use of both computer tomography (CT) 

and optical microscopy to detect wrinkles in the corner of U-section parts, finding that it was not possible to 

detect wrinkles in the CT scans and that microscopy provided a much clearer view 47. However, this is a 

destructive method and only allows a 2D cross section of a small sample of the part to be assessed, as 

opposed to the 3D image that CT scanning generates. These imaging techniques allow wrinkles to be 

characterised with certain parameters such as the amplitude, maximum deviation angle, and length. These 

parameters allow wrinkles to be compared and then related to other variables such as the strength of the 

part. For example, Bloom et al. found that a misalignment angle of 39.4° caused a 40% reduction in the 

strength of a specimen in a tension test 48. Non-destructive testing is preferred for inspection of parts in an 

industrial environment. Larrañaga-Valsero et al. compared the ability of three different ultrasound 

techniques to characterise wrinkles with known parameters, finding that the full-matrix capture with total 

focusing method (FMC TFM) gave the most accurate results and could measure fibre angle deviation with an 

accuracy of +-10% 49. 

Measuring the thickness of a composite part with hand tools is limited by the part size, as measurements can 

only be made near the part edge. More advanced metrology methods can be used for larger parts. For 

example, measurement arms use the angle of every joint in an arm to determine the position of an attached 

probe that is placed against the part surface 50. A laser scanner can also be attached to the end of the arm to 

measure the position of the part surfaces, which can then be processed to calculate the part thickness. 

The determination of appropriate acceptance criteria needs to consider the requirements of the part. For 

example, whether a wrinkle is acceptable in a given ply and location in the part would depend on the 

expected stress in at that location and whether this would be above the reduced strength caused by the 

wrinkle. However, Bloom points out that although a reduction in strength for a wrinkle of a certain size can 

be determined experimentally, it is uncertain whether this can be simply applied as a knock-down factor to 

the material strength given the other effects that a wrinkle may have such as causing a stress concentration 

from which a crack can propagate 48. Where the structural performance of a part is critical, as in aerospace 

applications, this uncertainty will naturally lead to stricter acceptance criteria to minimise the risk of failure. 

 Effect of design features on defects 
As discussed previously, the design can be divided into part, tool and process design features. Features can 

be further sub-categorised, for example part-material design features. Many authors have investigated the 

effect of varying design features on defects, and this work is reviewed in this section. However, the use of 
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Figure 21 - Effect of varying material design features on wrinkle development 290 

What is abundantly clear is that lay-up has a very significant effect on wrinkling. Haanappel explains that 

when there are four unique fibre directions in a QI lay-up, extension in any of these directions is resisted by 

the fibres that are aligned in that direction.  This is in contrast to a cross-ply lay up where there are no fibres 

aligned at +-45°, and thus deformation in these directions is less restricted. The number of +-45° to 0/90° 

interfaces has also been shown to be critical for in-plane deformation resistance of the material as any in-

plane deformation requires inter-ply slip/rotation across these interfaces as shown in Figure 22. This adds 

inter-ply friction to the mix of forces resisting in-plane deformation, thus encouraging out-of-plane 

deformation.  
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frozen. The grippers may be attached to tabs that protrude out the edge of the blank so that the original 

blank shape can completely melt. These tabs can be seen on the leading-edge rib shown in Figure 3. 

The blank will cool down rapidly in room temperature air, so there is a limited time to transfer the blank 

from the heaters to the press and form the part. The system for transporting the blank is typically automated 

due to safety concerns and to ensure consistent and rapid transfer times. A simple automated transfer 

system is a motorised rail that moves the blankholder along its length. Such a system can be seen in Figure 

23, which shows a CAD model of the equipment set up at the NCC 69. More advanced systems may use a 

robotic arm, which allows the layout of the equipment to be more flexible because the heaters and press do 

not have to be inline. As a robotic arm can move in multiple directions, it can be used to drape the molten 

blank over the tool to prevent defects. Premium Aerotec do this when manufacturing the A380 Fuselage 

brackets shown in Figure 2, and a photo of this system can be seen in Figure 24 70. 

 

Figure 23 -Simplified CAD Image of the thermoplastic press forming equipment set up at the NCC 
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temperature. This depends on the thermal properties and geometry of the part and tool, but it can be 

measured with a thermocouple placed at the centre of the laminate. 
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Chapter 3 Investigation of defects and the effect 
of design feature modifications 

 Scope 
This chapter targets Research Objective 1 by attempting to identify design features that affect defects when 

stamp forming a CFRTP omega section. An important part of this is the understanding the mechanisms that 

cause defects, which allows design features to be targeted at these mechanisms. Understanding these 

mechanisms is also an important part of accurately predicting these defects with process simulation, as this 

allows the physics modelled in the simulation to also be targeted at these mechanisms. The simulation can 

also be validated through comparison to manufactured parts. Therefore, this chapter also develops 

knowledge that is useful for simulating the process and contributes to Research Objective 2. 

The chapter is presented in four sections that each cover a set of manufacturing trials. Firstly, an initial 

design of the part, tool and process was followed. A number of defects were observed in these trials, and 

three sets of trials that tested the effect of certain design feature modifications were then conducted. 

Hypothetical mechanisms that caused the defects were proposed based on visual inspections of the 

manufactured parts after the process. These mechanisms were then tested through by implementing design 

feature modifications that targeted these hypothetical mechanisms. The mechanisms were also investigated 

in a more directly manner by video recording of the process in the final set of trials. 

This methodology is similar to a typical iterative design optimisation approach that is used in an industrial 

setting, where the results of each set of trials are analysed, hypothetical solutions to any problems 

proposed, and then the design modified to implement these solutions. To aid in the reading of this chapter 

Table 1 provides a summary of the modified design features and the results of each set of trials. Details of 

the design feature changes and the defects that occurred are provided subsequently. 
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 Initial design 
The available design features relevant to the forming of the omega geometry are presented in Figure 41, 

which categorises them into part, tool, or process design features. These are broken down into sub-

categories such as the part geometry. These sub-categories are herein referred to as design aspects. There 

are of course other features that are not listed in Figure 41, e.g. the type of sizing used on the fibres, 

however it was deemed unlikely that changing such features will lead to defects when forming an omega 

section so they are excluded. 

Some aspects of the design can be adequately described with several features, for example the part 

geometry can be described by the seven features (normally referred to as dimensions) shown in Figure 42. 

However other aspects are more nuanced and cannot be broken down into individual features so easily. For 

example, there are many ways in which a sequential tool could be designed, leading to a very large number 

of possible design features. All the possible design features are not listed in these cases. 
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It is likely that all three defects would result in reduction the mechanical properties of the part. However, 

whether they constitute a defect in an industrial application would depend on the structural requirements of 

the part. Given the desire to use this process to manufacture primary aerospace parts with demanding 

structural applications, all three of the above items were considered to constitute a defect for the purposes 

of the present work.  

The following hypothetical causes and mechanisms of the defects were proposed: 

1) Corner thinning is caused by friction between the lower ply and the tool in the webs pulling the outer 

fibres into the corner. 

2) ESO is due to consolidation pressure causing the transverse shearing of the 0° and +-45° plies. 

3) Wrinkling is caused by friction between the upper ply and the tool in the webs compressing the fibres in 

the top ply causing them to buckle. 

The first set of design feature modifications were targeted at these hypothetical mechanisms.  
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values did not previously affect the defects, maximising the material temperature to reduce the tool-ply 

friction was still in line with the hypothetical causes of the defects, and there seemed to be no downside to 

using these increased values. 

However, the temperature of the die was not increased from 240°C to its maximum value of 280°C in order 

to reduce the potential for thermal degradation of the rubber punch when it contacted it during the 

consolidation phase. The punch would ideally be pre-heated to 240°C as well, but it was limited by the 

maximum operating temperature of the rubber material of 200°C 111. Furthermore, it was found that, due to 

the low conductivity of the rubber material, the surface temperature on the lower flange facing surface 

could not be increased above 130°C without the material in contact with the press platens being heated 

above 200°C and burning. The rubber punch temperature was therefore less than the desired value for the 

process. It was expected that the rubber punch would degrade over time due to contact with the 400°C part 

and the 240°C die. However, it was expected that this degradation would be limited due to the limited 

thermal mass of the part, the moderate die temperature, and the relatively low number of manufacturing 

cycles planned. 

The CFRTP material was not changed from the initial design and the geometry was also identical as the same 

tool was being used. However, parts were only manufactured on the 16 mm radii section to save material.  

The required processing equipment had been designed and installed at the NCC, so this equipment was used 

for these trials rather than the equipment at the TPRC. In terms of design features, this change of equipment 

made some difference to the heating rate and hold time as the NCC IR heating system contained an optical 

pyrometer that measured the surface temperature of the blank during heating. It also contained a 

Proportional-Integral-Differential (PID) controller that could use this sensor to control the heater power to 

increase the blank surface temperature at a constant rate and hold it at a set temperature. A ramp rate of 

2°C per second was used and the blank was held at 400°C for three minutes, giving a total heating time of 

around 6 minutes. The transfer time was programmed to be one second so the total time between the 

material leaving the heaters and the tool contacting the part was slightly over one second, given the time 

taken for the press to start moving and contact the material after it had arrived at the press. 

As only two modifications were being tested, it was feasible to test the combination of these features, giving 

the following three additional configurations to the initial design. Three parts were manufactured for each 

configuration to test the repeatability of the results. 

1. Original matched metal tool with spring suspension 

2. Rubber-metal tool with tape suspension 

3. Rubber-metal tool with spring suspension 
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allows further design features to be targeted at these mechanisms in subsequent trials, and as previously 

discussed, aids in the prediction of these defects via process simulation thus contributing to Research 

Objective 2. 

 Third set of modifications 
A third and final set of design feature modifications were planned based on the findings of the previous 

trials. The purpose of testing these modifications was to identify further design features that influenced the 

presence of defects and to continue to investigate the defect mechanisms.  

3.5.1 Modified design features 

The design features modified were:  

1)  The use of edge containment walls to prevent ESO and corner thinning, via a similar mechanism to the 

rubber tool. 

2) The use of a key-hole slot blank suspension method, which was hypothesised to not have an effect on 

defects but was necessary in order to precisely position the blank such that the edges were aligned with 

the containment walls. 

3) The use of tape to support the middle of the blank in order to prevent it from sagging, which was 

hypothesised to prevent wrinkling by preventing an excess length from developing from underneath the 

punch. 

4) The modification of the draw depth and draft angle, which was hypothesised to affect the defects by 

modifying the tool-ply friction forces generated in the webs. 

5) The use of a slightly different material called TC1225 rather than TC1200. This uses a type of PEAK that 

has a lower melting point, but this was not expected to have any effect on the defects as the viscosities 

of the materials are similar at their respective recommended processing temperature. 

Edge containment walls 

The first design feature modification in the third set of modifications was the use of metal walls to block the 

edge of the part when using matched metal tooling. This was based on the ability of the rubber tool to 

prevent ESO and corner thinning by containing the part edges. However, it was expected that the use of 

matched metal tools would avoid the negative influence the rubber punch had on wrinkling.  

The width of the part was reduced from 80 mm to 55 mm to reduce the amount of material required in the 

trials. A photo of the tool with the edge containment walls is shown in Figure 63. The small hole in the lower 

surface of the die was designed to fit a pressure sensor. However, the collection of reliable pressure sensor 

data was not achieved, plausibly due to the thermal expansion of the aluminium tool relative the steel 

sensor pins and housings. The holes were subsequently filled. 
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Figure 73 - Photo of a part manufactured with blank sagging prevention but no edge containment walls, 

showing fibre breakage in the bottom ply around the lower corners 

Edge containment with blank sagging prevention 

When the blank sagging method was combined with the edge containment tooling, wrinkling was again 

prevented, see Figure 74. ESO was also somewhat prevented, although it appeared that more material had 

been push up against the edge walls, as shown in Figure 75. Again, fibre breakage occurred in the lower ply, 
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Draw Depth [mm] Draft angle [°] Overall result Design modifications 

Corner 

thinning ESO Wrinkling 

Fibre 

breakage 

80 10 No effect 

No edge containment and no blank sagging prevention Yes Yes Yes No 

Edge containment No No Yes No 

Blank sagging prevention Not tested Not tested Not tested Not tested 

Edge containment and blank sagging prevention Not tested Not tested Not tested Not tested 

80 6 No effect 

No edge containment and no blank sagging prevention Yes Yes Yes No 

Edge containment No No Yes No 

Blank sagging prevention Not tested Not tested Not tested Not tested 

Edge containment and blank sagging prevention Not tested Not tested Not tested Not tested 

80 2 No effect 

No edge containment and no blank sagging prevention Yes Yes Yes No 

Edge containment No No Yes No 

Blank sagging prevention Not tested Not tested Not tested Not tested 

Edge containment and blank sagging prevention Not tested Not tested Not tested Not tested 
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here. This reduction in thickness can be seen to develop from frames three to five and appears to be linked 

to ESO as previously hypothesised. 
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