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Abstract 
Future warheads face not only performance-, environmental- and environmental 

resistance requirements but are also facing requirements to reduce collateral damage 

on impact. This report is a concept study on the development of shatter free shell 

bodies for warheads carried out at Saab Dynamics AB. Focus of the concept study 

was identifying alternative materials for use in the warhead casing, identifying 

manufacturing processes useable in the production of casings of selected materials, 

identifying possible suppliers both in Sweden and abroad, as well as calculating an 

indication of manufacturing cost for both prototype and series manufacturing. 

A pre-study was carried out before initiating the concept study, studying earlier 

research performed within the field and retrieving basic knowledge of warhead 

component configuration and functionality, followed by establishing a requirement 

specification to be used for evaluation purposes during the concept study. 

Concept study material evaluation concluded the use of a fibre strengthened polymer 

matrix composites to achieve desired final properties of the component. Important 

factors for alternative materials ability to achieve required mechanical properties were 

found to be the need for high fibre volume content, long fibre reinforcements as well 

as the need for possibility of orienting fibre direction in order to accommodate applied 

stresses. 

An evaluation was executed of applicable manufacturing methods ability to attain 

good values of selected material factors, derived from the material evaluation; as well 

as an assessment of set methods repeatability, potential for automation and relative 

laminate quality. Combined with estimation of prime and sales cost resulted in the 

recommended use of filament winding using a thermoset polymer matrix. 

Combining process factors of the selected manufacturing method with remaining 

material alternatives resulted in further delimitation of materials and a final material 

recommendation. 

Subsequently threading integrity was evaluated for selected concept solution due to 

that only unfavourable fibre orientation in the section being possible. This resulted in 

the need of minor dimension changes to avoid stripping of threads during firing 

sequence. Estimated required dimensional change was assessed as acceptable but 

would however need be evaluated in future development. 

Final recommendation for future development is to commence testing of shell body 

composed of filament winded carbon epoxy composite. Estimated required 

dimensional changes is an increase slipping groove radius from 0,3 mm to 1,5 mm 

and an increase of thread length by 6 mm. 
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1. Document history 

Version Change Processed by 

1 Initial preparation of document. JV 

2 Minor revision of Introduction. JV 

3 Insert of Preface Evaluation JV 

4 Revision of front page and added parts to document 

after Preface Evaluation. Added Theory section to 

document before Preface Evaluation. 

JV 

5 Added information in Composites on different kinds of 

composites along with added information in Material 

Selection, Appendix 4 and Appendix 5. 

JV 

6 Added section for FEA results. JV 

7 Added section for Manufacturing methods JV 

8 Added theory for manufacturing methods JV 

9 Added estimation of manufacturing cost JV 

10 Added concept solution evaluation and conclusion JV 

11 Edited after feedback from supervisors JV 

 

2. Abbreviations 
SBD   Saab Dynamics AB  

KAU   Karlstad University 

VdW   van der Waal 

FVF   Fibre volume fraction 

UHMWPE  Ultrahigh molecular weight polyethylene 

PAN   Polyacrylonitrile 

PMC   Polymer matrix composite 

RTM   Resin transfer moulding 

VARTM  Vacuum assisted resin transfer moulding 

WBS   Work breakdown structure 

FEA   Finite element analysis 

PEEK  Polyetheretherketone 

ILSS   Interlaminar shear strength 

SLS   Selective laser sintering 
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Introduction 
Saab Group is a global corporation with operations divided into separate companies 

depending on the business field the company is active in. Saab Dynamics AB is 

developing i.e. support weapons for the Swedish Armed Forces and foreign 

customers. Except from performance-, environmental- and environmental resistance 

requirements the company is now also demanded to reduce collateral damage from 

the warheads casing at impact, meaning reducing the formation of dangerous debris 

and controlling the effect; i.e. also reducing the risk of civilians to be harmed by 

debris.  

The purpose of this study can be divided into five parts: 

1. Identify possible alternative materials for use in the warhead casings. 

2. Identify manufacturing processes that can be used in the production of casings 

of the selected alternative materials. 

3. Identify possible suppliers both in Sweden and abroad. 

4. Calculate an indication of manufacturing costs of prototypes. 

5. Calculate an indication of manufacturing costs for series production. 

Constituent for the project is Hans Göran Ohlsson from Saab Dynamics AB (SBD). 

Instructor from Karlstad University (KAU) is Göran Karlsson and examinator is Nils 

Hallbäck, both representing the Faculty of Technology and Science at KAU. 

Research has been done mainly at SBD facilities in Karlskoga, Sweden. Some 

information retrieval during the project has however been done at KAU, Karlstad. The 

goal with this concept study has been to develop a comprehensive groundwork for 

future development of shatter free casings for warheads including a personal 

recommendation. 

3. Theory 
Previous research, development and experiments towards shatter free shell bodies is 

classified and not presented in this report. 

Polymers 

Polymers are composed of a series of monomers bound together by strong covalent 

bonds. The polymer constituents can be of either one single type of monomers 

(heteropolymer) or different types of monomers (copolymer). Depending on the 

configuration of monomers the polymers develop different grades of polarity, 

complexity and thickness. These are among the key properties defining the bonding 

strength between the polymers, and thereby also the mechanical properties of the 

material on a macroscopic scale. Furthermore polymers are divided into elastomers, 

thermoplastic and thermosetting polymers depending on how the polymer chains are 

connected/interact with each other. 

Thermoplastic polymer chains only interact with each other through van der Waal 

(VdW) forces derived through the polymer chains polarity difference across sections, 

hence the greater temperature sensitivity compared to thermosetting polymers. 

Characterizing of thermoplastic polymers is the major alteration of intermolecular 

bonding strength when temperature is elevated above the materials glass temperature. 

Through the elevated temperature the polymer chains gain enough energy to break the 
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acting VdW bonds leaving only the complex chains entanglement to maintain the 

external structure, which results in a major reduction of mechanical properties. 

Thermosetting polymers are instead cured resulting in a densely cross linked structure 

with strong covalent bonds between the polymer chains. Once cured the material 

doesn’t experience any major temperature sensitivity due to the minor influence of 

VdW forces on the polymer chains. 

Composites 

A composite material is defined as “a solid material which is composed of two or 

more substances having different physical characteristics and in which each substance 

retains its identity while contributing desirable properties to the whole”
1
. The basic 

principle is combining two different materials with different desirable properties and 

achieving a resulting composite material inheriting a combination of the desired 

properties. In the case of fibre or particle reinforced composites the degree of 

inheritance of the mechanical properties of the multiple materials to the resulting 

composite is majorly influenced by their ability to interact with each other, meaning 

the adhesive forces between the polymer (resin) and the reinforcing components. 

Dispersion-strengthened composites 

Dispersion-strengthened composites utilize the use of small particles, normally in the 

size range of 10-100 nm, to obstruct dislocation movement in a similar way as to 

precipitation hardening. The reinforcing elements reduce plastic deformation thereby 

strengthening the matrix of the composite. Majority of loads applied on these types of 

composites are absorbed by the matrix making the matrix the dominating factor in 

achieving high mechanical properties.
2
 

Particle-reinforced composites 

Particle-reinforced composites utilize large particles combined with a matrix where 

the purpose of the particles is to restrict movement of the matrix
2
. The reinforcing 

effect is highly dependable on the reinforcing particles bonding and adhesion forces to 

the matrix. Lack of bonding may instead result in the particles acting as defects and 

degrades the mechanical properties of the matrix. Applied loads to particle-reinforced 

composites are shared between both the reinforcing particle and the matrix, leaving 

both materials as important factors when choosing materials to achieve desired 

properties. 

Fibre reinforced composites 

Reinforcing fibres with desired mechanical properties are combined with a matrix, 

usually a polymer, to compose a composite. The composite utilizes the highly 

anisotropic nature of the fibres to absorb applied loads making the reinforcing fibre 

the dominating factor in achieving desired properties of the final material. Due to the 

anisotropy of the fibre a new level of control can be achieved of e.g. strengthening 

component load paths while at the same time reducing weight of the component. 

                                                 

1
 Merriam-Webster Dictionary, Composite, Retrieved 2012-10-11 from http://www.merriam-

webster.com/dictionary/composite. 

2
 University of Virginia, MSE 209 Class Notes, Chapter 17. Composites, Retrieved 2012-10-15 from 

http://www.virginia.edu/bohr/mse209/chapter17.htm. 

http://www.merriam-webster.com/dictionary/composite
http://www.merriam-webster.com/dictionary/composite
http://www.virginia.edu/bohr/mse209/chapter17.htm
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An important factor in fibre reinforced composites is the fibre volume fraction (FVF) 

which up to a certain point increases the effect of e.g. the reinforcing fibre on the 

composite. After this point there is an increased chance of defects such as voids or 

reduced wet-out. The reason for the increased inheritance of mechanical properties 

with increased FVF before this point is due to the matrix normally having lower 

stiffness and experiencing larger strains further away from the fibre, compared to 

close to the fibre where the strain is restricted by the fibre and the adhesion to the 

fibre. This leads to a better strain distribution produced by the matrix between the 

reinforcing fibres with a closer packed configuration, i.e. higher FVF. 

Surface treatment and sizing of fibres 

Increasing the adhesion between the fibre material and the matrix is usually generated 

through a surface treatment of the fibre during manufacturing, also known as sizing. 

The surface treatment may vary depending on material of the fibre used and 

manufacturer; however the end results are the same. Through the treatment the 

surface can become roughened, cause the formation of pits and pores, and/or react 

with the surface of the fibre forming polar and depending on polymer matrix also 

reactive side groups.
3
 Roughing and pit/pore formation both increase surface area 

along with eventual side groups increasing potential adhesive forces within the 

composite. These factors along with the polymer chemistry play a role in the 

generation of similar mechanisms of cohesion within the original structure of the 

polymer, i.e. VdW-forces, covalent bonding and polymer entanglement
4
. 

Most reinforcing fibre materials undergo sizing as the final stage before rolled up for 

transportation from manufacturers. The sizing is also a protective coating reducing the 

risk of fibre damage and breakage due to handling, transportation, and application of 

the fibre.  

Polyethylene fibre – UHMWPE 

Ultrahigh molecular weight polyethylene (UHMWPE) are produced through a gel-

spinning process of the polyethylene creating precursor fibres, which in turn are hot 

drawn to further increase fibre orientation of the polymer chains. Results are fibres 

with low density, high modulus of elasticity, and the highest tensile strength achieved 

with any organic material.
5
 Bonding to UHMWPE fibres often present a problem due 

to the smooth non-polar surface. Various surface treatments increase the resin 

adhesion however not to the same extent as compared to e.g. carbon fibre and glass 

fibre. The inferior bonding strength joined with the materials high mechanical 

properties at a high strain rate does however provide mechanisms for energy 

absorption commercially utilized through manufacturing of e.g. ballistic armour, and 

combined with a very low compressive strength utilized in both high-tech sailcloth, 

rip-stop reinforcement for fabric, cut protection cloth and parachute cords.  

                                                 
3
 Dr. A. Brent Strong, Practical Fiber Surface Treatment and Sizing, Retrieved 2012-10-18 from 

http://strong.groups.et.byu.net/pages/articles/articles/surface.pdf. 

4
 Gurit, Guide to Composites version 4, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf.  

5
 Jang-Kyo Kim et al.: Engineered interfaces in fiber reinforced composites, page 202, Elsevier Science 

ltd, Oxford 1998. 

http://strong.groups.et.byu.net/pages/articles/articles/surface.pdf
http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf
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Carbon fibre reinforcement 

Carbon fibre is most commonly produced using one out of three raw materials, 

acrylonitrile, isotropic and anisotropic pitch derived from either petroleum or coal 

pitch. 

Manufacturing process using acrylonitrile starts with a copolymerization with a small 

quantity of co-monomers forming polyacrylonitrile (PAN). The PAN precursor is 

then spun into an acrylic fibre used in an oxidation process where the fibre is passed 

through a high temperature furnace reaching 200-300°C. The oxidized fibre is then 

passed through the carbonisation stage wherein the fibre under longitudinal tension is 

passed through an oxygen free furnace with air temperature reaching 1000-1500°C; 

consequentially leading to non-carbon atoms leaving the fibre and thereby increasing 

the carbon content and resulting in a high tensile strength carbon fibre. Following the 

carbonisation and depending on desired mechanical properties the carbon fibre can 

then undergo a graphitisation process being further heat treated. The fibre is then 

under longitudinal tension exposed to an oxygen free atmosphere at 2000-3000°C 

resulting in further increased carbon content and an altering of the microstructure 

similar to graphite, resulting in a high elastic modulus fibre. Final stage before being 

winded up on a reel is the surface treatment and sizing of the fibre, see section for 

“Surface treatment and sizing of fibres” above.
6
 

Petroleum and coal pitch undergoes similar processes for producing carbon fibre 

depending on if the pitch is isotropic or anisotropic. Both kinds of pitches undergoes a 

molten spinning step forming pitch fibre, thereafter passing through an oxidation 

stage at 200-250°C forming an oxidized fibre. The carbonisation and graphitisation 

processes are the same as described above when using PAN precursor for 

manufacturing, however with the exception that graphitisation is only applicable on 

fibre derived from anisotropic pitch due to the strive for a length-oriented 

microstructure structure during this process. The results from these processes are 

either standard modulus carbon fibre derived from both types of pitch after the 

carbonisation, or either high tensile strength or high elastic modulus fibre derivable 

from anisotropic pitch after the graphitisation. Final stage before being wound up on a 

reel is the surface treatment and sizing of the fibre, see section for “Surface treatment 

and sizing of fibres” above. 

Glass fibre reinforcement 

Raw materials for glass fibre include silicon dioxide (SiO2), calcium oxide (CaO) and 

aluminium oxide (Al2O3) in a pulverized state. Depending on composition of the 

mixture and addition of other minerals several different grades of glasses can be 

produced. Major categories of currently available commercial grades of glass fibre are 

E-glass which is the cheapest and most common all-purpose grade and characterized 

by good electric insulation properties, thereby the given name. Other grades of glass 

fibre are developed for special applications. Among these are C-glass specifically 

developed for high chemical resistance and R-, S- and T-glass. R-, S- and T-glass are 

characterized by an increased mechanical properties, originally developed for 

aerospace and defence industries and used in some hard ballistic armour applications.  

                                                 
6
 Carbon Fiber Manufacturing Association, Manufacturing Processes of Carbon Fibers, Retrieved 

2012-11-22 from http://www.carbonfiber.gr.jp/english/tanso/04.html#label1.  

http://www.carbonfiber.gr.jp/english/tanso/04.html#label1
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During manufacturing the mineral batch is melted in a furnace and flows into 

channels that feed bushings usually made of a platinum and rhodium alloy. Each 

bushing contains small holes wherein the liquid glass can flow through, followed by a 

rapid cooling and solidification. The produced fibre is then coated with a sizing, 

which varies depending on manufacturer, giving it increased processability and 

adhesion with specified resins. Depending on means of future application in 

composite manufacturing the glass fibre can finally be delivered as a continuous 

filament or be further processed into e.g. chopped strands, roving or fabrics. 

Manufacturing method - Spray lay-up 

Resin and fibre is fed through a handheld gun and sprayed onto a mould to desired 

thickness of the laminate, see Figure 1. Once deposited the materials are cured under 

normal atmospheric conditions. 

 

 Figure 1 - Schematic visualisation of spray lay-up manufacturing method.
7
 

Manufacturing method - Wet lay-up 

Fibre material is placed in the mould after which resin is deposited by hand and 

dispersed using manual tools e.g. rollers and/or brushes, see Figure 2. After 

impregnation the laminate is left to cure under normal atmospheric conditions. 

 

Figure 2 - Schemativ visualisation of wet lay-up manufacturing method.
8
 

                                                 
7
 Gurit, Guide to Composites version 4, page 47, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf. 

8
 Gurit, Guide to Composites version 4, page 48, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf. 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf
http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf
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Manufacturing method - Vacuum bagging 

Fibre fabric is placed in a mould after which resin is deposited by hand and dispersed 

by means of manual tools e.g. rollers and/or brushes. After impregnation the laminate 

is covered using layers of disposable materials such as peel ply, release film, 

breather/absorption fabric, vacuum bagging film, and sealed using specific sealant 

tape. The laminate is then subjected to pressure during curing utilizing a vacuum 

pump, see Figure 3. Using the vacuum pump aids in the removal of air defect in the 

laminate while also increasing FVF through excess resin being absorbed by the 

absorption fabric. 

 

Figure 3 - Schematic visualisation of vacuum bagging manufacturing method.
9
 

Manufacturing method - Filament winding 

Fibre filaments are passed through a resin bath and then winded onto a mandrel, see 

Figure 4. The winding process parameters are computer controlled leading to 

possibilities of varying filament tension, fibre orientation, etc. The laminate is then 

left to cure under normal atmospheric conditions. 

 

Figure 4 - Schematic visualisation of filament winding manufacturing method.
10

 

                                                 
9
 Gurit, Guide to Composites version 4, page 49, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf 

10
 Gurit, Guide to Composites version 4, page 50, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf
http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf
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Manufacturing method – Pultrusion 

Fibre material is pulled through material guides and through a preheater before being 

impregnated through a resin bath. After passing through the resin bath the 

impregnation process is completed by being pulled through a heated die which both 

cures the composite into its final shape while also controlling the resin content of the 

profile. The laminate is then pulled and cut to specified lengths producing the finished 

product, see Figure 5. 

 

Figure 5 - Schematic visualisation of pultrusion manufacturing method.
11

 

Manufacturing method – Resin transfer moulding (RTM) 

Dry stacks of fibre fabric or a pre-pressed fabric/preform is placed in a mould after 

which the mould is closed and resin pressed through the fabric. Vacuum can be used 

to assist resin flow through the cavity and into the fabric, see Figure 6. After wet-out 

the resin inlet is closed and allowed to cure, taking place either at standard room 

temperature or at elevated temperatures depending on resin used. 

 

Figure 6 - Schematic visualisation of RTM manufacturing method.
12

 

                                                 
11

 Gurit, Guide to Composites version 4, page 51, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf 

12
 Gurit, Guide to Composites version 4, page 52, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf
http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf
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Manufacturing method – Vacuum assisted resin transfer moulding (VARTM) 

Fibre fabric is placed in a mould and covered using layers of disposable material such 

as peel ply, resin distribution fabric, vacuum bagging film, and sealed using specific 

sealant tape. Vacuum is then used to pull resin through the fabric, see Figure 7, while 

also assisting in reducing risk for air void defects. After all fibres are impregnated 

(complete wet-out) the resin inlet is sealed and laminate left to cure either at standard 

room temperature or at elevated temperatures both depending on resin used and 

desired curing time. 

 

Figure 7- Schematic visualisation of VARTM manufacturing method.
13

 

Manufacturing method – Prepreg with autoclave 

Pre-impregnated fibre fabric (prepreg) is placed in the mould along with disposable 

material e.g. peel ply, release film, breather/absorption fabric, vacuum bagging film, 

and sealed using specific sealant tape. Air inside the mould is then removed through 

applying vacuum pressure after which the autoclave is initiated whilst the vacuum 

pump is still operating; applying both an increased pressure compared to the vacuum 

pump acting alone, see Figure 8, while also elevating the temperature within the 

autoclave and curing the resin in the pre-impregnated fabric. 

 

Figure 8 - Schematic visualisation of prepreg cured in autoclave manufacturing method.
14

 

                                                 
13

 Gurit, Guide to Composites version 4, page 53, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf 

14
 Gurit, Guide to Composites version 4, page 54, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf. 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf
http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf
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Manufacturing method – Prepreg out of autoclave 

Pre impregnated fibre fabric (prepreg) is placed in the mould along with disposable 

material e.g. peel ply, release film, breather/absorption fabric, vacuum bagging film, 

and sealed using specific sealant tape, see Figure 9. Air inside the mould is then 

removed through applying vacuum pressure after which the mould with the vacuum 

pump still operating is placed inside an oven to elevate temperature for curing of the 

resin. 

 

Figure 9 - Schematic visualisation of prepreg cured without use of an autoclave manufacturing 

method.
15

 

Manufacturing method – Filament winding using prepreg 

Pre-impregnated fibre filaments are winded onto a mandrel; the parameters of the 

winding process are computer controlled leading to possibilities of varying filament 

tension, fibre orientation, etc., see Figure 10. Post winding the laminate needs to be 

cured either using an autoclave of through the use of an oven, same curing procedure 

applies as described in manufacturing methods using prepreg fabric described above. 

 

Figure 10 - Schematic visualisation of filament winding using prepreg manufacturing method. 

                                                 
15

 Gurit, Guide to Composites version 4, page 55, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf. 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf
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4. Implementation 
The project was initialized by a comprehensive planning phase to break down the 

project phases and activities in order to establish a manageable timetable for the 

remainder of the project. A simplified GANTT-chart is shown in Figure 11 below, for 

a complete overview of work breakdown structure (WBS) and project time plan see 

Appendix 1 and Appendix 2. 

 

Figure 11 - GANTT-chart of the project. 

The pre-study was executed through reviewing previous research and development of 

shatter free shell bodies and configuration of components in related parts. After pre-

study conclusion the material selection process was divided into three parts consisting 

of brainstorming, gathering of information through SBD resources, material 

databases, and outside companies/institutions published information, followed by an 

evaluation process to reduce alternatives facing the manufacturing selection process. 

Normalized scoring has been used in comparing and ranking material mechanical 

properties to reduce influence of minor fluctuations of input data during evaluation, 

according to Equation 1. 

 
top

material
score

F

Fk
F


  (1) 

Fscore – Normalized material score for the evaluated factor. 

Fmaterial – Value of mechanical property for the material. 

Ftop – Top value of mechanical property for the superior material of current 

evaluating factor 

k – Scaling factor for set to 4 for increased visualisation of results. 

Finite element analysis (FEA) followed previous evaluation to study sensitivity of 

stress indication to minor dimensional change of critical sections; resulting in 

minimum requirement of mechanical properties for further limitation of material 

combinations. 

Subsequent manufacturing method study consisted of brainstorming, research, and 

compiling methods commercially used for production of materials remaining from 

material evaluation. Compiled methods were evaluated based on common factors 

derived from material evaluation required to achieve desired mechanical properties, as 

well as evaluation of advantages/disadvantages of manufacture using said methods. 

Further assessment of repeatability and automation with regard to secondary 

requirements of requirement specification resulted in further delimitation, followed by 

an estimating calculation of prime cost and sales cost for prototype and series 

production of remaining alternatives. 

An unbeneficial material orientation resulting from material and manufacturing 

method evaluation lead to an evaluation of integrated thread integrity. 
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Remaining material alternatives eligibility to selected manufacturing method was 

evaluated resulting in final limitation and end recommendation of the concept study. 

5. Pre-study 
The project was initialized by a pre-study of earlier research and testing that’s been 

done within the target area of the project  to both gain a better understanding of the 

components, their function and the demands placed upon them. In the final stages of 

the pre-study a general requirement specification was formulated to be used during 

evaluation processes during the concept study. A public version of the requirement 

specification is shown in Table 1 below. 



– 17 –  

 

Table 1 – Public general requirement specification. 

Primary 

requirements 

Firing sequence No permanent deformation due to maximum 

pressure rise during firing sequence. 

No permanent deformation due to maximum 

acceleration during firing sequence. 

No need for major reconfiguration of component 

required, only minor change of to other 

components non-function influencing 

dimensions allowed. 

Effect sequence Material in concept solution is able to deform 

into one single slug, pulverize forming shrapnel 

of harmless magnitude and/or incinerate to near 

nonexistent residue. 

Material 

properties 

Concept solution is able to withstand established 

temperature requirements. 

Concept solution is moisture resistant so as not 

to degrade continuously in exposed climates. 

Concept solution is waterproof. 

Concept solution is UV-resistant so as not to 

degrade function due to sunlight during life 

cycle. 

Concept solution is able to withstand environments stated in 

company confidential standards. 

Secondary 

requirements 

Low manufacturing costs for series production. 

Before the pre-study was concluded further delimitations were introduced to the 

project, prior to initiating the concept study. Based on the general requirement 

specification a preface evaluation of the major material groups was performed in 

order to better focus resources for the remainder of the project, see Appendix 3. 

Grades for the evaluation performed were: 

- Material category is deemed unable to perform according to specified 

requirement. 

+ Material category is deemed able to perform according to specified 

requirement. 

++ Material category is deemed able to perform according to specified 

requirement and exceed. 
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Based on results from the preface evaluation of the major material groups both metals 

and ceramics were deemed unlikely to be able to perform according to the 

requirement specification. Both metals and ceramics, including metal- and ceramic 

matrix composites, were therefore excluded from further research in the concept 

study. Subsequently focus was more directed towards polymers and polymer matrix 

composites (PMC). 

6. Material selection 
Initial phase of the material selection process resulted in a compilation of 

commercially available polymers, reinforcing materials and composites, see Appendix 

4 for complete list. Among constructional components in reinforced composites the 

matrix is usually the weakest material, thereby deeming dispersion-strengthened 

composites an inferior alternative to particle- and fibre reinforced composites due to 

the matrix being the sole dominating factor in the property modification. Common for 

both particle- and fibre reinforced composites are instead the increased influence of 

the reinforcing element on final mechanical properties, therefore evaluation started by 

reviewing the compilation of reinforcing materials. 

In order to withstand the primary requirements of withstanding forces acting upon the 

component during the firing sequence, the evaluation for further delimitation was 

based primarily upon tensile strength, tensile modulus and the corresponding 

contribution of these per density unit. Though tensile strength and tensile modulus per 

density unit were not clearly stated in the primary requirements they are both 

important factors contributing to creating light-weight components and not inducing 

unnecessary weight gain due to alternative choice of material. 

Values for mechanical properties of the fibres may vary depending on quality and 

supplier, general values retrieved from material databases and supplier datasheets 

were used in the evaluation and presented in Table 2. 
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Table 2 - Commercially available reinforcing materials and mechanical properties. 

Reinforcing element Evaluated mechanical properties 

Ceramic whiskers 

Tensile modulus = 420000 MPa 

Tensile strength = 400 MPa 

Tensile strength per density unit = 128,62 MPa/(g/cc) 

Tensile modulus per density unit = 135048,2 MPa/(g/cc) 

Carbon fibre 

Tensile modulus = 125000 MPa 

Tensile strength = 2410 MPa 

Tensile strength per density unit = 1417,65 MPa/(g/cc) 

Tensile modulus per density unit = 73529,4 MPa/(g/cc) 

Polyethylene fibre - UHMWPE 

Tensile modulus = 115000 MPa 

Tensile strength = 3250 MPa 

Tensile strength per density unit = 3350,52 MPa/(g/cc) 

Tensile modulus per density unit = 118556,7 MPa/(g/cc) 

Glass fibre 

Tensile modulus = 73000 MPa 

Tensile strength = 2200 MPa 

Tensile strength per density unit = 846,15 MPa/(g/cc) 

Tensile modulus per density unit = 28076,9 MPa/(g/cc) 

Aluminium 

Tensile modulus =  71700 MPa 

Tensile strength =572 MPa 

Tensile strength per density unit = 204,29 MPa/(g/cc) 

Tensile modulus per density unit = 25607,1 MPa/(g/cc) 

Flax 

Tensile modulus = 28000 MPa 

Tensile strength = 450 MPa 

Tensile strength per density unit = 321,43 MPa/(g/cc) 

Tensile modulus per density unit = 20000 MPa/(g/cc) 

Aramid fibre 

Tensile modulus = 5400 MPa 

Tensile Strength = 3600 MPa 

Tensile strength per density unit = 2482,76 MPa/(g/cc) 

Tensile modulus per density unit = 3724,1 MPa/(g/cc) 

Acrylonitrile butadiene styrene - ABS 

Tensile modulus = 2275 MPa 

Tensile strength = 41 MPa 

Tensile strength per density unit = 38,68 MPa/(g/cc) 

Tensile modulus per density unit = 2146,2 MPa/(g/cc) 

Since manufacturing methods significantly affect before mentioned properties in a 

component the evaluation was kept broad for further research into commercially 

available composites existing including these reinforcing elements. In identifying the 

overall top reinforcing elements for the specification each category was initially 

allocated a point for every top four placement in each of the four evaluated factors, 

resulting in three fibre materials with constant top placements and two materials only 

superior in two evaluating factors each, see Table 3. 
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Table 3 - Top four placements among evaluated factors. 

Reinforcing element Nr. of top four placements 

Polyethylene fibre - UHMWPE 4 

Carbon fibre 4 

Glass fibre 4 

Aramid fibre 2 

Ceramic whiskers 2 

Aluminium 0 

Flax 0 

Acrylonitrile butadiene styrene - 

ABS 
0 

Further evaluation of elements reaching top four placements among evaluated factors 

using normalized scoring resulted in a relative degree of equality between the top five 

fibre materials, see Table 4 for results, see Appendix 5 and Appendix 6 for complete 

list of values. 

Table 4 - Normalized scores of elements reaching top 4 placements in reinforcement element 

evaluation. 

Reinforcement element Total normalized score 

Polyethylene fibre - UHMWPE 12,22 

Ceramic whiskers 8,60 

Carbon fibre 7,74 

Aramid fibre 7,13 

Glass fibre 4,98 

As noted in Appendix 5 the higher normalized rankings of ceramic and aramid 

reinforcements are purely due to superiority in tensile modulus respectively tensile 

strength. Significant inferiority to remaining top ranking reinforcing elements in other 

evaluating factors excluded both ceramic and aramid reinforcements from further 

evaluation, resulting in reinforcement element ranking shown in Table 5. 

Table 5 - Normalized ranking of overall performing reinforcement elements. 

Reinforcement element Total normalized score 

Polyethylene fibre - UHMWPE 12,22 

Carbon fibre 7,74 

Glass fibre 4,98 

During the firing sequence the shell body is subjected to both tensile and compressive 

loads. Further research revealed UHMWPE fibres’ lack of bonding strength to the 

matrix and inferior mechanical properties in compression compared to carbon and 

glass fibre, excluding UHMWPE fibres from further evaluation.  

Remaining commercially available composite combinations from the initial material 

compilation are shown in Table 6 below. 
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Table 6 - Remaining material combinations from commercially available material compilation. 

 
Reinforcing 

element 

Carbon fibre Glass fibre   

Matrix  

Polyetheretherketone 

(PEEK) 

Victrex PEEK 90HMF20 

Polyetheretherketone (PEEK), 20% 

Carbon Fibre Reinforced 
 

Victrex PEEK 90HMF40 

Polyetheretherketone (PEEK), 40% 
Carbon Fibre Reinforced 

Victrex PEEK 150GL30 Black 

Polyetheretherketone, 30% Glass Fibre 

Reinforced 
 

 

Polyethylene (PE) 

PolyOne Edgetek PE25CF/000 High 

Density Polyethylene (HDPE), Carbon 

Fibre Reinforced  

  

Epoxy 

Toray 700 + Araldite LY 556  

[Carbon fibre filament winding] 

(ACAB) 

 

Goodfellow Carbon/Epoxy Composite 

Sheet  

 Decal Epoxy 3505  

Vinyl ester    Derakane 411C-50UGR  

Polycarbonate (PC) 

Teijin Panlite B-8120 Carbon Fibre 
Reinforced Polycarbonate Resin 

 

Teijin Panlite B-8130R Carbon Fibre 
Reinforced Polycarbonate Resin  

  

Acrylonitrile butadiene 
styrene (ABS) 

    

Polypropylene (PP)     

Polyester     

Polyamide (PA) 

CarbonMide (Initial) 

 

Windform XT 2.0 (Windform/CRP 
Technology) 

 

Windform SP (Windform/CRP 
Technology) 

 

Nylon 66, with 40% / 30% / 20% 
Carbon Fibre filled 

Windform GT (Windform/CRP 

Technology) 

 
Windform FX (Windform/CRP 

Technology) 

 
PA 3200 GF 

 

Zytel HTN52G35EF BK420 (DuPont 
Zytel HTN)  

7. Finite element analysis 
Due to mechanical properties varying depending on manufacturing method a 

simplified version of the body was created to examine stress in the component. Initial 

studies using Pro Engineer Mechanica FEA revealed the critical sections, followed by 

successive tuning of the mesh for a more accurate stress calculation. Critical sections 

examined were slipping groove and fillet radiuses subjected to the highest stresses in 

the component during firing sequence. To reduce effects of singularities in the FEA 

results mean values were calculated from series of captured data in the radiuses. 15 

points of measurement were used for slipping groove radiuses and a reduced 9 

measurement points were used in the fillet radius due to increased effect of singularity 

from applied constraints in the specific section. 

Material mechanical properties except Poisson’s ratio do not affect the stress 

distribution in the component. Poisson’s ratio may vary depending on material 

composition and fibre direction; due to the purpose of the FEA not being to examine 

fibre layout or strain but to examine the potential of remaining materials, these 
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fluctuations were disregarded. A constant value of 3.0  (Poisson’s ratio) as well as 

isotropic mechanical properties was used in the analysis. 

Results from repetitive data collection from the same analysis showed minor stress 

fluctuation and were solely due to minor variations in positioning of measuring points 

for capturing data; see Table 7 for standard deviation of captured results. Calculated 

values for standard deviation of measured data were instead to be regarded when 

interpreting results from later evaluation of sensitivity to radius increment. 

Table 7 - Mean values and mean deviation of captured data in critical sections. 

  Upper slipping groove radius Lower slipping groove radius Fillet radius 

Mean value [MPa] -371,14 -315,85 -191,03 

Standard deviation [MPa] ± 12,63 ± 18,79 ± 22,20 

 Effect of slipping groove and fillet radius increment on induced stress 

Due to mechanical properties such as tensile modulus and tensile strength not 

influencing FEA stress results these were kept constant during the evaluation of stress 

sensitivity to radius increment in the critical sections. Same procedure of capturing 

and processing of data were used as in aforementioned FEA evaluation. The effects of 

radius increase on stress reduction in the critical sections are presented in Figure 12, 

Figure 13 and Figure 14 below.  

 

Figure 12 - Effect of radius increase in upper slipping groove radius on stress reduction. 
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Figure 13 - Effect of radius increase in lower slipping groove corner on stress reduction. 

 

Figure 14 - Effect of radius increase in fillet radius on stress reduction. 



– 24 –  

As could be seen the stress level in the upper slipping groove radius was the limiting 

factor for material qualification. Taken into account a design safety factor of 1.5 an 

adjusted average stress was acquired which limited the minimum stress that an 

alternative material should be able to withstand before breakage, see Table 8. 

Table 8 - Adjusting stress in upper slipping groove radius to design safety factor. 

Radius [mm] 

Original captured upper slipping 

groove radius avg. stress [Mpa] Safety factor 

Adjusted upper slipping groove 

radius avg stress [MPa] 

0,30 -371,14 1,5 -556,71 

0,50 -336,67 1,5 -505,01 

0,80 -279,07 1,5 -418,61 

1,00 -261,53 1,5 -392,30 

1,20 -269,64 1,5 -404,46 

1,50 -242,26 1,5 -363,39 

1,80 -210,43 1,5 -315,64 

2,00 -222,75 1,5 -334,12 

 Achieved values were compared to the unreinforced polymers from the initial 

material compilation. This resulted in no commercially available unreinforced 

polymers able to withstand stresses in set application, see Table 9 for values of tensile 

properties. Values for compressive strength were not available for all materials from 

suppliers/manufacturers; however the materials where compressive property values 

were found showed a similar characteristic of 10-20 MPa higher compressive strength 

compared to tensile strength, making stated values comparable. 

Table 9 - Tensile properties of unreinforced commercially available polymers from inital 

material compilation. 

Material Tensile Modulus [MPa] Tensile Strength [MPa] 

Polyetheretherketone (PEEK) 4490 105 

Epoxy 3100 83 

Polyethylene (PE) 3440 76,2 

Polyethylene Terephtalate (PET) 3440 76,2 

Vinyl ester 3050 74,3 

Polycarbonate (PC) 2300 68 

Polyamide (PA) 1700 48 

Acrylonitrile butadiene styrene (ABS) 2275 41 

Polyester 1780 25,6 

Polypropylene (PP) 1930 24,1 

Comparing the adjusted stress values from the FEA to tensile strength values of 

remaining composite material alternatives delimitates a majority of the alternatives, 

excluded materials marked as red in Table 10. Similar to above comparison of 

unreinforced polymers verified values for compressive strength were not always 

available from suppliers/manufacturers, however where found showed a similar 

characteristic of a slight reduction in compression compared to tension. 
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Table 10 - Remaining materials complying with FEA results. 

Material 

Tensile Strength 

[MPa] Reinforcement Polymer 

Derakane 411C-50UGR 872 Glass Fibre Vinylester 

Goodfellow Carbon/Epoxy Composite Sheet 600 Carbon Fibre Epoxy 

Victrex PEEK 90HMF40, 40% CFR 350 Carbon Fibre PEEK 

Victrex PEEK 90HMF20, 20% CFR 290 Carbon Fibre PEEK 

Zytel HTN52G35EF BK420 200 Glass Fibre Polyamide 

Nylon 66, 40% CF Filled 200 Carbon Fibre Polyamide 

Victrex PEEK 150GL30 Black 

Polyetheretherketone, 

30% Glass Fibre Reinforced 190 Glass Fibre PEEK 

Teijin Panlite B-8130R CFR Polycarbonate 

Resin 135 Carbon Fibre Polycarbonate 

Teijin Panlite B-8120 CFR Polycarbonate 

Resin 130 Carbon Fibre Polycarbonate 

Windform XT 2.0 84 Carbon Fibre Polyamide 

Windform SP 76 Carbon Fibre Polyamide 

CarbonMide 72 Carbon Fibre Polyamide 

Decal Epoxy 3505 60 Glass Fibre Epoxy 

Windform GT 56 Glass Fibre Polyamide 

PolyOne Edgetek PE25CF HDPE, CFR 54 Carbon Fibre Polyethylene 

PA 3200 GF 51 Glass Fibre Polyamide 

Windform FX 49  Polyamide 

ACAB unidirectional-ply strength (fibre 

direction/transverse direction) 1660 / 21 / 21 Carbon Fibre Epoxy 

Common for all remaining composite materials were being fibre strengthened 

composites, having high FVF and/or were composed of long/longer fibre 

reinforcement with the possibility of orienting fibres in applied stress directions, 

compared to other excluded alternatives. This confirms initial statements in Chapter 6 

of this study regarding dispersion strengthened composites inferior mechanical 

properties compared to particle- and fibre reinforced composites; but also indicates 

that in general the mechanical properties of particle reinforced composites are 

insufficient in withstanding induced stresses on the specific component. Methods 

focused on during the manufacturing method selection process were therefore limited 

to methods applied in manufacturing of fibre reinforced composites. 
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8. Manufacturing method selection 
Currently common commercially used manufacturing methods utilized for fabrication 

of fibre reinforced composites were compiled along with applicable resins, 

reinforcement materials, advantages, disadvantages and examples of applications for 

each method, see Table 11 below. 

Table 11 - Common commercially used manufacturing methods for fibre reinforced 

composites.
16

 
Processing 

method 

Resins Fibres Advantage Disadvantage Typical applications 

Spray lay-up Primarily 

polyester 

Glass 

roving 

Widely used. Resin-rich and heavy. Lightly loaded structural 

panels and simple 

enclosures. 
Low cost of lay-up. Only short applicable to short fibres. 

Low cost of tooling. Only applicable with low viscosity 

resins limiting mechanical properties. 

 High styrene content of low viscosity 

polyester is harmful to operator. 

  Increasingly difficult to limit airborne 

styrene content to legislated levels. 

Wet lay-up / 

Hand lay-up 

Any 

thermosetting 

polymers 

Any Widely used. Resin content and laminate quality 

highly skill dependent on operator. 

Standard wind-turbine 

blades, production boats 

and architectural 

mouldings. 
Simple principle. Resins more harmful to operator 

compared to high-molecular weight 

products. 

Low cost tooling. Increasingly difficult to limit airborne 

styrene content to legislated levels. 

Wide choice of material. Only applicable with low viscosity 

resins limiting mechanical properties. 

Higher fibre content and longer 

fibres. 

  

Vacuum 

bagging (wet 

lay-up) 

Primarily epoxy 

and phenolic 

Any High fibre content compared to 

standard wet lay-up. 

Increased cost in labour and 

disposable bagging materials. 

One-off cruising boats, 

race car components, 

core-bonding in 

production boats. 
Lower void content compared to 

standard wet lay-up. 

Both resin content and laminate 

quality highly skill dependent. 

Better fibre wet-out. Exposure to volatiles higher than 

prepare and infusion processing 

methods. 

Vacuum bag reduces harmful 

emissions during cure 

  

Filament 

winding 

Any Any Fast and economic lay-up. Method is limited to convex shaped 

components. 

Storage tanks, pipelines, 

pressurised gas cylinders. 

Control of resin content. Fibres can't be laid exactly in the 

length direction. 

Fibre cost reduced due to no 

secondary processing of 

converting into fabric. 

Mandrel cost of large components 

can be high. 

Fibres can be laid to match 

applied loads. 

External surface is unmolded and 

cosmetically unattractive. 

  Low viscosity resins limits 

mechanical properties and increase 

health issues. 

Pultrusion Generally 

epoxy, 

polyester, 

vinylester and 

phenolics 

Any Fast and economic method for 

processing continuous cross-

sections. 

Constant or near constant cross-

section required. 

Beams and girder for 

framework, ladders, 

bridges and roof 

structures. Control of resin content. Heated die costs can be high. 

Fibre cost reduced due to no 

secondary processing of 

converting into fabric. 

 

High fibre volume fraction and 

structural properties can be 

achieved. 

 

Areas exposed to volatile 

emissions can be enclosed. 
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Resin 

transfer 

moulding 

(RTM) 

Generally 

epoxy, 

polyester, vinyl 

ester and 

phenolic 

Any High fibre volume fraction with 

low void content can be 

achieved. 

Higher cost for matched tooling. Small complex aircraft 

and automotive 

components, train seats. 

Good environmental control due 

to enclosure of resin. 

Generally limited to smaller 

components. 

Possible labour reduction. Un-impregnated areas can occur. 

Both sides of component have 

moulded surface. 

  

Vacuum 

assisted resin 

transfer 

moulding 

(VARTM) 

Generally 

epoxy, polyester 

and vinyl ester 

Any  Method procedure as RTM 

except one side has moulded 

surface. 

Relatively complex process to 

produce consistent good quality. 

Semi-production small 

yachts, train and truck 

body panels, wind energy 

blades. Lower tooling cost compared to 

RTM due to one half being 

vacuum bagged and less 

strength required in main tool. 

Only applicable with low viscosity 

resins limiting mechanical properties. 

Large components with high 

fibre volume fraction with low 

void content can be produced. 

Un-impregnated areas can occur. 

Standard wet lay-up tools may 

be used with modification. 

 

Cored structure produced in one 

operation. 

  

Prepreg - 

Autoclave 

Generally 

epoxy, 

polyester, 

phenolic and 

high 

temperatures 

resins 

Any High fibre volume fraction and 

low void content easily 

achieved. 

Higher material cost for pre-

impregnated fabric but expensive 

resins are also often required for 

these applications. 

Aircraft structural 

components, F1 racing 

cars. 

Material have potential for 

automation and labour saving 

and no volatile emissions to 

operator. 

Autoclaves usually required for 

curing being machines that are 

limited in size, slow to operate and 

expensive. 

Fibre cost reduced due to no 

secondary processing of 

converting into fabric when 

using UD-tape. 

Tooling and core materials need to 

withstand process temperature and 

pressures. 

High viscosity resins can be 

used impregnating the fibres, 

increasing mechanical 

properties. 

Thicker laminates require 

"debulking" during lay-up to ensure 

removal of air between plies. 

All advantages as prepregs 

processed in autoclave except 

potential for automation. 

Higher material cost for pre-

impregnated fabric but expensive 

resins are also often required for 

these applications. 

Cheaper tooling materials can 

be used. 

Tooling material needs to withstand 

higher temperature compared to 

infusion processes. 

Prepreg - 

Out of 

autoclave 

Generally only 

epoxy 

Any Large structures can be made.  High-performance wind-

turbine blades, large 

yachts, train components. 
Lower energy cost than 

autoclave process. 
  

High level of dimension 

tolerance and repeatability. 

Filament 

winding - 

Prepreg 

Generally epoxy Any Fast and economic lay-up. Method is limited to convex shaped 

components. 

Rolls, driveshaft and 

firing tubes. 

Control of resin content. Fibres can't be laid exactly in the 

length direction. 

Fibre cost reduced due to no 

secondary processing of 

converting into fabric. 

Mandrel cost of large components 

can be high. 

Fibres can be laid to match 

applied loads. 

External surface is unmolded and 

cosmetically unattractive. 

High fibre volume fraction and 

low void content achieved. 

Higher material cost for pre-

impregnated filament but expensive 

resins are also often required for 

these applications. 

Material have potential for 

automation and labour saving 

and no volatile emissions to 

operator. 

High viscosity resins can be 

used impregnating the fibres, 

increasing mechanical 

properties. 

Annual production volume needed to be met by future manufacturing method is 

uncertain due to order dependency but is estimated to medium sized production with 

possibility of relative high variation in percentage terms per year. 

Spray lay-up production assessment 

The spray lay-up method is only applicable for relatively short fibres (approximately 

25 mm to 40 mm long) and results in a random orientation of the fibres, resulting in 
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low values for mechanical properties due to low FVF in the end-product. Despite low 

overall cost of the method it is however unfit for both prototype and series 

manufacturing of present application; which is to some extent confirmed by typical 

applications being of only lightly loaded panels and enclosures. 

Wet lay-up/hand lay-up production assessment 

Wet lay-up/hand lay-up results slightly higher FVF compared and is applicable to 

longer fibres compared to spray lay-up while maintaining a low cost for tooling. Some 

control of fibre orientation is possible through lay-up of the fabric/tow. However the 

method is applicable for producing curved laminates it is not suited for producing 

high quality axisymmetric components, mostly due to the need for manual 

impregnation of the fibres. High maximum laminate thickness also increases risk for 

incomplete wet-out and void defects. 

Skilled operators might with difficulty be able to produce near net shape products to 

be machined to net shape, however laminate quality would be highly uncertain 

through operator influence on resin content and non-repetitive. Through being highly 

skill dependent and unsure control of fibre orientation due to manual lay-up and 

possible slippage during manual impregnation makes it unfit for set application. 

Vacuum bagging production assessment 

Similar to wet lay-up vacuum bagging results in higher FVF and application of longer 

fibres compared to spray lay-up, however with minor increase of control on final 

orientation of fibre direction due to uniform pressure being applied subsequent to the 

lay-up and impregnation process. Control of fibre orientation is however still minor 

and highly skill dependent. Void content is normally reduced and wet-out increased 

due to applied vacuum pressure compared to the wet lay-up process, however due to 

high maximum laminate thickness there is an increased risk of voids and reduced wet-

out. 

The process is not ideal for producing axisymmetric components but skilled operators 

might with some difficulty still be able to produce near net shape products to be 

machined to net shape. Component quality still lack in repeatability and remains 

highly skill dependent but could be applicable solely to prototype manufacturing 

depending on required fibre orientation. 

Filament winding production assessment 

Filament winding is both a quick and an economic manufacturing method with high 

control of resin content of end product. Fibres orientation can also be arranged to a 

high degree however not completely in the length direction which could be most 

preferable in certain sections of set component. The fibre orientation can however be 

varied along the length of the component to match varying load paths. The 

disadvantage of the manufacturing method being limited to convex shapes does not 

affect the manufacturing of our shell body and can be disregarded; also due to the 

relative small size of the component the high mandrel cost of larger components can 

also be disregarded. This results in the limiting factors being a cosmetically 

displeasing external surface in need of post-mould machining and the need to use low 

viscosity resins limiting the mechanical properties of said material. 

Depending on final required fibre lay-up required for component to withstand applied 

stresses this a preferable method suited for varying fibre orientation across the length 

of the shell body, with the single disadvantage of fibres not being able to be laid 
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directly in the length direction due to fibre slippage on the mandrel. Minimum fibre 

angle is usually restricted to 10° to 15°
17

. 

Filament winding using prepreg production assessment 

The manufacturing method of producing set component through filament winding 

using prepreg material bears the same advantages as regular filament winding, along 

with the same disadvantages with exception of being limited to low viscosity resins. 

Another disadvantage however is the need for a separate curing step post the filament 

winding step. The curing step should be able to be executed with or without using an 

autoclave. Not using an autoclave would result in some diminishment of mechanical 

properties of the laminate due to reduced curing pressure, however with an increased 

level of dimension tolerance of the internal surface through curing at lower 

temperature and thereby lower thermal expansion. 

Pultrusion production assessment 

Due to the pultrusion being a process of manufacturing continuous cross-sections it 

could be excluded from applicable methods. Although a constant cylindrical cross-

section could be manufactured and machined to desired end-state it would include 

large material removal resulting in both increased cost due to material waste and 

increased processing duration, two factors that one needs to reduce in series 

production. Along with a high investment needed for heated dies in the process makes 

this an inferior selection for both prototype and series manufacturing. 

Resin transfer moulding production assessment 

The matched tooling required for RTM results in higher costs leading to the major 

application being series production. Due to the set application being a cylindrical 

component either pre-pressed fabrics to the mould shape or 3D woven preforms 

would be required.  

Pre-pressed fabrics would result in some control over fibre orientation depending on 

fabric lay-up while fibre orientation of 3D woven preforms would be dependent on 

weaving/knitting technique used. Using 3D woven performs would however reduce 

the negative effect of joints between fibre layers and reduce risk of delamination both 

during final machining stage and during firing sequence due to fibres in the z-

direction of the fabric.  

Regardless of fibre formation the biggest disadvantage however is the risk of un-

impregnated areas occurring in the component, which however can be reduced 

through careful selection of injection location and parameters. Concluding that RTM 

could be a good manufacturing method for series manufacturing but probable 

negative effect on cost for prototype manufacturing. 
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Vacuum assisted resin transfer moulding production assessment 

Vacuum assisted resin transfer VARTM is similar to RTM with the distinction that 

the resin matrix is pulled through the pre-pressed fabric/preform using vacuum as 

opposed to pressed into the mould. Without the need for external matched tooling due 

to utilization of negative pressure, and lower strength required from remaining 

required tooling due to reduced applied pressure, the tooling cost can be significantly 

lowered compared to RTM. The process can also achieve laminates with high FVF 

and low void content provided that measures been taken to reduce risk of voids and 

other defects in areas with maximum laminate thickness.  

The process is however also relatively complex, time consuming, relatively skill 

dependent, and harder to produce consistent good quality laminates, deeming the 

method better suited for smaller prototype production as opposed to series production.  

Prepreg using autoclave production assessment 

Manufacturing using prepreg fabric utilizes either hand lay-up similar to wet-lay up 

but also has the potential for automation. This also results in similar potential for 

control of fibre configuration as wet lay-up. Due to thick sections of the component 

the laminate will however likely require stages of debulking (pre-curing under 

pressure) to remove air between plies, increasing total production time and cost.  

Special resin films are commercially available to be placed between fibre layers for 

easier removal of air through applied vacuum before elevating temperature and 

pressure in the autoclave; despite removing the need for debulking and reducing 

overall production time this is however probable to increase material cost and increase 

complexity of fibre lay-up procedure. 

Final curing stage of the autoclave also increases production time due to slow 

operation while also adding to initial investment cost. Added the increased 

requirement on tooling to withstand applied temperature and pressure deems this 

process better suited for series production from cost point of view to equalize 

investment cost, however due to complexity of production procedure leading to 

overall time would be better suited for prototype production. 

Concluding that this specific manufacturing method is deemed not better suited for 

neither manufacturing application; despite the resulting laminate achieved through 

this process has both high FVF and low void content ensuring consistent high quality.  

Prepreg out of autoclave production assessment 

Prepreg composite manufacturing with curing out of autoclave poses the same 

advantages with exception of the same quality potential as opposed by curing within 

an autoclave, along with the dissimilarity that lower pressure and temperature is used 

during curing reducing the mechanical properties slightly of the end-component. This 

reduces investment costs posed by an autoclave but does however also result in a 

reduced FVF through the reduced pressure on the laminate. Curing the laminate at a 

lower temperature compared to using an autoclave does however both reduce energy 

costs and increase dimension tolerance due to reduced thermal expansion while at the 

same time maintaining a high level of repeatability. Similar measures as when using 

prepreg with an autoclave will have to be taken to reduce risk of defects, e.g. 

debulking. 
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Manufacturing method evaluation 

Derived from the material selection process were the common factors of high FVF, 

long/longer fibre reinforcement and the possibility of orienting fibres in applied stress 

direction in order to achieve the required mechanical properties. Focusing on 

excluding manufacturing methods deemed unable or inferior in elevating these factors 

an evaluation was performed post researching information on manufacturing methods 

and further advantages and disadvantages of specific method, see  below. Complete 

list of advantages and disadvantages are shown in Appendix 7. 
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Table 12 - Evaluation of FVF, fibre length and possibility of fibre orientation for common 

manufacturing methods. 

  Good Intermediate Bad 

Spray lay-up     FVF - Lowest of all 

evaluated manufacturing 

methods. 

      Orientation - No control 

over fibre orientation.  

      Fibre length - Short 

chopped fibres used.
 
 

Wet lay-up Fibre length - Long 

fibres used in fabric or 

as tape.
 
 

Orientation - Only 

controlled through 

manual lay-up of fabric 

or tape.
 
 

FVF - Higher than spray 

lay-up but lower than 

other evaluated 

manufacturing methods.
 
 

Vacuum bagging Fibre length - Long 

fibres used in fabric or 

as tape.
 
 

Orientation - Only 

controlled through 

manual lay-up of fabric 

or tape.  

FVF - Higher than spray 

lay-up but lower than 

other evaluated 

manufacturing methods.
 
 

Filament winding Fibre length - Long 

fibres used as tape.
 
 

  

 Orientation - Excellent 

control of fibre 

orientation, orientation 

can also be varied 

along length of 

component.
 
 

  

 FVF - High control of 

resin content and fibre 

volume fraction.
 
 

  

Pultrusion Fibre length - Long 

fibres used in fabric or 

as tape.
 
 

Orientation - Only 

possible in 0° or through 

utilizing fabric.
 
 

  

  FVF - Potential of high 

fibre volume fraction.
 
 

   

RTM Fibre length - Long 

fibres used in fabric or 

as tape.
 
 

Orientation - Control of 

fibre orientation 

depending on lay-up of 

pre-pressed fabric or 

structure of preform.
 
 

 

 FVF - Potential of high 

fibre volume fraction.
 
 

  

VARTM Fibre length - Long 

fibres used in fabric or 

as tape.
 
 

Orientation - Control of 

fibre orientation 

depending on lay-up of 

pre-pressed fabric, 

structure of preform or 

lay-up of fabric in form.
 
 

  

  FVF - Potential of high 

fibre volume fraction.
 
 

    

Prepare - Autoclave Fibre length - Long 

fibres used in fabric or 

as tape.
 
 

Orientation - Only 

controlled through lay-

up of fabric or tape.
 
 

 

 FVF - Potential of high 

fibre volume fraction.
 
 

  

Prepreg - Out of 

autoclave 

Fibre length - Long 

fibres used in fabric or 

as tape.
 
 

Orientation - Only 

controlled through lay-

up of fabric or tape.
 
 

  

  FVF - Potential of high 

fibre volume fraction.
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Filament winding - 

Prepreg 

Fibre length - Long 

fibres used as tape. 

  

 Orientation - Excellent 

control of fibre 

orientation, orientation 

can also be varied 

along length of 

component. 

  

  FVF - High control of 

resin content and fibre 

volume fraction. 

    

As was found during research of specified manufacturing methods was the major 

affect of end-properties of the laminate utilizing processes with varying configuration. 

Each manufacturing method possesses different strengths and weaknesses affecting 

the laminate. Repeatability using one method brings complexities that need managing, 

whereas varying manufacturing method when transitioning from prototype to series 

production would/could vary too many factors, undermining results from prototype 

testing making them obsolete. A similar setup of the process would therefore be 

preferable for use in both prototype and series manufacturing, making potential to 

increase effectiveness an important factor. Therefore along with evaluation of 

important factors shown in Table 12 an assessment of repeatability (R), potential for 

automation (A), and relative laminate quality (Q) was performed in order to examine 

the methods potential to increase effectiveness and for efficiently producing high 

quality series production at low cost, see Table 13 below. 
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Table 13 - Assessment of repeatability, potential for automation and relative quality of laminate 

for common manufacturing methods. 

Method Good Intermediate Bad 

Spray lay-up     R 

A 

Q 

Wet lay-up   R 

A 

Q 

Vacuum bagging     R 

A 

Q 

Filament winding R   

A 

Q 

Pultrusion R     

A 

Q 

RTM R   

A 

Q 

VARTM R     

  A   

  Q   

Prepreg - Autoclave R   

A 

Q 

Prepreg - Out of autoclave R     

A     

  Q   

Filament winding - Prepreg R   

A 

Q 

Combining the initial evaluation and the assessment a few manufacturing methods 

could be excluded from further research. Excluded methods include spray lay-up, wet 

lay-up, vacuum bagging, VARTM and using prepreg fabric without an autoclave. 

Further delimitation was based on an indication of minimum initial investment cost (I) 

during start-up for remaining methods; see Table 14 and Table 15 below.  

Accurate values for required minimum start-up investment cost are complex to 

determine accurately mostly due to machine manufacturing companies unwilling to 

disclose prices without the intention of purchase. Values stated in Table 14 should be 

considered a rough estimate based on earlier research on economics of composite 

material manufacturing equipment along with public released information on price 

range for simple filament winding machines available from machine manufacturer. 



– 35 –  

 

Table 14 - Indication of minimum start-up investment cost for machinery. 

Method Minimum initial investment cost Average   

Filament winding $300 - $30 000 
18

 $15 150   

Pultrusion $100 000 - $400 000 
19

 $250 000  

RTM $5 000 - $100 000 
19

 $52 500   

Prepare - Autoclave $80 000 - $2 500 000 
19

 $1 290 000 
*Based on the dominating investment cost of 

autoclave 

Filament winding - Prepreg $300 - $30 000 
18

 $15 150   

 

 Table 15 - Categorization of indication of minimum start-up investment cost for machinery. 

Method Low Intermediate High 

Filament winding I     

Pultrusion  I  

RTM I     

Prepare - Autoclave   I 

Filament winding - Prepreg I     

Despite the possibility of outsourcing of the manufacturing and depending on order 

volume it is deemed likely that an investment in new machinery would be required to 

fill possible future annual production volume. Reducing investment cost would reduce 

possible future fixed assets for manufacturing equipment, leaving the difference in 

capital free to generate revenue in other ways. Whereas a higher investments 

depreciation in turn would need be supported by sale of manufactured product 

ultimately affecting sales price of the product, a lower investment cost is thereby 

deemed likely to assist in maintaining a low purchase cost for both prototype and 

series production. 

Manufacturing using prepreg fabric with autoclave curing and pultrusion are thereby 

excluded from further evaluation, leaving filament winding and RTM as prime 

candidates as recommended manufacturing methods. 

Estimation of sales cost 

An estimation of work order, time consumption and varying degree of operator 

engagement depending on degree of automation for the varying manufacturing 

methods was performed prior to prime cost and sales cost calculation; see Table 16 

and Table 17 below. 

                                                 
18

 Lina Wang, Filament winding machine, Shenyang Gas Cylinder Safety Technology Co. Ltd, 

Retrieved 2012-11-13 from http://www.alibaba.com/product-

gs/51699740/Filament_winding_machine.html?s=p. 

19
 Anjali Goel, Economics of Composite Material Manufacturing Equipment, page 21-22, 

Massachusetts Institute of Technology, Retrieved 2012-11-12 from 

http://dspace.mit.edu/bitstream/handle/1721.1/31096/48412282.pdf?sequence=1. 

http://www.alibaba.com/product-gs/51699740/Filament_winding_machine.html?s=p
http://www.alibaba.com/product-gs/51699740/Filament_winding_machine.html?s=p
http://dspace.mit.edu/bitstream/handle/1721.1/31096/48412282.pdf?sequence=1
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Table 16 - Estimated work order and time consumption for filament winding manufacturing. 

Work order 

  Operator engagement [min] 

 Estimated time [min] 

Prototype  

(no automation 

utilized) 

Series 

(automation 

utilized) 

Filament winding 10 2 1 

Post cure (Impregnating filament 

winding) 120 10 1 

Cure (Prepreg filament winding) 120 20 20 

Remove from mandrel 1 1 0,5 

Setup for machining 2 2 1 

Machining 1 1 0 

Remove from machine 1 1 1 

Table 17 - Estimated work order and time consumption for RTM manufacturing. 

Work order 

  Operator engagement [min] 

 Estimated time [min] 

Prototype 

(no automation 

utilized) 

Series 

(automation 

utilized) 

Lay-up for preform 3 3 0 

Pressing preform 2 2 0 

Remove preform 2 2 0 

Insert preform into mould 1 1 0 

Resin transfer 2 2 0 

Remove laminate 1 1 0,5 

Post cure 120 20 20 

Setup for machining 2 2 1 

Machining 2 2 0 

Remove component from machine 1 1 1 

Combined with previous data for investment costs an indication of prime cost and 

sales cost was calculated. See Table 18 and Table 19 for comparison of estimated 

sales cost for prototype and series manufacturing, complete calculation located in 

Appendix 8, Appendix 9, Appendix 10, Appendix 11, Appendix 12, and Appendix 13. 

Table 18 - Sales price indication of prototype manufacturing, price excl. VAT. 

Prototype manufacturing 

 Carbon 

fibre 

Glass 

fibre  

Filament winding 884 SEK 681 SEK 

Filament winding with prepreg 1 348 SEK 1 117 SEK 

RTM 1 277 SEK 1 074 SEK 

Table 19 - Sales price indication of series manufacturing, price excl. VAT. 

Series manufacturing 

 Carbon 

fibre 

Glass 

fibre  

Filament winding 635 SEK 430 SEK 

Filament winding with prepreg 916 SEK 683 SEK 

RTM 1 020 SEK 815 SEK 

Among remaining manufacturing methods the cost indication shows a clear advantage 

of filament winding with resin application during the winding process. Calculations 

show that manufacturing using either RTM or filament winding with prepreg would 



– 37 –  

result in an estimated cost increase of 44-64% for prototype manufacturing and 44-

89% for series manufacturing depending on material used. RTM and filament winding 

using prepreg filament were therefore excluded.  

9. Concept solution compatibility evaluation 
Remaining material combinations from the material evaluation are shown in Table 20 

below, along with notes relevant for final evaluation. 

Table 20 - Remaining material combinations from material evaluation. 

Reinforcement Polymer Notes 

Glass Fibre Vinyl ester Thermosetting / Thermoplastic (Tg ~ +178°C, Service temp. ~ +197°C) 

Carbon Fibre Epoxy Thermosetting 

Carbon Fibre PEEK Thermoplastic (Melting point ~ +341°C) 

In order to keep the manufacturing process to a minimum complexity, and to not 

induce additional costs into the process, available retrieved data on service 

temperature for manufacturing has to be taken into consideration. Using a 

thermosetting resin instead of a thermoplastic resin removes the need for additional 

heating of resin bath to high temperatures, reducing risk of compromised bonding 

between filaments during the winding process, and reducing onset of residual stresses 

due to varying temperature in the thick laminate during hardening.  

Use of thermoplastic vinyl ester and PEEK were thereby excluded from material 

combinations, leaving glass fibre reinforced thermosetting vinyl ester and carbon fibre 

reinforced epoxy as main alternatives. 

Additionally thermosetting vinyl ester includes a volatile organic compound as 

solvent (styrene) which is emitted during the curing process. This complicates the 

manufacturing process through filament winding being an open form process posing 

difficulties attaining legislated emission limits of volatile organic compounds during 

manufacture; as well as posing a risk of personnel healthcare issues due to prolonged 

exposure. Epoxy in comparison cures through a co-reaction with the hardener which 

diminishes said difficulties compared to vinyl ester. This results in vinyl ester resin 

being an inferior alternative for application in chosen manufacturing method, leaving 

carbon epoxy composite material as end-recommendation. 

10. Threading evaluation 
Regardless of manufacturing method used fabricating a cylindrical fibre reinforced 

composite component there is a high probability that axis-oriented forces applied in a 

centre axis thread is not distributed in a proper load path through the reinforcing 

material. Due to the reinforcing material being wound around the centre axis the 

applied force would instead most likely be distributed through interlaminar shearing, 

and thereby be dependent on the interlaminar shear strength of the composite structure 

(ILSS). Thread performance is thereby reduced and in need of further evaluation. An 

estimation of resulting shear stress in the thread for mounting of the safety, arming 

and initiation unit (SAI unit) was therefore calculated based on ISO-standardized 

geometry dimension values. 

Various calculating theories exists with the main difference of varying calculation of 

shear area and correction for amount of calculated area engaged during tension. Due 

to being a critical attachment the section was evaluated based on calculation model 

resulting in largest amount of induced stress. Some theories for calculation of thread 

stripping shear area states that “The thread shear area is the total ridge cross-sectional 
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area intersected by a specified cylinder with diameter and length equal to the mating 

thread engagement. Usually the cylinder diameter for external thread shearing is the 

minor diameter of the internal thread and for internal thread shearing it is the major 

diameter of the external thread.”
20

. However according to equations formulated by 

associate professor Anton van Beek
21

 this shear area is further reduced, not stated 

clearly but presumably based on tolerances and compliance of the components. 

Presented calculation is thereby deemed to give a more accurate estimation of the 

resulting shear area in external threading, see equation (2) in Figure 16 below 
22

, 

compared to calculations based on perfect ideal contact in the thread interface 

(resulting in a 41,5-42,9% decrease in shear stress depending on approach for 

calculating the shear diameter). Variable definition and thread geometry are shown in 

Table 21 and Figure 15 below. 

Table 21 -Threading evaluation variable definition. 

Variable Definition 

d0 Shear area diameter 

d2 Pitch diameter 

d3 Minor diameter Male thread 

h3 Thread height Male thread 

Le Length of engaged thread 

Ath Shear area of the thread 

τ Shear stress in material 

 

Figure 15 - ISO thread geometry.
23
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Figure 16 - Equations for calculation of shear area in thread. 

However due to evaluating internal threading instead of external threading equation 1 

in Figure 16 was adjusted to equation (3) in Figure 17. 

                                                 
20

 Erik Oberg et al: Machinery’s Handbook 28
th

 Edition, page 1718, Industrial Press Inc., New York, 

USA 2008. 

21
 Anton van Beek: Advanced engineering design – Lifetime performance and reliability, TU Delft, 

Delft, Netherlands 2009. 

22
 Tribology-abc, Thread stripping strength, Retrieved 2012-12-04 from  http://www.tribology-

abc.com/calculators/e3_6f.htm  

23
 Tribology-abc, ISO dimensions, Retrieved 2013-01-16 from http://www.tribology-

abc.com/calculators/metric-iso.htm 

http://www.tribology-abc.com/calculators/e3_6f.htm
http://www.tribology-abc.com/calculators/e3_6f.htm
http://www.tribology-abc.com/calculators/metric-iso.htm
http://www.tribology-abc.com/calculators/metric-iso.htm
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Figure 17 – Thread stripping shear strength equations. 

Complete calculations are not disclosed in this report due to inclusion of company 

confidential information.  

Results derived from the calculations showed a shear stress level of approximately  

32 MPa, combined with a safety factor of 1,5 resulted in a shear stress level of 

approximately 48 MPa.  

ILSS of a fibre reinforced laminate is however highly dependent on several factors 

such as laminate quality, FVF, adhesion between specific matrix and reinforcement 

material, fibre length, void content, etc. Experimental analysis of specific laminate 

would therefore be needed for accurate valuation of ILSS of the specific composition. 

Comparable indication of ILSS for carbon epoxy composite was retrieved from 

previously published results in the International Journal of Engineering Research and 

Applications, giving an experimentally derived value of ILSS for carbon epoxy 

composite at 32 MPa
24

. 

An evaluation was performed to examine the possibility of alternative thread 

dimensions to met limiting values of ILSS. Maintaining the same pitch of the thread 

resulted in a requirement of minimum increase of thread length by 6mm for an 

unaltered thread diameter and pitch; and a requirement of minimum increase of thread 

diameter by 16mm for an unaltered thread length and pitch. Increase of thread 

diameter was thereby deemed the inferior alternative due to its larger influence on 

related components in the vicinity. The effect of increased thread length on relating 

component would however need be evaluated in future development. 

11. Concept solution evaluation against requirement 

specification 
Primary requirements: 

 Firing sequence – No permanent deformation due to maximum 

pressure rise during firing sequence. 

Assessment: Ultimate failure or fibre breakage is deemed not 

likely to occur due to induced stress during firing sequence. 

Further research and testing is needed on potential for matrix 

failure and the effect of such failure. Solution deemed 

acceptable but in need of testing. 

 Firing sequence – No permanent deformation due to maximum 

acceleration during firing sequence. 

Assessment: Ultimate failure or fibre breakage is deemed not 

likely to occur due to induced stress during firing sequence. 

Further research and testing is needed on potential for matrix 

                                                 
24

 P. Rama Lakshmi, Dr P. Ravinder Reddy: Investigation of interlaminar shear strength in carbon 

epoxy and carbon epoxy carbon nanotubes using experimental and finite element technique, 

International Journal of Engineering Research and Applications, vol. 2, no. 3, page 9, 2012. 



– 40 –  

failure and the effect of such failure. Solution deemed 

acceptable but in need of testing. 

 Firing sequence – No need for major reconfiguration of component 

required, only minor change of to other components non-function 

influencing dimensions allowed. 

Assessment: Only minor dimensional changes made, Solution 

deemed approved. 

 Effect sequence – Material in concept solution is able to deform into 

one single slug, pulverize forming shrapnel of harmless magnitude 

and/or incinerate to near nonexistent residue. 

Assessment: Material is deemed likely to be ripped open during 

effect sequence due to matrix failure, and possible formed 

shrapnel to be of fibre residue of harmless magnitude. 

Solution deemed approved. 

 Material properties – Concept solution is able to withstand established 

temperature requirements. 

Assessment: Approved. 

 Material properties – Concept solution is moisture resistant so as not to 

degrade continuously in exposed climates. 

Assessment: Acceptable. 

 Material properties – Concept solution is waterproof. 

Assessment: Approved. 

 Material properties – Concept solution is UV-resistant so as not to 

degrade function due to sunlight during life cycle. 

Assessment: Long term exposure to UV-radiation has risk of 

degrading the epoxy matrix. Resistance can be gained either 

through addition of pigments to the resin or additional 

coating of UV-absorbing additives. Solution deemed 

acceptable. 

 Concept solution is able to withstand environments stated in company 

confidential standards. 

Assessment: Assessed as approved but in need of further testing 

for verification. 

Secondary requirements: 

 Low manufacturing cost for series manufacturing. 

Assessment: Estimated sales cost of 635 SEK, however lacking 

reference for comparison. 
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12. Conclusion 
Metal, ceramic, and polymer based materials were deemed unable to fulfil stated 

requirements of the requirement specification, leaving the category of composite 

materials the superior alternative. Based on mechanical properties of the reinforcing 

element, compatibility with the polymer matrix, FEA evaluated indication of induced 

stress, as well as compatibility for efficient production with later selected 

manufacturing method the best alternative material for the shatter free shell body is a 

carbon fibre reinforced epoxy composite with long fibre reinforcements. 

Important factors derived from material evaluation in order to achieve high values of 

desired mechanical properties in the laminate were using a fibre strengthened 

composite, the possibility of orienting fibres for better accommodation of induced 

stress, and high FVF. Evaluation of important factors among applicable 

manufacturing methods combined with calculated cost indication resulted in the 

selection of filament winding with automated impregnation of resin during the 

winding process. 

Recommended dimensional changes to original design were the increase of slipping 

groove radius from 0,3 mm to 1,5 mm to avoid fibre breakage and an increase of 

thread length by 6 mm at the bottom mounting. 

Indication of sales price for prototype was 884 SEK, and indication of sales price for 

series manufacturing was 635 SEK. Sales price for prototype manufacturing is 

however deemed inaccurate due to an unaltered calculation of business expenses 

currently set to 26% of manufacturing costs. Adjusting the percentage to correspond 

to a reduced order volume for prototypes would raise the sales price to a more 

realistic value. 

An already cooperating producer of carbon epoxy composite components exists in 

Sweden making them a prime alternative for production of said component; avoiding 

complications such as eventual security classification but mainly in reducing number 

of total manufacturers and simplifying control of manufacturers in the company. 

To be taken into account with the results of this study is the lack of regard to matrix 

failure between fibres during the FEA, due to at the time of execution also comparing 

between material configurations experiencing various failure modes. Extensive 

research and more time would have been needed in order to address all varieties of 

failure for all remaining configurations at the time.  

Due to the high strain rate associated with the firing sequence, and the use of a 

thermoset polymer, any plastic deformation and fracture initiation of the matrix 

should have a brittle behaviour and produce noticeable results instantly. Depending on 

validation method of component there is however a risk resulting in a passing result 

but with an initiated crack formation, subsequently after assembly delivering a 

product with a critical crack formation. Due to e.g. ILSS being highly dependent on 

several factors among which are amount and size of defect and voids in the laminate, 

some sort of testing would be required to evaluate the component. Multi-pass testing 

could be done to examine the rise and propagation of such failure along with non-

destructive evaluation of laminate defects prior and after testing; with possibility of 

defining limits for defects which in turn could lead to pursuing alternative method of 

means of ensuring component integrity pre-assembly. This could be attempted 

through e.g. ultrasonic attenuation or acoustic emission evaluation. 
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If delamination should prove unmanageable for either slipping groove or threading an 

alternative solution would be using 3D weaved preforms which would increase 

delamination resistance through utilizing fibres normal to the component surface. This 

would result in fibres bridging the gap between possibly arisen or existing 

defects/fractures and increase fracture toughness of the matrix through additional 

shear force needed for fibre slippage. However both due to reduced control of fibre 

orientation compared to filament winding, and a somewhat reduced FVF through 

reduced possible degree of fibre packing, would need thorough evaluation of 

alteration to mechanical properties. This would also require alternative manufacturing 

through e.g. RTM subsequently increasing sales price unless annual volume is 

increased and/or process improved for further efficiency, subsequently assisting in 

lowering sales price. 

If component only suffers from thread stripping another alternative would be using a 

thread insert of a near isotropic composite material e.g. Windform GF 2.0 or 

Windform XT 2.0, as can be seen in Appendix 4, produced through selective laser 

sintering (SLS), see Appendix 14, or other similar material and process. The insert 

could then either be assembled post manufacture of the shell body or integrated with 

the component during the winding process through being mounted onto the rotating 

mandrel. 
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Appendix 1 - WBS 
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Appendix 2 - Time table 
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Appendix 3 – Preface evaluation of major material 

groups 
  

Metals 
  

Ceramics 
  

Polymers 
  

Composites 
  

  Notes Notes Notes Notes 

Primary 

requirement 

No permanent 

deformation 

due to 

maximum 

pressure rise 

during firing 

sequence. 

++ 

Good 

mechanical 

properties. 

++ 

Good 

mechanical 

properties 

during 

compression. 

+ 

Should be 

able to be 

achieved, 

however 

materials 

generally have 

lower 

mechanical 

properties 

compared to 

metals and 

ceramics. 

++ 

Good mechanical 

properties, 

depending on 

reinforcement 

mechanical 

properties can also 

be elevated in 

desired directions 

to fulfil 

requirement. 

  

No permanent 

deformation 

due to 

maximum 

acceleration 

during firing 

sequence. 

++ 

Good 

mechanical 

properties. 

++ 

Good 

mechanical 

properties 

during 

compression. 

+ 

Should be 

able to be 

achieved, 

however 

materials 

generally have 

lower 

mechanical 

properties 

compared to 

metals and 

ceramics. 

++ 

Good mechanical 

properties, 

depending on 

reinforcement 

mechanical 

properties can also 

be elevated in 

desired directions 

to fulfil 

requirement. 

  

No need for 

major 

reconfiguration 

of component 

required, only 

minor change 

of to other 

components 

non-function 

influencing 

dimensions 

allowed 

- 

When crack 

in material 

arises it will 

most likely 

distribute 

quickly and 

not 

necessarily 

create new 

crack in 

close 

vicinity, 

resulting in 

the 

formation of 

"larger" 

shrapnel. 

The quick 

events 

during the 

effect 

sequence 

should result 

in a 

continuously 

brittle 

behaviour of 

the metal. 

Redesign 

with focus 

on the 

deformation 

would be 

needed, 

which in 

turn could 

affect 

performance. 

+ 

Large amount 

of porosities 

should result 

in many local 

stress 

concentrations 

during effect 

sequence, in 

turn shattering 

the shell into 

small 

fragments. 

Unclear what 

the magnitude 

of shrapnel 

such 

deformation 

would result 

in, but large 

scale redesign 

should not be 

needed. 

+ 

The quick 

events during 

firing and 

effect 

sequence 

should result 

in a brittle 

behaviour for 

the polymer. 

Low values 

for 

mechanical 

properties 

compared to 

the other 

material 

categories 

should result 

in a high 

amount of 

shrapnel 

formation but 

of a small 

magnitude. 

Should 

possibly only 

need minor 

redesign to 

reinforce the 

shell body to 

withstand the 

firing 

sequence. 

++ 

Depending the 

composition and 

configuration of 

materials used the 

shell body should 

either be fully able 

to deform into a 

single slug or be 

pulverized. With 

small elements as 

reinforcement in 

the composite 

along with a 

weaker matrix, the 

matrix should be 

heavily affected 

during the effect 

sequence and 

possibly only 

result in shrapnel 

consisting of the 

reinforcement 

elements. 

Redesign should 

therefore not be 

necessary. 
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Metals 

  
Ceramics 

  
Polymers 

  
Composites 

  

 Notes Notes Notes Notes 

Primary  

requirement 

Material in 

concept 

solution able 

to deform into 

one single 

slug, pulverize 

forming 

shrapnel to 

harmless 

magnitude 

and/or 

incinerate to 

near 

nonexistent 

residue. 

- 

Generally 

consisting of 

isotropic 

materials (on 

macro scale) 

with strong 

bindings (on 

micro scale) 

would most 

likely result 

in fragment 

formation of 

a large size. 

+ 

Due to 

general 

porosity 

within 

ceramics there 

should be a 

good 

possibility for 

pulverization 

or fragment 

formation of a 

low 

magnitude. 

Unclear 

though how 

small 

fragments that 

could be 

achieved due 

to the strong 

bindings 

within the 

materials. 

++ 

Depending on 

manufacturing 

process there 

should be a 

high 

probability of 

pulverization 

or formation 

of "harmless" 

fragments 

forming 

during the 

effect 

sequence. 

++ 

Depending on 

composite 

composition and 

configuration there 

should be a high 

probability for a 

slug forming, 

pulverization or 

"harmless" 

fragment 

formation during 

the effect 

sequence. 

 

Concept 

solution is able 

to withstand 

established 

temperature 

requirements. 

+ 

Should not 

be a problem 

for most 

metallic 

materials 

+ 

Should not be 

a problem due 

to most 

ceramic 

material being 

insensitive to 

low level 

temperature. 

+ 

Depending on 

material 

composition 

temperature 

sensitivity 

within the 

required 

temperature 

ranges should 

be able 

avoidable. 

Should be 

considered 

during 

material 

evaluation and 

selection. 

+ 

Temperature 

sensitivity within 

required 

temperature ranges 

should be 

avoidable 

depending on 

selection of matrix 

material. Possible 

creep should be 

prevented/hindered 

by the 

reinforcement 

material. 

  

Concept 

solution is 

moisture 

resistant so as 

not to degrade 

continuously 

in exposed 

climates. 

+ 

Should not 

be a problem 

for most 

metallic 

materials 

- 

Without 

coating 

moisture 

should be able 

to penetrate 

into the 

porosities. 

Not likely 

through the 

entire shell 

body but 

through 

repeated 

strain, due to 

moisture 

freezing in the 

pores, 

permanent 

damage 

should be able 

to be 

achieved. 

+ 

Most 

polymers are 

only minor 

moisture 

absorbing 

over time, but 

at such low 

magnitude this 

should not be 

a problem for 

most 

polymers. 

+ 

Depending on 

composite  

composition it is 

most likely the 

reinforcement 

composition could 

be moisture 

sensitive to some 

degree. However 

when the 

reinforcement 

material is 

completely 

embedded within 

the matrix and 

protected by a 

matrix it should be 

avoidable. Should 

be considered 

during material 

evaluation and 

selection. 
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 Metals 

  
Ceramics 

  
Polymers 

  
Composites 

  

 Notes Notes Notes Notes 

Primary 

requirement 

Concept 

solution is 

waterproof. 

+ 

Should not 

be a problem 

for most 

metallic 

materials 

+ 

Despite the 

material 

porosities it is 

unlikely these 

pores run all 

the way 

through the 

ceramic 

material. Most 

ceramics 

materials 

should be able 

to be 

considered 

waterproof. 

+ 

Most 

polymers are 

only minor 

moisture 

absorbing 

over time, but 

with increased 

absorption 

when 

continuously 

submerged in 

water at 

higher 

temperatures. 

Elevated 

temperature 

water 

submersion is 

however 

unlikely 

during 

component 

lifecycle so 

this should not 

be a problem 

for most 

polymers. 

+ 

Most polymers are 

only minor 

moisture absorbing 

over time, but with 

increased 

absorption when 

continuously 

submerged in 

water at higher 

temperatures. 

Elevated 

temperature water 

submersion is 

however unlikely 

during component 

lifecycle so this 

should not be a 

problem for most 

polymers. 

Also depending on 

composite 

configuration 

water could be 

able to penetrate, 

but if considered 

during material 

selection should 

not pose a 

problem. 

 

Concept 

solution is UV 

resistant so as 

not to degrade 

function due to 

sunlight during 

life cycle. 

+ 

Should not 

be a problem 

for most 

metallic 

materials 

+ 

Should not be 

a problem for 

most ceramic 

materials 

+ 

Polymer 

chains 

degrade over 

longer periods 

of time 

exposed to 

UV radiation, 

this effect can 

however be 

reduced by 

chemical 

composition 

for most 

polymers if 

needed. Due 

to non-

constant 

exposure over 

longer periods 

of time this 

effect is 

deemed non-

significant. 

+ 

Polymer chains in 

eventual polymer 

matrix degrade 

over longer 

periods of time 

exposed to UV 

radiation, this 

effect can however 

be reduced by 

chemical 

composition for 

most polymers if 

needed. Due to 

non-constant 

exposure over 

longer periods of 

time this effect is 

deemed non-

significant. 

Evaluation 

results 

  +8   +9   +9   +12   

  -2   -1   -0   -0   
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Appendix 4 – Initial compilation of materials 
 SLS   

, 

CarbonMide 

Windform  

XT 2.0 

Windform 

GF 

Windform  

GF 2.0 

Windform  

GT Alumide PA 2200 

 

    

Material PA+CF PA+CF PA+Al+GF PA+Al+GF PA+GF PA+Al PA   

Tensile modulus 6100 8925 4413 4304 3290 3800 1700 MPa 

Tensile strength 72 83,84 47,65 50,6 56,21 48 48 MPa 

Elongation at break 4,1 3,8 2,5 4,6 14,82 4 24 % 

Density 1040 1097 1500 1410 1190 1360 930 kg/m3 

         

Glass Transition Temp, 

Tg               °C 

Melting point 176,0 179,3 180,0 179,6 193,0 172,0 172,0 °C 

Service temperature               °C 

Humidity/Water 

absorption        % 

                  

Tensile strength per 

density unit 69,23 76,43 31,76 35,89 47,24 35,29 51,61 MPa g/cm3 

Tensile modulus per 

density unit 5865,4 8136,0 2941,8 3052,5 2764,5 2794,1 1828,0 MPa g/cm3 

 
 Carbon fibre composite 

Al 7075-T6 SSiC AMC225 

 

  

T700 Uni 

Tape 

Reinforced 

Araldit 

LY556 

E-765 Epoxy 

Prepreg, T700 

12K 2x2 Twill 

Reinforced 

Goodfellow 

Carbon/Epoxy 

Composite Sheet   

Material CF Epoxy Epoxy+CF Epoxy+CF Al SSiC Al+SiC   

Tensile modulus 125000 3100 57900 70000 71700 420000 115000 MPa 

Tensile strength 2410 83 841 600 572 400 659 MPa 

Elongation at break 1,5 4,2  0,85 11  4 % 

Density 1700 1150   1600 2800 3110 2880 kg/m3 

         

Glass Transition Temp, Tg             °C 

Melting point     477  548 °C 

Service temperature               °C 

Humidity/Water absorption 0,1       % 

                  

Tensile strength per density unit 1417,65 72,17  375,00 204,29 128,62 228,82 MPa g/cm3 

Tensile modulus per 

density unit 73529,4 2695,7   43750,0 25607,1 135048,2 39930,6 MPa g/cm3 

 
 SLS   3DP  

 

Windform SP 

Windform 

FX PA 2201 PA 3200 GF PC-ABS PC ULTEM 9085 

 

    

Material PA+CF PA PA PA + GF PC+ABS PC Polyether Imide   

Tensile modulus 6220 1357 1700 3200 1900 2300 2200 MPa 

Tensile strength 76,1 48,96 48 51 41 68 71,6 MPa 

Elongation at break 11,38 43,9 24,0 9,0 6 5 6 % 

Density 1106 1027 930 1220 1100 1200 1340 kg/m3 

         

Glass Transition Temp, Tg         125 161 186 °C 

Melting point 193,3 190,7 172 172    °C 

Service temperature               °C 

Humidity/Water absorption        % 

                  

Tensile strength per density unit 68,81 47,67 51,61 41,80 37,27 56,67 53,43 MPa g/cm3 

Tensile modulus per 

density unit 5623,5 1321,3 1828,0 2623,0 1727,3 1916,7 1641,8 MPa g/cm3 
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    Injection moulding  

 

Generic  

Co-

polyester 

Generic  

Vinyl 

Ester Polypropylene 

Overview 

of 

materials 

for Nylon 

66, 40%  

Carbon 

Fibre 

Filled 

Plastcom 

SLOVAMID 

66 

CF 30 TS 

PA 66 

reinforced 

with 30% 

carbon fibre,  

thermal 

stabilization 

Plastcom 

SLOVAMID 

6 CF 20 

PA6, 20%  

carbon fibre 

RTP 

Company 

RTP 281 

MS Nylon 

6/6 (PA), 

Carbon Fibre 

-  

Molybdenum 

Disulfide 

 

    

Material Polyester VE PP PA+CF PA+CF PA+CF PA+CF+MdS   

Tensile modulus 1780 3050 1930 10600 24500 17000 8270 MPa 

Tensile strength 25,6 74,3 24,1 200 300 230 145 MPa 

Elongation at break 35 2,6 10 1,0 3,0 2,5 2,00 % 

Density 1230 1010 1240 1270 1280 1220 1180 kg/m3 

         

Glass Transition Temp, Tg 94,3 178           °C 

Melting point   191  290 220 277 °C 

Service temperature   +197           °C 

Humidity/Water absorption        % 

                  

Tensile strength per density unit 20,81 73,56 19,44 157,48 234,38 188,52 122,88 MPa g/cm3 

Tensile modulus per 

density unit 1447,2 3019,8 1556,5 8346,5 19140,6 13934,4 7008,5 MPa g/cm3 

 
 Polyethylene Terephtalate  

(PET), Unreinforced Polyetheretherketone - PEEK 

ABS  

General Purpose Glass fibre 

 

    

Material PET PEEK ABS GF  

Tensile modulus 3440 4490 2275 73000 MPa 

Tensile strength 76,2 105 41 2200 MPa 

Elongation at break 65,7 26,3 5 3,5 % 

Density 1410 1320 1060 2600 kg/m3 

      

Glass Transition Temp, Tg 70  105  °C 

Melting point 200 341   °C 

Service temperature   -20 - +80  °C 

Humidity/Water absorption  0,5  0,1 % 

       

Tensile strength per density unit 54,04 79,55 38,68 846,15 MPa g/cm3 

Tensile modulus per 

density unit 2439,7 3401,5 2146,2 28076,9 MPa g/cm3 

 
 Honeywell 

Advanced Fibres 

- 

Spectra 900 

Honeywell 

Advanced Fibres 

-  

Spectra 2000 

Honeywell 

Advanced Fibres 

-  

Spectra 3000 

DSM 

Dyneema - 

Dyneema 

SK60 Aramid HM 

Vegetable 

Fibres: 

Flax 

 

    

Material PE PE PE PE Aramid Flax  

Tensile modulus 117161 124052 115000 86837 5400 28000 MPa 

Tensile strength 2646,5 3335,6 3250,0 2694,7 3600 450 MPa 

Elongation at break 3,5 2,9 3,3 3,5 2,8 1,5 % 

Density   970 970 1450 1400 kg/m3 

        

Glass Transition Temp, Tg       °C 

Melting point 150 150 150 150   °C 

Service temperature       °C 

Humidity/Water absorption     3,5 8,0 % 

         

Tensile strength per density unit  3350,52 2778,03 2482,76 321,43 MPa g/cm3 

Tensile modulus per 

density unit   118556,7 89522,3 3724,1 20000,0 MPa g/cm3 
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Victrex PEEK 90HMF20  

Polyetheretherketone 

(PEEK), 20% Carbon 

Fibre Reinforced 

PEEK/IM carbon 

fibre, UD 

composite, 0 

lamina 

Victrex PEEK 150GL30 

Black 

Polyetheretherketone, 

30% Glass Fibre 

Reinforced 

Victrex PEEK 

90GL60 PEEK, 

60% Glass Fibre 

Reinforced 

RTP 

Compounds 

2200 LF AR 

15 

 

    

Material PEEK+CF PEEK+CF PEEK+GF PEEK+GF PEEK+AF  

Tensile modulus 22000 146000 - 149000 12000 24000 5520 Mpa 

Tensile strength 290 2410 - 2430 190 220 93,1 Mpa 

Elongation at 

break 1,9 1.35 - 1.81 2,3 1,4 4 % 

Density 1360 1550 - 1570 1520 1820 1320 kg/m3 

       

Glass Transition 

Temp, Tg  143 - 157 143 143  °C 

Melting point  322 - 349 343 343  °C 

Service 

temperature  

(-70 - -50)-(260 - 

280)    °C 

Humidity/Water 

absorption   0,04   % 

        

Tensile strength 

per density unit 213,24 1547.77 - 1554.84 125,00 120,88 70,53 

Mpa 

g/cm3 

Tensile modulus 

per 

density unit 16176,47 

94193.55 - 

94904.46 7894,74 13186,81 4181,82 

Mpa 

g/cm3 

 
 

Decal Epoxy 

3505 

Glass/epoxy 

unidirectional 

composite 

Epoxy/S-glass fiber, UD 

composite, 0 lamina 

Derakane 411C-

50UGR 

Teijin Panlite B-8120 

Carbon Fiber Reinforced 

Polycarbonate Resin 

 

    

Material Epoxy+GF Epoxy+GF Epoxy+GF VE+GF PC+CF (20%)  

Tensile 

modulus 12000 35000 - 45000 47600 - 47800 37700 13600 MPa 

Tensile 

strength 60 300 - 1100 1700 - 1760 8720 130 MPa 

Elongation at 

break 0,5 2 - 3 3.5 - 3.7 2,4 1,5 % 

Density 1800 1600 - 1950 1840 - 1970 1840 1290 kg/m3 

       

Glass 

Transition 

Temp, Tg  100 - 180 100 - 180   °C 

Melting 

point      °C 

Service 

temperature  

(-123 - -73)-(170 - 

190) (-48 - -28)-(140 - 220)   °C 

Humidity/W

ater 

absorption      % 

        

Tensile 

strength per 

density unit 33,33 187.50 - 564.10 893.40 - 923.91 4739,13 100,78 MPa g/cm3 

Tensile 

modulus per 

density unit 6666,67 21875 - 23076.92 24263.96 - 25869.57 20489,13 10542,64 MPa g/cm3 

 
 Teijin Panlite B-

8130R Carbon 

Fibre Reinforced 

Polycarbonate 

Resin 

PolyOne Edgetek 

PE25CF/000 High 

Density Polyethylene 

(HDPE), Carbon 

Fibre Reinforced 

Zytel HTN52G35EF 

BK420 

(DuPont Zytel HTN) Pure tape Pure sheet 

 

    

Material PC+CF (30%) PE+CF PA+GF PP PP+PP  

Tensile modulus 18100 4140 12000 14000 5500 MPa 

Tensile strength 135 53,8 200 500 200 MPa 

Elongation at break 1 3 2,2 6 9 % 

Density 1340 1080 1450 

1000 denier / 

1100 dTex 780 kg/m3 

       

Glass Transition Temp, Tg   285   °C 

Melting point  204 310   °C 

Service temperature      °C 

Humidity/Water absorption      % 

        

Tensile strength per density unit 100,75    256,41 MPa g/cm3 

Tensile modulus per 

density unit 13507,46    7051,28 MPa g/cm3 
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Appendix 5 – Reinforcement elements material data 
Table 22 - Material property data for evaluated reinforcement elements. 

Reinforcement element Material property data 

Aramid fibre 

Tensile modulus = 5400 MPa 

Tensile strength = 3600 MPa 

Density = 1450 g/cc 

Tensile strength per density unit = 2482,76 MPa/(kg/m3) 

Tensile modulus per density unit = 3724,1 MPa/(kg/m3) 

Polyethylene fibre - UHMWPE 

Tensile modulus = 115000 MPa 

Tensile Strength = 3250 MPa 

Density = 970 g/cc 

Tensile strength per density unit = 3350,52 MPa/(kg/m3) 

Tensile modulus per density unit = 118556,7 MPa/(kg/m3) 

Carbon fibre 

Tensile modulus = 125000 MPa 

Tensile strength = 2410 MPa 

Density = 1700 g/cc 

Tensile strength per density unit = 1417,65 MPa/(kg/m3) 

Tensile modulus per density unit = 73529,4 MPa/(kg/m3) 

Glass fibre 

Tensile modulus = 73000 MPa 

Tensile strength = 2200 MPa 

Density = 2600 g/cc 

Tensile strength per density unit = 846,15 MPa/(kg/m3) 

Tensile modulus per density unit = 28076,9 MPa/(kg/m3) 

Aluminium 

Tensile modulus =  71700 MPa 

Tensile strength = 572 MPa 

Density = 2800 g/cc 

Tensile strength per density unit = 204,29 MPa/(kg/m3) 

Tensile modulus per density unit = 25607,1 MPa/(kg/m3) 

Flax 

Tensile modulus = 28000 MPa 

Tensile strength = 450 MPa 

Density = 1400 g/cc 

Tensile strength per density unit = 321,43 MPa/(kg/m3) 

Tensile modulus per density unit = 20000 MPa/(kg/m3) 

Ceramic whiskers 

Tensile modulus = 420000 MPa 

Tensile strength = 400 MPa 

Density = 3110 g/cc 

Tensile strength per density unit = 128,62 MPa/(kg/m3) 

Tensile modulus per density unit = 135048,2 MPa/(kg/m3) 

Acrylonitrile butadiene styrene - 

ABS 

Tensile modulus = 2275 MPa 

Tensile strength = 41 MPa 

Density = 1060 g/cc 

Tensile strength per density unit = 38,68 MPa/(kg/m3) 

Tensile modulus per density unit = 2146,2 MPa/(kg/m3) 
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Appendix 6 – Ranking of reinforcement elements for 

evaluated factors 
Table 23 - Tensile strength ranking. 

Reinforcement element Tensile strength [MPa] Normalized score 

Aramid fibre 3600 4,00 

Polyethylene fibre - UHMWPE 3250 3,61 

Carbon fibre 2410 2,68 

Glass fibre 2200 2,44 

Aluminium 572 0,64 

Flax 450 0,50 

Ceramic whiskers 400 0,44 

Acrylonitrile butadiene styrene - ABS 41 0,05 

Table 24 - Tensile modulus ranking. 

Reinforcement element Tensile modulus [MPa] Normalized score 

Ceramic whiskers 420000 4,00 

Carbon fibre 125000 1,19 

Polyethylene fibre - UHMWPE 115000 1,10 

Glass fibre 73000 0,70 

Aluminium 71700 0,68 

Flax 28000 0,27 

Aramid fibre 5400 0,05 

Acrylonitrile butadiene styrene - ABS 2275 0,02 

Table 25 - Tensile strength per density unit ranking. 

Reinforcement element 
Tensile strength per density 

unit [MPa/(kg/m3)] 
Normalized score 

Polyethylene fibre - UHMWPE 3350,52 4,00 

Aramid fibre 2482,76 2,96 

Carbon fibre 1417,65 1,69 

Glass fibre 846,15 1,01 

Flax 321,43 0,38 

Aluminium 204,29 0,24 

Ceramic whiskers 128,62 0,15 

Acrylonitrile butadiene styrene - ABS 38,68 0,05 

Table 26 - Tensile modulus per density unit ranking. 

Reinforcement element 
Tensile modulus per density 

unit [MPa/(kg/m3)] 
Normalized score 

Ceramic whiskers 135048,23 4,00 

Polyethylene fibre - UHMWPE 118556,70 3,51 

Carbon fibre 73529,41 2,18 

Glass fibre 28076,92 0,83 

Aluminium 25607,14 0,76 

Flax 20000,00 0,59 

Aramid fibre 3724,14 0,11 

Acrylonitrile butadiene styrene - ABS 2146,23 0,06 
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Table 27 - Overall normalized score of reinforcement elements for evaluated factors. 

Reinforcement element Overall normalized score 

Polyethylene fibre - UHMWPE 12,22 

Ceramic whiskers 8,60 

Carbon fibre 7,74 

Aramid fibre 7,13 

Glass fibre 4,98 

Aluminium 2,32 

Flax 1,74 

Acrylonitrile butadiene styrene - ABS 0,18 
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Appendix 7 – Advantages and disadvantages of long fibre 

reinforced polymers
25

 
Processing 

method 

Resins Fibres Advantage Disadvantage Typical applications 

Spray lay-up Primarily polyester Glass 

roving 

Widely used Resin-rich and heavy Lightly loaded 

structural panels and 

simple enclosures 
Low cost of lay-up Only short applicable to short fibres 

Low cost of tooling Only applicable with low viscosity 

resins limiting mechanical 

properties 

 High styrene content of low 

viscosity polyester is harmful to 

operator 

  Increasingly difficult to limit 

airborne styrene content to 

legislated levels 

Wet lay-up / 

Hand lay-up 

Any thermosetting 

polymers 

Any Widely used Resin content and laminate quality 

highly skill dependent on operator 

Standard wind-

turbine blades, 

production boats and 

architectural 

mouldings. 

Simple principle Resins more harmful to operator 

compared to high-molecular weight 

products. 

Low cost tooling Increasingly difficult to limit 

airborne styrene content to 

legislated levels 

Wide choice of material Only applicable with low viscosity 

resins limiting mechanical 

properties 

Higher fibre content and longer 

fibres 

  

Vacuum 

bagging (wet 

lay-up) 

Primarily epoxy and 

phenolic 

Any High fibre content compared to 

standard wet lay-up 

Increased cost in labour and 

disposable bagging materials 

One-off cruising 

boats, race car 

components, core-

bonding in 

production boats. 

Lower void content compared to 

standard wet lay-up 

Both resin content and laminate 

quality highly skill dependent  

Better fibre wet-out Exposure to volatiles higher than 

prepare and infusion processing 

methods 

Vacuum bag reduces harmful 

emissions during cure 

  

Filament 

winding 

Any Any Fast and economic lay-up Method is limited to convex shaped 

components 

Storage tanks, 

pipelines, pressurised 

gas cylinders Control of resin content Fibres can't be laid exactly in the 

length direction 

Fibre cost reduced due to no 

secondary processing of 

converting into fabric 

Mandrel cost of large components 

can be high 

Fibres can be laid to match 

applied loads 

External surface is unmolded and 

cosmetically unattractive 

  Low viscosity resins limits 

mechanical properties and increase 

health issues. 

Pultrusion Generally epoxy, 

polyester, vinyl 

ester and phenolics 

Any Fast and economic method for 

processing continuous cross-

sections 

Constant or near constant cross-

section required 

Beams and girder for 

framework, ladders, 

bridges and roof 

structures Control of resin content Heated die costs can be high 

Fibre cost reduced due to no 

secondary processing of 

converting into fabric 

 

High fibre volume fraction and 

structural properties can be 

achieved 

 

Areas exposed to volatile 

emissions can be enclosed. 

  

Resin 

transfer 

moulding 

(RTM) 

Generally epoxy, 

polyester, vinyl 

ester and phenolic 

Any High fibre volume fraction with 

low void content can be 

achieved 

Higher cost for matched tooling Small complex 

aircraft and 

automotive 

components, train 

seats 
Good environmental control due 

to enclosure of resin 

Generally limited to smaller 

components 

Possible labour reduction Un-impregnated areas can occur 

Both sides of component have 

moulded surface 

  

                                                 
25

 Gurit, Guide to Composites version 4, Retrieved 2012-10-04 from 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf. 

http://www.gurit.com/files/documents/guide-to-compositesv4pdf.pdf


– 58 –  

 

Vacuum 

assisted resin 

transfer 

moulding 

(VARTM) 

Generally epoxy, 

polyester and vinyl 

ester 

Any  Method procedure as RTM 

except one side has moulded 

surface 

Relatively complex process to 

produce consistent good quality 

Semi-production 

small yachts, train 

and truck body 

panels, wind energy 

blades 
Lower tooling cost compared to 

RTM due to one half being 

vacuum bagged and less 

strength required in main tool 

Only applicable with low viscosity 

resins limiting mechanical 

properties 

Large components with high 

fibre volume fraction with low 

void content can be produced 

Un-impregnated areas can occur 

Standard wet lay-up tools may 

be used with modification 

 

Cored structure produced in one 

operation 

  

Prepare - 

Autoclave 

Generally epoxy, 

polyester, phenolic 

and high 

temperatures resins 

Any High fibre volume fraction and 

low void content easily achieved 

Higher material cost for pre-

impregnated fabric but expensive 

resins are also often required for 

these applications 

Aircraft structural 

components, F! 

racing cars 

Material have potential for 

automation and labour saving 

and no volatile emissions to 

operator 

Autoclaves usually required for 

curing being machines that are 

limited in size, slow to operate and 

expensive 

Fibre cost reduced due to no 

secondary processing of 

converting into fabric when 

using UD-tape 

Tooling and core materials need to 

withstand process temperature and 

pressures 

High viscosity resins can be 

used impregnating the fibres, 

increasing mechanical 

properties 

Thicker laminates require 

"debulking" during lay-up to ensure 

removal of air between plies 

  

    

Prepare - Out 

of autoclave 

Generally only 

epoxy 

Any All advantages as prepregs 

processed in autoclave except 

potential for automation 

Higher material cost for pre-

impregnated- fabric but expensive 

resins are also often required for 

these applications 

High-performance 

wind-turbine blades, 

large yachts, train 

components 

Cheaper tooling materials can 

be used 

Tooling material needs to withstand 

higher temperature compared to 

infusion processes. 

Large structures can be made  

Lower energy cost than 

autoclave process 

 

High level of dimension 

tolerance and repeatability 

  

Filament 

winding - 

Prepare 

Generally epoxy Any Fast and economic lay-up Method is limited to convex shaped 

components 

Rolls, driveshaft and 

firing tubes 

Control of resin content Fibres can't be laid exactly in the 

length direction 

Fibre cost reduced due to no 

secondary processing of 

converting into fabric 

Mandrel cost of large components 

can be high 

Fibres can be laid to match 

applied loads 

External surface is unmolded and 

cosmetically unattractive 

High fibre volume fraction and 

low void content achieved 

Higher material cost for pre-

impregnated filament but expensive 

resins are also often required for 

these applications 

Material have potential for 

automation and labour saving 

and no volatile emissions to 

operator 

High viscosity resins can be 

used impregnating the fibres, 

increasing mechanical 

properties 
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Appendix 8 – Sales cost calculation for carbon fibre 

filament winding 
  Value Unit Annotation 

Sales volume 15000 units per year   

Number of working weeks 45 week  

Payment period 30 days   

Lifetime of project 3 year Assumed constant volume during duration 

Production and warehouse 

space 300 m2   

Annual rent 1000 SEK/m2  

Blank material price 700 SEK/kg   

Blank material weight 0,4 kg  

Payment period purchased 

material 30 days   

MO - Material overhead 15 %  

Shipping weight 0,4 kg   

Cassation 5 %  

Direct personnel 1 operators 1 op/shift x 3 + 1 daytime 

Indirect personnel   

Covered by Manufacturing overhead & 

Business expenses, also applies to 

production eng. and quality eng. 

Personnel cost 800 SEK/hour   

Annual labour time 1800 hour   

 

Manufacturing 

overhead consisting of: Energy 6 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct 

labour 

 Consumables 4 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct 

labour 

 

Maintenance 

including spare 

parts 10 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct 

labour 

 

Business expenses covering evaluation, administration and sales costs 26 % of manufacturing costs 

 

Investment 0,1212 MSEK Approximate currency exchange rate: $ 1 = 8 SEK 

Depreciation time 3 year  

Interest costs     

Calculated on working capital and investments in 

production, i.e. accounts receivable + raw material storage + 

work in progress + finished goods storage + investments - 

accounts payable 

Interest 10 %  

        

Raw material storage 1 week 351 components 

Finished goods storage 1 week 351 components 

Work in progress 1 day   70 components 
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Profit mark-up/margin 15 % 

Profit mark-up set to 15% of capital employed (ROCE - Return on 

capital employed). Same definition of capital employed as working 

capital and investments, see above 

Capital costs     

Interest costs and depreciation costs covered by calculation due to 

existence of fixed assets 

 

Accounts receivable 793 750,00 SEK 

} 
    

Raw material storage 93 333,33 SEK Working capital 1 600 450,00 SEK 

Work in progress 30 500,00 SEK Interest costs 5,70 SEK 

Finished goods storage 211 666,67 SEK    

Investments 121 200,00 SEK    

Accounts payable 350 000,00 SEK     

 

Sales cost calculation - Filament winding - Prototype manufacturing - Carbon fibre 

Direct material - DM   294,00 SEK 

 Purchase price 280,00 SEK 

  Cassation 14,00 SEK 

Material overhead - MO  44,10 SEK 

  DM + MO 338,10 SEK 

   

Direct labour - DL   226,67 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 31,24 SEK 

  Consumables 20,83 SEK 

 Maintenance including spare parts 52,07 SEK 

  DL + TO 350,80 SEK 

   

Manufacturing costs - TK   688,90 SEK 

Business expenses - AFFO  179,11 SEK 

      

Depreciation cost  0,00 SEK 

Interest costs   0,00 SEK 

Prime cost - SK  868,01 SEK 

      

plus Profit  16,04 SEK 

Estimated sales price - FP   884,05 SEK 
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Sales cost calculation - Filament winding - Series manufacturing - Carbon fibre 

Direct material - DM   294,00 SEK 

 Purchase price 280,00 SEK 

  Cassation 14,00 SEK 

Material overhead - MO  44,10 SEK 

  DM + MO 338,10 SEK 

   

Direct labour - DL   60,00 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 21,24 SEK 

  Consumables 14,16 SEK 

 Maintenance including spare parts 35,40 SEK 

  DL + TO 150,80 SEK 

   

Manufacturing costs - TK   488,90 SEK 

Business expenses - AFFO  127,11 SEK 

      

Depreciation cost  2,69 SEK 

Interest costs   5,70 SEK 

Prime cost - SK  624,41 SEK 

      

plus Profit  10,30 SEK 

Estimated sales price - FP   634,71 SEK 
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Appendix 9 - Sales cost calculation for carbon fibre 

prepreg filament winding 
  Value Unit Annotation 

Sales volume 15000 units per year   

Number of working weeks 45 week  

Payment period 30 days   

Lifetime of project 5 year Assumed constant volume during duration 

Production and warehouse space 300 m2   

Annual rent 1000 SEK/m2  

Blank material price 800 SEK/kg   

Blank material weight 0,4 kg  

Payment period purchased material 30 days   

MO - Material overhead 15 %  

Shipping weight 0,4 kg   

Cassation 5 %  

Direct personnel 4 operators 1 op/shift x 3 + 1 daytime 

Indirect personnel   

Covered by Manufacturing overhead & 

Business expenses, also applies to 

production eng. and quality eng. 

Personnel cost 800 SEK/hour   

Annual labour time 7200 hour   

 

Manufacturing 

overhead consisting 

of: Energy 6 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct 

labour 

 Consumables 4 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct 

labour 

 

Maintenance 

including spare 

parts 10 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct 

labour 

 

Business expenses covering evaluation, administration and sales costs 26 % of manufacturing costs 

 

Investment 0,1212 MSEK  Approximate currency exchange rate: $ 1 = 8 SEK 

Depreciation time 3 year  

Interest costs     

Calculated on working capital and investments in 

production, i.e. accounts receivable + raw material storage + 

work in progress + finished goods storage + investments - 

accounts payable 

Interest 10 %  

        

Raw material storage 1 week 351 components 

Finished goods storage 1 week 351 components 

Work in progress 1 day   70 components 
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Profit mark-up/margin 15 % 

Profit mark-up set to 15% of capital employed (ROCE - Return on 

capital employed). Same definition of capital employed as working 

capital and investments, see above 

Capital costs     

Interest costs and depreciation costs covered by calculation due to 

existence of fixed assets 

 

Accounts receivable 1 146 250,00 SEK 

} 
    

Raw material storage 106 666,67 SEK Working capital 2 121 016,67 SEK 

Work in progress 41 233,33 SEK Interest costs 8,37 SEK 

Finished goods storage 305 666,67 SEK    

Investments 121 200,00 SEK    

Accounts payable 400 000,00 SEK     

 

Sales cost calculation - Filament winding with prepreg - Prototype manufacturing - 

Carbon fibre 

Direct material - DM   336,00 SEK 

 Purchase price 320,00 SEK 

  Cassation 16,00 SEK 

Material overhead - MO  50,40 SEK 

  DM + MO 386,40 SEK 

   

Direct labour - DL   480,00 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 48,96 SEK 

  Consumables 32,64 SEK 

 Maintenance including spare parts 81,60 SEK 

  DL + TO 663,20 SEK 

   

Manufacturing costs - TK   1 049,60 SEK 

Business expenses - AFFO  272,90 SEK 

      

Depreciation cost  0,00 SEK 

Interest costs   0,00 SEK 

Prime cost - SK  1 322,50 SEK 

      

plus Profit  25,99 SEK 

Estimated sales price - FP   1 348,48 SEK 
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Sales cost calculation - Filament winding with prepreg - Series manufacturing - Carbon 

fibre 

Direct material - DM   336,00 SEK 

 Purchase price 320,00 SEK 

  Cassation 16,00 SEK 

Material overhead - MO  50,40 SEK 

  DM + MO 386,40 SEK 

   

Direct labour - DL   193,33 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 31,76 SEK 

  Consumables 21,17 SEK 

 Maintenance including spare parts 52,93 SEK 

  DL + TO 319,20 SEK 

   

Manufacturing costs - TK   705,60 SEK 

Business expenses - AFFO  183,46 SEK 

      

Depreciation cost  2,69 SEK 

Interest costs   8,37 SEK 

Prime cost - SK  900,12 SEK 

      

plus Profit  16,08 SEK 

Estimated sales price - FP   916,20 SEK 
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Appendix 10 – Sales cost calculation for carbon fibre 

RTM 
  Value Unit Annotation 

Sales volume 15000 units per year   

Number of working weeks 45 week  

Payment period 30 days   

Lifetime of project 5 year Assumed constant volume during duration 

Production and warehouse space 300 m2   

Annual rent 1000 SEK/m2  

Blank material price 700 SEK/kg   

Blank material weight 0,4 kg  

Payment period purchased material 30 days   

MO - Material overhead 15 %  

Shipping weight 0,4 kg   

Cassation 5 %  

Direct personnel 4 operators 1 op/shift x 3 + 1 daytime 

Indirect personnel   

Covered by Manufacturing overhead & 

Business expenses, also applies to 

production eng. and quality eng. 

Personnel cost 800 SEK/hour   

Annual labour time 7200 hour   

 

Manufacturing 

overhead consisting 

of: Energy 6 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct 

labour 

 Consumables 4 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct 

labour 

 

Maintenance 

including 

spare parts 10 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct 

labour 

 

Business expenses covering evaluation, administration and sales costs 26 % of manufacturing costs 

 

Investment 0,42 MSEK  Approximate currency exchange rate: $ 1 = 8 SEK 

Depreciation time 3 year  

Interest costs     

Calculated on working capital and investments in production, 

i.e. accounts receivable + raw material storage + work in 

progress + finished goods storage + investments - accounts 

payable 

Interest 10 %  

        

Raw material storage 1 week 351 components 

Finished goods storage 1 week 351 components 

Work in progress 1 day   70 components 
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Profit mark-up/margin 15 % 

Profit mark-up set to 15% of capital employed (ROCE - Return 

on capital employed). Same definition of capital employed as 

working capital and investments, see above 

Capital costs     

Interest costs and depreciation costs covered by calculation due 

to existence of fixed assets 

 

Accounts receivable 1 275 000,00 SEK 

} 
    

Raw material storage 93 333,33 SEK Working capital 2 521 666,67 SEK 

Work in progress 43 333,33 SEK Interest costs 11,54 SEK 

Finished goods storage 340 000,00 SEK    

Investments 420 000,00 SEK    

Accounts payable 350 000,00 SEK     

 

Sales cost calculation - RTM - Prototype manufacturing - Carbon fibre 

Direct material - DM   294,00 SEK 

 Purchase price 280,00 SEK 

  Cassation 14,00 SEK 

Material overhead - MO  44,10 SEK 

  DM + MO 338,10 SEK 

   

Direct labour - DL   480,00 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 46,44 SEK 

  Consumables 30,96 SEK 

 Maintenance including spare parts 77,40 SEK 

  DL + TO 654,80 SEK 

   

Manufacturing costs - TK   992,90 SEK 

Business expenses - AFFO  258,15 SEK 

      

Depreciation cost  0,00 SEK 

Interest costs   0,00 SEK 

Prime cost - SK  1 251,05 SEK 

      

plus Profit  25,96 SEK 

Estimated sales price - FP   1 277,01 SEK 
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Sales cost calculation - RTM - Series manufacturing - Carbon fibre 

Direct material - DM   294,00 SEK 

 Purchase price 280,00 SEK 

  Cassation 14,00 SEK 

Material overhead - MO  44,10 SEK 

  DM + MO 338,10 SEK 

   

Direct labour - DL   300,00 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 35,64 SEK 

  Consumables 23,76 SEK 

 Maintenance including spare parts 59,40 SEK 

  DL + TO 438,80 SEK 

   

Manufacturing costs - TK   776,90 SEK 

Business expenses - AFFO  201,99 SEK 

      

Depreciation cost  9,33 SEK 

Interest costs   11,54 SEK 

Prime cost - SK  999,76 SEK 

      

plus Profit  20,01 SEK 

Estimated sales price - FP   1 019,77 SEK 
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Appendix 11 – Sales cost calculation for glass fibre 

filament winding 
  Value Unit Annotation 

Sales volume 15000 units per year   

Number of working weeks 45 week  

Payment period 30 days   

Lifetime of project 5 year Assumed constant volume during duration 

Production and warehouse space 300 m2   

Annual rent 1000 SEK/m2  

Blank material price 420 SEK/kg   

Blank material weight 0,4 kg  

Payment period purchased material 30 days   

MO - Material overhead 15 %  

Shipping weight 0,4 kg   

Cassation 5 %  

Direct personnel 4 operators 1 op/shift x 3 + 1 daytime 

Indirect personnel   

Covered by Manufacturing overhead & 

Business expenses, also applies to 

production eng. and quality eng. 

Personnel cost 800 SEK/hour   

Annual labour time 7200 hour   

 

Manufacturing 

overhead 

consisting of: Energy 6 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct labour 

 Consumables 4 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct labour 

 

Maintenance 

including spare 

parts 10 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct labour 

 

Business expenses covering evaluation, administration and sales costs 26 % of manufacturing costs 

 

Investment 0,1212 MSEK  Approximate currency exchange rate: $ 1 = 8 SEK 

Depreciation time 3 year  

Interest costs     

Calculated on working capital and investments in 

production, i.e. accounts receivable + raw material storage + 

work in progress + finished goods storage + investments - 

accounts payable 

Interest 10 %  

        

Raw material storage 1 week 351 components 

Finished goods storage 1 week 351 components 

Work in progress 1 day   70 components 

 

Profit mark-up/margin 15 % 

Profit mark-up set to 15% of capital employed (ROCE -  

Return on capital employed). Same definition of capital 

employed as working capital and investments, see above 

Capital costs     

Interest costs and depreciation costs covered by calculation due 

to existence of fixed assets 
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Accounts receivable 538 750,00 SEK 

} 
    

Raw material storage 56 000,00 SEK Working capital 1 089 583,33 SEK 

Work in progress 19 966,67 SEK Interest costs 4,24 SEK 

Finished goods storage 143 666,67 SEK    

Investments 121 200,00 SEK    

Accounts payable 210 000,00 SEK     

 

Sales cost calculation - Filament winding - Prototype manufacturing - Glass fibre 

Direct material - DM   176,40 SEK 

 Purchase price 168,00 SEK 

  Cassation 8,40 SEK 

Material overhead - MO  26,46 SEK 

  DM + MO 202,86 SEK 

   

Direct labour - DL   226,67 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 24,18 SEK 

  Consumables 16,12 SEK 

 Maintenance including spare parts 40,31 SEK 

  DL + TO 327,28 SEK 

   

Manufacturing costs - TK   530,14 SEK 

Business expenses - AFFO  137,84 SEK 

      

Depreciation cost  0,00 SEK 

Interest costs   0,00 SEK 

Prime cost - SK  667,98 SEK 

      

plus Profit  13,22 SEK 

Estimated sales price - FP   681,20 SEK 
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Sales cost calculation - Filament winding - Series manufacturing - Glass fibre 

Direct material - DM   176,40 SEK 

 Purchase price 168,00 SEK 

  Cassation 8,40 SEK 

Material overhead - MO  26,46 SEK 

  DM + MO 202,86 SEK 

   

Direct labour - DL   60,00 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 14,18 SEK 

  Consumables 9,46 SEK 

 Maintenance including spare parts 23,64 SEK 

  DL + TO 127,28 SEK 

   

Manufacturing costs - TK   330,14 SEK 

Business expenses - AFFO  85,84 SEK 

      

Depreciation cost  2,69 SEK 

Interest costs   4,24 SEK 

Prime cost - SK  422,91 SEK 

      

plus Profit  7,47 SEK 

Estimated sales price - FP   430,38 SEK 
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Appendix 12 – Sales cost calculation for glass fibre 

prepreg filament winding 
  Value Unit Annotation 

Sales volume 15000 units per year   

Number of working weeks 45 week  

Payment period 30 days   

Lifetime of project 5 year Assumed constant volume during duration 

Production and warehouse space 300 m2   

Annual rent 1000 SEK/m2  

Blank material price 480 SEK/kg   

Blank material weight 0,4 kg  

Payment period purchased material 30 days   

MO - Material overhead 15 %  

Shipping weight 0,4 kg   

Cassation 5 %  

Direct personnel 4 operators 1 op/shift x 3 + 1 daytime 

Indirect personnel   

Covered by Manufacturing overhead & 

Business expenses, also applies to 

production eng. and quality eng. 

Personnel cost 800 SEK/hour   

Annual labour time 7200 hour   

 

Manufacturing 

overhead 

consisting of: Energy 6 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct labour 

 Consumables 4 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct labour 

 

Maintenance 

including spare 

parts 10 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct labour 

 

Business expenses covering evaluation, administration and sales costs 26 % of manufacturing costs 

 

Investment 0,1212 MSEK  Approximate currency exchange rate: $ 1 = 8 SEK 

Depreciation time 3 year  

Interest costs     

Calculated on working capital and investments in 

production, i.e. accounts receivable + raw material storage + 

work in progress + finished goods storage + investments - 

accounts payable 

Interest 10 %  

        

Raw material storage 1 week 351 components 

Finished goods storage 1 week 351 components 

Work in progress 1 day   70 components 

 

Profit mark-up/margin 15 % 

Profit mark-up set to 15% of capital employed (ROCE -  

Return on capital employed). Same definition of capital 

employed as working capital and investments, see above 

Capital costs     

Interest costs and depreciation costs covered by calculation 

due to existence of fixed assets 
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Accounts receivable 853 750,00 SEK 

} 
    

Raw material storage 64 000,00 SEK Working capital 1 535 783,33 SEK 

Work in progress 29 166,67 SEK Interest costs 6,69 SEK 

Finished goods storage 227 666,67 SEK    

Investments 121 200,00 SEK    

Accounts payable 240 000,00 SEK     

 

Sales cost calculation - Filament winding with prepreg - Prototype manufacturing - 

Glass fibre 

Direct material - DM   201,60 SEK 

 Purchase price 192,00 SEK 

  Cassation 9,60 SEK 

Material overhead - MO  30,24 SEK 

  DM + MO 231,84 SEK 

   

Direct labour - DL   480,00 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 40,90 SEK 

  Consumables 27,26 SEK 

 Maintenance including spare parts 68,16 SEK 

  DL + TO 636,32 SEK 

   

Manufacturing costs - TK   868,16 SEK 

Business expenses - AFFO  225,72 SEK 

      

Depreciation cost  0,00 SEK 

Interest costs   0,00 SEK 

Prime cost - SK  1 093,88 SEK 

      

plus Profit  22,77 SEK 

Estimated sales price - FP   1 116,65 SEK 
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Sales cost calculation - Filament winding with prepreg - Series manufacturing - Glass 

fibre 

Direct material - DM   201,60 SEK 

 Purchase price 192,00 SEK 

  Cassation 9,60 SEK 

Material overhead - MO  30,24 SEK 

  DM + MO 231,84 SEK 

   

Direct labour - DL   193,33 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 23,70 SEK 

  Consumables 15,80 SEK 

 Maintenance including spare parts 39,49 SEK 

  DL + TO 292,32 SEK 

   

Manufacturing costs - TK   524,16 SEK 

Business expenses - AFFO  136,28 SEK 

      

Depreciation cost  2,69 SEK 

Interest costs   6,69 SEK 

Prime cost - SK  669,82 SEK 

      

plus Profit  12,83 SEK 

Estimated sales price - FP   682,65 SEK 
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Appendix 13 – Sales cost calculation for glass fibre RTM 
  Value Unit Annotation 

Sales volume 15000 units per year   

Number of working weeks 45 week  

Payment period 30 days   

Lifetime of project 5 year Assumed constant volume during duration 

Production and warehouse space 300 m2   

Annual rent 1000 SEK/m2  

Blank material price 420 SEK/kg   

Blank material weight 0,4 kg  

Payment period purchased material 30 days   

MO - Material overhead 15 %  

Shipping weight 0,4 kg   

Cassation 5 %  

Direct personnel 4 operators 1 op/shift x 3 + 1 daytime 

Indirect personnel   

Covered by Manufacturing overhead & 

Business expenses, also applies to 

production eng. and quality eng. 

Personnel cost 800 SEK/hour   

Annual labour time 7200 hour   

 

Manufacturing 

overhead 

consisting of: Energy 6 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct labour 

 Consumables 4 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct labour 

 

Maintenance 

including spare 

parts 10 

% of variable 

manufacturing 

costs 

Definition of variable manufacturing 

costs = Direct material + Direct labour 

 

Business expenses covering evaluation, administration and sales costs 26 % of manufacturing costs 

 

Investment 0,42 MSEK  Approximate currency exchange rate: $ 1 = 8 SEK 

Depreciation time 3 year  

Interest costs     

Calculated on working capital and investments in production, 

i.e. accounts receivable + raw material storage + work in 

progress + finished goods storage + investments - accounts 

payable 

Interest 10 %  

        

Raw material storage 1 week 351 components 

Finished goods storage 1 week 351 components 

Work in progress 1 day   70 components 

 

Profit mark-up/margin 15 % 

Profit mark-up set to 15% of capital employed (ROCE -  

Return on capital employed). Same definition of capital 

employed as working capital and investments, see above 

Capital costs     

Interest costs and depreciation costs covered by calculation 

due to existence of fixed assets 

 



– 75 –  

Accounts receivable 1 020 000,00 SEK 

} 
    

Raw material storage 56 000,00 SEK Working capital 2 010 800,00 SEK 

Work in progress 32 800,00 SEK Interest costs 10,08 SEK 

Finished goods storage 272 000,00 SEK    

Investments 420 000,00 SEK    

Accounts payable 210 000,00 SEK     

 

Sales cost calculation - RTM - Prototype manufacturing - Glass fibre 

Direct material - DM   176,40 SEK 

 Purchase price 168,00 SEK 

  Cassation 8,40 SEK 

Material overhead - MO  26,46 SEK 

  DM + MO 202,86 SEK 

   

Direct labour - DL   480,00 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 39,38 SEK 

  Consumables 26,26 SEK 

 Maintenance including spare parts 65,64 SEK 

  DL + TO 631,28 SEK 

   

Manufacturing costs - TK   834,14 SEK 

Business expenses - AFFO  216,88 SEK 

      

Depreciation cost  0,00 SEK 

Interest costs   0,00 SEK 

Prime cost - SK  1 051,02 SEK 

      

plus Profit  23,14 SEK 

Estimated sales price - FP   1 074,16 SEK 
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Sales cost calculation - RTM - Series manufacturing - Glass fibre 

Direct material - DM   176,40 SEK 

 Purchase price 168,00 SEK 

  Cassation 8,40 SEK 

Material overhead - MO  26,46 SEK 

  DM + MO 202,86 SEK 

   

Direct labour - DL   300,00 SEK 

Manufacturing overhead - TO   

  Rent costs 20,00 SEK 

 Energy 28,58 SEK 

  Consumables 19,06 SEK 

 Maintenance including spare parts 47,64 SEK 

  DL + TO 415,28 SEK 

   

Manufacturing costs - TK   618,14 SEK 

Business expenses - AFFO  160,72 SEK 

      

Depreciation cost  9,33 SEK 

Interest costs   10,08 SEK 

Prime cost - SK  798,26 SEK 

      

plus Profit  17,17 SEK 

Estimated sales price - FP   815,44 SEK 
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Appendix 14 – Selective laser sintering (SLS) 
Selective laser sintering (SLS) is a rapid prototyping method where thin layers of a 

thermoplastic material is melted using a laser, see Figure 18 for schematic layout of 

an SLS machine. Continuously after each layer is processed the centre section with 

the component is lowered a set amount and the powder cartridge position on the same 

side as the roller is raised. The roller then spreads the raised powder across the 

lowered section after which the laser continues producing the second layer, repeating 

each step until a finished product is achieved. 

 

Figure 18 - Schematic layout of an SLS machine.
26
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