
Abstract 

This work was carried out in collaboration and support from Huber+Suhner AG, 

Fehraltorf, Switzerland. 

 An attempt was made to manufacture and characterise a nouvell composite 

material. The material is based on continuous carbon fibre reinforcement, bonded by 

a fluoropolymeric (PFA) matrix. In order to wet the fibre with the matrix an aqueous 

dispersion was used. To consolidate the material a high temperature press at 340 °C 

was applied. The quality of the manufactured specimens was confirmed using optical 

microscopy. Generally, the carbon fibre / PFA composite was of high quality, with 

low void content. But the pressure and dwell time applied had an influence on the 

fibre distribution. Mechanical tests reviled that there was little difference between 

different fibre sizing. The theoretical Young’s modulus calculated by the rule of 

mixtures was not obtained. Also the failure strain was very low, indicating that 

failure originated at the interface in the interlaminar region. 

 In the thermal analysis no distinctive glass transition temperature could be 

distinguished. Dynamic mechanical analysis reviled a secondary phase transition at 

90 °C. Furthermore it showed that the elastic moduli decreases linearly with 

increasing temperature. Thermographimetric analysis was used to determine the fibre 

volume fraction, which was directly correlated to the pressure applied during 

manufacturing. 

 During this project it has been shown that it is possible to produce an aligned 

continuous carbon fibre / PFA matrix composite of high quality and fibre volume 

fraction. But it’s characteristics are determined by antiadhesive property of the PFA. 

This is where a large margin lies to improve this material.
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1. Introduction 

1.1 Background 

Composite materials have been applied in a variety of fields and industries. 

Due to it’s properties, such as low weight, robustness, high strength composites have 

become the material of choice in the aeronautic industry, high end automobile 

industries and for use in various sporting goods (Gay and Hoa, 2007). Composite 

materials have several possible applications in the chemical industry, including pump 

housings, tubing, fittings, controls, tanks, or valves. Such that their full potential may 

be realised, it is crucial they can withstand highly fluctuating temperatures and 

pressures in addition to providing exceptional chemical resistance (Wang, 2006; 

Drobny, 2009; Nesbitt, 2006). Traditionally mainly thermosets, such as epoxies, 

polyester, phenolic, and vinyl ester resins have been used as matrix materials for 

advanced composites. This is because they are easy to process, show high 

mechanical properties, and manufacturing temperature is only slightly above the 

maximum use temperature. Furthermore, thermosetting polymers usually show good 

adhesion between reinforcement and resin (Summerscales, 2007).  Bonding is crucial 

for the performance of fibre-reinforced composites in order to transfer load and stress 

from the matrix to the fibres. If a fibre to matrix interaction is weak, it will result first 

of all in environmental load susceptibility like water intake, and/or in poor 

mechanical composite properties (Potter, 1999). A good fibre to matrix interface is 

made possible by adhesion and/or compatibility. Load transfer is achieved by 

mechanical means such as interlocking and/or chemical bonding (Isaac and Ori, 

2006; Aström, 1997). Rychwalski (2009) further mentioned molecular entanglement 

following interfusion, electrostatic attraction, and attraction between anionic groups 

at the end of the molecules and cationic surfaces as ways of forming interfacial 

bonds.  However, due to their limited chemical resistance and rather brittle properties 

they are unsuitable for application in both the chemical and the oil and gas industries 

(Kruijer et al., 2005). When chemical resistance was required in addition to strength 

and toughness, thermoplastic in-liner materials have been applied to fibre reinforced 

thermoset casing materials. The sole use of in-liner materials (mainly PTFE and 
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PFA) without reinforcements was found insufficient, as the mechanical properties of 

these materials showed a vast decrease when exposed to elevated temperatures. 

1.2 Literature Review 

In recent years thermoplastic materials have been sought which could be used 

as matrix materials for carbon fibre reinforced plastics. The most mentioned 

materials emerging form this research are the high performance fibre reinforced 

thermoplastic composites. These are fibre-reinforced derivates from polyetherketone 

known as PEK, PEEK, or most recently PEKK. These materials show the benefits of 

thermosetting composites, light weight and excellent mechanical properties, yet 

additionally show improved chemical and thermal resistance (Mitschang et al., 2003; 

Fujihara et al., 2004). The drawbacks of using these matrix materials are their rather 

large costs and difficulty in processing. In their work, Fujihara et al. (2004) mention 

five possible fabrication methods of continuous fibre thermoplastic composites. He 

was also attempting a sixth manufacturing method based on PEEK. The quality of 

this method is determined by testing the resulting mechanical properties. 

 
      Figure 1 (Fluorocarbon (PTFE)) Source: www.pslc.ws/macrog/ptfe.htm 

Fluorine containing polymers in their simplest form are polymers of 

hydrocarbons in which all or some hydrogen atoms have been replaced by fluorine 

atoms. One group of fluorocarbon polymers are perfluorinated fluorocarbon 

polymers. These have a main chain consisting of carbon and fluorine only (Fig. 1). 

Known members of this group are PTFE, FEP and PFA. According to Drobny 

(2001), fluoropolymers offer outstanding chemical, weather and UV resistance, and 

high service temperature in addition to a low coefficient of friction. Even un-

reinforced they exhibit good mechanical properties when compared to other 

polymers. These properties are due to presence of fluorine to carbon bonds, which 

are stronger than hydrogen to carbon bonds. The polymer chains arrange themselves 

into a spiral due to the size of fluorine atom. Such a chemical structure allows the 
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fluorine atoms to protect the carbon-to-carbon bond wrapped within it (Toyoko, 

2003). The best-known fluoropolymer is polytetrafluoroethylene (PTFE). Most of its 

properties have been established (Cardona et al., 2001).  Nevertheless it has the 

disadvantage of not being meltable, plastically formable and generally difficult to 

process in its raw state (Karlovitz, 1995). Cardona et al. (2001) states that PTFE has 

a high melting temperature and an extremely high melt viscosity (1010 - 1012 Pa s). 

As a consequense the processing of PTFE requires advanced techniques. This led to 

the development of fluoropolymers that may be processed by melting, which exhibit 

similar properties to PTFE. The one most commonly used in the chemical industry is 

tetrafluoroethylene-perfluoroalkoxyvinylether-copolymer (PFA) (Drobny, 2009). In 

the polymer handbook (Brandrup et al., 1999) PFA is defined as perfluoralkoxy 

resin, copolymer of tetrafluorethylene and perfluorinated alkoxyl vinyl ethers. Other 

than its thermoplastic properties, the advantages of PFA over PTFE in processing, 

include a higher stability under load at temperatures up to 260°C and a generally 

higher pressure resistance and Young’s modulus (Saechtlin, 1989). Another benefit 

of PFA, which can be beneficial for its application in this project, is its hot-melt 

adhesive properties (Karlovitz, 1995). The aforementioned beneficial properties of 

PFA result from the substitution of 5% of perfluoralkoxylvinylether with a fluorine 

atom (Fig. 2). These benefits are a trade-off for a lower maximal service temperature 

and lower dimensional stability under heat. Although PFA was first synthesized in 

the mid 1970s (Cardona et al., 2001), some of its thermal properties are yet to be 

recorded and studies are scarce. In addition manufacturers of this material do not 

readily supply the properties for all their products. Generally, Bismarck et al. (2008) 

based on Park (2003), mention that fluoropolymers are extremely hydrophobic in 

nature and that good adhesion to reinforcing fibres, or to any filler material, is 

difficult to achieve. 

 
Figure 2 (Chemical structure of PFA) Source: http://image.absoluteastronomy.com 
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Findings published by Bismarck at al. (2008) contradict those by Morgan 

(2005). Oxidative surface treatment by providing sites for chemical interaction and 

mechanical interlocking did not improve the interaction between the reinforcing 

fibres and the matrix as assumed by Morgan (2005). Fibre pullout tests performed by 

Bismarck et al. (2008) did not yield higher interfacial shear strength for fibres 

oxidized to a higher level, but did show a decrease in interfacial shear strength. This 

property was used as a measurement of the adhesion between the fibre and the 

matrix. The findings were supported by the observation that the contact angle of the 

wetting agent to the surface did not change when the oxidation level was changed. 

In studies based on their work performed in 1997, Bismarck et al. (2007, 

2007, 2008) investigated the suitability of fluorinated carbon fibres as reinforcement 

for fluoropolymers, particularly poly (vinylidene fluoride) (PVDF).  The contact 

angles of PVDF melt droplets on fluorinated carbon fibres were measured and 

accordingly single fibre pullout tests were performed. It was observed that the 

contact angle decreased simultaneously as the interfacial shear strength increased as 

the surface fluorine content of the F/C ratio was increased. Surprisingly, this effect 

reversed to values lower than the starting value when the F/C ratio surpassed a 

certain point (Fig. 3). It was concluded that there is an influence of the degree of 

fluorination of carbon fibres on the interaction at the fibre/fluoropolymer interface. 

The practical adhesion strength between fluorinated carbon fibres and 

fluoropolymers was found to be at an optimum when the ratio between matrix and 

fibre fluorine content was 9:1.  

 

Figure 3 (Influence of F/C ratio on ILSS) Source: Bismarck et al. 2007 
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The manner in which chlorine influences the performance is still to be 

understood. All previously mentioned tests were conducted on single fibres. 

Fluorination of entire filaments or even weaves and laminates has not yet been 

attempted. For commercial applications, fluorination of single fibres is not feasible 

and different approaches need to be assessed. An approach to fabricate carbon fibre 

reinforced fluoropolymer composites was used by Oshima et al. (2001). It was 

demonstrated how PTFE could be used to manufacture a composite, using an 

aqueous dispersion for wetting the fibres and an electron beam cross linking 

treatment to connect the molecular chains of the polymer. The resulting composite 

showed increased one ply sheet properties compared to non-reinforced PTFE. Multi 

sheet laminates however, showed properties similar to non-crosslinked PTFE 

composites. These findings lead to the assumption that the electron beam was unable 

to penetrate the polymer entirely. The idea to use an aqueous fluoropolymere 

dispersion to impregnate reinforcing material was initially introduced by Logothetis 

(1993). His research was carried out at DuPont. In a complicated process reinforcing 

fibres were clumped together to a randomly orientated chopped strand mat. The 

resultant specimens had a rather low fibre volume content and the void content 

obtained was not mentioned. Further information about his research were not to be 

found, but would have been interesting for comparison purposes. 

In the aforementioned studies, either only the interfacial shear strength at 

single fibres was determined, or the research concentrated on PTFE reinforced with 

one kind of fibre. However, PTFE has no functional groups that could be used for an 

interaction with any matrix material - PFA has one site, which can potentially have 

the ability for such an interaction. Consequently, research in this direction could be 

of more interest. Whilst the characterisation of single fibres is necessary, a method to 

obtain optimised properties in an industrially useful form is still to be found. 

1.3 Aims 

 The aim of this project is to develop a viable method to produce a composite 

material of aligned continuous carbon fibres embedded in a PFA matrix. The 

resulting composite produced will have its thermal and mechanical properties 

determined.  
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2. Materials and Manufacturing 

2.1 Materials 

Hextow AS4 carbon fibre (Appendix A), supplied by Hexcel (Parla, Spain), 

and Tenax – E HTS40 X011 12K carbon fibre (Appendix B), supplied by Toho 

Tenax (Wuppertal, Germany), were used as reinforcement materials. Both are PAN-

based carbon fibres. Hextow AS4 was a commercially available un-sized, 

industrially oxidised carbon fibre. Tenax – E HTS40 X011 is not yet commercially 

available but still under development. The sizing currently remains confidential and 

consequently is denoted by X in its product name. However, the company reported it 

to be thermoplastic sizing suitable for the application with high temperature 

thermoplastics. 

PFA (Dyneon PFA 6900GZ) in form of an aqueous fluorothermoplast 

dispersion was kindly supplied by Dyneon 3M (Burgkirchen, Germany) (Appendix 

C). Dyneon PFA 6900GZ is a 50 wt% solid fluoroplastic dispersion. PFA is a melt-

processible copolymer of tetrafluorethylene and perfluorinated co-monomers, with a 

melt viscosity several times lower than that of PTFE. 

2.2 Manufacturing 

Test specimens were manufactured from dry Carbon rovings (Fig. 4) and an 

aqueous PFA dispersion (Fig. 5) by filament winding the fibres on a rectangular core 

followed by high temperature compression to consolidate the thermoplastic matrix 

material. To obtain a specified thickness a groove was machined into the core 

limiting the amount of compression. The core had a length of 130 mm; a thickness of 

170 mm; and a depth of 25 mm, enabling several test specimens to be obtained per 

winding and pressing process. 
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Figure 4 (Carbon fibre rovings used: Hexcel (left) Toho Tenax (right)) 

Individual rovings spread to 4 mm (Hextow AS4) and 4.5 mm (Tenax – E 

HTS40 X011 12K) when being wound on the mandrel. Six layers of roving were 

needed to reach a thickness larger than 1 mm. Due to the high temperature required 

for the process, and the abundance of a suitable thermoplastic sizing agent, the first 

mentioned fibres were without sizing. Second fibres were with a new sizing agent, 

developed for high temperature thermoplastic applications. All fibre and dispersion 

property data were given by the manufacturer. The assumption was made that no 

‘wet out’ occurred and the fibres were able to retain all added PFA dispersion. 

 
Figure 5 (PFA dispersion) 

The steel core was wrapped with ThermalimideTM, an ultra high temperature 

antiadhesive bagging film (Fig. 6) (Appendix D). This prevented any oxidative 
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contamination of the specimens and ensured their removal. In addition the bagging 

film protected against corrosion of the core. Furthermore the core was treated with 

the release agent Mold Wiz F–57 NC. The roll of loose fibres was put into the 

filament-winding machine. The dry fibre roving was fed from the roll to the tool 

without passing through a dispersion-containing bath. The tension of the rovings was 

kept as small as possible to obtain a higher degree of wetting and to ensure that the 

dispersion is not pushed out from the inner layers once the other layers are laid on - 

thus keeping the inner layers dry. The filaments were wound on with a 0.5 mm 

overlap ensuring that the core was completely covered leaving no gap - this ensured 

the production of uniformly consistent specimens. The filament winding was carried 

out on a CNC winding machine (Baer, Germany, S/N WSE–V No. 1), which ensured 

all rovings were placed on the prepared tooling in a replicable way (Fig. 6).  

 
Figure 6 (Primed Tooling ready for filament winding) 

The exact amount of dispersion was decanted using a Mettler PM 34 Delta 

range medium precision scale (S/N J28086) and a syringe.  The dispersion decanted 

accounted for the amount of matrix required per layer to obtain a fibre volume 

fraction of 40%. It would therefore not be possible to obtain specimens with a fibre 

volume fraction of less than 40%. Once a layer was wound on, the winding machine 

was stopped and the dispersion was applied to the dry fibres using a short bristled 

brush (Fig. 7). All the decanted dispersion had to be used per layer. Care had to be 

taken to ensure that the dispersion was distributed equally over the entire layer and 

no dry spots remained. This procedure was repeated for every layer. On the core, 
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each of the two fibres was used. Therefore, four plates manufactured under exactly 

the same conditions in one run. Hand, eye and lung protection were worn throughout 

the entire manufacturing process to prevent any contamination of the specimens, 

avoid any human contact with hazardous materials, and to comply with required 

safety and COSHH procedures.  

 
Figure 7 (Wetting of the fibres using a brush) 

Following winding, the core was placed in an oven (Binder APT. line FD 

(E2), S/N 08–47682). The temperature was continuously increased to 105 °C and 

kept constant for 30 min to ensure all aqueous parts of the dispersions had 

evaporated. To remove any other solvents, the temperature was further increased 

steadily to 290 °C, and kept at this temperature for 30 min. Following this, the core 

was cooled to room temperature such that it may be handled and transported. The 

appearance of the fibres after the drying of the dispersion can be seen in Fig. 8. 
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Figure 8 (Impregnated rovings after drying of dispersion) 

To ensure good consolidation and to melt the PFA particles together, high 

temperature and pressure were required. A Fontijne (Holland, TP 400, S/N 

00026.566 – 12.92/TPB 289) two-plate press was used (For further details about the 

press see Appendix E) (Fig. 9). The pressing temperature was performed at 340 °C, 

the nominal process temperature of PFA according to the manufacturer datasheet 

(Appendix C). Once the tooling had reached 340 °C the press was closed and the 

plates compressed with a defined pressure for a defined amount of time. To allow for 

a reasonably slow cooling, no cooling system was used when the tooling was cooled 

to room temperature. Figure 10 shows the plates still on the tooling just after having 

undergone the high temperature/cooling process. The consolidated plates were 

removed from the tooling. For the removal of the winding, the part was cut along 

small sides of the tool. The ThermalimideTM foil facilitated the removal. As the 

produced material was U-shaped, the vertical ends were cut off using a stencil-knife 

in order to process the material further. The obtained plates were then cut to the size 

required for the testing of the specimens needed to characterise the material. For the 

cutting of the test-specimens a Bossard (Switzerland) diamond disc saw with an 

integrated measuring scale was used. To remove any potential spurs or irregularities, 

the specimens were treated with P800 grit size sandpaper and the cleaning was done 

with acetone. 
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Figure 9 (Fontijne TP400 two plate press) 

 
Figure 10 (Plates after consolidation in the Press) 
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3. Carbon Fibre Surface Characterisation of as-received Fibres 

This chapter is a short summary of the importance of the fibre surface for the 

strength of a composite and is based upon the information provided by Rychwalski 

(pers. communication, spring 2009). In a composite there is a large interface area. 

This implies that the reinforcement matrix interaction is of immense importance. 

Rychwalski further went on to explain that a fibre achieves it’s restraining ability on 

the matrix entirely via the fibre matrix interface. The chemical fibre surface 

composition determines the contact angle between a liquid (matrix) and a solid 

(reinforcement) and therefore, is important for the strength of the bonding between 

the two. Different interfacial bonds were also explained. The bonding can be 

enhanced by surface treatment. Sizings are often used as coupling agents. They can 

be used to establish a chemical link between reinforcement and the matrix 

particularly in thermosets. However, this mechanism may also take place, or increase 

the surface tension, in thermoplastics, which leads to a more integrated composite of 

higher quality. If good wetting has occurred surface roughness can contribute to the 

strength of the interface. 

3.1 XPS  

The fibre surfaces were characterised by X-ray photoelectron spectroscopy 

(XPS, SPECTRA, Phoibos 150 MCD-9, S/N 030–05.05c, ZHAW, Winterthur, 

Switzerland) (Fig. 11) to determine the composition of the surface and possible 

functionalisation of the fibres (Toho Tenax).  

 
Figure 11 (XPS machine) 
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Previous to the experiment, the fibres were placed under vacuum at 80 °C 

ensuring the used fibres were completely dry. To obtain a measurable sample, the 

fibres were chopped with cleaned scissors to prevent any contamination. The 

chopped fibres were placed in a Petri dish and compressed in order to obtain a 

relatively solid sample, preventing any surrounding to be measured accidentally. A 

high-resolution scan was performed for each fibre sample. In addition a previous 

survey scans from 100 eV to 1000 eV were carried out to determine detectable 

elements. As an excitation source Al 202 W (1486.6 eV), a slit width of 2 x 6 mm 

and a take off angle of 45° were applied. The vacuum obtained was always higher 

than 5 x 10-4 MPa. For all the tests the X-ray photoelectron spectrum was referenced 

to the C 1s peak of carbon (284.5 eV). Data processing and analysis was performed 

using the CasaXPS software. 

3.2 Surface Composition of the Carbon Fibre 

 To some extent carbon fibre surface chemistry influences the properties of the 

composite material either improving or reducing the interfacial adhesion between 

reinforcement and matrix by providing sites for interaction. XPS is a method to 

identify the composition of the carbon fibre surface in addition to determine possible 

functional groups generated by surface treatment. Table 1 shows the chemical 

composition of the surface of the different carbon fibres. 

 

Table I (Chemical surface composition of fibres) 

Fibre 

Fibre 
diameter 
(µµµµm) 

C 1s 
(at.%) 

O 1s 
(at.%) 

N 1s   
(at %) 

Hextow AS4 7.1 91.4 5.9 2.7 
Toho Tenax 7 84.0 14.8 1.2 

The XPS-analysis the Hextow AS4 fibre (Fig. 12) showed an increase in the 

values for carbon and nitrogen content whilst the oxygen content is severely reduced 

compared to the Tenax – E HTS40 fibre (Fig. 13).  
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Figure 12 (XPS of Hextow AS4 Fibre) 

 

Figure 13 (XPS of Toho Tenax HTS40 Fibre) 

The nitrogen residues on the fibres can be attributed to PAN precursors. The 

fluorine peaks in the XPS spectra are atypical for the fibres and can be assumed to be 

contaminations originating from the production of test specimens when the rolls of 

fibres were stored in close proximity to the fluorine being handled. According to 

Hexcel the AS4 fibre had a surface treated with electrochemical oxidation. When the 

peaks of the major elements were examined the spectra of the AS4 fibre showed nice 

peaks without any distinctive shoulders. The C 1s peak of the Tenax – E HTS40 

showed a clear shoulder (Fig. 14). The deconvolution of this peak in the high-

resolution spectra provided information about the chemical environment of this 

element on the surface. However, as the binding energies of relating to carbon – 

nitrogen and carbon – oxygen coincide (Appendix F) a distinct allocation of the 

chemical environment is made impossible due to the similarities between carbon – 
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oxygen and carbon – nitrogen bonds (Biniak et. al., 1997). When this peak is 

compared to the figures presented by Biniak et al. (1997) the shoulder can be 

allocated to the binding energies of C–OH, C–O–C, C–N. The main peak in Fig. 14 

can clearly be allocated to graphitic carbon at BE = 284.6 – 285.1 eV. 

 
Figure 14 (C1s peak of Toho Tenax HST40 fibre) 

  According to Biniak et al. (1997) the carbon between BE = 286.3 – 287.0 eV 

is present in the form of alcohol or ether groups. C=O and C–N binding energies 

were barely present as the binding energy is vastly declining after the shoulder 

dropped at 286.4 eV.  All other peaks did not show any shoulder but nice pointy 

peaks at 400.4 eV. At this position the binding energy of C–N is located. The O 1s 

peak is located at 530 eV. However, the peak present in the Tenax fibre spectra was 

slightly higher and close to 532.6 eV. This is the position where C–OH, C–O–C, 

C=O have their binding energy located (Paynter, 2005). From this it could be derived 

that the chemical environment on the surface of the Tenax – E HTS40 fibre consists 

of graphitic carbon, C–OH, C–O–C as well as some C–N. As the distinctive shoulder 

at the C 1s peak was missing in XPS spectra of the Hextow AS4 fibre, it has to be 

assumed that the chemical groups on the surface were mainly C–N and C=O. That 

could be confirmed, as there was a shoulder low down on and further away from the 

main graphitic carbon peak. From Fig. 14 it could be assumed that the apex of the 

shoulder was at 288 eV, the binding energy of C=O. There might also have been 

some CNO present, but this could not be confirmed as any further dispartment of the 

obtained spectra was not possible with the resources available. The small peaks in 

the spectra immediately following the larger peaks originate from the non-
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monochromativity of the X-ray spectroscope used and were created by satellite lines 

in the X-ray spectrum (Paynter, 2005). 

3.3 Scanning Electron Microscopy  

To determine the topography of the fibre surfaces and to confirm the nominal 

fibre diameters given in the data sheet provided by the supplier, Scanning Electron 

Microscopy (SEM, Zeiss, Supra 55VP SEM, PSI, Villigen, Switzerland) was applied 

(Fig. 15) with SmartSEM® control software. As it was of utmost importance that the 

fibres were completely dry, the samples were placed in a vacuum chamber at 80 °C 

for 180 min. Prior to the experiment a small amount of fibres were placed under the 

microscope to confirm that the conductivity of the fibres was sufficient and thus gold 

sputtering of the samples to provide the sample with conductivity was unnecessary. 

Following the confirmation sample fibre strands were attached securely to the testing 

tray enduring no loose fibre could interrupt the testing by touching the electron 

source or damage the machinery in any other way. As there was no danger of 

damaging the samples, as high as possible vacuum was applied during testing so high 

quality images could be expected. The acceleration voltage was set to 3.00 kV. The 

testing always followed the same procedure. First a general overview of the sample 

at relatively small magnification was taken. Potential areas of interest were localised 

and magnified. Desired micrographs were taken allowing the surface to be 

investigated and analysed. 

 
Figure 15 (Zeiss, Supra 55VP SEM) Source: www.zeiss.de 
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3.4 Optical Analysis of the Fibre Surface Topography 

 As mentioned before, mechanical interlocking is one mechanism providing 

interfacial strength. It is generally acknowledged (Bismarck et al., 2007) that the 

higher the amount of irregularities the higher the possibility mechanical adhesion can 

take place. These irregularities can originate from the manufacturing process of the 

fibre or any surface treatment that might have followed. Bismarck et al. (2007) 

mentioned that the higher the amount of oxidation, the higher the amount of surface 

irregularities. Therefore, it could have been expected the interfacial strength would 

increase accordingly. However, Bismarck et al. (2007) vitiated this assumption by 

showing that the strength decreases with an increasing amount of oxidation. Figure 

16 and Fig. 17 respectively show the overview of the fibres used for this study.  

 
Figure 16 (SEM overview of Hextow AS4 fibres) 
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Figure 17 (SEM overview of Toho Tenax HTS40 fibres) 

No difference between the two fibres could be observed in the overview images of 

similar magnification (≈300x). The obvious difference in orientation could be 

attributed to the areas chosen and could be neglected. At higher magnification it 

could be observed that the fibre texture showed some obvious differences between 

the two fibres (Fig. 18 and Fig. 19).  

 
Figure 18 (Close-up of Hextow AS4 fibres) 
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Figure 19 (Close-up of Toho Tenax HTS40 fibres) 

Both fibres showed a lamellar structure typical for PAN fibres, due to the haphazard 

folding of the fibre sheets making up the carbon fibre (Xiaosong, 2009). However, in 

the Toho fibre these lamellas were much more prominent than could be observed in 

the Hexcel fibre. Also, whilst in the Hexcel fibres the lamellas were discontinuous in 

a random pattern, the lamellas of the Toho fibre were more continuous in what seems 

to be a repeating pattern. On the surface of the Toho fibres small particles could be 

distinguished. As these particles seemed to be a regular occurrence, it was assumed 

that they belonged to the fibres rather than being contaminates. Particles of this kind 

were also seen on the Hexcel fibre but with much less regularity. Considering the 

difference in chemical surface composition discussed in previous chapter these 

particles could be responsible for the higher oxygen content found on the Toho fibre. 

Measuring the diameter of the fibres under the SEM revealed that the Toho fibre was 

corresponding to the nominal fibre diameter given by manufacturer. The Hexcel 

fibres however, showed a larger diameter than supplied by the manufacturer. The 

fibre diameter has an influence on the interface area. Considering that the fibre 

matrix interface is the weakest part of a composite it resulted in more area and 

possibilities for interfacial failure to occur. 
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4. Quality Assurance of Carbon Fibre/PFA Composites using 

Optical Microscopy 

 The purpose of carrying out an analysis of the composite cross section was to 

investigate the quality of the composites. Properties that could be investigated with 

this method were concerning the homogeneity of the fibre packing of the material 

and potential defects. Those included voids, microcracks, and adhesion of the layers, 

in addition to resin rich areas and dry spots. 

4.1 Sample Preparation 

 From each manufactured plate (Chapter 2.2) a sample was cut using the 

Bossard AG diamond disc saw. The samples had the dimension of 15 mm x 20 mm. 

The samples were placed with the fibres in the vertical direction in clips to keep them 

upright. Four samples were kept in position by each clip. The clips were then placed 

in silicon moulds (Fig. 20). 

 
Figure 20 (Samples in clips and silicon moulds) 

Resin (Araldit D/ curing agent) was poured into the mould to enclose the samples. 

The filled moulds were placed in a vacuum oven at room temperature at 125 mbar 

for 10 min. Following this, the oven was aired and the resin was cured for 12 hours 

before the cured resin blocks were demoulded. To obtain a level and smooth surface 

without scratches, the samples were placed in a levelling machine (Struers, 

Uniforce). For the preparation of the surface the samples were place in a Struers 

(Pedemax-2) sand and polishing machine. Water was used as a cooling and 
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lubrication agent. Starting with coarse sandpaper, the grain-size was reduced until no 

more scratches were visible on the surface of the samples. The resulting samples can 

be seen in Fig. 21. 

 
Figure 21 (Prepared sample for optical analysis) 

4.2 Experimental Procedure   

For the analysis an optical light microscope (Olympus BH-2) was used in 

conjunction with a Leica microscope camera. The images were analysed with 

DFC320R2 image processing software with an integrated colour recognition tool. 

This tool was applied to determine the void percentage at the cross-sections of the 

samples. From each sample an overview at 100x magnification was taken. Based on 

the overview three images were taken at a magnification of 500x. The images were 

taken at the left, in the middle and at the right of the sample. The images were used 

to determine the void content via image processing. Furthermore, measurements to 

confirm the thickness of the samples were undertaken.  

4.3 Results and Discussion 

 From the results presented in Table 2 it can be seen that the plates, 

independent of the manufacturing parameters, showed very low void content. The 

entire results and the micrographs can be found in Appendix G. 
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Table II (Void content of samples) 

Sample 
Average 

(%) Sample 
Average 

(%) 
1 Toho 1mm 0.242 1 Toho flat 0.147 

1 Hexcel 1mm 1.297 1 Hexcel flat 0.484 
3 Toho 1mm 0.404 3 Toho flat 0.179 

3 Hexcel 1mm 0.344 3 Hexcel flat 0.483 
2 Toho 1mm 0.144 2 Toho flat 0.150 

2 Hexcel 1mm 0.097 2 Hexcel flat 0.170 
4 Toho 1mm 0.111 4 Toho flat 0.100 

4 Hexcel 1mm 0.097 4 Hexcel flat 0.046 
5 Toho 1mm 0.077 5 Toho flat 0.084 

5 Hexcel 1mm 0.068 5 Hexcel flat 0.080 

 The analysis of the cross section areas of the samples yielded some 

interesting observations. Based on the results presented in Table 2 it can be stated, 

that the void content of the material after the heated pressing process was very low. 

The averages range between 0.046% and 1.297%. For advanced composite material, 

depending on the manufacturing process, a void content of 1% is generally accepted 

(Summerscales, 2007). With increasing pressure and increasing time the samples 

were held at processing temperature, the average void content was reduced. In the 

samples of the first batch a direct correlation between the kind of fibre used and the 

void content could be assumed as both Hexcel samples had a void content nearly 

four times as high as the corresponding Toho sample. One reason might have been 

that the Toho fibre absorbed the dispersion better than the Hexcel one, on which it 

was required to force the dispersion into it in order to wet it out. Also, the overall 

average void content of batch 1 was higher than the other batches. Reasons must 

have included the amount of pressure applied and the time exposed to elevated 

temperature. It was safe to assume that before the pressing process was commenced, 

the amount and the distribution of the dry dispersion were similar. The higher the 

pressure applied the closer the PFA particles were to be. Therefore, there was less 

chance for any air being entrapped in the material. When the melting temperature 

was reached at nominally 310 °C and increased further to the processing temperature 

(340 °C) the pressure was kept constant. During this process the molten polymer 

being forced into the cavities filled any voids still existing. The entrapped air was 

pressed to the sides. The longer the polymer remained in a molten state the longer the 

time for cavities being filled and air removed. 
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 When inspecting the micrographs further differences between the 

Hexcel/PFA composites and the Toho/PFA composites could be observed. 

    
Figure 22 (Overview 2 Hexcel flat)                  Figure 23 (Overview 4 Toho 1mm) 

In all the Hexcel plates independent of pressure and dwell time at high 

temperature the individual layers and rovings could clearly be distinguished by 

prominent resin rich lines (Fig. 22). These lines could also be observed in the Toho 

samples, but were much less frequent and less prominent (Fig. 23). Another 

observation made on several samples was a difference in fibre packing through the 

cross section (Fig. 24). 

 

 
Figure 24 (Overview cross section 3 Toho flat)  

In Fig. 24 the lower side of the cross section was the one facing away from the 

mandrel and the one seen in Fig. 8. In the filament winding process excessive resin 

was pressed to the outside by the tension and pressure applied by the upper layers of 

rovings. Due to the low viscosity of the PFA dispersion the amount pressed out was 
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higher than likely if epoxy resin is used. As the dispersion dried very quickly it did 

not drip off but remained on the surface (clearly visible in Fig. 8). Since PFA in its 

molten state has a high melt viscosity (Ebnesajjad, 2002) it pressed the fibres 

towards the mandrel, causing shown inhomogeneities. Batches produced at lower 

pressure did not show such inhomogeneities (Appendix G). However, at lower 

pressure complete consolidation could not be guaranteed. Figure 25 shows a line in 

the centre of the cross section area at which the PFA had not melted completely. 

Cavities were also found in low-pressure batches to which no matrix material had yet 

advanced, and therefore were not closed (Fig. 26). 

    
Figure 25 (Unconsolidated area)                            Figure 26 (Cavities in composite)  
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5. Mechanical Testing 

 Mechanical testing is essential to evaluate the performance of a material, 

where stiffness, strength and toughness play a role. Physical property data was 

necessary to correlate with the calculated stresses, the expected environment, etc. 

(Brown, 2002). According to Brown (2002) without such data one would be reduced 

to inspired guesses with its uncertainty of possible failure, or gross over-design with 

its accompanying wastage. Testing has been proven to aid improved design or 

quality control procedures. The obtained data also helped to determine if the material 

could be used for certain applications and the way it compares to other materials. 

 There were several test methods available. Depending on the method applied 

results could differ significantly. It may occur that due to different reasons, a test 

cannot be carried out. Therefore, it was important that the right method for a given 

material was chosen. It was important that the test conditions and fabrication details 

with all possibilities that could have caused deviations were stated. Brown (2002) 

also mentioned that it frequently is unknown if a sample was representative of the 

bulk material. 

 The naming of the specimens always followed the same pattern: Batch 

number (1 – 5); type of fibre (T = Toho Tenax or H =  Hexcel); side of the mandrel 

(F = flat and 1 = 1 mm groove) 

5.1 Preliminary Tests 

 As it was unknown if a manufactured composite (Chapter 2.2) was worth 

continuous interest, or should be discontinued, simple preliminary tests were carried 

out. The results of these tests had to be considered with caution as the test 

environment could be described as experimental, not strictly corresponding to real 

service conditions. 

5.1.1 4-Point Bend Testing 

 As tensile testing can be difficult, flexural characteristics are often measured 

as an alternative (Hodkinson, 2000). Also, most components are subjected to a 

mixture of loading modes. The advantage of flexural tests over tensile tests was the 
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ease of production of the specimens and the abundance of any gripping problems 

(Brown, 2002).  

 In 4-Point bending the force is applied at four points. It has the advantage 

over 3-point bend testing that the stress is distributed equally between the two inner 

forces.  

Experimental Setup 

The test was carried out using a Mecmesin (MultiTest 1) testing machine 

(Fig. 27). A four point bending fixture with a span of 100 mm was used. The loads 

were introduced 25 mm each side of the centre. The fixtures had a radius of 1mm and 

the testing speed of the machine was set to 2 mm/min. The introduced load was 

recorded over time and measured electronically. To measure the displacement a 

Mitutoyo – 543-390B – Digital Dial Indicator Absolute attached to the load fixings 

was used and the values at crucial points were recorded manually 

  
Figure 27 (Mecmesin (MultiTest 1)) 

To obtain and control the results two specimens of each manufactured sample 

were tested. Due to the difficulties of cutting the specimens to given dimensions, 

some small deviation occurred, which had to be taken into account during the 

calculations. 
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The calculations were based on the beam bending theory and according to 

ASTM D 790. The flexural modulus (EF ) is given by equation [1] 

 EF = 0.17× ∆F

∆d
×

L3

bh3
 [1] 

For the ultimate flexural stress and the corresponding strain equation [2] and [3] are 

used. 

σF = 3FL

4bh2  [2] 

 

εF = 4.36hd

L2  [3]

  

Where 1L is the span between the support fixings; F describes the applied 

force; b the breath of the specimen; h the specimen thickness; and d stands for the 

distance travelled by the crosshead.  

Specimen Dimensions 

The nominal dimensions of the preliminary samples are shown in Fig. 28. 

Figure 28 (Nominal dimensions of specimens)  

Results and Discussion 

In Table III the values obtained in the initial 4-point bend test are presented. 

The obtained flexural modulus was promising. The stiffness of the composite was of 

a value that would allow it to be used as a structural, load bearing material. However, 

there is a large deviation between the specimens originating from the same plate. 

There is the possibility that this deviation originated from the difference in the 

dimensions of the specimens. Based on obtained Ef, it was decided to continue 

producing the specimens the same way as described in Chapter 2.2 as reasonable 

values were achieved. 

120 mm 10 mm 

1.4 mm 
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Table III (Results of preliminary 4-point bend testing) 

Flat 

Fibre 

at 
30N 
(mm) 

at 
40N 
(mm) 

Initial 
cracking 
(mm) 

width 
(mm) 

thickness 
(mm) 

Ef 
(GPa) 

1.3 2 4 8.5 1.45 94 
Hexcel 1.4 2.1 4.6 9 1.45 89 

1.3 1.9 4.6 9.5 1.45 98 
Toho 1.2 1.8 4.4 10.8 1.45 86 

1mm 

Fibre 

at 
30N 
(mm) 

at 
40N 
(mm) 

Initial 
cracking 
(mm) 

width 
(mm) 

thickness 
(mm) Ef 

1.4 1.9 3.7 11 1.5 92 
Hexcel 1.4 2 4.4 10.1 1.45 92 

1.1 1.8 3.6 9.8 1.4 90 
Toho 1.3 2.1 3.9 7.5 1.45 93 

All the specimens failed in exactly the same manner. At a deflection between 

3.5 – 4.4mm initial cracking noises could be heard. In the load vs. time graphs (Fig. 

29) this cracking could not be observed, leading to the assumption the cracking took 

place on a small scale. As the load was increased further all specimens without 

exception failed underneath one of the loading supports. The failure was 

accompanied by a distinctive cracking noise. From the loading point outward an 

interlaminar crack could be distinguished. The failure underneath the supports would 

much rather have been expected for a 3-point bend test, this is the reason a 4-point 

bend test was attempted. Therefore, it was decided that in the future a 3-point bend 

test would be sufficient. 

5.1.2 Tensile Test 

 In a tensile test a specimen is exposed to pure tension. Depending on the 

material, different shapes of specimens may be required. Due to the gripping force, 

damage of the specimens can occur that lead to invalid test results. 

Tensile Test Experimental Setup 

Originally a tensile test was thought about and also attempted. In order to 

realise fracture resulting at a loading a standard tensile testing machine can handle 

the dimensions recommended by DIN EN ISO 527 Part 1 and Part 4 (Fig. 29) were 

reduced to the dimensions shown in Fig. 28.  
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Figure 29 (Coupon dimension for tensile testing. All dimensions given in mm) 

However, whilst preparing for testing, the following circumstances made it 

impossible to perform a tensile test with the composite material produced. PFA is 

one of the most anti-adhesive materials so as a consequence no adhesive could be 

found. Several adhesive manufacturers, the supplier of the PFA and testing institutes 

were unable to name a solution that would suffice for the required application. The 

solution named by one supplier, to treat the surface with LOCTITE® Prism 770 

primer and to use LOCTITE® prism 406, a universal general-purpose instant 

adhesive, to bond the end tabs to the specimens was dismissed after it was attempted 

but the bonding was insufficient. The adhesive would have been necessary to bond 

aluminium end tabs to the specimens. The aluminium tabs would have been used to 

prevent damage to the composite material at the grips, causing premature failure and 

to ensure a good force introduction (Cattell, 2000).  Thus, end tabs could not be used. 

Observation and Discussion 

The attempt was made to directly clamp the specimens into the testing rig and 

realise fracture without aforementioned end tabs. Unfortunately the force applied to 

the specimens by the hydraulic closing mechanism crushed the ends of the specimens 

severely. Afterwards the idea was brought up to cover the clamp surface using fine-

grained sandpaper (Fig. 30).  This was done in order to increase the friction between 

the specimen and the clamp as well as to protect the specimen against the 

irregularities in the clamp. 

Aluminium tabs 
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Figure 30 (Specimens with ends enwrapped in sandpaper & clamping mechanism) 

This attempt resulted in the peeling off of single carbon fibres layers (Fig. 

31). The peeled off fibres were not an entire roving, but were only the very surface 

fibres. It was observed, that the fibres that peeled off were only the ones where the 

matrix was punctured by the sandpaper. This can generally be attributed to the low 

hardness of the PFA. The matrix material in this case is unable to protect the 

reinforcement against puncturing environmental influences. From the fibres that 

were pulled off, it also became obvious that the bonding between the matrix and the 

reinforcing materials is a crucial weakness of the manufactured material. 

 
Figure 31 (Peeled of carbon fibres on sandpaper) 

5.2 Interlaminar Shear Strength 

 According to Thielicke and Soltesz (1992) interlaminar shear strength (ILSS) 

is one of the most important properties of laminated fibre-reinforced materials. It 

significantly influences all other physical values and the overall shear behaviour. It 

intended as a measurement of the strength of the fibre/matrix bond. Interlaminar 
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shear testing of composite materials has proven to be one of the most difficult areas 

of mechanical property testing. Anon (approx. 2005) states that the presence of 

edges, material coupling, non-pure shear loading, non-linear behaviour, imperfect 

stress distributions, or the presence of normal stresses makes shear strength 

determination questionable. Currently there are no test methods available without 

their inaccuracies. The most commonly used test method, particularly in industry, is 

the short beam test. ILSS is based on a 3-point bending test. As the specimens should 

be relatively thick, short, and flat, the test is carried out with a very short span. This 

is meant to minimise the flexural stresses and to maximise the in-plane shear stresses 

(Anon, ca. 2005). Although the test is designed to measure interlaminar shear 

strength, it can be difficult to relate data obtained to actual fibre matrix interface 

properties (Rychwalski, 2009). Rosselli and Santare (1997) added that this method 

has been widely criticised because a pure shear stress state is not induced anywhere 

within the test specimen, and the material can fail in either compression or tension 

rather than shear. Pull-out testing is also used. The disadvantage is the use of single 

fibres, instead of realistic composites (Rychwalski, 2009) 

2.1 Short Beam Shear Test Experimental Setup 

The testing of the apparent interlaminar shear strength was based upon on the 

DIN EN 2563:1997 standard. It specifies the method for determination of the 

apparent interlaminar shear strength of carbon fibre reinforced plastics in the form of 

unidirectional laminates by means of a flexural test1.  The method used can be 

applied to all kind of materials. However, the results obtained by the Equation [4] 

can only be used to make comparisons of laminates produced in similar ways. The 

result of the derivations from the norm chosen deliberately is that a direct 

comparison has to be considered with caution as different material may require 

different dimension in order for interlaminar failure to occur. The fixings used were 

manufactured at H+S and built to comply with aforementioned standard (Fig. 32). 

The entire testing was carried out on a Zwick 1445 testing frame using a 500N load 

cell with a crosshead speed of 1mm/min. The point of failure was interpreted as the 

point at which loading peaked the first time. For the load nose apparatus used in the 

                                                 
1 DIN EN 2563:1997, (1997), ‘Kohlenstoffaserverstärkte Kunststoffe; unidirektionale Laminate; Bestimmung der 

scheinbaren Interlaminaren Scherfestigkeit’, Beuth Verlag GmbH: Berlin 
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tests, the support roller diameter and the loading nose diameter (both 4 mm) were 

larger than recommended by the standard. The testing was carried out in a controlled 

environment with a relative humidity of 50% at 21°C.  Figure 32 shows the test 

setup applied. 

 
Figure 32 (Test setup applied for ILSS) 

To calculate the apparent ILSS following equation was applied, 

τ* = 3F

4bh
 [4] 

 Where τ*  represents the apparent ILSS; F is the maximal load at the moment of 

first failure; b and h stand for the breadth and the thickness respectively of the 

measured specimens. 

5.2.2 Results and Discussion 

Table IV (Results of ILSS test) 

Specimen 

width 

(mm) 

thickness 

(mm) 

Force 

(N) 

ILSS 

(MPa) 

2H1 9.73 1.2 344 22 

2HF 9.89 1.13 313 21 

2T1 9.68 1.24 284 18 

2TF 9.64 1.22 294 19 

5H1 9.59 0.93 207 17 

5HF 9.34 0.89 196 18 

5T1 9.71 0.87 176 16 

5TF 9.72 0.89 184 16 
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Figure 33 (Average distribution of ILSS) 

The specimen only differed in thickness. It is stated in previous literature 

(Rychwalski, 2009; DIN EN 2563:1997) that the span to thickness ratio has to be 4 

to 5. However, due to the small thickness of the specimens, it was hard to find a 

fixture of that small size and a ratio of 10 had to be opted for. Due to this the failure 

occurred by what was stated in the standard as plastic deformation. Figure 34 shows 

typical graphs obtained. It can be seen that no distinctive peak occurred. Therefore, 

the failure could not be attributed to single or multiple shear failure. If a specimen 

fails in this mode the result obtained by Equation [4] is according to the standard not 

a true shear stress at failure. Therefore, the result could only be used for comparison 

with those from a series of tests related to a same material. Based on this it is still 

possible to compare the results obtained between specimens. In the results the 

specimens produced with Hexcel AS4 fibre showed better performance than the ones 

made from Toho Tenax HTS40. However, due to the occurring failure mode it had to 

be doubted if the results were representative. 
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Figure 34 (Typical ILSS graph obtained from PFA) 

5.3 3-Point Bend Testing 

In Chapter 5 section 1.2 it was shown and discussed that tensile testing could 

not be used for Carbon/PFA composites. Therefore, 3-point bending was applied as 

an alternative. 3-point bending is a rather simple test, in which a force is applied to a 

specimen at three points, wherein the central loading point is equidistant from the 

outer two supporting spans (Fig. 35) (Brown, 2002). The maximum stress is at the 

central loading point - consequently failure often occurs at that point.  

 
Figure 35 (Nominal dimension of the three point bending specimen) 
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As was seen in Chapter 5 section 1.1, failure in 4-point bend testing also took place 

at the points of load introduction. This was the reason a 3-point bend test instead of a 

4-point bend test was opted for. In flexural tests there is potential for three modes of 

failure; compressive; tensile; or interlaminar shear failure (Cattell and Kibble, 2001). 

It is a known fact that compressive behaviour of composites is inferior to its tensile 

behaviour (Kim and Castro, 1994). Therefore, failure occurring during the test is 

likely to originate from the side of the beam that is under compression. Carbajal and 

Mujika (2008), based on Chaterjee et al. (1994), state that tests measuring 

compressive strength are conditioned by difficult to control factors and are 

notoriously hard to carry out. Schneider (2007) confirmed this by observing 

considerable amount of scatter when identical specimens were tested according to the 

same standard at different laboratories. Therefore, certain differences can be 

expected when carrying out 3-point-bend testing on specimens described above. 

 5.3.1 3-Point Bending Testing Experimental Setup 

 3-Point bend testing was carried out based upon EN ISO 178:2003. The test 

was performed to determine the flexural properties of materials manufactured as 

described in Chapter 2.2. The dimensions of the specimens were chosen so that 

different tests could have been performed.  

 The tests allowed determining the bending behaviour of the specimens; the 

bending stiffness; the flexural modulus. For this test a freely supported beam is 

loaded beam loaded halfway of the supporting span. The test setup is shown in Fig. 

36. The test was undertaken on a Zwick 1445 testing frame using a 500N load cell 

with a crosshead speed of 1mm/min. E-modulus was determined between 0.05% - 

0.25% strain. Testing was carried out under controlled environment at 25 °C and 

50% relative humidity. 
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Figure 36 (Setup for 3-point-testing) 

Failure occurred at the point at which the load started to decrease. For each material 

four specimens were tested. To calculate the flexural stress Equation [5] was used. 

Flexural strain was given by Equation [6]. 

σ F = 3FL

2bh2  [5] 

εF = 6hd

L2  [6] 

σF represents the flexural stress; F the force applied in Newton; L distance of 

supporting span; b the width of the specimen; h the thickness of the specimen; εf the 

flexural strain; s the deflection. 

 The flexural modulus was determined by Equation [7] 

EF = ∆F

∆d
× L3

4bh3  [7] 
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 The tensile modulus is usually slightly higher than the flexural modulus. The 

theoretical Young’s modulus can be calculated by the rule of mixture (ROM) 

(Equation [8]). 

 

Etot = Vf E f + 1−Vf( )Em [8] 

 Where Etot is the overall Young’s modulus of the composite; Ef and Em stand 

for the Young’s modulus of the reinforcement and the matrix respectively; Vf the is 

fibre volume fraction. 

  

5.3.2 Results and Discussion 

 The data obtained by 3-point-bend testing were calculated using equations 

stated above and the results shown below in Table V. 

Table V (Average result of the 3-point-bend test) 

Specimen 
Ef 

(GPa) 
σfmax 

(MPa) 
εfmax 

(%) 
Ef theoretical 

(GPa)  
4H1 70 479 0.66 148 

4HF 69 417 0.57 147 

4T1 70 446 0.59 144 

4TF 72 490 0.64 146 

3H1 75 439 0.58 154 

3HF 75 515 0.67 153 

3T1 66 365 0.54 154 

3TF 72 431 0.59 152 

 

These results originated from graphs representatively shown in Fig.37 and found 

in Appendix H. The force increased steadily over the crosshead distance moved. This 

increase occurred in a linear fashion. Undamaged specimens showed an instant 

decreasing steep once the maximum force was reached. Specimens not showing this 

decrease were often of inferior quality and where therefore not taken into account for 

the calculation of the results. Failure occurred suddenly with an audible cracking 

noise. Specimens invariably failed at the point of maximum stress described in 

Chapter 5.3. Interlaminar cracking visible with bare eye was the most common 

failure mode. But was mostly accompanied by folding of the fibres at the side which 

was under compression. No sign of damage could be observed on the side under 
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tension

 

Figure 37 (3-point bending; graph showing force vs. crosshead distance travelled) 

 The results obtained (Table V) can be considered to be in direct correlation to 

the fibre volume fraction obtained and described in Chapter 7 section 3. As expected, 

the higher the fibre volume content, the higher the E-modulus. However, the E-

modulus obtained does not approach the theoretical values calculated using the rule 

of mixture. Furthermore, the εmax is lower than the maximal strain of either 

constituent. This led to the conclusion that the properties of this composite are 

determined by the interface, so any improvement of the material properties has to 

start at the interface.  

Comparing the results of the four point bending test versus the three point 

bending test the resulting flexural modulus is ≈ 20 GPa lower. The specimens in both 

tests failed in a similar fashion, leading to the assumption that the failure mode was 

equivalent. However, the difference at which it occurred could be attributed to the 

testing methods. Failure always occurred at the point load was introduced. This is 

also the point at which the highest stress occurred. In three point bending all load 

was introduced at a single point leading to a peaked stress. In four point bending the 

load is distributed between two points so there is no such stress concentration.  
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In the 5th column of Table V the theoretical Young’s modulus calculated 

using ROM is presented. The ROM assumes that there is perfect bonding between 

the constituents and interfacial characteristics are not taken into account. This further 

supported the conclusion that the mechanical properties of this composite were 

heavily determined by the interface.  

To investigate the crack surface a cracked specimen was split along the crack 

and placed under the SEM described in Chapter 3 section 3. Inspecting received 

micrographs reviled some interesting observations. Figure 38 clearly shows fibres 

wrapped in PFA-matrix. Due to the nonconductive properties of PFA it was charged 

electrostatic under the SEM. Therefore, it could not be depicted as focused as the 

fibre. In Fig. 38 and more prominently in Fig. 39 it shows the way PFA was ripped 

apart. In the top left corner of Fig. 38 one can distinguish some PFA on top of the 

fibre that remained attached to it when the other side was pulled off. Focusing in 

further on the area shown in Fig. 38 root-like shapes appear at the point where PFA 

is attached to the fibre (Fig. 40). These shapes remained visible on the fibre even 

after the PFA was pulled away (Fig.41). This showed that the PFA was attached to 

the fibre to a certain degree, but the bonding was not strong enough to yield higher 

strain properties. 

 Comparing obtained results of the carbon fibre/PFA composite to other 

carbon reinforcement composites (Appendix A) it shows approximately half the E-

modulus of an UD carbon/epoxy composite. But as mentioned before the strain and 

also the maximum stress are very low. 
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Figure 38 (SEM image of crack surface showing fibres enwrapped in PFA matrix) 

 
Figure 39 (SEM image of PFA attached to the fibre and pulled away during fracture) 
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Figure 40 (SEM image of root-like on fibres originating from PFA) 

 
Figure 41 (SEM image showing the root-like shapes remaining when the PFA was pulled away) 
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6. Fibre Content 

To determine the fibre weight fraction respectively the fibre volume fraction 

the fibre and the resin composing the specimens needed to be separated. To obtain 

the fibre weight fraction and the fibre volume fraction from the measured masses, 

Equation [9] and Equation [10] were applied respectively. wt% f  stands for the fibre 

weight fraction; Vf for the fibre volume fraction; mf for the mass of the fibres; mm the 

mass of the matrix; and ρ for the corresponding densities. 

 There are two different methods to attain the required values (described in 

Chapter 6 section 1 and 2). An optical microscope in combination with automatical 

colour recognition software might yield a close assumption, but is heavily dependent 

on the resolution and lighting system applied. Furthermore, the fibre fraction 

obtained is specific to a very limited area. The average had to be obtained by 

analysing several different spots on each sample. This method would be too time 

consuming in relation to the reliability of the results obtained.  

 [9] 

 [10] 

6.1 Chemical Resin Digestion 

Chemical resin digestion is the most common and usually the most accurate 

method of determining the fibre content. It is based on the requirement that the fibres 

are more chemically inert than the surrounding matrix. Using a suitable chemical the 

resin is digested under a predetermined environment and for a given time. However, 

due to the chemical characteristics of the PFA matrix the aforementioned approach 

was unsuitable. PFA, being closely related to PTFE, was developed to be universally 

chemically inert. Not even nitrohydrochloric acid (aqua regina) and hydrofluoric acid 

are known to have any effect on PFA (pers. communication, M. Dadalas: 

18.01.2010). Consequently, if a carbon/PFA specimen was to be immersed in a 

digesting chemical, it would be the fibres that would react rather than the PFA. As 
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described by Ermanni (2007) the chemical characteristics of composite materials are 

determined by the matrix. Therefore, the chemical behaviour of the specimen can be 

expected to be similar to the one of pure PFA. Due to the inertness of the matrix 

material, the use chemical digestion to determine the fibre content was abandoned.  

6.2 Resin Burn-off 

The other method, thermal degradation or resin burn off, is somewhat less 

accurate due to various parameters. These parameters include the oxidation of the 

fibre at a certain temperature and residues of the matrix remaining in the fibres.  

Nevertheless, it is the most accurate method available to determine the fibre content 

of this particular composite. The method employed for this experiment was based on 

the method used and described by Yee and Stephens (1996). Previous studies 

(Ebnesajjad, et al. 2005; Drobny, 2009) and the thermogravimetric analysis (TGA) as 

reported in Chapter 7, the thermal degradation temperature was set to 450 – 500 °C. 

Therefore, the furnace temperature was decided to be between 520 – 530 °C. 

6.2.1 Resin Burn-off Experimental Setup 

To carry out the experiment the tare weights of all crucibles were measured 

using a Mettler AT200 high-precision scale. From each plate produced, a sample was 

taken, placed in a ceramic crucible, and its weight was recorded (Fig. 41). The 

furnace used for the experiment was from Nabertherm (Model: L5/11/06; S/N: 

156414). It was preheated to 250 °C. A set of ten randomly chosen samples was 

placed in the furnace. This was then heated up to 520 °C at a rate of 10 °C/min. The 

temperature was kept at the aforementioned temperature for 120 min. The crucibles 

were removed from the furnace and cooled to room temperature. After the cooling 

process the remaining fibres were weighed again and the obtained data was recorded. 
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Figure 42 (Weighing of the resin burn-off samples) 

6.2.2 Observations During the Experiment 

 During the experiment a large amount of smoke developed at a temperature 

of 470 °C. To get rid of it the ventilation system was used for a short time allowing 

fresh air to enter the furnace. After 30 min at final temperature the furnace was 

opened and the samples inspected. At this point the PFA matrix has already been 

degraded and only loose fibres could be seen in the crucibles. To ensure that all 

matrix had been burned-off, it was decided for the samples to remain in the furnace 

for an additional 90 min. By the time the samples were removed a heavy orange 

coloration of the porcelain crucibles had taken place (Fig. 42). This coloration could 

only be removed by boiling hot water, an aluminium cloth, and significant effort. 

 
Figure 43 (Coloration of crucibles during resin burn-off) 

6.2.3 Results and Discussion 

 The weights of the crucibles and of the fibre samples can be found in Table 

VI shown bellow. 
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Table VI (Measurements and results of resin burn-off) 

Plate 
Crucible 

(g) 
Sample 

(g) 
Burn-off 

weight (g) 

Calc. 
Fibre 

weight (g) 

meas. 
Fibre 

weight (g) 
Resin 

weight (g) 

Fibre 
volume 
fraction 

(%) 
4HF 23.9806 1.5716 23.9902 0.0096 0.126 1.4456 10 
4TF 29.0977 1.4507 29.3185 0.2208 0.3417 1.109 28 
5TF 23.6435 1.1625 23.9604 0.3169 0.4031 0.7594 40 
5HF 23.9271 1.0601 24.1493 0.2222 0.3065 0.7536 33 
4T1 25.1244 1.4007 25.2887 0.1643 0.2803 1.1204 24 
5T1 14.1287 1.3572 14.3303 0.2016 0.3218 1.0354 28 
4H1 14.0286 1.3437 14.2571 0.2285 0.3371 1.0066 29 
5H1 14.0581 1.074 14.1095 0.0514 0.1578 0.9162 18 
2T1 13.6413 1.1398 13.6762 0.0349 0.1471 0.9927 16 
2TF 14.5155 1.3391 14.7964 0.2809 0.4085 0.9306 35 
2HF 23.9839 1.165 
2H1 14.0289 1.3278 
3T1 21.6189 1.1718 
3TF 14.2209 1.3514 
3H1 14.3722 1.2957 
3HF 14.8581 1.0856 
1H1 22.0881 1.4279 
1HF 14.5544 1.4533 
1T1 13.9484 1.4328 

1TF 15.4948 1.3913 

  
  
  
  
  

Looking at the results in Table VI several observations could be made. The 

most prominent ones were; the weight of the fibres when measured in the original 

crucible was significantly less than when the fibres were measured without the 

crucible; the calculated fibre volume fractions showed a large deviation and were in 

no correlation to each other; the fibre volume fractions obtained were impossible. 

First one implies that the crucibles lost weight during thermal treatment of the 

Carbon/PFA composite. When PFA is heated above 450 °C (nominal temperature of 

decomposition provided by the supplier) it decomposes into hydrofluoric acid. 

Hydrofluoric acid is one of most highly corrosive substances known. In this highly 

corrosive environment in addition to the elevated temperature also the carbon fibres 

corroded although its thermal decomposition temperature was not reached. On the 

chemical resistance data sheet provided by Toho hydrofluoric acid is not mentioned 

and could therefore be added. The degradation of the carbon fibres led to fibre 

volume fractions (Table VI) that were impossible. The dispersion used had a PFA 

content of 50 wt%. The amount used to wet out the fibres could optimally result in a 

composite of a fibre volume content of 40%. However, as some of the dispersion 
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dripped off during the application of the PFA to the fibre one could expect the fibre 

volume content to be higher.  

Based on these findings it was decided not to carry out the resin burn-off of 

the second batch of the samples as the obtained results could be considered 

irrelevant. As fibre volume fraction received by TGA was more plausible, it 

appeared to be best option to carry out the determination of fibre volume content 

using TGA. 
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7. Thermal Analysis 

 The thermal characteristics of composite materials are mainly determined by 

the properties of the matrix material (Ermanni, 2007) (Fig. 44). There are several 

different methods available and necessary to obtain an understanding of how these 

materials behave under elevated temperatures.  The tests that are established for these 

kind of analysis include TGA, differential scanning calorimetry (DSC), 

thermomechanical analysis (TMA), and dynamic mechanical analysis (DMA). The 

last three are recognised as key instrumentation in testing of the glass transition 

temperature (Tg). This property is crucial when it comes to designing for any fibre-

reinforced product, as the strength of the material at this point shows a vast decrease. 

 Fibre Matrix 
Mechanical Properties 
Stiffness � � 

Strength � � 

Fatigue � � 

Damage Tolerance � � 

Impact Behaviour � � 

Thermomechanical Properties � � 

Fibre - Matrix Adhesion � � 

Physical Properties 

Corrosion Performance � � 

Temperature Stability � � 

Chemical Stability � � 

Electrical Properties � � 

Processing Properties � � 

� No importance � Big importance 

Figure 44 (Importance of the components on the performance of a composite) Source: Ermanni, 

(2007)  

7.1 Differential Scanning Calorimetry 

 Differential scanning calorimetry (DSC) is based on the measurement of the 

heat flow to or from a specimen within a temperature-controlled environment 

(Parker. 2001). The heat flow is measured according to Equation [11].  

 

dQ/dt = ∆T /RD  [11] 
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dQ/dt represent the heat flow; ∆T the temperature difference between 

reference and sample crucible; RD is the resistance of the constantan disk. The data 

measured is the power required to maintain the sample temperature at the same level 

as the reference. DSC enables the investigation of thermal transitions in materials 

(glass transition point; melting point; crystallisation; polymerisation; etc.) with 

respect to temperature and time. The advantage of DSC is that only small amounts of 

sample are required for an analysis and that rapid experimentation is possible. It is 

used as a primary material characterisation technique. For further in depth 

description of DSC see Parker (2001).  

7.1.1 DSC Experimental Setup 

 The DSC measurements were obtained using a Mettler Tolledo DSC 882e 

equipped with a STARe SW 9.20 thermal software. For all the tests a temperature 

increase (scanning rate) of 10 °C/min was used. The samples had a weight of 12±1 

mg and were tested in a nitrogen (N2) atmosphere. The nitrogen was induced at 

50ml/min. As possible reference temperatures for Tg were of sources that could not 

be traced, a large temperature range was scanned, starting from 25 °C and going to 

400 °C. Heats of transition were calculated from the area of the peaks by a standard 

software program. According to the manual the uncertainty can be up to ±0.05 Jg-1. 

Obtaining the Tg and the Tm in the same run was attempted under the environment 

described above.  

7.1.2 Results and Discussion 

 Figure 45 shows a typical thermogram as obtained from the DSC. At two 

locations the line is agitated and shows endothermic peaks. The more prominent peak 

is at 313.36 °C. This temperature corresponds closely to the melting and beginning 

of the processing temperature given by Dyneon and which is in accordance to the 

temperature provided by DuPont. The peak is asymmetric sloping towards the lower 

temperatures. Cardona et al. (2001) also observed this dissymmetry (Appendix I). It 

originates from different crystalline fractions that are contributing to the peak. The 

crystallinity of PFA is dependant on the cooling rate during manufacturing of the 

composite. It is generally agreed (Cardona et al., 2001; Parlevliet et al, 2008) that 

crystallinity has an influence on the properties of polymers and therefore is likely to 

influence the performance of a composite.  
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Figure 45 (DSC thermogram of a carbon/PFA composite) 

 For most polymers, DSC shows a clearly distinguishable Tg manifested by a 

step in the thermograph. For the PFA tested no such step could be distinguished. 

Also a second DSC (Appendix J) did not show any signs of a Tg. There is a small 

peak at 134.72 °C. When compared to other findings (Ebnesajjad et al., 2005, 

Cardona et al., 2001) this peak was found 30 – 40 °C higher than the Tg of PFA. It is 

therefore doubted, if this peak has anything to do with any transition in PFA.  In the 

second scan (Appendix J) no such peak was found. This doubt is founded on 

observations made by Cardona et al. (2001) and Scheirs (1997) who found no Tg 

when carrying out DSC on un-grafted PFA. According to Scheirs (1997) this may be 

due to the extremely high stiffness characteristic of the molecular chains of the PTFE 

sequences in the copolymers. 

7.2 Thermomechanical Analysis 

 TMA can be used to determine the coefficient of thermal expansion (CTE) 

and also the Tg. Dimensional stability is critical for composites as poor dimensional 

stability can cause changes in shape during service (Cheng et al., 2009). This change 

in shape is expressed with aforementioned CTE. The theoretical CTE can be 

obtained using ROM (Equation [12]).  

α tot = Vfα f + 1−Vf( )αm [12] 
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 Where αtot is the thermal expansion coefficient of the composite; αf and αm are 

the thermal expansion coefficient of the reinforcement and the matrix material; Vf 

again stands for the fibre volume fraction. 

TMA can be carried out with either a small static force or a sinusoidal 

oscillating force. In the second case the amplitude of the oscillation is measured. Tg is 

considered at the point at which a significant and instant increase in amplitude can be 

observed. 

7.2.1 TMA Experimental Setup 

 The TMA was carried out in a Mettler Tolledo TMA/SDTA 840 testing 

machine (Fig. 46) equipped with a STARe SW 9.20 thermal software. The 

temperature scanning rate was set to 10 °C/min and the temperature range was from 

25 °C to 400 °C. The sample had a thickness of 1.0767 mm. The force was 

oscillating between 0.1 N and 0.5 N at a periodic cycle time of 10 s Testing took 

place in an N2 atmosphere supplied at 50 ml/min. 

 
Figure 46 (TMA testing machine) 

7.2.2 Results and Discussion 

 Figure 47 shows a thermograph obtained from the TMA scan over the entire 

temperature range. In the temperature range at which Tg can be assumed no change 

in amplitude can be noticed. However, a certain amount of thermal expansion can be 

observed. There is a clear increase in amplitude at approx. 280 °C. At 310 °C a 

sudden drop occurs. This coincides with the Tm received from literature (Appendix C; 

Drobny, 2009; Ebnasajjad et al, 2005). The curve flattens off at 340 °C. At this 
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temperature the entire matrix as melted and remaining 20% of the thickness is made 

up by the fibres. 

 
Figure 47 (TMA thermogram of carbon/PFA composite) 

7.3 Thermographimetric Analysis 

 Thermographimetric analysis (TGA) is the technique that has received most 

attention when it comes to monitoring weight loss of a specimen under increasing 

temperature due to thermal degradation. TGA is easy to perform and can be 

considered low cost (Parker, 2001). It allows specification at which temperature 

thermal degradation of a material commences. Furthermore, it is possible to link 

TGA with mass spectroscopy to determine break down products. Thus allowing to 

identify products in component if they are previously unknown. Skontorp et al. 

(1995) showed that thermal degradation of fibre-reinforced composite materials is 

dependent on the laminate configuration. Based on this it can be concluded that 

obtained results may only be used for comparison with specimens from a series of 

tests related to the same material or with specimens of the same configuration. TGA 

has also developed to a tool to establish the weight fraction of the constituents of 

composite materials. The fibre weight fraction can be calculated using Equation [8]. 

In order to convert the weight fraction to the volume fraction Equation [9] needs to 

be applied. 
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7.3.1 TGA Experimental Setup 

 The thermal degradation measurements were performed using a Mettler 

Tolledo TGA/STTA 851e equipped with a STARe SW 9.20 thermal software. The 

samples were cut from manufactured panels described in Chapter 2.2. The heating 

program consisted of continuous heating from room temperature (25 °C) to 600 °C. 

The heating rate was set to 30 °C/min. The experiment took place in an oxygen 

environment (50 ml/min). Any occurring fumes and gases were lead from the heating 

compartment. All temperature and weight measurements were carried out by the 

testing machined and were processed with the aforementioned software. The weight 

of the samples was based on the experience of the laboratory staff and literature (Yee 

and Stephens, 1994). Each specimen was 19±2 mg. Due to the experiences that 

occurred during resin burn-off (Chapter 6.2) no dwell time was applied; 

consequently no chemical degradation of the crucibles or the fibres could take place. 

7.3.2 Results and Discussion 

 Assumptions 

 From these experiments the following assumptions were made: 

a) The carbon fibres did not undergo any thermal degradation at 600 °C. 

Therefore they did not lose any weight when subjected to the heating 

program. All weight loss came from the degradation of the resin only. This 

assumption was based on observations shown in Fig. 49. 

b) There was no residual weight from the resin. All resin had completely 

degraded. This was supported by the thermograph shown in Fig. 50. 

c) The fibres did not affect the degradation kinetics of the resin. Therefore, the 

measured weight loss is proportional to the weight loss of the resin. 

d) Due to the low void content measured (described in Chapter 4.3), the void 

content was assumed to be zero and could therefore be neglected. 

Thermal Stability 

 As described above two properties were investigated using TGA. First one 

was the thermal stability of the constituents of the carbon/PFA composite. Second 

one was the weight and volume fraction of these constituents. When it came to 

thermal degradation all samples tested showed identical behaviour. The thermograph 

shown in Fig. 48 is representative for all others obtained (Appendix K).  
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Figure 48 (Typical TGA thermogram of carbon/PFA composites) 

No degradation/ weight loss took place before ≈ 475 °C. Implicating that any 

solvents present in the PFA dispersion had been removed completely during 

manufacturing. For comparison the thermograph of dried PFA dispersion is shown in 

Fig. 50. It can be observed that at 170 °C degradation of the solvents took place. The 

weight loss was ≈5 wt%. At 450 °C PFA started to degrade. The degradation of PFA 

ended at 540 °C when 0 mg of PFA remained. According to Fig. 49 the degradation 

of the fibres commenced at 570 °C and remained slow up to 625 °C. Before that 

point no degradation of the fibres took place even though they were placed in an 

oxygen environment. Thus, there was a narrow gap in which the degradation of PFA 

had finished and the degradation of the fibres had not fully commenced yet. Due to 

the toxicity of PFA it is therefore of utmost importance that this material is never 

exposed to temperatures exceeding 475 °C. 
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Figure 49 (TGA thermogram of Toho Tenax and Hexcel fibres) 

 

Figure 50 (TGA thermogram of dried PFA dispersion) 
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Weight Percentage Fibre Determination using TGA 

 As there was no residue present when the pure PFA was heated (Fig. 50), it 

did not have to be determined in order to obtain the fibre weight fraction. Figure 48, 

showing the curves of batch 4, represents typical thermographs required for the 

determination of weight/volume fraction. Based on the initial weight and the weight 

loss at a 600 °C using Equation [8] and Equation [9] respectively, the weight/volume 

fractions were calculated (Table VII). As stated in the assumption, due do the low 

void occurrence, any void content was neglected in the calculations. The density 

required for the calculations was taken from the manufacturer data sheets presented 

in Appendix A, Appendix B, and Appendix C.  

Table VII (Fibre fraction determination by TGA method) 

  

 

 

 

 

 

 

 

 

 

 

 

 

The obtained fibre fractions (column 3 and 4; Table VII) showed low scattering for 

batch 3 and batch 4. In batch two a larger variance is present, having a difference in 

fibre volume content of 4.6%, compared to 0.9% / 1.1% respectively for the other 

two batches. Therefore, a combination of lower pressure and shorter dwell time 

during manufacturing could have been responsible for inconsistent fibre content. 

High pressure with a short dwell time, and long dwell time with low pressure 

resulted in a consistent fibre volume content. The difference in the fibre content 

between batch 3 and batch 4 can be attributed to the difference in manufacturing 

pressure. The higher the pressure, the more resin was being pressed out of the fibres. 

However, no influence of the type of fibre used on the fibre content could be 

Sample 
Initial weight 
(mg) 

Residue fibre 
(mg) wt% Vf (%) 

2T1 20.353 11.998 59 63.6 

2H1 19.871 11.4481 58 62.3 

2TF 13.069 7.9507 61 65.4 

2HF 17.283 10.7885 62 66.9 

3T1 17.263 10.7242 62 66.6 

3H1 17.884 11.1023 62 66.5 

3TF 17.704 10.8359 61 65.7 

3HF 18.961 11.7109 62 66.2 

4T1 20.361 11.7208 58 62.2 

4H1 19.195 11.3662 59 63.8 

4TF 17.221 10.0461 58 63.0 

4HF 18.911 11.1053 59 63.3 
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observed. The small differences in fibre content between the fibres were completely 

random. For batch 3 and 4 there also was not noticeable difference in fibre content 

between specimens produced on the flat side of the tool and the grooved side. 

However, in batch 2 there was a difference. The flat specimens had slightly higher 

fibre content than the ones produced on the grooved side. Due to the variance 

between the individual specimens of batch two it could be doubted if this difference 

was of random occurrence or not.  

7.4 Dynamic Mechanical Analysis 

 Dynamic Mechanical Analysis (DMA) is a test at which a small sinusoidal 

stress or strain is applied to a specimen under increasing temperature. The resulting 

strain or stress response is measured and recorded. The measurements are transferred 

into the recoverable stored energy (storage modulus) and the dissipated energy in the 

form of loss modulus or phase lag (Bashaimoldu et al., 2004). It is used to study and 

characterise the mechanical and thermal properties of composites. These include the 

CTE, the Tg and the elastic modulus. Depending on the test equipment loading can 

be applied in different manners. Loading is applied in torsion, bending, compression 

or tensile. DMA has been shown to be more sensitive than other thermal analysis 

equipment such as DSC in detecting subtle transition like Tg (Lee et al., 1993). The 

temperature dependence of the elastic modulus of composite materials is one of the 

most important material properties when it comes to material characterisation 

(Shiqiang et al., 2007). According to Lee-Sulliven and Dykemann., (2000) the Tg can 

be measured reasonably accurately. However, the elastic modulus often shows large 

discrepancies between the values measured by DMA and those obtained from 

mechanical testing methods. Parker (2001) offers a more detailed description of the 

theory and the according standards behind DMA. 

7.4.1 DMA Experimental setup 

 The test specimens had a length of 60 mm, width of 10 mm and a thickness of 

0.85 mm and 0.86 mm, respectively. The span distance in the testing machine was 33 

mm The DMA was carried out under torsional loading. Therefore, the resulting 

storage modulus measured is G’; the shear modulus. The testing was performed 

using a DMA Q800 (TAinstruments) testing machine. As there are no available 

reference temperatures, a large testing range was chosen. The testing started at 0 °C 



7. Thermal Analysis 

 

  61 

and went to 350 °C and carried out in an air environment. To detect any transition a 

low heating rate of 2 °C/min was chosen. The oscillation force is applied at a 

frequency of 1 Hz at a strain of 0.15%. The parameters measured were storage 

modulus G’, the loss modulus G’’, and the loss tangent tan δ defined by G’’/G’. 

7.4.2 Results and discussion 

 
Figure 51 (DMA plot of Hexcel fibre/PFA composite) 
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Figure 52 (DMA plot of Toho fibre/PFA composite) 

 Figure 51 and Fig. 52 represent DMA plots of the shear storage modulus, the 

shear loss modulus and tan δ against the scan temperature. In both specimens tested 

the storage modulus (G’) decreased continuously up to a temperature of ≈260 °C. At 

this point G’ drops, as the polymer matrix goes through a transition temperature. This 

transition is not the Tg, which was investigated with this experiment. The onset 

temperatures (Ton) of 290.1 °C and 286.9  °C, respectively coincide rather well with 

the melting temperature (Tm) found with TMA and DSC described above and the Tm 

values of PFA obtained from literature (Ebnesajjad et al, 2005; Drobny, 2009; 

Scheirs, 1997; Karlovitz, 1995; Saechtlin, 1989). Furthermore, it was found that the 

tan δ line did not show a clear peak at which the Tg could be investigated at any 

point. From Ton onwards tan δ exhibits a continuous increase till the end of the 

experiment. This implies that at that point a temperature is reached at which the 

system is not stabilised anymore. Knowing that at this point Tm was reached it 

confirms that the viscosity of PFA is increasing steadily once Tm is surpassed. These 

results confirmed the observations made by Scheirs (1997) and explained by 

Ebnesajjad et al., (2005) that in fluoropolymers a distinctive Tg was often not found. 

Later stated that fluoropolymers often do not show glass transition in the 
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conventional sense during which all crystalline structures are converted to the 

amorphous. Glass transition of fluoropolymers is molecular relaxation that takes 

place in the amorphous phase of the polymer (second order transformation). 

Ebnesajjad et al. (2005) gives these transitions at -80 °C (γ), -2 °C (β) and 90 °C (α). 

Based on this information a small peak between 40 – 110 °C in the G’’ and the tan δ 

line can be made out. Investigating the data Appendix L it was found that the tan δ 

line peaked at 90.97 °C and 92.93 °C, respectively. It can therefore be assumed that 

the Tg of the PFA matrix material is at ≈ 90 °C. The reasons the peak was very small 

were that the transition was minor and the amount of PFA in relation to the carbon is 

very small. This led to the conclusion that the matrix has only a small influence on 

the overall strength of this composite.  

 Considering the shear modulus of the two composites at room temperature, 

G’ of the Hexcel/PFA composite is with 5.05 GPa ≈10% higher than G’ of the 

Toho/PFA composite with 4.46 GPa. As the tests were only carried out on one 

specimen of each composite these values cannot taken to be representative. 

Nevertheless, both specimens showed a linear decrease of G’ up to the onset of Tm. 

The obtained shear moduli were compared to values of carbon / epoxy composites 

provided by MIL – HDBK – 17 – 2E. These values correspond very closely and can 

therefore be assumed to be reasonable. 

Whilst G’ of the Toho/PFA composite decreases at 12.8 MPa/°C, the 

Hexcel/PFA composite decreases at a rate of 14.8 MPa/°C. Calculating the decrease 

in percentage, the decrease of both specimens coincides at 0.29 %/°C. As G’’/G’ = 

E’’/E’ where E’ is the flexural modulus (Parker, 2001) one can assume that E’ 

decreases in a similar fashion. Therefore, if this composite is investigated as a 

structural material this decrease in stiffness with increasing temperature needs to be 

considered. Any component needs to be laid out to withstand expected forces at 

maximal assumed temperature. 
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8. Final Discussion and Conclusions 

 In this study a process was introduced that allowed the production of a 

continuous carbon fibre reinforced/fluoropolymer matrix composite of high fibre 

content. Due to the high melt viscosity of fluoropolymers alternative ways to 

integrate matrix into the fibres had to be found. The low viscosity and the small 

particle solid particle size of the dispersion allowed excellent wetting of the fibres. 

But working with an aqueous dispersion made it hard to predict an achievable fibre 

content and the amount of dispersion required for achieving it. Because of the low 

viscosity, once the fibres were completely wetted out any surplus of dispersion 

dripped off as the tooling was turned. Furthermore, the pressure applied by the 

overlaying layers forced more dispersion out of the fibres. Therefore, even though a 

calculated amount of dispersion was applied it was impossible to predict how much 

of it did not end up in the composite.   

The drying of the dispersion and the compressing of the matrix required 

additional steps, making the manufacturing process very time consuming. Due to the 

high process temperatures a long time was required for the heating and an even 

longer time for the cooling of the tooling. The pressing process further influenced the 

final fibre content. The higher the pressure, the larger the amount of molten PFA 

being pressed out of the fibres towards the sides. It can be concluded that the high 

pressure and a long dwell time at high temperature are required to produce 

composites of consistent fibre content. Initially the fibre content is determined by the 

mass percentage of solid in the dispersion; thus determining how much PFA would 

end up in the composite. Pressure not only ensured the consolidation, but also defines 

the final content. All these parameters made it impossible to predict fibre content in 

advance. But it had to be determined experimentally. Although a large part of the 

dispersion evaporated it was possible to produce composites of low void content. As 

the composite was produced on a flat panel, this was relatively simple. It would have 

to be investigated if the same composite quality could be obtained for a more 

complex shape. However, an optimal pressure needs to be found. Since the higher 

the pressure the more inhomogeneous the composite had become. Consequently the 
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balance will be between consistent fibre fraction and the homogeneity of the 

composite. 

The XPS analysis showed different surface composition of the carbon fibres 

used for the manufacturing of the composites. The difference was due to a high 

temperature sizing applied to the fibre by one of the fibre suppliers. This sizing made 

the fibre easier to handle and less prone to damage during manufacturing. In addition 

although there was also a difference in the surface structure of the fibre, the results of 

the mechanical and thermal testing showed no difference that could have been 

attributed to the fibre surface. The only difference between the fibres was found 

during the TGA. The Toho Tenax fibre showed a much less rapid thermal 

degradation than the compared Hexcel AS4 fibre. The ILLS test yielded no 

representative results. This can be attributed to dimensions of the test setup, but also 

to the hardness of the matrix material. The 3-point-bend testing gave flexural moduli 

that were in correlation to the fibre content. However, the values of the moduli were 

55 – 58% lower than the ones of UD carbon/epoxy composites of similar fibre 

volume content. Failure of the carbon/PFA composite always occurred in an 

interlaminar fashion. Due to the length of the specimens one cannot determine if the 

failure resulted form interlaminar shear or other forms of bending stresses. 

Nevertheless, it showed that the fibre/matrix adhesion is the property determining the 

weakness of the material. DMA presented that the modulus is highly dependent on 

temperature. Although there is no instantaneous decrease up to very high temperature 

(≈270 °C) a continuous linear decrease of 0.2 %/°C was shown. As a consequence 

care has to be taken when designing with this material. Further thermal analysis 

revealed no distinctive Tg. The only transition temperature clearly distinguishable is 

the Tm, taking place at approximately 310 °C. Overall it can be stated that PFA is a 

complex material to work with. The high process temperatures, the high viscosity, in 

addition to the high toxicity require enormous caution when handling the material. Its 

chemical inertness leads to limited amount of techniques applicable for determining 

material properties.  
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9. Recommendation for Further Research 

 The most prominent point for further research is the adhesion between fibres 

and matrix. If this can be improved so can the properties of the composite. A 

functionalisation of the fibre needs to be looked into which can interact with the O-

atom in PFA. Furthermore it needs to be investigated if the single laminate produced 

in project can be added up to form laminates of several layers. It is also worth 

determining if more complex shapes are producible. 
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11. Appendices 

 

  77 

Appendix D 

 



Improving Polymer Matrix Separating Cans: Development and Characterisarion of a Carbon Fibre/PFA Matrix Composite 

 

78 

Appendix E 

Fontijne Hot-Press  

Model TP 400  

Serial Nr 000.25.566-12.92  

Fontjine Ordrer Nr. 000.46.566 

Year of Manufacture 1992  

Plate Size 320 x 320 mm 

Daylight 200 /mm 

Electric load per plate 3.75 kW 

Max. Temp 450 °C 

Cylinder -diameter 160 mm 

 -stroke 200 mm 

Hydraulic pressure 200 bar 

Max. press force 400 kPa 

Motorpump- rating 0.55 kW 

Output - l.p. 15 dm3/mm 

 -h.p. 0.46 dm3/mm 

Main supply voltage 3x380 V+N 

Total Power consumption 10 kVA 

Mass/weight 450 kg 
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Appendix G 

 

 

 

 

 

 

 

 

 

 

Bildname : Bild_004946 

Bearbeiter : Robert Rudolf 

Quelle : 1 Toho 1mm 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 1 Toho 1mm 

 

Auftraggeber/Telefon Datum Auftragnehmer/Telefon 
Verrechnung

skonto 

CFK / 9862 10.02.2010  /   

 

Bildname : Bild_004948 

Bearbeiter : Robert Rudolf 

Quelle : 1 Toho 1mm 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Toho 1mm 
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Bildname : Bild_004957 

Bearbeiter : Robert Rudolf 

Quelle : 1 Toho 1mm 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 
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Bildname : Bild_004960 

Bearbeiter : Robert Rudolf 

Quelle : 1 Toho Flat 2 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 1 Toho flat 2 

 

Bildname : Bild_004962 

Bearbeiter : Robert Rudolf 

Quelle : 1 Toho flat 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Toho Flat 1 
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Bildname : Bild_004965 

Bearbeiter : Robert Rudolf 

Quelle : 1 Toho Flat 2 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 1 Toho flat 2 

 

Bildname : Bild_004967 

Bearbeiter : Robert rudolf 

Quelle : 1 Toho flat 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Toho flat 3 
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Bildname : Bild_004950 

Bearbeiter : Robert Rudolf 

Quelle : 1 Toho 1mm 1 

Beschreibung: 50x Magnification of 

stripe 

Aufnahme : 1.67*50 

Präparation :  

Präparat : 1 Toho 1mm 1 

 

Bildname : Bild_004963 

Bearbeiter : Robert Rudolf 

Quelle : 1 Toho Flat 1 Binal 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Toho Flat 0.185% 
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Bildname : Bild_004966 

Bearbeiter : Robert rudolf 

Quelle : 1 Toho flat 2 binal 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Toho flat 2 0.128% 

 

Bildname : Bild_004968 

Bearbeiter : R:R 

Quelle : 1 Toho Flat 3 binal 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Toho Flat 3 0.129% 
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Bildname : Bild_004969 

Bearbeiter : R:R 

Quelle : 1 Hexcel 1mm 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 1 Hexcel 1mm 

 

Bildname : Bild_004970 

Bearbeiter : R:R 

Quelle : 1 Hexcel 1mm 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel 1mm 1 
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Bildname : Bild_004972 

Bearbeiter : R:R 

Quelle : 1 Hexcel 1mm 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel 1mm 2 

 

Bildname : Bild_004974 

Bearbeiter : R:R 

Quelle : 1 Hexcel 1mm 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel 1mm 3 
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Bildname : Bild_004976 

Bearbeiter : R:R 

Quelle : 1 Hexcel 1mm 3 

Beschreibung:  

Aufnahme : 1.67*50 

Präparation :  

Präparat : 1 Hexcel 1mm 3 50x 

 

Bildname : Bild_004971 

Bearbeiter : R.R 

Quelle : 1 Hexcel 1mm 1 binal 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel 1mm 1 1.16% 
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Bildname : Bild_004973 

Bearbeiter : R:R 

Quelle : 1 Hexcel 1 mm 2 Binal 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel 1 mm 2 1.19% 

 

Bildname : Bild_004976 

Bearbeiter : R:R 

Quelle : 1 Hexcel 1mm 3 

Beschreibung:  

Aufnahme : 1.67*50 

Präparation :  

Präparat : 1 Hexcel 1mm 3 50x 
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Bildname : Bild_004977 

Bearbeiter : R:R 

Quelle : 1 Hexcel flat 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 1 Hexcel flat 

 

Bildname : Bild_004979 

Bearbeiter : R:R 

Quelle : 1 Hexcel flat 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel flat 1 
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Bildname : Bild_004981 

Bearbeiter : R:R 

Quelle : 1 Hexcel flat 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel flat 2 

 

Bildname : Bild_004983 

Bearbeiter : R:R 

Quelle : 1 Hexcel flat 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel flat 3 
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Bildname : Bild_004980 

Bearbeiter : R:R 

Quelle : 1 Hexcel flat 1 binal 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel flat 1 0.478 

 

Bildname : Bild_004982 

Bearbeiter : RR 

Quelle : 1 Hexcel flat 2 binal 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel flat 2 0.462% 
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Bildname : Bild_004984 

Bearbeiter : RR 

Quelle : 1 Hexcel flat 3 binal 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 1 Hexcel flat 3 0.511 
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Bildname : Bild_005076 

Bearbeiter : RR 

Quelle : 1H1 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 1H1 

 

Bildname : Bild_005077 

Bearbeiter : RR 

Quelle : 1HF 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 1HF 
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Bildname : Bild_005078 

Bearbeiter : RR 

Quelle : 1T1 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 1T1 

 

Bildname : Bild_005079 

Bearbeiter : RR 

Quelle : 1TF 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 1TF 
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Bildname : Bild_005003 

Bearbeiter : Robert Rudolf 

Quelle : 2 Toho 1mm  

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 2 Toho 1mm  

 

Bildname : Bild_005004 

Bearbeiter : Robert Rudolf 

Quelle : 2 Toho 1mm 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Toho 1mm 1 
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Bildname : Bild_005005 

Bearbeiter : Robert Rudolf 

Quelle : 2 Toho 1mm 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Toho 1mm 2 

 

Bildname : Bild_005007 

Bearbeiter : Robert Rudolf 

Quelle : 2 Toho 1mm 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Toho 1mm 3 
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Bildname : Bild_005008 

Bearbeiter : Robert Rudolf 

Quelle : 2 Toho flat 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 2 Toho flat  

 

Bildname : Bild_005009 

Bearbeiter : Robert Rudolf 

Quelle : 2 Toho flat 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Toho flat 1 
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Bildname : Bild_005010 

Bearbeiter : Robert Rudolf 

Quelle : 2 Toho flat 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Toho flat 2 

 

Bildname : Bild_005011 

Bearbeiter : Robert Rudolf 

Quelle : 2 Toho flat 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Toho flat 3 
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Bildname : Bild_005013 

Bearbeiter : Robert Rudolf 

Quelle : 2 Hexcel 1mm 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Hexcel 1mm 1 

 

Bildname : Bild_005012 

Bearbeiter : Robert Rudolf 

Quelle : 2 Hexcel 1mm  

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 2 Hexcel 1mm  
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Bildname : Bild_005014 

Bearbeiter : Robert Rudolf 

Quelle : 2 Hexcel 1mm 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Hexcel 1mm 2 

 

Bildname : Bild_005015 

Bearbeiter : Robert Rudolf 

Quelle : 2 Hexcel 1mm 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Hexcel 1mm 3 
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Bildname : Bild_005016 

Bearbeiter : Robert Rudolf 

Quelle : 2 Hexcel Flat 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 2 Hexcel flat 

 

Bildname : Bild_005017 

Bearbeiter : Robert Rudolf 

Quelle : 2 Hexcel Flat 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Hexcel flat 1 
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Bildname : Bild_005018 

Bearbeiter : Robert Rudolf 

Quelle : 2 Hexcel Flat 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Hexcel flat 2 

 

Bildname : Bild_005020 

Bearbeiter : Robert Rudolf 

Quelle : 2 Hexcel Flat 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 2 Hexcel flat 3 
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Bildname : Bild_005080 

Bearbeiter : RR 

Quelle : 2H1 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 2H1 

 

Bildname : Bild_005081 

Bearbeiter : RR 

Quelle : 2HF 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 2HF 
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Bildname : Bild_005082 

Bearbeiter : RR 

Quelle : 2T1 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 2T1 

 

Bildname : Bild_005083 

Bearbeiter : RR 

Quelle : 2TF 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 2TF 
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Bildname : Bild_004985 

Bearbeiter : Robert Rudolf 

Quelle : 3 Toho 1mm  

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 3 Toho 1mm  

 

Bildname : Bild_004986 

Bearbeiter : Robert Rudolf 

Quelle : 3 Toho 1mm 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Toho 1mm 1 
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Bildname : Bild_004987 

Bearbeiter : Robert Rudolf 

Quelle : 3 Toho 1mm 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Toho 1mm 2 

 

Bildname : Bild_004988 

Bearbeiter : Robert Rudolf 

Quelle : 3 Toho 1mm 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Toho 1mm 3 
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Bildname : Bild_004990 

Bearbeiter : Robert Rudolf 

Quelle : 3 Toho flat 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 3 Toho flat 

 

Bildname : Bild_004991 

Bearbeiter : Robert Rudolf 

Quelle : 3 Toho flat 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Toho flat 1 
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Bildname : Bild_004992 

Bearbeiter : Robert Rudolf 

Quelle : 3 Toho flat 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Toho flat 2 

 

Bildname : Bild_004993 

Bearbeiter : Robert Rudolf 

Quelle : 3 Toho flat 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Toho flat 3 
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Bildname : Bild_004994 

Bearbeiter : Robert Rudolf 

Quelle : 3 Hexcel 1mm  

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 3 Hexcel 1mm  

 

Bildname : Bild_004995 

Bearbeiter : Robert Rudolf 

Quelle : 3 Hexcel 1mm 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Hexcel 1mm 1 
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Bildname : Bild_004996 

Bearbeiter : Robert Rudolf 

Quelle : 3 Hexcel 1mm 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Hexcel 1mm 2 

 

Bildname : Bild_004997 

Bearbeiter : Robert Rudolf 

Quelle : 3 Hexcel 1mm 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Hexcel 1mm 3 
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Bildname : Bild_004999 

Bearbeiter : Robert Rudolf 

Quelle : 3 Hexcel flat 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 3 Hexcel flat 

 

Bildname : Bild_005000 

Bearbeiter : Robert Rudolf 

Quelle : 3 Hexcel flat 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Hexcel flat 1 
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Bildname : Bild_005001 

Bearbeiter : Robert Rudolf 

Quelle : 3 Hexcel flat 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Hexcel flat 2 

 

Bildname : Bild_005002 

Bearbeiter : Robert Rudolf 

Quelle : 3 Hexcel flat 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 3 Hexcel flat 3 
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Bildname : Bild_005084 

Bearbeiter : RR 

Quelle : 3H1 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 3H1 
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Bildname : Bild_005086 

Bearbeiter : RR 

Quelle : 3T1 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 3T1 

 

Bildname : Bild_005087 

Bearbeiter : RR 

Quelle : 3TF 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 3TF 
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Bildname : Bild_005022 

Bearbeiter : Robert Rudolf 

Quelle : 4 Toho 1mm  

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 4 Toho 1mm  

 

Bildname : Bild_005024 

Bearbeiter : Robert Rudolf 

Quelle : 4 Toho 1mm 1x 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Toho 1mm 1x 
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Bildname : Bild_005025 

Bearbeiter : Robert Rudolf 

Quelle : 4 Toho 1mm 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Toho 1mm 2 

 

Bildname : Bild_005026 

Bearbeiter : Robert Rudolf 

Quelle : 4 Toho 1mm 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Toho 1mm 3 
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Bildname : Bild_005028 

Bearbeiter : Robert Rudolf 

Quelle : 4 Toho flat 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Toho flat 1 
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Bildname : Bild_005029 

Bearbeiter : Robert Rudolf 

Quelle : 4 Toho flat 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Toho flat 2 

 

Bildname : Bild_005030 

Bearbeiter : Robert Rudolf 

Quelle : 4 Toho flat 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Toho flat 3 
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Bildname : Bild_005031 

Bearbeiter : Robert Rudolf 

Quelle : 4 Hexcel 1mm 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 4 Hexcel 1mm 

 

Bildname : Bild_005032 

Bearbeiter : Robert Rudolf 

Quelle : 4 Hexcel 1mm 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Hexcel 1mm 1 
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Bildname : Bild_005033 

Bearbeiter : Robert Rudolf 

Quelle : 4 Hexcel 1mm 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Hexcel 1mm 2 

 

Bildname : Bild_005034 

Bearbeiter : Robert Rudolf 

Quelle : 4 Hexcel 1mm 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Hexcel 1mm 3 
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Bildname : Bild_005035 

Bearbeiter : Robert Rudolf 

Quelle : 4 Hexcel flat 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 4 Hexcel flat 

 

Bildname : Bild_005036 

Bearbeiter : Robert Rudolf 

Quelle : 4 Hexcel flat 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Hexcel flat 1 
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Bildname : Bild_005037 

Bearbeiter : Robert Rudolf 

Quelle : 4 Hexcel flat 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Hexcel flat 2 

 

Bildname : Bild_005039 

Bearbeiter : Robert Rudolf 

Quelle : 4 Hexcel flat 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 4 Hexcel flat 3 
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Bildname : Bild_005088 

Bearbeiter : RR 

Quelle : 4H1 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 4H1 

 

Bildname : Bild_005089 

Bearbeiter : RR 

Quelle : 4Hf 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 4HF 
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Bildname : Bild_005090 

Bearbeiter : RR 

Quelle : 4T1 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 4T1 

 

Bildname : Bild_005091 

Bearbeiter : RR 

Quelle : 4TF 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 4TF 
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Bildname : Bild_005058 

Bearbeiter : Robert Rudolf 

Quelle : 5 Toho 1mm 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 5 Toho 1mm 1 
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Bildname : Bild_005059 

Bearbeiter : Robert Rudolf 

Quelle : 5 Toho 1mm 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 5 Toho 1mm 2 

 

Bildname : Bild_005060 

Bearbeiter : Robert Rudolf 

Quelle : 5 Toho 1mm 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 5 Toho 1mm 3 
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Bildname : Bild_005061 

Bearbeiter : Robert Rudolf 

Quelle : 5 Toho flat 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 5 Toho flat 

 

Bildname : Bild_005062 

Bearbeiter :  RR 

Quelle : 5 Toho flat 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 5 Toho flat 1 

 



11. Appendices 

 

  129 

 

 

 

 

 

 

 

 

 

 

Bildname : Bild_005063 

Bearbeiter :  RR 

Quelle : 5 Toho flat 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 5 Toho flat 2 

 

Bildname : Bild_005064 

Bearbeiter :  RR 

Quelle : 5 Toho flat 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 5 Toho flat 3 
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Bildname : Bild_005065 

Bearbeiter :  RR 

Quelle : 5 Hexcel 1mm 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 5 Hexcel 1mm 

 

Bildname : Bild_005066 

Bearbeiter :  RR 

Quelle : 5 Hexcel 1mm 1 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 5 Hexcel 1mm 1 
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Bildname : Bild_005067 

Bearbeiter :  RR 

Quelle : 5 Hexcel 1mm 2 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 5 Hexcel 1mm 2 

 

Bildname : Bild_005068 

Bearbeiter :  RR 

Quelle : 5 Hexcel 1mm 3 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 5 Hexcel 1mm 3 
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Bildname : Bild_005069 

Bearbeiter :  RR 

Quelle : 5 Hexcel flat 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 5 Hexcel flat 

 

Bildname : Bild_005070 

Bearbeiter :  RR 

Quelle : 5 Hexcel flat 1 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 5 Hexcel flat 1 
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Bildname : Bild_005071 

Bearbeiter :  RR 

Quelle : 5 Hexcel flat 2 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 5 Hexcel flat 2 

 

Bildname : Bild_005072 

Bearbeiter :  RR 

Quelle : 5 Hexcel flat 3 

Beschreibung:  

Aufnahme : 1.67*10 

Präparation :  

Präparat : 5 Hexcel flat 3 
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Bildname : Bild_005092 

Bearbeiter : RR 

Quelle : 5H1 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 5H1 

 

Bildname : Bild_005093 

Bearbeiter : RR 

Quelle : 5HF 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 5HF 
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Bildname : Bild_005094 

Bearbeiter : Robert Rudolf 

Quelle : 5 Toho flat 

Beschreibung:  

Aufnahme : 1.67*2.5 

Präparation :  

Präparat : 5 Toho flat 

 

Bildname : Bild_005075 

Bearbeiter : RR 

Quelle : 5tf 

Beschreibung:  

Aufnahme :  

Präparation :  

Präparat : 5tf 
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Bildname : Bild_005073 

Bearbeiter :  RR 

Quelle : holz 5tf 

Beschreibung:  

Aufnahme : 1.67*50 

Präparation :  

Präparat : holz 5tf 

 

Bildname : Bild_005074 

Bearbeiter :  RR 

Quelle : holz 5tf 

Beschreibung:  

Aufnahme : 1.67*50 

Präparation :  

Präparat : holz 5tf 
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Appendix H 
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Appendix I (Source: Cardona et al., 2001) 
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Appendix J 
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Appendix K 
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Appendix L 

Toho Tenax 
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