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Summary 
 This master thesis studies the early concept development process of fiber reinforced 

composites. The process and the challenges of such a development have been demonstrated 

through a case study at GKN Aerospace developing a fiber reinforced composite core fairing 

of a jet engine, currently made out of titanium honeycomb sandwich.  The operation 

environment on such a component is extreme and high temperatures, fire risks, vibrations and 

fatigue are just some of the challenges which the new fiber reinforced composite will have to 

withstand.  

The case study included the detailed investigation of various challenges in the three 

technology areas of functional design, materials selection and manufacturing selection with 

the aim of finding valid concepts for the continuing development. The concepts were aiming 

at fulfilling the Technology Readiness Levels of 3-4. 

The result of the thesis demonstrated the importance of early identifying the challenges which 

could eliminate potential concepts within the targeted TRL. The importance of simultaneous 

evaluation throughout the process was also realized. Because of the closely integrated 

technology areas, no choice could be made without affecting the other areas at the same time. 

The study also showed the consequence of not reaching the same maturity of these three 

engineering fields when evaluating the concepts. Without a comparable maturity, the concepts 

consisting of the same technology areas are not complete and the subsequent concept 

selection is not possible without further investigation.  
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1. Background  
One of the greatest challenges of our time lies in the ability of producing new energy efficient 

technologies and systems. The generation of new lightweight materials is part of the answer to 

solving these challenges. Replacing the traditional metal product to fiber reinforced 

composites does not only give the opportunity of a lighter material but also greater 

opportunities of changing the functionality and design of such products.  

In industries dominated by R&D and which are in great need of evaluating products and 

systems before continuing a development process, the term of Technology and Manufacturing 

Readiness Levels, TRL and MRL are extensively being used. This concept was originally 

introduced by NASA in the 1980’s but can nowadays be found in various industries such as in 

the aerospace and the automotive industry (1). The concept of TRL and MRL is used to form 

a common ground at different stages in the decision process. Different industries define these 

stages in slightly different ways but mainly TRL 1-2 lies in the basic research where the 

knowledge is often generic and useful in various areas. TRL 3-4 involves theoretical studies, 

materials testing and simplified laboratory scale studies where several possibilities are 

presented. In TRL 5-6 a functional testing is performed in realistic environments which also 

include development of the corresponding process of the manufacturing readiness. TRL 7-8 

increasingly verifies the technology and functionality and introduces the product to the 

market.  TRL 9 and above is the continuous verification of the components functionality once 

placed and used in the market. 

Through a specific case study, this thesis focuses on studying to replace a titanium-sandwich 

jet engine component with a fiber reinforced composite material component with equal 

functionality. The study can be considered to be at a Technology Readiness level of 3-4 where 

focus is set on identifying the challenges based on the requirements but also to view the 

complexity of the configuration, manufacturing and materials selection as well as weight and 

various costs which will be of great importance for the possibility to eventually produce the 

component with the right performance. 

1.1 Objective 
Study the process of product/technology development of fiber reinforced composites through 

a case study of an ongoing concept development aiming at TRL 3-4 at GKN Aerospace. The 

result of this study will demonstrate the generation of concepts at TRL 3-4 as well as 

observing and reflecting upon the process of product development of fiber reinforced 

composites. 

1.2 Delimitations 
The thesis will be conducted in the time span set for a master thesis i.e. 20 weeks at GKN 

Aerospace Sweden, Trollhättan. The work does not aim to deliver a final choice of concept 

but will evaluate the possible solutions and the product development process of generating 

these solutions. 



2 

 

2. Methodology 
To study the process of product development of fiber reinforced composites a case study was 

performed in an ongoing project in the development of a core fairing made out of fiber 

reinforced composite material.  Here the challenges and understanding of the process will be 

gathered by contributing to the projects various stages. This will be done through the study of 

literature, current scientific research findings and previous work at GKN Aerospace and 

Swerea SICOMP. Research has also been carried out on scientific data and current available 

products delivered by various suppliers to evaluate the current market. The theoretical studies 

and evaluation has been alternated by different assessments and analyses for better 

understanding of the core fairing and its challenges on various aspects in the concept 

development.  Through the knowledge gathered about the process observations and 

reflections upon the process of product development are discussed as a final result of the 

thesis. 

3. Introduction to Early Product Development of Fiber Reinforced 

Composites  
In the early stages of engineering product development the industry commonly focuses on one 

part of the development at a time beginning with the functional design of the product, then 

the materials selection and at last the manufacturing selection. However, these three areas 

are all integrated with one another and choices in one area will affect the other two 

simultaneously as seen in fig.1. Thus, when looking further one realizes the limitation of only 

focusing on one area at a time but actually these areas need to be considered simultaneously 

for a successful end result.  

 

Figure 1. The concepts of Design, Material and Manufacturing imaged as integrated parameters in the product 

development of fiber reinforced composites. 

In the case of replacing a metallic component to a carbon fiber reinforced composite 

component as in the current study, many things need to be taken into consideration. 

Requirements such as temperatures, moisture, mechanical functionality but also the 

Design 

Material Manufacturing 
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producability such as the manufacturing complexity and costs of such a product will affect the 

performance of the final product.  

Let us assume that an ideal design has been generated. The next thing to be considered is how 

this is to be manufactured. This in turn is influenced by the complexity of the design as well 

as the choice of material. Not all materials can be processed the same way and not all 

materials will be suited for all design complexities. Furthermore, the geometry of the design 

will influence the material properties of a composite component in terms of fiber orientation 

and fiber volume fractions. From this it is clear that for product development the three areas 

of design, manufacturing and materials selection are all dependent of each other and need 

to be considered simultaneously in the process for a successful outcome.  

In the end, the choices made for each specific area will generate the final product properties 

such as costs and performance of the product. To further complicate the process there are 

certain requirements that need to be fulfilled in the end product. These requirements may very 

well be impossible to accomplish/ prolong the development if one of the areas fails to meet 

the target. It is therefore essential to explore all possibilities in each specific area to ensure the 

best end product. To be able to compete, the weight and/or costs of a composite solution need 

to be considerably lower than for the already existing metal component. 

As a consequense, all areas need to be studied in relations to eachother to highlight the 

specific challenges of the each specific area and evaluating the technological maturity to 

fulfill the requirements. The knowledge gathered in the following section will simplify the 

continuing work of the project, highlighting challenges and issues that may occur during the 

course of the project. 

  



4 

 

4. Comprehension and Dependencies of Requirements  

4.1 Component Description and Requirements 

4.1.1 System level 

The load carrying engine core fairing forms the bypass duct inner annulus line and is 

connected to the rear end of the fan structure. Currently this structure is made out of titanium 

honeycomb sandwich but is here to be replaced by fiber reinforced composite. In fig 2 the 

location in the engine itself as well as the structural appearance of the component can be 

viewed.  

The system will encounter high temperatures and possible fire and hot air jets simultaneously 

as it will be subjected to high vibrations and pressure. The environment together with the high 

quality demands on these products is what makes it a very challenging development. 

 

4.1.2 Detailed level 

The core fairing will consist of six panels. In fig. 2 three of the panels and also the cut-outs 

needed for different architectural engine components can be seen. The center panel as seen in 

fig. 2 is to be replaced by a titanium surface cooler and the other panels surrounding it by 

composite panels for stability and load support.   

4.1.3 Component Requirements  

To be able to compete with the existing reference titanium structure, it is of essence that the 

same requirements can be adapted to the composite structure. The operating environment for 

the component is challenging and if these requirements cannot be fulfilled it can cause a 

major setback of the project. As a consequence, an investigation of the operating environment 

for the component is needed and also to determine whether the new concept will be adaptable 

to these requirements will have to be considered. 

  

Figure 2. The structural appearance of a core fairing and its location in a jet engine. Engine 

illustration from GasTurb© 11 by Dr. Joachim Kurzke. 
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Simplified level 

The part initially focused on in the current study is the starboard lower panel, blue bottom 

panel seen in fig.2. This panel is linked to the titanium surface cooler on one side and a fiber 

reinforced composite on the other.  

The initial structural appearance of the starboard lower panel can be viewed in fig. 3. The 

fiber reinforced composite panel will be constructed as a monolithic panel or some sort of 

stiffened panel, either single faced or sandwich structure. The outer surface need to be 

aerodynamically smooth as it forms the bypass duct inner annulus line. This means that no 

architectural components can extend above the surface line of the face sheet but need to be 

integrated beneath it, such as joint assemblies and seals. The temperature subjected to the 

outer aerodynamic surface will range between -60C-100C. The inner surface faces the engine 

core compartment and will subjected to the highest temperature in the range of -60C-300C. 

The vibrations occurring during normal flight operations, which are dynamic and not 

unidirectional tensions, will show to be exceptionally challenging in these extreme 

environments, both for joints and the structure in itself. 

 

Figure 3.Simplified model of the initial structural appearance of the starboard lower panel. 

Environmental impact on the component needed to be considered in the composite structure: 

 Fire resistance according to ISO 2685 

o The MCS needs to be fireproof to withstand the heat from a standard flame 

(1100°C, heat flux of 116kW/m2) for 15 min without losing its integrity.  

 High Temperatures  

o The operating temperature inside the MSC will range from -63°C up to 300°C. 

 Maximum loading conditions 

o Vibrations 

o Pressure 

o Fatigue 

 Contaminant resistance 

o The MCS should resist all likely aerospace contaminants such as oil, fuel, 

hydraulic fluid and de-icing agents. 

Except for sustaining the specific operating environment a composite structure should also 

preferably have a lower weight and at lower cost. These requirements are so called desirable 

requirements, which should be fulfilled as far as possible, whilst the previous requirements 

are binary requirements which have to be fulfilled or the component can end up having a 

catastrophic failure. 

Seals

Monolithic or 
stiffened panel

Aerodynamic surface

Engine core compartment
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4.2 Dependencies of Requirements 
The matrix diagram is one of the most used tools for quality improvements (2) when working 

with concept developments. This method is a tool to identify and evaluate correlations 

between different factors. In this project a matrix diagram was made to easier evaluate 

correlations and dependencies between different requirements of the product. This matrix was 

to indicate the areas which would potentially become a challenge in the development. This 

allows for an initial comprehension of the challenges ahead and the realization of where 

additional knowledge will be needed for a full understanding of the product. 

 

Diagram 1. The dependencies of various challenges of the three areas Functional Design, Materials Selection and 

Manufacturing of the product development of a Mount Composite Structure. 

In diagram 1, the different areas of functional design, materials selection and manufacturing is 

described in terms of their specific challenges. To evaluate the correlation between these 

challenges and the interaction between the areas they are set against each other and evaluated 

challenge by challenge. The correlation or dependence of each challenge in relations to one 

another is represented in three different colors. Red color specifies a high 

correlation/dependence, yellow a slight correlation/dependence and green small or no 

correlation/dependence.  

Generally, one can without going into details see that the development consists of a high 

degree of freedom where not all challenges are contained in the same engineering field. It puts 

a demand on a competence in the project of being able to view things cross-functionally. The 

competence in the project needs to consist of design engineering, materials engineering as 
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well as production engineering. To obtain the right experience and competence in the project 

can be a challenge in itself. 

The diagram shows an area in the middle where the color red is dominant. Through this it is 

seen that materials and manufacturing can be the most challenging areas in designing the 

component. This comes as no surprise as they are the two areas most closely linked to one 

another, which is also demonstrated through this assessment. The high temperatures and fire 

hazards will limit the possible resins that can be used in the composite and the manufacturing 

with these resins are difficult and commercially not widely used.  

Attention should also be given to the panel design configuration aspect of the composite 

structure. It mainly involves the design of the interior. There are various alternatives to be 

considered and a method of priority between these alternatives will eventually have to be 

developed. 

With this initial comprehension of the product requirements the process of the product 

development can continue. The focus will now be set on gaining as much understanding and 

knowledge about these various challenges highlighted to be able to evaluate the possible 

solutions. This initial study is important in the process for not focusing on the wrong areas 

and losing sight of the more challenging areas which would potentially devastate the whole 

product development. The sooner the challenges are realized the less resources will be needed 

if the challenge is found to be overwhelming. Since this is a commercial product, the costs 

and quality is important for the competitiveness of the product on the market. The time 

needed to develop a product affects the product costs but might not necessarily mean a higher 

quality. An efficient and well planned development process is everything for the final 

competitiveness of the product. 
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5. Concept Generation 

5.1 Composite Panel Configuration 
A sandwich can be compared with an endless I-beam where the flanges/skins carry the in-

plane compression and tensions and the core carries the shear loads. This is an efficient 

structure where most of the material is placed at the skins, farthest from the bending axis and 

only enough material is placed in between the skins for them to be connected and resisting 

shear stresses and hindering buckling of the faces. This gives the opportunity of a high 

stiffness to weight ratio, which is beneficial in the design of structural parts with a weight 

limit. For the sandwich effect to work, it is crucial that the bonding between the skins and the 

core material is good or the loads will not be transferred between the skins and the core 

leaving them acting not as one material but rather three different materials (3). 

There are three different panel designs with various structural cores which can be used in the 

aim of altering stiffness of a component; the monolithic panel, the sandwich panel and the 

single face stiffened panel. Described below are the three designs and their alternatives. 

5.1.1 Monolithic panel 

The fiber reinforced composite monolithic panel imaged in fig. 4 consists of several plies with 

different fiber orientation which are cured together into a monolithic structure. The structure 

has excellent material properties, however stiffening of the panel cannot be done without a 

significant weight gain. 

 

 

5.1.2 Sandwich panel 

The sandwich panel consists of three parts; two face skins on either side of a light weight core 

all connected to each other by adhesives. There are various structures which can be used as 

the light weight core, the most common ones described in the following section. 

Honeycomb core 

The Honeycomb structure (fig.5) is one of the most weight effective cores for increasing 

stiffness. The high performance honeycomb structure is commonly made out of lightweight 

metal such as aluminum alloy or for higher strength, titanium alloy. Honeycombs can also be 

made out of fiber reinforced polymer composites such as aramid or carbon fibers together 

with phenolic or polyimide resins which have high temperature resistance (3) . 

 

 

Figure 5. Honeycomb sandwich panel. left: view from side. right: view from above of  honeycomb structre. 

Figure 4. Image of a monolithic panel design configuration. 
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The honeycomb core has very good mechanical properties with high shear and out-of-plane 

stiffness and the highest strength to weight ratio of all cores available. There are a variety of 

different honeycomb structures the most common being the hexagonal structure as shown in 

fig.5 (3). 

Corrugated stiffeners 

In fig.6 below a side view of a corrugated stiffened sandwich configuration can be seen. 

These structures can be seen as fiber reinforced composites in the aerospace industry, then in 

the form of omega shaped stiffening profiles. They are used as interior structure of wings and 

fuselage of airplanes. 

 

Figure 6. Corrugated stiffened sandwich panel viewed from side. 

Rib stiffeners 

The rib stiffeners are also commonly used as the interior structure of airplane wings and 

fuselage. They come in various shapes such as L-shaped or T-shaped, their common factor 

being that they extend throughout the structure. Side view of the rib stiffened sandwich can be 

seen in fig.7. 

 

Figure 7. Rib stiffened sandwich panel viewed from side. 

Foam core 

The foam core (fig. 8) has the advantage of being the less expensive alternative of all cores. 

There are polymeric foams as well as metallic foams. The foam is easily adhered to and easily 

shaped and surface prepared. It also has the advantage of high thermal insulation, acoustical 

damping and most structure are also resistant to water due to the closed-cell structure. The 

drawback of the foam core is the stiffness and strength to weight ratio which is lower than for 

the honeycombs (3). 

 

 

 

Figure 8. Polymer core sandwich panel viewed from side. 
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5.1.3 Single face stiffened panel 

A single face stiffened panel is a panel which consists of one face skin connected to stiffeners 

of choice as seen in fig. 9. These structures have lower stiffness than does a sandwich but with 

an advantage of having lower weight since it is mainly the skin which contributes to the 

weight of a structure. The same stiffeners as for a sandwich can be used in the structural 

design of such a panel. 

 

Figure 9. left: rib stiffened single face panel viewed from side. Right: corrugated single face panel viewed from side. 

5.1.4 Stiffness Assessment of Panel Design Configurations 

To gain deeper knowledge of all design structures one of the questions is how do they 

compare to one another in terms of stiffness and weight? Which of them will have the best 

possibility to compete with the current titanium reference structure?  

A study was made to investigate this by very simple means. The component was assumed to 

be a flat 1x1m structure. The panel bending stiffness of the different structures were 

formulated, seen in appendix A, and through the use of Microsoft Excel variables could be 

changed to see the effect on the stiffness and eigenfrequency. These results were then drawn 

in the same graph, normalized with the titanium reference structure to see the possibilities 

available.  

In fig.10, the eigenfrequency of the different structures are shown against the mass of the 

structures. Both the eigenfrequency and the mass have been normalized with the properties of 

the current titanium structure to see the competitiveness of these panel configurations to the 

current design. To be able to compete the graphs need to be above and to the left of the 

titanium reference marked as black lines in vertical and horizontal direction. The further up 

and to the left the graphs are seen, the better the stiffness to weight ratio of the panel. 

Different dimension changes to all configurations have been made to compare the effects on 

the eigenfrequency. Through this, dimensions with the strong correspondence to the stiffness 

can be obtained for each configuration case. 
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Figure 10. Competitiveness of different design configurations to titanium reference in terms of eigenfrequency and 

mass. 

The graph of fig. 10 show us some important facts. First of all panel configurations are 

competitive to the titanium reference and can be used in the component except for the equal 

sized monolithic panel. Secondly, for all different configurations there is a certain span of the 

respective dimension changes which are seen to have lower weight and higher eigenfrequency 

than the titanium reference seen as the black line in fig. 10. It will be these specific 

dimensions to the respective configuration which will have to be investigated further to 

actually be able to distinguish any differences of the competitiveness of the different 

configurations. One must remember that these calculations are two-dimensional and it seems 

the only way to really investigate the differences in stiffness of these structures is through 

finite element calculations.  

If we look closer at the results from this assessment in fig.10, the rib stiffened panel (green) 

with a thickness of the face skins tf=1,5 mm and a height of the ribs of 3,5 cm and the change 

in the distance between the ribs z from 5-55 mm seems to have the lowest possible weight. 

The sandwich panel (purple) with face skins thickness tf=1,5mm and a change of the height d 

from 3-35mm seems to have the highest stiffness. A possible good solution and a suggestion 

for further investigation for this panel could therefore be a rib stiffened sandwich. 

This assessment was meant to give initial information about the performances of different 

structures without developing finite element calculations, which are both time consuming and 

complex. The main goal of this assessment was to investigate the difference by simple means 

and possibly decide the structures which could be discarded for future investigations. The 

only structure which can be eliminated at this point however, is the equal sized monolithic 

panel. The other configurations can still be seen as competitive. Another important 

observation seen through this assessment are the dimension spans which makes the respective 
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configurations competitive. At least now, one has a starting point for the future finite element 

calculations. 

5.1.5 Design for Fire Resistance  

If the composite by itself does not fulfill the requirement for fire resistance, there are other 

ways to fireproof your component by for example fire protection barriers. These are barriers 

which by different means are placed on the component surface keeping it unexposed to direct 

fire. 

The component is initially to be developed without external fire barriers but rather the design 

itself should fulfill the requirements of fire resistance. An external barrier would add weight 

to the component and also demand for a change of dimensions since it would most likely be 

outside the dimension ranges set for the design. Or it might possibly degrade the material 

depending on the temperatures used to attach it or the material it is composed of. However, if 

need is seen and the design itself cannot fulfill the requirements the alternative of external fire 

barriers need to be considered, and thus a short study of these barriers is relevant in the 

process of understanding the whole concept. 

Thermal barriers 

Thermal barrier pre-pregs are pre-pregs which can be co-cured onto your composite or 

bonded using an adhesive. They are made with ceramic fibers and high temperature resins and 

serves to protect the material underneath from temperature spikes and flames (4) (5). 

Thermal barrier coatings are thermally sprayed onto the composite producing a layer of 

protection such as Yttria-stabilized zirconia (YSZ), chromium oxide, aluminum oxide, 

tungsten carbide, aluminum, tin, zinc, nickel chromium, and many more (6) (7).  

There is also something called ceramic textiles which can be placed on top of the exposed 

surface. These textiles are made out of ceramic fibers and often also glass fiber. They are one 

of the most commonly used protections in the aerospace industry today (8). 

5.2 Composite Manufacturing 

5.2.1 Manufacturing Process Selection (9) (10). 

Choosing the right manufacturing method can be complicated. There are a number of criteria 

which need to be considered such as costs, production rate, strength, size and shape.  

Depending on the application of the component and the market need, the product will be 

manufactured in different volumes. Depending on these volumes there are different 

manufacturing techniques which are suitable for the production. For a volume rate of 10 

pcs/year the wet lay-up may be suitable but if the production rate is 10.000/year this method 

would not even be considered, instead manufacturing techniques such as compression 

molding or injection molding can be of higher interest. This is demonstrated in fig.11 where 

different manufacturing techniques are compared to the annual volume.  

The costs need also be considered when choosing a process. Labor costs, tooling costs, raw 

material costs are just a few of the criteria to go under this section. Determining these costs in 
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advance can be a difficult task and of course the costs are also influenced by the production 

volumes. 

The design of a composite structure is influenced by the wanted performance. What are the 

requirements for the composite in terms of stiffness, surface finish and shrinkage allowance? 

This will influence both material selection as well as the overall complexity of the composite 

structure. Not all manufacturing techniques are suitable for all design complexities.  

 

 

Figure 11. Different manufacturing products in terms of the complexity of the component compared to the annual 

volume produced. Composite processing map after Månsson 1994. 

These manufacturing objectives are on a quite detailed level and in an initial state, as for the 

current study, it is more a matter of predicting what to come than actually deciding on specific 

solutions to specific problems. That would be to restrict the development further and not 

being able to see the entirety of the product. 

5.2.2 Selected Manufacturing techniques 

As for the currently discussed component, material properties have to be high and the annual 

production rate is no more than 300 pcs/year. There are some manufacturing techniques 

which are not suitable for producing a panel of either single faced or sandwich structured 

configuration as for example pultrusion or filament winding. These are techniques which are 

very limited in the shapes they produce; filament winding which is used to produce pressure 

containers and pultrusion which produces continuous single oriented fiber composites. The 

techniques commonly used for the manufacturing of high performance fiber reinforced 

composites for the aerospace industry are pre-preg lay-up and liquid injection such as RTM. 

The two techniques are described in short in the following section. 

Pre-pregs 

Pre-impregnated reinforcement often referred to as pre-pregs, are as the name suggests 

reinforcements often in the form of weaves which are already pre-impregnated with partially 
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cured resin. They need to be kept cold as otherwise with the use of thermoset resins, they will 

start to cure and will be inadequate for the intended product when fully cured. 

The pre-preg lay-up is one of the most commonly used methods in the aerospace industry 

today to obtain high quality and high performance composites. Components with high fiber 

volume fractions are the main reason for the use of this technique.  

 

Figure 12. Pre-preg layup process imaging the layup and the ancillaries needed. 

Pre-preg lay-up is mostly a manual lay-up method where the pre impregnated, partly cured 

fiber weaves (called plies) are cut and formed in the wanted laminate shape before curing in 

an autoclave, as seen in fig. 12. It is labor intensive and rather expensive and requires 

experience for a good outcome of the component. However, automation of this manufacturing 

technique is becoming more common. The drawback of a high level of automation for the 

pre-preg lay-up is the high investment costs that arise. 

When done manually, the lay-up becomes a difficult step in the making to obtain the right 

orientation of the fibers. It is also common with voids between the pre-preg layers due to 

entrapped air during lay-up. Often this is reduced through the step of de-bulking the layers, 

which uses vacuum to force a removal of the entrapped air. Even though the materials used 

are continuously developed for lessening the health issues, one must always consider the 

health hazards especially when handling is not automated. Another drawback of the pre-pregs 

is the stiffness and fragility of the pre-pregs which leaves the preforming difficult and time 

consuming. 

Resin Transfer Molding, RTM 

Resin transfer molding is a cost effective technique to produce structural, highly complex 

parts in medium volume quantities. The RTM products cannot be manufactured with as high a 

fiber volume fraction as for pre-pregs but is on the other hand automated in a higher extent, 

with high quality and precise products as a result. As imaged in fig. 13 a dry fiber preform is 

placed in a two part, heated mold.  Liquid resin is then injected under pressure, until the fibers 

are fully impregnated. When the fibers are fully wetted the ports are closed and the resin is 

allowed to cure. The surface finish is good on both sides of the parts, compared to pre-pregs 

where one side will be rough due to the one sided tooling. 

Sealant tape

Mold

Laminate

Release film

BreatherVacuum bag

Vacuum 
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Figure 13. Liquid injection process. Two sided mold tool where dry fiber reinforcement is injected with liquid resin. 

The fact that liquid injection is highly automated allows for higher production rates and also 

repeatable component shapes.  However, the tooling costs is higher than for pre-pregs and 

complex parts often requires a lot experimentation before achieving the wanted structure due 

to the difficulties of achieving the right injection strategy. 

During the process it is critical to control the flow and infusion rate of the resin to assure even 

impregnation of the fibers and the minimization of air pockets inside the material. The resins 

ability to be stable in terms of viscosity and rheological properties for a longer period of time 

is essential for the end result of the process.  

Fiber Reinforcement Configuration 

Fiber reinforcements come in many forms from roving to mats. Below are some of the most 

common reinforcement forms. 

Roving and tows are the simplest form of the fibers. The roving and tows are what later is 

used to form secondary fiber forms such as weaves, mats and braids. They come in different 

grades based on their weight where the aerospace-grade tows range from 1K to 24K.  

Mats are nonwoven fabric and come in two different forms; the chopped and continuous 

strand. The chopped mats consist of discontinuous chopped fibers which are chemically 

binded. The chopped mats are isotropic as the chopped fibers are randomly placed in the mat. 

The continuous strand mat is stronger than the chopped mat and is used in applications such 

as compression molding, resin transfer molding and in the fabrication of preforms. 

The Woven fabrics come in many forms and weights. There is the plain weave which is the 

most common weave but also harness, satin and basket weaves which are more drapable 

and have better crimp properties. 

Preform is the stacking and shaping of layers of chopped, unidirectional, woven, stitched or 

braided fibers into a predetermined three dimensional form. It is used both in the pre-preg 

layup and the liquid injection manufacturing technique (11) (10). 
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Thermal Expansion of Molds 

Another aspect to consider in the field of high temperature resistant polymer matrices is the 

thermal expansion of the mold which will occur at the curing temperatures. With the use of a 

normal steel mold, the thermal expansion of the steel lies in the range of 14-16 µstrain/°C at 

temperatures around 300-350°C. This would either strain the component in a way which 

causes the wrong final dimensions or if the mold is larger to compensate the thermal 

expansion, the resin would possibly leak out on the sides of the reinforcement making need 

for extra machining.  

Invar is a nickel-iron alloy known for its extremely low thermal expansion coefficient (0,5-

2µstrain/°C). With the use of this alloy as mold-material one could ignore the effects of 

thermal expansion of the mold. The costs of this material lies around 8-10 Euros/kg compared 

to steel 2-3 euros/kg. This would add additional costs to the manufacturing process (12). 

5.2.3 Manufacturing Assessment of Panel Design Configurations 

The complexities of the component might in some cases decide which manufacturing process 

that may be used. It is also a question of creativity and finding the simplest solution to a 

complex problem. The following assessment demonstrates possible solutions for 

manufacturing three of the mentioned panel design configurations; the corrugated single face 

panel, the rib stiffened single face panel and the sandwich panel. 

The corrugated single faced panel 

Fig. 14 illustrates the possible design for manufacturing a corrugated composite panel with 

liquid injection or pre-preg solutions. The pre-preg solutions consist of three different design 

possibilities whilst the liquid injection only has one solution. 

Pre-preg solutions 

Alternative 1 

In the case of using pre-pregs, there are several possible solutions.  In fig. 14, Alternative 1 

images a possible solution where the two different parts of the composite panel can be made 

as two separate pieces and subsequently be glued together with adhesives. It is made through 

the use of a one sided tool where the corrugated design is integrated into the mold. The pre-

pregs are then to be preformed according to the mold design and finally let cured under a 

vacuum bag.  The second, flat panel is made with the same steps, however with a smooth 

mold instead of the corrugated design.  One also needs to consider that smoothness of the 

aerodynamic side of this panel, so as to permitting the outer aerodynamic side to be cured 

toward the smooth mold. Finally the two pieces are bonded together by adhesives. 

Because of the high costs of high temperature resins any chance to lower the amount of these 

resins to be used should be investigated.  If the circumstances permit, the use of a low 

temperature resin such as epoxy could be an effective feature of the outer flat panel. However, 

additional challenges arise with the use of two resins. The adhesives used to glue the pieces 

together cannot have greater curing temperature than the curing temperature of the low 

temperature resin. Otherwise the low temperature resin might start to degrade during the 

curing of the adhesive. The question is whether this low temperature adhesive will be able to 
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resist the temperature subjected to at the joints, or if the temperature will become too high and 

degradation will occur. The joints will have to be designed according to these restrictions. 

 

Figure 14. Manufacturing alternatives of corrugated single face panel using pre-preg and liquid injection solutions. 

 

Alternative 2 

In Alternative 2 the same mold design as for the inner corrugated panel is used for 

preforming. The corrugated panel will be cured before the outer flat panel is mounted on top 

and (with additional adhesives) they are fully cured under a vacuum bag with the 

aerodynamic surface facing downward toward the mold. 

The amount of materials used in this alternative will be the same as for the previous 

alternative. What might differ is the time needed to produce the component. As the co-curing 

of the outer panel requires the inner panel to be cured, the full curing of the component is 

restricted by the time of the curing of the inner panel. This is bound for additional time spent 

on the manufacturing. Here as well, a two resin panel system could be used to lower the costs 

of the material. In the case of two resin panel system as mentioned, focus is also needed to be 

given to the adhesives used to bond these parts together to prevent unwanted degradation or 

stresses. 

Alternative 3 

Lastly, pre-preg Alternative 3 shows the solution of a one-step curing where both upper and 

lower panel are cured as one piece. As the outer panel still requires an aerodynamically 

smooth surface, the curing has to be performed with the outer panel facing downwards into 

the mold. Lose mold parts to form the corrugated panel are needed which would make the 

bagging of the component for curing difficult. Other difficulties with this solution would be 
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the fixation of the different parts and how to ensure the right orientation and placing. Other 

limitations will be the fact that only one type of resin can be used. Two different resin systems 

require two different curing temperatures where the high temperature curing most likely 

would cause the low temperature resin system to degrade. Thus, because of the requirements 

of high temperature resistance and fire resistance only a high temperature resin can be used. 

The use of high temperature resins will implicate high material costs, probably dominant 

compared to other factors. 

Liquid injection solution 

Alternative 4 demonstrates the use of liquid injection such as resin transfer molding. The 

fig.14 only shows one alternative where the different parts of the component will be injected 

at the same time. Lose mold parts are needed to ensure the right configuration of the 

corrugated panel but also the fixation as not to displace during injection and curing.  A 

complex one-piece structure like this will cause difficulties in the flow of the resin when 

injected, which will most likely be the biggest challenge of this solution. As for alternative 3, 

this solution will only consist of one resin which would alter the costs of the product. 

However, if made successful, it would implicate a good production rate with minimum 

handling of materials. Since the liquid injection uses dry fiber reinforcement, the preforming 

of the structure would become significantly simpler compared to the stiff and fragile pre-

pregs.  

The rib stiffened single faced panel 

Fig.15 demonstrates possible manufacturing techniques for a rib stiffened single face panel. 

As for the corrugated, it consists of three pre-preg versions and one liquid injection version. 

Pre-preg solutions 

Alternative 5 

Alternative 5 is similar to the manufacturing of the corrugated panel alternative 1. The 

different pieces of the component are cured separately and then bonded by adhesives. Once 

again, one needs to ensure the aerodynamics of the outer panel surface, leaving the flat panel 

to be cured with the outer surface towards the smooth mold. The difficulties of the rib 

stiffeners is the fact that they are not constructed as one continuous piece and all ribs need to 

have their own support which in turn will need to be fixated for the right placement all in 

respect to each other. These supports or mold pieces might block a correct bagging around the 

ribs for curing. The manufacturing of the ribs is probably more complex than for the 

corrugated panel where more steps will have to be used, either in the fixation or maybe even 

separate manufacturing of the individual pieces. 

Two different resins may be used for the two different panel pieces. As before, the difficulties 

here lie in the right adhesive system and to evaluate the thermodynamics to ensure the joints 

will be able to withstand the temperatures it will be subjected to.  

Alternative 6 

Alternative 6 shows the 2-step curing of the rib stiffened panel. As for alternative 2 this means 

first to fully cure the ribs and then co-cure these ontop of the face skin of the panel with extra 
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adhesives to ensure a good bonding.  A two resin component system could be used, but once 

again the adhesives used need have right thermal properties for the intents use. The large 

mold pieces will also need to be ensured not to hinder the vacuum bagging of the process. 

One idea might be to manufacture these ribs one by one instead of all at once. In that case the 

right angles and curvature for the fitting to the curved panel will be the main issue. 

 

 

Figure 15. Manufacturing alternatives of a rib stiffened single face panel using pre-preg and liquid injection solutions. 

Alternative 7 

A one step curing of the rib stiffened single face panel may show to be difficult because of 

reasons already mentioned in earlier alternatives. The outer surface needs to be placed 

downwards for the aerodynamics of that side. The removable mold pieces might show to 

block the bagging and also as an external fixation of the ribs will be needed to ensure the right 

placement. This fixation will most likely show to block the bagging even further.   

Two different resins cannot be used since the curing temperature needs to be set according to 

the high temperature resin which will be needed in the inner side of the panel for sure. 

Liquid injection solution 

Alternative 8 

For the liquid injection of this configuration a fixation of the rib stiffeners is needed. Also, 

some sort of inserts to block the injected resin to spread between the ribs will have to be 

considered. These inserts also need to be removable once the component is finished.  Lastly 

the outer panel will be placed on top and here it is once again important to consider the 
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aerodynamics of the outer surface, where the design of the upper mold needs to be carefully 

designed. 

The injection strategy for this configuration will be complex where a Vacuum Assisted RTM 

could become very useful. One strategy would be to let the resin be injected from bottom to 

top. Only high temperature resin can be used in this alternative.  

The sandwich panel 

The manufacturing of a sandwich panel is obviously a mixture of the different manufacturing 

processes already mentioned. The faces of the sandwich panels can either be made through 

the use of pre-pregs as seen in fig.16 where they are produced as separate pieces or through 

the use of liquid injection, also produced as separate pieces. The real challenge is the 

manufacturing of the different cores which has already been described in the previous 

sections. However, when producing a sandwich, the alternative to produce all pieces 

separately and glue them together by adhesives is probably the least complex technique, 

whether manufacturing by pre-pregs or by liquid injection.  

The sandwich panel should be used when extra stiffness is seen to be needed. But one should 

also consider the weight gain an extra face sheet would bring to the overall weight of the 

component. An extra face sheet would have to be constructed of a polyimide which would 

mean adding of the costs. However, a polyimide face sheet would most likely mean that the 

core material and the outer face sheet not necessarily would have to be made out polyimide, 

provided that a suitable adhesive system could be found.  

 

Figure 16. Sandwich panel design configurations and manufacturing alternatives using pre-preg or liquid injection 

solutions. 

5.2.4 Evaluation of Manufacturing Techniques 

The question of selecting the right manufacturing technique through the previous assessment 

is clearly shown to depend on a variety of different factors. At this readiness level (TRL 3-4) 

it is difficult to estimate the costs of the different manufacturing techniques as this requires a 

rather detailed investigation of the various stages of the manufacturing. At this level it is more 
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important to evaluate if the techniques will be possible and what will be their main 

challenges. 

The evaluation of these configurations based on the manufacturing costs is unsure and it is 

suggested to further investigate the specific challenges of these techniques and evaluating the 

complexity and whether or not the technique is mature enough for the intended purpose. 

The following evaluation is set to discuss the areas where the knowledge was found to be 

insufficient for establishing any internal ranking system of the different manufacturing 

techniques.   

Adhesives 

In the case where the outer and the inner panel of the core fairing consist of a high 

temperature resin and a low temperature resin as for alternatives 1, 2, 5 and 6, there is the 

question of proper adhesives. The difficulties lie in the fact that a low temperature adhesive 

system will need to be used to bond these two panels together. A high temperature adhesive 

system naturally requires a high curing temperature where the panel of low temperature resin 

will show to lose its integrity during this stage of the process. However, in the extreme 

environment with temperatures up to 300C and possible fire risks a low temperature adhesive 

system will most likely show to produce insufficient support of the joints. 

Since the use of a joint high-and low temperature panel configuration would lessen the 

material costs significantly, it is important to investigate the available adhesive systems or 

possibly the design of the panel configuration to lessen the impact of the high temperatures to 

the joints.  However, if there are no adhesives systems to fulfill the requirement, then a single 

resin system is the only alternative for the component. 

Removable Mold Pieces 

The pre-preg manufacturing process requires some removable mold pieces to ensure the right 

panel configuration. Especially in the case of a rib stiffened panel, the quantity of these 

removable mold pieces is high and the question is how this affects the bagging during the 

manufacturing. The mold pieces might hinder the right bagging making the introducing 

unevenness to the ribs. A risk might be that they cannot be manufactured all at once but need 

to be produced separately thus altering the labor time and alternately the manufacturing costs. 

5.3 Composite Materials 

5.3.1 High Temperature and Fire Resistant Resins 

As well as the requirement of fire resistance, the component will during normal flight 

circumstances be subjected to natural temperature changes. These temperature changes range 

from -63°C to 300°C. This is a large temperature span which once again is set to focus on the 

materials selection. There are limited amount of resins which have the ability to withstand 

temperatures up to 300°C and this requirement will be one of the key issues in the 

development. The high temperature requirement will also affect the processing of such a 

component. High temperature resistance naturally also means high processing temperatures 

which in turn puts a high demand on the processing equipment. 
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One of the most difficult requirements to fulfill for a fiber reinforced polymer composite is 

the fire resistance. Naturally, the component should under circumstances such as fire be able 

to keep its integrity for as long as possible as well as having a low reactivity so as to not 

produce hazardous gases. Ideally, the material itself should be able to smother the flame so as 

no spreading of the fire to other parts of the engine will occur. 

Epoxy 

Epoxy is one of the most used resins for structural composite applications and several resin 

systems are available on the market. They are developed for various manufacturing processes 

such as autoclave curing, pre-pregs, liquid injection and liquid molding. Dry Tg lies in the 

range of 180-230°C and wet Tg approximately around 160-170°C (13). 

Epoxy is as such not a flame resistant resin but can be flame retardant with the addition of 

monomers and curing agents. Epoxy can be made flame retardant with the addition of 

different phosphates, hydrates or halogen compounds such as bromine. However, the 

halogens are known for their toxic gases when burning and are used less frequently (14). 

 Bismaleimide 

Bismalimides are well known for being high strength and high temperature performing resins. 

They are used widely in the field of fiber reinforced polymer composites for use at higher 

temperatures with a Tg from 270°C up to 300°C (13). However, bismaleimide is rather brittle 

and impact induced damage is a problem. To increase the toughness of the bismaleimide 

reactive components are often added such as Polyetherimide (PEI) or PEEK to reduce the 

crosslinking density of the polymer chain. (15) 

Polyimide 

The polyimides are high temperature performing resins, even more so than BMI.  The need 

for high temperature resistant polymer resins has induced the development in making it more 

processable and brittle and there are a few available systems on the market today which claim 

to have good processing ability. The highest Tg for polyimides lies around 320°C (13). 

Cyanate ester 

The cyanate esters are known for their low moisture absorption and dielectric properties. The 

Tg of highly cross-linked cyanates ester lies in the range of 320°C. High Tg cyanate esters 

will only be achieved in a perfectly dry environment making the processing of this resin a 

challenge (13). 

Phthalonitrile 

The phthalonitriles have the best temperature performance of all thermosetting polymers 

known today. The Tg value lies above 500C and have exceptional thermo-oxidative stability 

and good chemical resistance. According to suppliers, they also have processing 

characteristics fit for the infusion process (13).  

5.3.2 Assembled Evaluation of Possible Resin Systems 

As described previously, there are a few resin systems with satisfactory performance for the 

intended high temperature operation conditions. In table 1, a table comparing the different 
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resins in terms of Tg values, fire performance, availability, export restrictions and price can be 

viewed (13).  

In table 1 it is possible to view the resins and their limitations in the development of the core 

fairing structure.  The evaluation will first of all decide which materials that have limitations 

so as not be able to be used in the intended core fairing development. As can be seen, of the 

six materials discussed previously, there are two resins which will not meet the target of high 

temperature resistance up to 300°C namely the epoxy resin and Bismaleimide. Even though 

Bismaleimide does have high temperature performing resins due to questions about the 

thermal stability and brittleness of these they are decided not be looked into further for the 

time being.  The cyanate ester, although shown to have promising properties for intended use, 

is set under U.S export restrictions which prohibit the export outside the U.S.   
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Table 1. Evaluation of possible material systems for use in the development of the core fairing. 

 

The two resins which seem to have promising thermal properties are the polyimide and the 

phthalonitrile. Both resins are expensive however, the phthalonitrile has the highest costs. As 

the material costs also need to be considered as far as possible in the development process the 

fact that the polyimide shows sufficient performance and at lower costs gives it an advantage 

to that of the phthalonitrile.  Also, the possible export restrictions of the phtalonitrile might 

restrict the use of this resin. 

Very little data about the performance of the various polyimides on the market today is 

available to the public. There is a need in the development project to obtain data on the 

processing ability of these products through manufacturing techniques such as liquid 

injection. To investigate the polyimide further in terms of its rheological properties is 

essential in the evaluation of the potential use of the resin in the product. 

5.3.3 More on Polyimides 

Aromatic Polyimides are part of the so called thermally stable/high-performance polymers 

(HPPs) which are resistant to oxidative degradation at elevated temperature, resistant to 

thermolytic process and stable to radiation and chemical reagents (16).Polyimides often 

experience low solubility and have high softening temperatures and are therefore rather 

difficult to process and thus rather expensive (17). They are widely used in the aerospace 

industry as for example front edges of wings, gas pipes of rockets and much more. 

The aromatic polyimides have rigid chains and the interactions between the chains are strong. 

The highly symmetrical and polar groups are what give the PI its poor solubility and non-

melting characteristics. It is believed that the chains interact via charge transfer or electronic 

polarization which influences the color, Tg, crystallinity, mechanical properties as well as 

chemical resistance. Through elimination or lessening of these interactions it is said to 

improve the thermoplastic flow without sacrificing thermal stability. 

Requirement Epoxy BMI Cyanate Ester Polymide Phtalonitrile 

Outer surface 
(100oC) 

     

Inner surface 
(200oC-300 oC) 

     

Fire behaviour      

Commercial 
availability 

     

Export 
restrictions 

     

Price      

Material/technology 
maturity 
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Tg is increased when the interchain reaction is increased as well as altering chain stiffness and 

crosslinking. Introducing kinks or bulky substituents to the chain will decrease Tg because of 

the decrease in regularity in the chain. The design of a processable and and soluble polyimide 

is the reversed. Here reduced regularity and rigidity as well minimizing the density of the 

imide rings will raise the solubility (17). 

Designing a good polyimide for high temperature use which is also processable is difficult 

and often a question of compromising. Many varieties of the polyimides have been looked 

into and the aim is to increase the processability as well as sustaining a high Tg.  

Polyimidesproduced from condensation reaction experience some processing problems. They 

are difficult to use as molding compounds and high pressure is needed to remove volatile by-

products (water) which otherwise introduces voids inside the material. This is one of the 

largest drawbacks of the polyimides, however, there are current researches which show 

promising result for addition reaction which will help the polyimide to be thought of in more 

applications than today (17) (16). Addition polyimides were invented with reactive functional 

end groups as for example bismaleimide (18). Polyimides can be processed both as 

thermoplastics and thermosetting resins depending on the polymer structure or the processing 

of the polymer. 

Galvanic corrosion of polyimides 

Polyimides are vulnerable to hydrolysis which results in physical degradation of the 

composite. This occurs when the composite is coupled to metal such as aluminium. When the 

metal corrodes the composite becomes the cathode. Water reduction occurs which together 

with oxygen produces hydroxyl ions which attack the composite (19).  

There are ways to prevent the galvanic corrosion of the composite (20).  

1. Carbon fibers coated with hydrophobic polymers for isolation to prevent formation of 

solid electrolyte. 

2. Metal can be surface treated to form stable oxide layers. 

3. Titanium instead of aluminium 

4. Fiberglass reinforced insulation ply. 

5.3.4 Material Thermal Analysis 

The polyimide resins that are potentially to be used in the project are not conventional resins 

and there is little data about these materials available. The resins to be investigated in this 

material analysis are three polyimide resins from various suppliers. These material analyses 

are to, on the one hand, confirm the data provided by the manufacturers and on the other hand 

get more detailed data about properties and quality that will be of essence for the 

manufacturing of the component. 

The results of the analyses will help to indicate the needed operation conditions especially 

concerning the manufacturing process of liquid injection. Liquid injection will be the focus 

point for the conclusions of this study.  
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DSC- Differential Scanning Calorimetry 

In this DSC-test three different polyimide samples were tested called resin A,B and C. 

The tests were carried out using a PerkinElmer Diamond DC in accordance with ASTM 

D34189. The analysis investigates the possible viewing of melting temperatures, curing 

temperatures (here defined as the start of the curing), curing energies and glass transition 

temperature and also the occurrence of other phase changes.  

Samples were all in powder form and contained in stainless steel capsules during the 

procedure. A temperature scan was carried out for each specimen with a temperature increase 

of 10°C/min in the temperature range of 20-450°C. Secondary scans were also conducted on 

the cured materials for viewing possible secondary Delta H, ie., material left uncured after the 

first temperature scan at 50°C/min. For resin A a curing cycle was also performed at a 

temperature increase of 50°C/min and by the recommended curing cycle given by the 

manufacturer.  
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Results 

 In the following discussion, one of the resins will be given as an example on how interpret 

the graphs obtained in the DSC-scans. For more detailed description about the two remaining 

resins and their graphs, please read appendix B.  

 

Figure 17. DSC-scan of resin C showing curing onset and curing energies. No Tg or melting temperature was 

identified. 

Fig.17 shows a temperature scan of the resin C from. No clear melting temperature can be 

noticed at the current temperature rate of 10°C/min. The curing energies Delta H of the three 

samples of resin C can be viewed at the end of the graph. Red and green peaks show similar 

energies while the blue curve shows 100 J/g more. This is most likely the cause of chosen 

calculation points which can be seen to differ. 

The curing onset lies around 360-370°C for all three specimens which correspond well to the 

recommended curing temperature of 370°C. There are some disturbances viewed in the 

graphs as well. The causes of these are unclear but can be something as simple as vibration of 

the machine. 

All three graphs are also shown to have the same peak at around 150°C. This seems to be 

some sort of phase change. To determine what this may be, the material needs to be 

investigated further preferably with a quicker scan to highlight the area. However, for this 

high temperature resin, it seems somewhat low for a melting temperature. 

DSC Temperature Scan of Resin 

C 

400 300 
Temperature 

(°C) 
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Figure 18. Secondary temperature scan of resin C. No remaining curing temperature is identified which indicates a 

fully cured material. 

In the secondary scan of the already cured resin C seen in fig. 18, no/or very little remaining 

curing can be seen indicating a fully cured material.  

Conclusions 

A DSC-scan of this sort allows for the verification of the data given by the manufacturer. It 

also gives interesting data of energy absorption of the material at different stages which is not 

commonly presented. This data helps to understand the material better and how it potentially 

can be used in various applications and guide for the optimal operation conditions.  

No Tg values could be obtained from either scans and thus the values given by the 

manufacturers could neither be confirmed nor rejected. The melting temperatures for the 

resins could also not be found, not even for resin A where a quicker scan was performed for 

the possibility of viewing this transition. Further studies need to be performed to obtain the 

melting temperatures. A DMA test is suggested for finding the Tg values.  

What can be said about all three materials is that they show high curing temperatures and that 

they seem to be fully cured in the secondary scan. Practically, this means that no post-curing 

should have to be performed on these resins in the intended composite manufacturing process. 

The low curing energies for all specimens indicate that the risk of degradation caused by the 

heat release when cured is low compared to other commercially available resins such as 

epoxy. 

Rheometry Analysis 

The intention of this test is to investigate the flow behavior and viscoelastic properties of the 

three different resins A, B and C at certain temperatures over time. The data to be observed 

are the viscosity, pot life and the gel time for each specimen at two different temperatures, the 

injection temperature (also processing limitation temperature) and curing temperatures given 

400 300 
Temperature 

(°C) 

DSC Secondary Temperature Scan of Resin C 
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by the manufacturers. It is important to know during how long time the resin is stable both at 

the injection temperature and the curing temperature to estimate the time for the injection 

process when producing a fiber reinforced composite. It will also be an indication for the 

optimal operation conditions for a full impregnation of the fibers in a possible injection 

process.  

The test was carried out according to ASTM D4473 using a controlled stress rheometer, 

Bohlin C-VOR. The test was carried out with parallel plate geometry with a dimension of 25 

mm and gap distance of 200microm in oscillation mode. The theoretical pot life is defined as 

     where    is the initial viscosity. A maximum practical pot life of 600mPa was set as an 

additional parameter for practical reference. The geling time is the point where the storage 

modulus     crosses the elastic modulus    ie. where       . 

Only resin B will be discussed in the following section. For more information about the two 

remaining resins please read appendix B. 

Results 

Single Frequency  

The single frequency test was performed at a frequency of 1Hz according to standard test 

conditions and at a given stress found from the amplitude sweep which ensured that the test 

was carried out in the linear viscoelastic region. The pot life, initial viscosity and gel time was 

investigated for all three resins. An example of resin B of the results obtained will be given in 

the following section, the two other resins are described in appendix B. 

The theoretical pot life of Resin B at 290°C (seen in fig.19) was long ~27 min but with the 

initial viscosity exceeding the practical processing conditions of 600 mPas from the start, no 

practical pot life could be obtained. The viscosity was found too high from the start. Gel time 

(fig.20) at 290°C was also long ~32 min which is sufficient time for a controlled injection 

process. 
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Figure 19. Pot life of resin B at 290C. The pot life reached to 27 min. 

 

Figure 20. Gel time of resin B at 290C. The gelling occurred approximately at 32 min.  

For resin B at 316°C the pot life decreases significantly to ~6-7 min as seen in fig.21. The 

initial viscosity is at its limit from start ~600mPa suggesting difficulties for injection 

processing also at these temperatures. As seen in fig.22, the gelling occurs almost 

simultaneously, slightly before the pot life at around ~6 min and might suggest a fast injection 

of the resin into the mold for the injection process will be needed.  
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Figure 21. Pot life of resin B at 316C. The pot life reached to 6-7 min. 

 

Figure 22. Gel time of resin B at 316C. Gelling occurred at 6-7 min. 

Conclusions  

Even though all polyimides show promising result the difficulty still lies in the high 

temperature which is needed for the injection. To inject at these temperatures is difficult and 

most liquid injection equipment today do not have the ability to go up to these temperatures. 

There might also be difficulties of heat accumulation when heating the resin, either forcing 
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the resin to degrade or produce low-temp-pockets where the viscosity will be much higher 

than for the rest of the resin.  

The high viscosities obtained from 290°C also give an indication of difficulties to inject at 

lower temperatures. To be able to inject materials with high viscosities at lower temperatures 

the pressure need to be increased to force the resin to flow. The question is how high pressure 

is needed. The choice in reinforcement will also play a major role for the flow of the resin. 

Dense reinforcement lay-up will further increase the flow resistance and make need for even 

higher pressure.   

The suppliers to the resins claim that the pot-life at injection temperatures is sufficient for the 

liquid injection process. It is true that the time to process is sufficient, however, the viscosity 

at even higher temperatures (290°C) as in the current study is clearly shown to be too high for 

the process without a considerable amount of added pressure. So even though the polyimides 

can be used in the liquid injection process, there are still difficulties and the investigation of 

the polyimides need to continue to obtain the right processing conditions. These results 

obtained from this thermal analysis are just a start and give approximate conditions to work 

with.  
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6. Proposed Concept Evaluation  
For the continuation of the development process and the entering of a new technology 

readiness level one must at some point make a decision of which concept(s) to continue the 

research on. To be able to make this decision a ranking system needs to be established based 

on the knowledge gained during the course of the process. A concept of fiber reinforced 

composite consists of three technological challenges; functional design, materials selection 

and manufacturing selection. It has through this case study been demonstrated the importance 

of simultaneous evaluation of these areas. This simultaneous evaluation continues to be 

important right up to the final selection of concept. To make the step to the next TRL as was 

the intention for this case study, the three areas need to have the same technological maturity. 

However, there are some challenges left to be investigated which have left the maturity of 

some areas insufficient for a selection and thus the advancement into a new TRL is not 

possible at this stage.  These areas are mainly manufacturing selection, fire resistance and also 

more detailed information about the stiffness of the different panel design configurations will 

be needed at this level. 

The following section means to propose a method of evaluation for the future concept 

selection. This selection will be based on a two-step evaluation of first searching for valid 

concepts based on the requirements and then secondly evaluating these concepts in terms of 

some specific criteria. 

6.1 Step 1- Search for Valid Concepts 
In the search for valid concepts, the potential concepts are evaluated in terms of the level of 

fulfillment of the requirements set for the component. A concept needs to consist of one 

selection from each specific technology area that is the functional design, the materials 

selection and the manufacturing selection.  In fig. 23 the concepts are evaluated in terms of 

how well they are believed to fulfill the requirements where 0 is not fulfilling, 1 possibly 

fulfilling and 2 highly likely to fulfill the requirements.  It is based on the knowledge gathered 

so far in the project and further research might give this evaluation a different result.   

In fig.23 the concepts which have been evaluated valid to the possibility to fulfill the 

requirements up to this point are marked in green. The concepts marked in yellow are 

concepts which could fulfill the requirements but for some reason are seen to be uncertain 

because of some knowledge gained during the course of the project. It might be that the 

material chosen for the concept has export restrictions like the phthalonitrile or that a foam is 

used for the panel design configuration which might not have good enough properties for 

fulfilling the requirements. These concepts will still be considered in the subsequent 

technology readiness level though it will be the green concepts which will be the main focus. 

The concepts marked with red are concepts which for some reason do not fulfill one or more 

of the requirements. These will be eliminated for further studies. In this specific case, the 

concepts are not yet fully generated and the concepts chosen here might change once a bigger 

picture has been established. 
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Figure 23. Evaluation of valid concepts in terms of the requirements. Green are show good potential, yellow are 

possible but have some sort of limitation to the concept, red do not fulfill one or more of the requirements.

  

6.2 Step 2- Continued Evaluation and Selection of Concepts 
In fig. 24, the concept alternatives are built out of the three areas of functional design (FD), 

materials selection (M) and Manufacturing selection (MF). There are a variety of different 

alternatives in each of these technology areas leading to an immense amount of different 

concept alternatives. However, based on evaluations made in the previous evaluation step 

some alternatives can easily be discarded as they can be seen not to fulfill the basic 

requirements of this component.  
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Figure 24. Proposed evaluation of concept selection. Concepts consisting only of valid concepts according to previous 

evaluation to the requirements.  

 

Once a concept based on the functional design, materials selection and manufacturing 

selection is formed and concluded valid by fulfilling the requirements they need to be 

evaluated based on the performance, costs and the overall development risk as seen in fig. 24.  

At this TRL, the ability to fulfill the requirements is what decides the direct elimination of a 

concept. At later TRL, when the concepts are known to fulfill the requirements the 

elimination of concepts is more difficult and more sophisticated methods will need to be 

established. 

The performance of the concept can be based on different factors such as weight, noise and 

aerodynamics and assembly. In this specific study and TRL, noise, aerodynamics and 

assembly are said to be equal regardless of concept. However, for subsequent research this 

also needs to be investigated further. 

The costs of the component will together with the quality decide, at the final stages, the 

competitiveness of the component to the current titanium sandwich component. It is therefore 

important to always have the costs in consideration during the course of the development even 

at low TRL. 
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Based on the previous evaluations of the concepts a general development risk can be 

established. The ranking of the concepts in the first evaluation steps in terms of them fulfilling 

the properties will be inserted to the development risk. If the ranking of the requirement are to 

stand by itself the risk is that this ranking will be dominant towards the other criteria and 

wrongly weighed final ranking would be the end result.  The development risk is to consider 

the risk of the concept not being able to have the technology maturity which is needed in the 

final product. 

Through this assessment the knowledge gathered in the previous sections are in a simple 

manner assembled and simultaneously evaluated.  It gives an imaging overview of the results 

of the study and an initial prediction of the concepts meeting the quality needed for the end 

product. A concept of highest interest is received, the concept which with the current study is 

said to be the best alternative to fulfill the requirements and challenges. It must be highlighted 

that this result might change during the course of the project, and is only an initial screening 

with the knowledge gained so far as support to the decision. As the project continues, new 

challenges will be realized and the concepts will have to become more detailed. It is therefore 

highly recommended to continue the research on at least three of the highest scoring concepts. 

These concepts will then form the baseline when entering the new Technology Readiness 

Level. 

7. Observations and Reflections of Early Product Development 

Process 
 

In this study, the following observations and reflections are made 

1. Important to focus effort on main challenges/uncertainties/killers for the targeted 

TRL 

Here effort was set to finding the challenges which could eliminate certain concepts at 

the targeted TRL. The challenges identified here were what decided the focus for the 

detailed technology study in the subsequent steps. Maintaining the focus on the 

challenges at the right TRL was shown to be important to be able to evaluate your 

concept as whole in the end. It was however, difficult not to be carried away by 

details, details which were possibly not important for the targeted TRL. 

 

2. The three different technology areas need to be evaluated simultaneously. 

Since the three areas of functional design, materials selection and manufacturing 

selection are very closely linked decisions made in one area would immediately affect 

the other two simultaneously. I realized the importance to throughout the process 

always investigate the effect of certain choices on the different technology areas and 

remaining focus on the concept as a whole. 

 

3. The technology maturity of each technology area needs to be kept equal to ensure 

that an evaluation of the concept as a whole can be made. 
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The three technology areas will from the start all have challenges with different levels 

of technology maturity. Some challenges might not have been up for discussion in 

earlier studies and a more detailed investigation might be needed to ensure the right 

maturity. The technology maturity was hard to evaluate from the start but was realized 

once an evaluation of the concepts was to be done. I believe the ability to foresee 

differences in maturity come with experience but also how well you have identified 

challenges from the start. 

 

 

4. For the specific case study: Further investigation on manufacturing alternatives, 

fire resistance and more detailed stiffness calculations need to be made to be able 

to evaluate the concepts according to the proposed method. 

The three technology areas of functional design, materials selection and manufacturing 

selection was not found to have the same maturity and thus no evaluation of the 

concept as a whole could be done. It was concluded that some challenges needed 

further investigation before valid concepts could be found. 

 

Figure 25.Development process of the early stages of a concept study of fiber reinforced composites. 

In fig. 25 schematic representation of the development process of the early stages of a concept 

study of fiber reinforced composites is seen. This image shows the different stages and the 

work conducted at these stages. The work done in the current study clearly shows how 

challenging the field of polymer fiber reinforced composites can be. It demonstrates the 

importance of the right competence in the process from not only one engineering field but 

three; design engineering, materials engineering and production engineering.  

The first stage included the understanding of the component and its requirements. It was an 

intense but very important part of the process where the main challenges to be focused on, 

were identified. It became clear by the end of the study the importance of identifying the 

challenges which could eliminate potential concepts within the targeted TRL. How well the 

challenges were identified here would also indicate the technology maturity level each area 

was starting on and how much focus each area would need to ensure equal maturity of the 

concepts. 
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The second stage was where detailed knowledge of the three technology areas was gathered 

based on the challenges found in the first stage. The importance of simultaneous evaluation of 

the three technology areas was clearly noticed but also the difficulties in not getting carried 

away by details but remaining focus on the overall concept was shown to be a challenge. It 

was here important to focus on the challenges which would hinder the advancement to the 

targeted TRL and not focusing on challenges at higher TRL. 

The third stage was the evaluation of concepts. At this stage one could conclude whether or 

not a sufficient maturity of each technology area had been reached to be able to form the 

concepts. If not, the concepts would not be ready to enter a new TRL and more knowledge 

would have to be gathered before evaluating the concepts once again. How well one had 

ensured an equal maturity reflected upon the ability of identifying the right challenges and 

focusing on these challenges in the second stage. Equal maturity of the three technology areas 

would mean a successful identification of the challenges and the right focus during the 

technology studies.  

The last step was the actual concept selection. The concept(s) chosen here would form the 

base line for the continuing research at a higher TRL getting one step closer to the final 

product. This can be done once valid concepts have been generated in the previous stages. 

  



39 

 

 

8. Bibliography 
1. Williamson, Roy och Beasley, Jon. Automotive Technology and Manufacturing Readiness 

Levels. u.o. : Low Carbon Vehicle Partnership and Automotive Council, 2011. 

2. Bergman, Bo och Klefsjö, Bengt. Kvaliet från behov till användning. Lund : 

Studentlitteratur AB, 2007. 

3. Zenkert, Dan. An Introduction to Sanwich Structures. Stockholm : KTH, 2005. 

4. Thermal barrier prepregs. High Temperature Polymers Maverick. [Online] [Citat: den 25 

09 2013.] http://www.maverickmolding.com/high-temperature-resins/products/thermal-

barrier-prepreg/. 

5. Hybrid Composites. Renegade Material Corporation-Unbridled Innovation. [Online] 

[Citat: den 25 09 2013.] http://www.renegadematerials.com/products/hybrid-composites. 

6. Huang, Wenzhi, o.a., o.a. Fabrication of thermal barrier coatings onto polyimide matrix 

composites via air plasma spray process. Surface & Coatings Technology. 2012. 

7. tst coatings. [Online] tst coatings. [Citat: den 25 09 2013.] 

http://www.tstcoatings.com/thermal_barrier.html. 

8. 3M. [Online] [Citat: den 25 09 2013.] 

http://www.3m.com/market/industrial/ceramics/pdfs/blankets_aircraft_firewalls.pdf. 

9. Mazumdar, Sanjay K. Composites Manufacturing- Materials, Product and Process 

Engineering. Boca Raton : CRC Press, 2002. 

10. B.T.Åström. Manufacturing of Polymer Composites. Suffolk : Chapman & Hall, 1997. 

11. World, Composites. Fiber Reinforcement Forms. [Online] den 1 2 2012. [Citat: den 02 

12 2013.] http://www.compositesworld.com/articles/fiber-reinforcement-forms. 

12. CES Edupack 2013.  

13. Fernberg, Patrik. Composites and resins with potential use in a Mount Composite 

Structure (MCS). Piteå : Swerea SICOMP, 2013. 

14. Goodman, Sidney H. Handbook of thermoset resins. New Jersey : Noyes publications, 

1986. 

15. Fink, Johannes Karl. Reactive Polymers Fundamentals and Applications - A Concise 

Guide to Industrial Polymers. Norwich, N.Y, USA : William Andrew Publishing/Plastics 

Design Library, 2005. 

16. Synthesis and characterization of AB-type monomers and polyimides: a review. 

P.Thiruvasagam. u.o. : Taylor & Francis, 2013, Designed Monomers and Polymers. 



40 

 

17. Advanced polyimides materials. Syntheses, physical properties and applications. Liaw, 

Der-Jang, o.a., o.a. 2012, Progress in Polymer Science, ss. 907-974. 

18. Goodman, Sidney H. Handbook of Thermoset Plastics. New Jersey : NOyes 

Publications, 1986. 

19. Accelerating factors in galvanicaööy induced polyimide degradation. Rommel, M.L., 

A.S.Postyn och T.A.Dyer. u.o. : Northrop Corp, 1993, SAMPE Journal. 

20. R.Joffe. Galvanic Corrosion of Imide-Based Composites: Short Literature Overview. 

u.o. : Swerea SICOMP, 2008. 

21. Brust, Gregory. The macrogalleria. [Online] [Citat: den 24 09 2013.] 

http://www.pslc.ws/macrog/imide.htm. 

22. Flame retardant polyimide cross-linked with polyhedral oligomeric 

Octa(aminophenyl)silsesquioxane. Fan, Haibo och Yang, Rongjie. 2013, Industrial& 

Engineering Chemistryl Research. 

23. Fire Retardancy and Durability of Poly(N-benzyloxycarbonyl-3,4-

dihydroxyphenylalanine)-montmorillonite Composite Film Coated Polyimide Fabric. Xu, 

Tong, o.a., o.a. u.o. : Wiley periodicals, inc., 2013, Journal of Applied Polymer Science. 

24. ATAG. Air Transport Action Group. Facts and Figures. [Online] ATAG. [Citat: den 09 

10 2013.] http://www.atag.org/facts-and-figures.html. 

25. R.E Lyon, R. Walters, S. Gandhi. Combustibility of cyanate ester resins. Washington 

D.C. : Office of Aviation Research, 2002. 

 

 



1 

 

Appendix A 

Stiffness calculations 

The following calculations were made to calculate the stiffness and eigenfrequencies of 

different panel geometries in the evaluation of the eigenfrequency to weight ratio assessment 

made in chapter 5.1.4. 

A1 General Theory  

(Lundh,Hans. Grundläggande hållfasthetslära,Stockholm:KTH,2000) 

The distance to the centroid of combined geometries can be defined with respect to a given 

reference axis as 

 ̅  
∑  ̅    

∑    
                       (1) 

Where   ̅ is the distance to the combined centroid from the reference axis,   ̅the distance to 

each geometry’s respective center of mass calculated from the reference axis and    is the 

area of the different geometries. 

Further, the moment of inertia for combined geometries is defined as  

   ∑        
                     (2) 

Where    is the distance from the combined centroid to the centroid for the respective areas 

   of the different combined geometries, all in respect to the chosen reference axis. This is 

better known as Steiner’s Theorem or parallel axis theorem.  

Also, the bending stiffness D is defined as 

          (3) 

And the eigenfrequency can be obtained through 

  
  

 

       
     

 (4) 

The eigenfrequency is a 2-dimensional approximation of     √
 

 
 so as only the end sides 

through the length of the stiffeners are fixated. This approximation is done so as to be able to 

compare the anisotropic stiffened single face panels to the isotropic sandwich panel.
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A2 Monolithic panel geometry 

In fig. 26 one element in the geometry of a monolithic panel can be viewed. The reference 

axis is placed at the bottom of the rectangle. 

 

Figure 1. Element of monolithic panel. 

For a rectangular shape the moment of inertia is calculated through 

   
 

  
         (5) 

   
 

  
   

       (6) 

The stiffness is calculated through eq.3  

      
 

  
   

      (7) 

The mass of the monolithic panel is obtained through 

          

And the eigenfrequency of the monolithic panel is obtained through eq. 4 

   √
 

 

  
   

 

     
     (8) 

A3 Corrugated geometry 

In fig. 27 one element in the geometry of a corrugated panel can be viewed. The reference 

axis is placed in the middle of the bottom rectangle (nr. 1) and is what the subsequent 

calculations will refer to. The corrugated geometry has been divided into four sections 1-4 

with simpler geometries and thus simpler calculations. 

b

tf
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Figure 2. Single element of the panel design configuration of the corrugated panel. 

The areas of the different sections 

               
 

 
         

Through eq. 1 and the areas the distance to the combined centroids   ̅ for a corrugated 

geometry is described as 

 ̅  
                     

 

 
 

  

 
 

                 
    (9) 

For a rectangular shape the moment of inertia is calculated through 

   
 

  
         (5) 

Where w and h is the width and the height of the rectangle, respectively. 

And for the angled rectangle of nr. 2 the moment of inertia is (American institute of steel 

construction): 

   
 

  
          (10) 

Furthermore in eq.2 we have 
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With eq.5 and eq.10 in eq. 2 the combined moment of inertia of the corrugated element is 

obtained. 
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        (  
 

 
 

  

 
)    ̅     (11) 

The mass of one single element 

                                 (12) 

Where    is the density of the composite 

The number of elements per unit area is calculated through 

             

   
 

   
     (13) 

Following the mass per unit area 

    

  
 

 

   
                       (14) 

Furthermore, the bending stiffness D can be calculated from eq.3 with the use of eq.11 and 

eq.13 
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)    ̅      (15) 

And finally the frequency    is calculated through eq.14 and eq.15 in eq.4. 
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A4 Rib stiffened geometry 

In fig. 28 one element of the geometry of a rib stiffened panel can be viewed. The reference 

axis is placed at the bottom and the geometry divided into three sections for the simplicity of 

the calculations.  

 

Figure 3. Single element of the panel design configuration of the rib stiffened panel. 

The areas of the different sections are 

           
  

 
            

Through eq. 1 the distance to the combined centroid   ̅for rib stiffened geometry is described 

as 

 ̅  
   (
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 )        

    (16) 

For a rectangular shape the moment of inertia is calculated through 

   
 

  
         (5) 

Where w and h is the width and the height of the rectangle, respectively. 

Furthermore in eq.2 we have 

    
 

 
   ̅        

  

 
     ̅              

  

 
 

  

 
   ̅ 

With eq.5 and eq.16 in eq. 2 the combined moment of inertia of the corrugated element is 

obtained. 
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The mass of one single element 

                             (18) 

Where    is the density of the composite 

The number of elements per unit area is calculated through 

             

   
 

   
     

 (19) 

Following the mass per unit area 

    

   
 

   
                   (20) 

Furthermore, the bending stiffness D can be calculated from eq.3 with the use of eq.17 and 

eq.19 
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 (21) 

And finally the frequency    is calculated through eq.20 and eq.21 in eq.4. 
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 (22) 

 

A5 Sandwich panel 

 

 

 

(Zenkert, Dan. An Introduction to Sanwich Structures. Stockholm : KTH, 2005.) 

The flexural rigidity of a sandwich as imaged in fig.29  

d 

tf 

tc 

Figure 4.Element of a sandwich panel. 
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  ∫      
    

 

 
 

     
 

 
 

    
 

  
    (23) 

Where Ef is the elastic modulus of the face material, tf the thickness of the the faces, d the 

thickness of the core and half of either side of the faces, Ec is the elastic modulus of the core 

material and tc the thickness of the core. 

Approximations in the flexural rigidity can be done when       where the first term of eq. 

23 becomes very small and is less than 1% of the second term. Same effects occur to the third 

term of eq. 23 if       where the third term becomes less than 1% of the second term. 

Thus, if       and       the flexural rigidity can be written approximately as  

  
     

 

 
      (24) 

Furthermore, from eq. 4 the eigenfrequency is expressed as 

    √
     

 

          (    ) 
     (25) 

A6 Titanium weight and eigenfrequency 

To be able to compare the different panel design configuration to the current titanium 

reference the weight and eigenfrequency of the reference need to be calculated. In fig. 30 an 

image of a sandwich panel can be viewed. The core will consist of titanium honeycomb and 

the face skins will consist of titanium sheets. 

 

 

 

 

The overall weight of the titanium honeycomb sandwich need to be calculated. In table X are 

dimensions and properties of the honeycomb sandwich needed for the weight calculations. 

                        (26) 

Table 1. Dimensions and properties of titanium honeycomb sandwich 

Property  

     193,5 kg/m3 

    4500 kg/m3 

    0,00045 m 

 

The eigenfrequency of the titanium honeycomb sandwich is calculated according to the theory 

described for the sandwich panel in (appendix A5). 

 

d 

tf 

Figure 5. Element of sandwich panel for calculations of 

reference panel. 
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The stiffness is calculated as 

  
     

 

 
      (27) 

And the eigenfrequency subsequently calculates as 

    √
     

 

          (    ) 
     (28) 
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Appendix B 

B1 DSC-scans 

The following appendix is made confidential by GKN Aerospace. 

B2 Rheometry scans 

The following appendix is made confidential by GKN Aerospace. 

 

 


