Abstract

This work was carried out in collaboration and sapgrom Huber+Suhner AG,
Fehraltorf, Switzerland.

An attempt was made to manufacture and charaetensuvell composite
material. The material is based on continuous cafiboe reinforcement, bonded by
a fluoropolymeric (PFA) matrix. In order to wet thiere with the matrix an aqueous
dispersion was used. To consolidate the matehajtatemperature press at 340 °C
was applied. The quality of the manufactured spensnwas confirmed using optical
microscopy. Generally, the carbon fibre / PFA cosifgowas of high quality, with
low void content. But the pressure and dwell tipppleed had an influence on the
fibre distribution. Mechanical tests reviled thiagite was little difference between
different fibre sizing. The theoretical Young's nubas calculated by the rule of
mixtures was not obtained. Also the failure straas very low, indicating that

failure originated at the interface in the interiaar region.

In the thermal analysis no distinctive glass titésms temperature could be
distinguished. Dynamic mechanical analysis revdestcondary phase transition at
90 °C. Furthermore it showed that the elastic miadiedreases linearly with
increasing temperature. Thermographimetric analyas used to determine the fibre
volume fraction, which was directly correlated he pressure applied during

manufacturing.

During this project it has been shown that itasgible to produce an aligned
continuous carbon fibre / PFA matrix composite ighhquality and fibre volume
fraction. But it's characteristics are determingdantiadhesive property of the PFA.

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

1. Introduction

1.1 Background

Composite materials have been applied in a vapétiyelds and industries.

Due to it's properties, such as low weight, robas#) high strength composites have
become the material of choice in the aeronautiausig, high end automobile
industries and for use in various sporting gooday(@nd Hoa, 2007). Composite
materials have several possible applications irchienical industry, including pump
housings, tubing, fittings, controls, tanks, ornvea. Such that their full potential may
be realised, it is crucial they can withstand hygHuctuating temperatures and
pressures in addition to providing exceptional citainresistance (Wang, 2006;
Drobny, 2009; Nesbitt, 2006). Traditionally mainilgermosets, such as epoxies,
polyester, phenolic, and vinyl ester resins havenbesed as matrix materials for
advanced composites. This is because they are wasyrocess, show high
mechanical properties, and manufacturing tempegaisironly slightly above the
maximum use temperature. Furthermore, thermosegbhgners usually show good
adhesion between reinforcement and resin (Sumniess@007). Bonding is crucial
for the performance of fibre-reinforced compositesrder to transfer load and stress
from the matrix to the fibres. If a fibre to matin¢eraction is weak, it will result first
of all in environmental load susceptibility like tea intake, and/or in poor
mechanical composite properties (Potter, 1999).08dgfibre to matrix interface is
made possible by adhesion and/or compatibility. d_aeansfer is achieved by
mechanical means such as interlocking and/or clanfionding (Isaac and Ori,
2006; Astrom, 1997). Rychwalski (2009) further mené¢d molecular entanglement
following interfusion, electrostatic attraction,daattraction between anionic groups
at the end of the molecules and cationic surfasesvays of forming interfacial
bonds. However, due to their limited chemicalstsice and rather brittle properties
they are unsuitable for application in both therotval and the oil and gas industries
(Kruijer et al., 2005). When chemical resistance wequired in addition to strength
and toughness, thermoplastic in-liner materialsehasen applied to fibre reinforced

thermoset casing materials. The sole use of in-Imaterials (mainly PTFE and
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PFA) without reinforcements was found insufficiesis, the mechanical properties of
these materials showed a vast decrease when exjooskedated temperatures.

1.2 Literature Review

In recent years thermoplastic materials have beagtg which could be used
as matrix materials for carbon fibre reinforced sgitzs. The most mentioned
materials emerging form this research are the lpgiHormance fibre reinforced
thermoplastic composites. These are fibre-reinfbiderivates from polyetherketone
known as PEK, PEEK, or most recently PEKK. Theséenas show the benefits of
thermosetting composites, light weight and excellerechanical properties, yet
additionally show improved chemical and thermalstesice (Mitschang et al., 2003;
Fujihara et al., 2004). The drawbacks of usingehmatrix materials are their rather
large costs and difficulty in processing. In thewrk, Fujihara et al. (2004) mention
five possible fabrication methods of continuougdilthermoplastic composites. He
was also attempting a sixth manufacturing methasetbaon PEEK. The quality of

this method is determined by testing the resultmeghanical properties.
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Figure 1(Fluorocarbon (PTFE)) Source: www.pslc.ws/macrafg/itm

Fluorine containing polymers in their simplest forare polymers of
hydrocarbons in which all or some hydrogen atomseHhzeen replaced by fluorine
atoms. One group of fluorocarbon polymers are perihated fluorocarbon
polymers. These have a main chain consisting dfocaand fluorine onlyKig. 1).
Known members of this group are PTFE, FEP and P&&cording to Drobny
(2001), fluoropolymers offer outstanding chemicabather and UV resistance, and
high service temperature in addition to a low deefht of friction. Even un-
reinforced they exhibit good mechanical propertigken compared to other
polymers. These properties are due to presenckiairfe to carbon bonds, which
are stronger than hydrogen to carbon bonds. Thgmmolchains arrange themselves

into a spiral due to the size of fluorine atom. ISacchemical structure allows the

2



1.Introduction

fluorine atoms to protect the carbon-to-carbon benwdpped within it (Toyoko,
2003). The best-known fluoropolymer is polytetrafloethylene (PTFE). Most of its
properties have been established (Cardona et @01)2 Nevertheless it has the
disadvantage of not being meltable, plasticallyrfable and generally difficult to
process in its raw state (Karlovitz, 1995). Cardenal. (2001) states that PTFE has
a high melting temperature and an extremely higlt miscosity (16°- 10'* Pa s).
As a consequense the processing of PTFE requikeseeld techniques. This led to
the development of fluoropolymers that may be pssed by melting, which exhibit
similar properties to PTFE. The one most commosiduin the chemical industry is
tetrafluoroethylene-perfluoroalkoxyvinylether-copwoler (PFA) (Drobny, 2009). In
the polymer handbook (Brandrup et al., 1999) PFAlesined as perfluoralkoxy
resin, copolymer of tetrafluorethylene and perfinated alkoxyl vinyl ethers. Other
than its thermoplastic properties, the advantage®F@ over PTFE in processing,
include a higher stability under load at temperduup to 260°C and a generally
higher pressure resistance and Young's moduluscf@ae 1989). Another benefit
of PFA, which can be beneficial for its applicationthis project, is its hot-melt
adhesive properties (Karlovitz, 1995). The aforetioered beneficial properties of
PFA result from the substitution of 5% of perflu@cxylvinylether with a fluorine
atom Fig. 2). These benefits are a trade-off for a lower makiservice temperature
and lower dimensional stability under heat. AlthlougFA was first synthesized in
the mid 1970s (Cardona et al., 2001), some ofhigsnhal properties are yet to be
recorded and studies are scarce. In addition manu&s of this material do not
readily supply the properties for all their produdBenerally, Bismarck et al. (2008)
based on Park (2003), mention that fluoropolymees extremely hydrophobic in
nature and that good adhesion to reinforcing fibwsto any filler material, is

difficult to achieve.
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Figure 2 (Chemical structure of PFA) Source: http://imadmsaluteastronomy.com
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Findings published by Bismarck at al. (2008) caditthose by Morgan
(2005). Oxidative surface treatment by providinggsifor chemical interaction and
mechanical interlocking did not improve the intéi@t between the reinforcing
fibres and the matrix as assumed by Morgan (2@€bje pullout tests performed by
Bismarck et al. (2008) did not yield higher inteitd shear strength for fibres
oxidized to a higher level, but did show a decraadaterfacial shear strength. This
property was used as a measurement of the adhbsitween the fibre and the
matrix. The findings were supported by the obséowathat the contact angle of the

wetting agent to the surface did not change whero#tidation level was changed.

In studies based on their work performed in 199igmarck et al. (2007,
2007, 2008) investigated the suitability of flua@ied carbon fibres as reinforcement
for fluoropolymers, particularly poly (vinylidendubride) (PVDF). The contact
angles of PVDF melt droplets on fluorinated carldtowes were measured and
accordingly single fibre pullout tests were perfedn It was observed that the
contact angle decreased simultaneously as thdaoi®r shear strength increased as
the surface fluorine content of the F/C ratio wasréased. Surprisingly, this effect
reversed to values lower than the starting valuerwthe F/C ratio surpassed a
certain point Fig. 3). It was concluded that there is an influenceh# tlegree of
fluorination of carbon fibres on the interactiontiag fibre/fluoropolymer interface.
The practical adhesion strength between fluorinatedrbon fibres and
fluoropolymers was found to be at an optimum whwa riatio between matrix and

fibre fluorine content was 9:1.
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Figure 3 (Influence of F/C ratio on ILSS) Source: Bismartkle2007
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The manner in which chlorine influences the perfamce is still to be
understood. All previously mentioned tests were dcated on single fibres.
Fluorination of entire filaments or even weaves dmahinates has not yet been
attempted. For commercial applications, fluorinataf single fibres is not feasible
and different approaches need to be assessed. gkoaah to fabricate carbon fibre
reinforced fluoropolymer composites was used byi@ahet al. (2001). It was
demonstrated how PTFE could be used to manufadummposite, using an
aqueous dispersion for wetting the fibres and atten beam cross linking
treatment to connect the molecular chains of thgnper. The resulting composite
showed increased one ply sheet properties comparedn-reinforced PTFE. Multi
sheet laminates however, showed properties sintdamon-crosslinked PTFE
composites. These findings lead to the assumptianthe electron beam was unable
to penetrate the polymer entirely. The idea to aseaqueous fluoropolymere
dispersion to impregnate reinforcing material wasally introduced by Logothetis
(1993). His research was carried out at DuPond. éomplicated process reinforcing
fibres were clumped together to a randomly oriemtathopped strand mat. The
resultant specimens had a rather low fibre voluroetent and the void content
obtained was not mentioned. Further informationualios research were not to be

found, but would have been interesting for comperisurposes.

In the aforementioned studies, either only therfatgal shear strength at
single fibres was determined, or the research curated on PTFE reinforced with
one kind of fibre. However, PTFE has no functiogiaups that could be used for an
interaction with any matrix material - PFA has @i, which can potentially have
the ability for such an interaction. Consequentigearch in this direction could be
of more interest. Whilst the characterisation ofy& fibres is necessary, a method to

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

1.3 Aims

The aim of this project is to develop a viable noettho produce a composite
material of aligned continuous carbon fibres emleddih a PFA matrix. The
resulting composite produced will have its thernasd mechanical properties

determined.







2. Materials and Manufacturing

2. Materials and Manufacturing

2.1 Materials

Hextow AS4 carbon fibreAppendix A supplied by Hexcel (Parla, Spain),
and Tenax — E HTS40 X011 12K carbon fib&ppendix B, supplied by Toho
Tenax (Wuppertal, Germany), were used as reinfoecémmaterials. Both are PAN-
based carbon fibres. Hextow AS4 was a commerciaiailable un-sized,
industrially oxidised carbon fibre. Tenax — E HTS4011 is not yet commercially
available but still under development. The sizingrently remains confidential and
consequently is denoted by X in its product nammwéler, the company reported it
to be thermoplastic sizing suitable for the appiea with high temperature

thermoplastics.

PFA (Dyneon PFA 6900GZ) in form of an aqueous fhileermoplast
dispersion was kindly supplied by Dyneon 3M (Burgken, GermanyjAppendix
C). Dyneon PFA 6900GZ is a 50 wt% solid fluoroplastispersion. PFA is a melt-
processible copolymer of tetrafluorethylene andlperinated co-monomers, with a
melt viscosity several times lower than that of ETF

2.2 Manufacturing

Test specimens were manufactured from dry Carbeimge (ig. 4) and an
aqueous PFA dispersioRig. 5) by filament winding the fibres on a rectangularec
followed by high temperature compression to consié the thermoplastic matrix
material. To obtain a specified thickness a gromas machined into the core
limiting the amount of compression. The core haehgth of 130 mm; a thickness of
170 mm; and a depth of 25 mm, enabling severalsigstimens to be obtained per
winding and pressing process.
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Figure 4 (Carbon fibre rovings used: Hexcel (left) Toho @eifright))

Individual rovings spread to 4 mm (Hextow AS4) ah8 mm (Tenax — E
HTS40 X011 12K) when being wound on the mandrek. I8yers of roving were
needed to reach a thickness larger than 1 mm. ®tieethigh temperature required
for the process, and the abundance of a suitablentiplastic sizing agent, the first
mentioned fibres were without sizing. Second fibregse with a new sizing agent,
developed for high temperature thermoplastic appbas. All fibre and dispersion
property data were given by the manufacturer. T$®umption was made that no
‘wet out’ occurred and the fibres were able toiretdl added PFA dispersion.

Figure 5 (PFA dispersion)

The steel core was wrapped with Thermalimitiean ultra high temperature

antiadhesive bagging filmF{g. 6) (Appendix D. This prevented any oxidative

8



2. Materials and Manufacturing

contamination of the specimens and ensured theioval. In addition the bagging
film protected against corrosion of the core. Famthore the core was treated with
the release agent Mold Wiz F-57 NC. The roll ofsldibres was put into the
filament-winding machine. The dry fibre roving wied from the roll to the tool
without passing through a dispersion-containindnb@he tension of the rovings was
kept as small as possible to obtain a higher degfreeetting and to ensure that the
dispersion is not pushed out from the inner layerse the other layers are laid on -
thus keeping the inner layers dry. The filamentsemweound on with a 0.5 mm
overlap ensuring that the core was completely aa/ézaving no gap - this ensured
the production of uniformly consistent specimense Tilament winding was carried
out on a CNC winding machine (Baer, Germany, S/INBA&No. 1), which ensured

all rovings were placed on the prepared tooling neplicable wayKig. 6).

e r —

—

Figure 6 (Primed Tooling ready for filament winding)

The exact amount of dispersion was decanted usiMgtdler PM 34 Delta
range medium precision scale (S/N J28086) andiaggr The dispersion decanted
accounted for the amount of matrix required peretatp obtain a fibre volume
fraction of 40%. It would therefore not be possitdeobtain specimens with a fibre
volume fraction of less than 40%. Once a layer wasnd on, the winding machine
was stopped and the dispersion was applied to mhdilites using a short bristled
brush Fig. 7). All the decanted dispersion had to be used ggrl Care had to be
taken to ensure that the dispersion was distribatpdhlly over the entire layer and

no dry spots remained. This procedure was repdatedvery layer. On the core,
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each of the two fibres was used. Therefore, foatesl manufactured under exactly
the same conditions in one run. Hand, eye and fuagection were worn throughout
the entire manufacturing process to prevent anyacoimation of the specimens,
avoid any human contact with hazardous materiaid, ta comply with required

safety and COSHH procedures.

Figure 7 (Wetting of the fibres using a brush)

Following winding, the core was placed in an ov8mnder APT. line FD
(E2), S/IN 08-47682). The temperature was continyausreased to 105 °C and
kept constant for 30 min to ensure all aqueousspaft the dispersions had
evaporated. To remove any other solvents, the teahpe was further increased
steadily to 290 °C, and kept at this temperatureBbmin. Following this, the core
was cooled to room temperature such that it mapdmelled and transported. The

appearance of the fibres after the drying of tlspelision can be seenkhiy. 8.
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2. Materials and Manufacturing

Figure 8 (Impregnated rovings after drying of dispersion)

To ensure good consolidation and to melt the PFaighes together, high
temperature and pressure were required. A Font{jdelland, TP 400, S/N
00026.566 — 12.92/TPB 289) two-plate press was (lSedfurther details about the
press sedppendix & (Fig. 9). The pressing temperature was performed at 340 °C
the nominal process temperature of PFA accordinthéomanufacturer datasheet
(Appendix ¢. Once the tooling had reached 340 °C the presscalased and the
plates compressed with a defined pressure foriaetedmount of time. To allow for
a reasonably slow cooling, no cooling system wasl wshen the tooling was cooled
to room temperaturdzigure 10shows the plates still on the tooling just aftaving
undergone the high temperature/cooling process. ddmesolidated plates were
removed from the tooling. For the removal of thendwng, the part was cut along
small sides of the tool. The Thermalimitfefoil facilitated the removal. As the
produced material was U-shaped, the vertical erete wut off using a stencil-knife
in order to process the material further. The olgdiplates were then cut to the size
required for the testing of the specimens needeaxthénacterise the material. For the
cutting of the test-specimens a Bossard (Switzdjlahamond disc saw with an
integrated measuring scale was used. To remov@ateytial spurs or irregularities,
the specimens were treated with P800 grit sizesgpet and the cleaning was done

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

kL 4

Figure 10 (Plates after consolidation in the Press)
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3. Carbon Fibre Surface Characterisation of asiredd-ibres

3. Carbon Fibre Surface Characterisation of as-reaeed Fibres

This chapter is a short summary of the importantehe fibre surface for the
strength of a composite and is based upon thenr#ton provided by Rychwalski
(pers. communication, spring 2009). In a compogitre is a large interface area.
This implies that the reinforcement matrix interactis of immense importance.
Rychwalski further went on to explain that a fila@hieves it's restraining ability on
the matrix entirely via the fibre matrix interfac&he chemical fibre surface
composition determines the contact angle betwedigued (matrix) and a solid
(reinforcement) and therefore, is important for gteength of the bonding between
the two. Different interfacial bonds were also expéd. The bonding can be
enhanced by surface treatment. Sizings are ofted as coupling agents. They can
be used to establish a chemical link between reiefoent and the matrix
particularly in thermosets. However, this mechanmay also take place, or increase
the surface tension, in thermoplastics, which ldads more integrated composite of
higher quality. If good wetting has occurred suefacughness can contribute to the
strength of the interface.

3.1 XPS

The fibre surfaces were characterised by X-ray gdlettron spectroscopy
(XPS, SPECTRA, Phoibos 150 MCD-9, S/N 030-05.05ElAW, Winterthur,
Switzerland) Fig. 11) to determine the composition of the surface andsible
functionalisation of the fibres (Toho Tenax).

Figure 11 (XPS machine)

13



Improving Polymer Matrix Separating Cans: Developtrend Characterisarion of a Carbon Fibre/PFA Ma@omposite

Previous to the experiment, the fibres were plaseder vacuum at 80 °C
ensuring the used fibres were completely dry. Ttaioba measurable sample, the
fibores were chopped with cleaned scissors to ptewgy contamination. The
chopped fibres were placed in a Petri dish and cessed in order to obtain a
relatively solid sample, preventing any surroundiode measured accidentally. A
high-resolution scan was performed for each filmm@e. In addition a previous
survey scans from 100 eV to 1000 eV were carriedtoudetermine detectable
elements. As an excitation source Al 202 W (1488/, a slit width of 2 x 6 mm
and a take off angle of 45° were applied. The vatwbtained was always higher
than 5 x 10 MPa. For all the tests the X-ray photoelectron spet was referenced
to the C 1s peak of carbon (284.5 eV). Data pracgsand analysis was performed

using the CasaXPS software.

3.2 Surface Composition of the Carbon Fibre

To some extent carbon fibre surface chemistry arfaes the properties of the
composite material either improving or reducing thierfacial adhesion between
reinforcement and matrix by providing sites foremaction. XPS is a method to
identify the composition of the carbon fibre sudan addition to determine possible
functional groups generated by surface treatm&able 1 shows the chemical

composition of the surface of the different carlfibres.

Table | (Chemical surface composition of fibres)

Fibre

diameter C 1s O 1s N 1s

(mm) (at.%) | (at.%) (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 fibfeid. 12) showed an increase in the
values for carbon and nitrogen content whilst tkggen content is severely reduced
compared to the Tenax — E HTS40 fibireg( 13).
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Figure 13 (XPS of Toho Tenax HTS40 Fibre)

The nitrogen residues on the fibres can be atethtn PAN precursors. The
fluorine peaks in the XPS spectra are atypicattierfibres and can be assumed to be
contaminations originating from the production e$tt specimens when the rolls of
fibres were stored in close proximity to the flu@ibeing handled. According to
Hexcel the AS4 fibre had a surface treated witletedehemical oxidation. When the
peaks of the major elements were examined therspeicthe AS4 fibre showed nice
peaks without any distinctive shoulders. The C éakpof the Tenax — E HTS40
showed a clear shouldeFi¢g. 14). The deconvolution of this peak in the high-
resolution spectra provided information about theenoical environment of this
element on the surface. However, as the bindingge® of relating to carbon —
nitrogen and carbon — oxygen coincideppendix B a distinct allocation of the

chemical environment is made impossible due tosthelarities between carbon —
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oxygen and carbon — nitrogen bonds (Biniak et. H097). When this peak is
compared to the figures presented by Biniak et(H97) the shoulder can be
allocated to the binding energies of C—OH, C-O—-eNCThe main peak ifig. 14
can clearly be allocated to graphitic carbon at=BEB84.6 — 285.1 eV.
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Figure 14 (C1s peak of Toho Tenax HST40 fibre)

According to Biniak et al. (1997) the carbon bedw BE = 286.3 — 287.0 eV
is present in the form of alcohol or ether groupsO and C-N binding energies
were barely present as the binding energy is vadiglining after the shoulder
dropped at 286.4 eV. All other peaks did not skayw shoulder but nice pointy
peaks at 400.4 eV. At this position the bindingrggeof C—N is located. The O 1s
peak is located at 530 eV. However, the peak ptasghe Tenax fibre spectra was
slightly higher and close to 532.6 eV. This is phasition where C—-OH, C-O-C,
C=0 have their binding energy located (Paynter520Brom this it could be derived
that the chemical environment on the surface offdneax — E HTS40 fibre consists
of graphitic carbon, C—OH, C-O—-C as well as somNl.(G\s the distinctive shoulder
at the C 1s peak was missing in XPS spectra ofHtadow AS4 fibre, it has to be
assumed that the chemical groups on the surface mamly C-N and C=0. That
could be confirmed, as there was a shoulder lowndowand further away from the
main graphitic carbon peak. Froaig. 14 it could be assumed that the apex of the
shoulder was at 288 eV, the binding energy of CEere might also have been
some CNO present, but this could not be confirmeedrgy further dispartment of the
obtained spectra was not possible with the ressuagailable. The small peaks in
the spectra immediately following the larger peaiksginate from the non-
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3. Carbon Fibre Surface Characterisation of asiredd-ibres

monochromativity of the X-ray spectroscope usedaack created by satellite lines
in the X-ray spectrum (Paynter, 2005).

3.3 Scanning Electron Microscopy

To determine the topography of the fibre surfagesta confirm the nominal
fibre diameters given in the data sheet providedheysupplier, Scanning Electron
Microscopy (SEM, Zeiss, Supra 55VP SEM, PSI, Vdlg Switzerland) was applied
(Fig. 15 with SmartSEM® control software. As it was of wtsh importance that the
fibres were completely dry, the samples were plagesl vacuum chamber at 80 °C
for 180 min. Prior to the experiment a small amauinfibres were placed under the
microscope to confirm that the conductivity of filres was sufficient and thus gold
sputtering of the samples to provide the samplé winductivity was unnecessary.
Following the confirmation sample fibre strands &vattached securely to the testing
tray enduring no loose fibre could interrupt thetiteg by touching the electron
source or damage the machinery in any other wayth&se was no danger of
damaging the samples, as high as possible vacusnapydied during testing so high
quality images could be expected. The acceleratodtage was set to 3.00 kV. The
testing always followed the same procedure. Firgémeral overview of the sample
at relatively small magnification was taken. Poedrdreas of interest were localised
and magnified. Desired micrographs were taken atigwthe surface to be

investigated and analysed.

Figure 15 (Zeiss, Supra 55VP SEMjurce: www.zeiss.de
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3.4 Optical Analysis of the Fibre Surface Topograph

As mentioned before, mechanical interlocking is emechanism providing
interfacial strength. It is generally acknowledg@&ismarck et al., 2007) that the
higher the amount of irregularities the higher plossibility mechanical adhesion can
take place. These irregularities can originate ftbe manufacturing process of the
fibore or any surface treatment that might haveofe#d. Bismarck et al. (2007)
mentioned that the higher the amount of oxidattbe, higher the amount of surface
irregularities Therefore, it could have been expected the inteffatrength would
increase accordingly. However, Bismarck et al. {JO@tiated this assumption by
showing that the strength decreases with an inicr@asnount of oxidationEigure

16 andFig. 17respectively show the overview of the fibres usadliis study.

Mag— 292 X EHT = 3.00 KV Signal A= InLen
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Figure 16 (SEM overview of Hextow AS4 fibres)
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3. Carbon Fibre Surface Characterisation of asiredd-ibres

Figure 17 (SEM overview of Toho Tenax HTS40 fibres)

No difference between the two fibres could be okestrin the overview images of
similar magnification %¥300x). The obvious difference in orientation couéd
attributed to the areas chosen and could be negdleéit higher magnification it
could be observed that the fibre texture showedesohvious differences between

the two fibresfig. 18 and Fig. 1R

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 &N fibres, due to the haphazard
folding of the fibre sheets making up the carbdnefi(Xiaosong, 2009). However, in
the Toho fibre these lamellas were much more prentithan could be observed in
the Hexcel fibre. Also, whilst in the Hexcel fibréee lamellas were discontinuous in
a random pattern, the lamellas of the Toho fibreewaore continuous in what seems
to be a repeating pattern. On the surface of tHeoTibres small particles could be
distinguished. As these particles seemed to bgualaeoccurrence, it was assumed
that they belonged to the fibres rather than bemrgaminates. Particles of this kind
were also seen on the Hexcel fibre but with muds legularity. Considering the
difference in chemical surface composition discdsse previous chapter these
particles could be responsible for the higher oxiygentent found on the Toho fibre.
Measuring the diameter of the fibres under the SE&aled that the Toho fibre was
corresponding to the nominal fibre diameter givennbanufacturer. The Hexcel
fibres however, showed a larger diameter than seghdgly the manufacturer. The
fibre diameter has an influence on the interfaceaaConsidering that the fibre
matrix interface is the weakest part of a compositesulted in more area and

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

Optical Microscopy

The purpose of carrying oanh analysis of the composite cross section was to
investigate the quality of the composites. Propsrthat could be investigated with
this method were concerning the homogeneity offilbie packing of the material
and potential defects. Those included voids, miaks, and adhesion of the layers,
in addition to resin rich areas and dry spots.

4.1 Sample Preparation

From each manufactured plat€hapter 2.2 a sample was cut using the
Bossard AG diamond disc saw. The samples had thergiion of 15 mm x 20 mm.
The samples were placed with the fibres in theicedrtlirection in clips to keep them
upright. Four samples were kept in position by ecigh The clips were then placed

in silicon moulds ig. 20).

Figure 20 (Samples in clips and silicon moulds)

Resin (Araldit D/ curing agent) was poured into theuld to enclose the samples.
The filled moulds were placed in a vacuum ovenoahr temperature at 125 mbar
for 10 min. Following this, the oven was aired dhe resin was cured for 12 hours
before the cured resin blocks were demoulded. Taila level and smooth surface
without scratches, the samples were placed in @llieg machine (Struers,

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

(Pedemax-2) sand and polishing machine. Water wsexl tlas a cooling and
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lubrication agent. Starting with coarse sandpapergrain-size was reduced until no
more scratches were visible on the surface of dingptes. The resulting samples can

be seen irfFig. 21.

Figure 21 (Prepared sample for optical analysis)

4.2 Experimental Procedure

For the analysis an optical light microscope (OlusBH-2) was used in
conjunction with a Leica microscope camera. The gesawere analysed with
DFC320R2 image processing software with an integraiolour recognition tool.
This tool was applied to determine the void perageatat the cross-sections of the
samples. From each sample an overview at 100x iinzagion was taken. Based on
the overview three images were taken at a maghdicaf 500x. The images were
taken at the left, in the middle and at the righth@ sample. The images were used
to determine the void content via image procesdiugthermore, measurements to

confirm the thickness of the samples were undentake

4.3 Results and Discussion

From the results presented ifable 2 it can be seen that the plates,
independent of the manufacturing parameters, shoxeeg low void content. The

entire results and the micrographs can be fourppendix G
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Table 1l (Void content of samples)

Average Average
Sample (%) Sample (%)

1 Toho 1Imm 0.242 1 Toho flat 0.147
1 Hexcel Imm  1.297 1 Hexcel flat 0.484
3 Toho 1mm 0.404 3 Toho flat 0.179
3 Hexcel Imm  0.344 3 Hexcel flat 0.483
2 Toho 1mm 0.144 2 Toho flat 0.150
2 Hexcel Imm  0.097 2 Hexcel flat 0.170
4 Toho 1mm 0.111 4 Toho flat 0.100
4 Hexcel Imm  0.097 4 Hexcel flat 0.046
5 Toho 1mm 0.077 5 Toho flat 0.084
5 Hexcel Imm  0.068 5 Hexcel flat 0.080

The analysis of the cross section areas of theplesmyielded some
interesting observations. Based on the resultsepted inTable 2it can be stated
that the void content of the material after thetbéaressing process was very low.
The averages range between 0.046% and 1.297%dkFan@ed composite material,
depending on the manufacturing process, a voidecorf 1% is generally accepted
(Summerscales, 2007). With increasing pressureiaci@asing time the samples
were held at processing temperature, the averagkecemtent was reduced. In the
samples of the first batch a direct correlationmeein the kind of fibre used and the
void content could be assumed as both Hexcel sand a void content nearly
four times as high as the corresponding Toho san@ue reason might have been
that the Toho fibre absorbed the dispersion béi@n the Hexcel one, on which it
was required to force the dispersion into it inesrtb wet it out. Also, the overall
average void content of batch 1 was higher thanother batches. Reasons must
have included the amount of pressure applied aedtithe exposed to elevated
temperature. It was safe to assume that beforprééssing process was commenced,
the amount and the distribution of the dry dispmrsivere similar. The higher the
pressure applied the closer the PFA particles wetee. Therefore, there was less
chance for any air being entrapped in the matevillen the melting temperature
was reached at nominally 310 °C and increaseddutththe processing temperature
(340 °C) the pressure was kept constant. During pinocess the molten polymer
being forced into the cavities filled any voidslistixisting. The entrapped air was
pressed to the sides. The longer the polymer reedama molten state the longer the
time for cavities being filled and air removed.
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When inspecting the micrographs further differeancéetween the
Hexcel/PFA composites and the Toho/PFA compostefdde observed.

T
Figure 22 (Overview 2 Hexcel flat) Figure 280verview 4 Toho 1mm)

In all the Hexcel plates independent of pressurd dwell time at high
temperature the individual layers and rovings cocliglarly be distinguished by
prominent resin rich lined={g. 22). These lines could also be observed in the Toho
samples, but were much less frequent and less peomifFig. 23). Another
observation made on several samples was a differentibre packing through the

cross sectionHig. 24).

Figure 24 (Overview cross section 3 Toho flat)

In Fig. 24 the lower side of the cross section was the onedaaway from the
mandrel and the one seenFig. 8. In the filament winding process excessive resin
was pressed to the outside by the tension andyseeapplied by the upper layers of

rovings. Due to the low viscosity of the PFA dispen the amount pressed out was
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higher than likely if epoxy resin is used. As thspersion dried very quickly it did
not drip off but remained on the surface (cleatibte in Fig. 8). Since PFA in its
molten state has a high melt viscosity (Ebnesajp@)?2) it pressed the fibres
towards the mandrel, causing shown inhomogeneiBasches produced at lower
pressure did not show such inhomogeneitidppéndix G. However, at lower
pressure complete consolidation could not be gteeanFigure 25shows a line in
the centre of the cross section area at which #& Fad not melted completely.
Cavities were also found in low-pressure batcheshich no matrix material had yet

advanced, and therefore were not closéd.(26).

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

5. Mechanical Testing

Mechanical testing is essential to evaluate thdopwance of a material,
where stiffness, strength and toughness play a Pifgsical property data was
necessary to correlate with the calculated stregsbesexpected environment, etc.
(Brown, 2002). According to Brown (2002) withoutcbudata one would be reduced
to inspired guesses with its uncertainty of possfhallure, or gross over-design with
its accompanying wastage. Testing has been proveaid improved design or
guality control procedures. The obtained data hidped to determine if the material
could be used for certain applications and the ivegmpares to other materials.

There were several test methods available. Depgrah the method applied
results could differ significantly. It may occurathdue to different reasons, a test
cannot be carried out. Therefore, it was importhat the right method for a given
material was chosen. It was important that thedestlitions and fabrication details
with all possibilities that could have caused deeiss were stated. Brown (2002)
also mentioned that it frequently is unknown ifaanple was representative of the
bulk material.

The naming of the specimens always followed thmesgattern: Batch
number (1 — 5); type of fibre (T = Toho Tenax oe=HHexcel); side of the mandrel

(F =flat and 1 = 1 mm groove)

5.1 Preliminary Tests

As it was unknown if a manufactured composiBhgpter 2.2 was worth
continuous interest, or should be discontinuedpkmpreliminary tests were carried
out. The results of these tests had to be considen¢h caution as the test
environment could be described as experimental straitly corresponding to real

service conditions.

5.1.1 4-Point Bend Testing

As tensile testing can be difficult, flexural cheteristics are often measured
as an alternative (Hodkinson, 2000). Also, most ponents are subjected to a
mixture of loading modes. The advantage of flexteats over tensile tests was the
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ease of production of the specimens and the abgrdahany gripping problems
(Brown, 2002).

In 4-Point bending the force is applied at fouinpg It has the advantage
over 3-point bend testing that the stress is tisted equally between the two inner

forces.

Experimental Setup

The test was carried out using a Mecmesin (MultiTBstesting machine
(Fig. 27). A four point bending fixture with a span of 16Gn was used. The loads
were introduced 25 mm each side of the centre fikhees had a radius of Imm and
the testing speed of the machine was set to 2 mm/ihe introduced load was
recorded over time and measured electronically.mieasure the displacement a
Mitutoyo — 543-390B — Digital Dial Indicator Absdtiattached to the load fixings

was used and the values at crucial points werededananually

Figure 27 (Mecmesin (MultiTest 1))

To obtain and control the results two specimensach manufactured sample
were tested. Due to the difficulties of cutting tsigecimens to given dimensions,
some small deviation occurred, which had to be rtak#o account during the

calculations.
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The calculations were based on the beam bendiragyytrend according to

ASTM D 790. The flexural modulusH; ) is given by equation [1]
, DF, U
E. =017 — — 1
F Dd  bh?® o

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

used.
3FL
s === 2
F 4bh? 2]
_ 4.36hd

E [3]

Where L,is the span between the support fixingspescribes the applied
force; b the breath of the specimem;the specimen thickness; addstands for the

distance travelled by the crosshead.

Specimen Dimensions

The nominal dimensions of the preliminary samplesshown irFig. 28

| \ & l.4mm

A
v

120 mm 10 mm

Figure 28 (Nominal dimensions of specimens)

Results and Discussion

In Table 1l the values obtained in the initial 4-point benst t&re presented.
The obtained flexural modulus was promising. Thigngtss of the composite was of
a value that would allow it to be used as a stmattload bearing material. However,
there is a large deviation between the specimeiggnating from the same plate.
There is the possibility that this deviation origied from the difference in the
dimensions of the specimens. Based on obtainedt lvas decided to continue
producing the specimens the same way as descnib€thapter 2.2as reasonable

values were achieved.
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Table 1l (Results of preliminary 4-point bend testing)

Flat
at at Initial
30N 40N cracking width thickness E;
Fibre (mm) (mm) (mm) (mm) (mm) (GPa)

Hexcel

Toho
1mm
at Initial
40N cracking [ thickness

All the specimens failed in exactly the same manAea deflection between
3.5 — 4.4mm initial cracking noises could be he&érdhe load vs. time graphBi@.
29) this cracking could not be observed, leadinghendssumption the cracking took
place on a small scale. As the load was increaggdtieir all specimens without
exception failed underneath one of the loading eupp The failure was
accompanied by a distinctive cracking noise. Frowa lbading point outward an
interlaminar crack could be distinguished. Theui@lunderneath the supports would
much rather have been expected for a 3-point besid this is the reason a 4-point
bend test was attempted. Therefore, it was dedigi@din the future a 3-point bend
test would be sufficient.

5.1.2 Tensile Test

In a tensile test a specimen is exposed to purgide. Depending on the
material, different shapes of specimens may beimedjuDue to the gripping force,
damage of the specimens can occur that lead tdidrest results.

Tensile Test Experimental Setup

Originally a tensile test was thought about anad a@tempted. In order to
realise fracture resulting at a loading a standangile testing machine can handle
the dimensions recommended by DIN EN ISO 527 Pand.Part 4Kig. 29 were

reduced to the dimensions showrfig. 28.
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A\
\
N\
Aluminium tabs

Figure 29 (Coupon dimension for tensile testing. All dimensigiven in mm)

However, whilst preparing for testing, the follogincircumstances made it
impossible to perform a tensile test with the cosif@omaterial produced. PFA is
one of the most anti-adhesive materials so as aecpence no adhesive could be
found. Several adhesive manufacturers, the suppiitre PFA and testing institutes
were unable to name a solution that would suffarettfie required application. The
solution named by one supplier, to treat the serfath LOCTITE® Prism 770
primer and to use LOCTITE® prism 406, a universahegral-purpose instant
adhesive, to bond the end tabs to the specimenslig@sssed after it was attempted
but the bonding was insufficient. The adhesive wWduhve been necessary to bond
aluminium end tabs to the specimens. The alumirtaiss would have been used to
prevent damage to the composite material at thesgcausing premature failure and

to ensure a good force introduction (Cattell, 200Dhus, end tabs could not be used.

Observation and Discussion

The attempt was made to directly clamp the specsnm@o the testing rig and
realise fracture without aforementioned end tabsotiunately the force applied to
the specimens by the hydraulic closing mechanisrsh&d the ends of the specimens
severely. Afterwards the idea was brought up tcecalre clamp surface using fine-
grained sandpapeFig. 30. This was done in order to increase the frichetween
the specimen and the clamp as well as to proteet gpecimen against the

irregularities in the clamp.
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Figure 30 (Specimens with ends enwrapped in sandpaper &gitegmmechanism)

This attempt resulted in the peeling off of singkbon fibres layersHg.
31). The peeled off fibres were not an entire rovingt were only the very surface
fibres. It was observed, that the fibres that kel were only the ones where the
matrix was punctured by the sandpaper. This caergén be attributed to the low
hardness of the PFA. The matrix material in thisecas unable to protect the
reinforcement against puncturing environmentaluerfices. From the fibres that
were pulled off, it also became obvious that theddag between the matrix and the

reinforcing materials is a crucial weakness ofrtt@nufactured material.

Figure 31 (Peeled of carbon fibres on sandpaper)

5.2 Interlaminar Shear Strength

According to Thielicke and Soltesz (1992) interiaan shear strength (ILSS)
is one of the most important properties of lamidafibre-reinforced materials. It
significantly influences all other physical valuasd the overall shear behaviour. It
intended as a measurement of the strength of thve/finatrix bond. Interlaminar

32



5. Mechanical Testing

shear testing of composite materials has proveésetone of the most difficult areas
of mechanical property testing. Anon (approx. 2088tes that the presence of
edges, material coupling, non-pure shear loadigy-lmear behaviour, imperfect
stress distributions, or the presence of normatssgs makes shear strength
determination questionable. Currently there aretasd methods available without
their inaccuracies. The most commonly used teshoagtparticularly in industry, is
the short beam test. ILSS is based on a 3-poirdibgriest. As the specimens should
be relatively thick, short, and flat, the test &reed out with a very short span. This
is meant to minimise the flexural stresses anddgimise the in-plane shear stresses
(Anon, ca. 2005). Although the test is designednteasure interlaminar shear
strength, it can be difficult to relate data ob#aminto actual fibre matrix interface
properties (Rychwalski, 2009). Rosselli and San{aB97) added that this method
has been widely criticised because a pure shessssstate is not induced anywhere
within the test specimen, and the material canifagither compression or tension
rather than shear. Pull-out testing is also usée@. disadvantage is the use of single

fibres, instead of realistic composites (Rychwal2Ki09)

2.1 Short Beam Shear Test Experimental Setup

The testing of the apparent interlaminar sheangtrewas based upon on the
DIN EN 2563:1997 standard. It specifies the metliod determination of the
apparent interlaminar shear strength of carbor fiemforced plastics in the form of
unidirectional laminates by means of a flexuralt'tesThe method used can be
applied to all kind of materials. However, the feswbtained by th&quation/4/
can only be used to make comparisons of laminat@duped in similar ways. The
result of the derivations from the norm chosen ldehtely is that a direct
comparison has to be considered with caution aerdiit material may require
different dimension in order for interlaminar faguto occur. The fixings used were
manufactured at H+S and built to comply with afoestoned standard=({g. 32).
The entire testing was carried out on a Zwick 1#iing frame using a 500N load
cell with a crosshead speed of Imm/min. The pdirfailure was interpreted as the

point at which loading peaked the first time. Hoe toad nose apparatus used in the

b $%" ! & "%% " #
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tests, the support roller diameter and the loadioge diameter (both 4 mm) were
larger than recommended by the standard. The ¢esi@s carried out in a controlled
environment with a relative humidity of 50% at 21°Eigure 32 shows the test

setup applied.

Figure 32 (Test setup applied for ILSS)

To calculate the apparent ILSS following equaticaswapplied,

3F
SE 4
4bh 4]

*

Where t* represents the apparent ILFSis the maximal load at the moment of
first failure; b and h stand for the breadth and the thickness respegtioklthe

measured specimens.

5.2.2 Results and Discussion

Table IV (Results of ILSS test)
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Figure 33 (Average distribution of ILSS)

The specimen only differed in thickness. It is etiain previous literature
(Rychwalski, 2009; DIN EN 2563:1997) that the sparthickness ratio has to be 4
to 5. However, due to the small thickness of thecspens, it was hard to find a
fixture of that small size and a ratio of 10 had&opted for. Due to this the failure
occurred by what was stated in the standard atigtieformationFigure 34shows
typical graphs obtained. It can be seen that ntindis/e peak occurred. Therefore,
the failure could not be attributed to single orltiple shear failure. If a specimen
fails in this mode the result obtained Bguation [4] is according to the standard not
a true shear stress at failure. Therefore, thdtresuld only be used for comparison
with those from a series of tests related to a samaeerial. Based on this it is still
possible to compare the results obtained betweegirspns. In the results the
specimens produced with Hexcel AS4 fibre showetebgerformance than the ones
made from Toho Tenax HTS40. However, due to theoe 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.@ was shown and discussed that tensile testingdco
not be used for Carbon/PFA composites. TherefomiBt bending was applied as
an alternative. 3-point bending is a rather sintes, in which a force is applied to a
specimen at three points, wherein the central t@aghoint is equidistant from the
outer two supporting spanki¢. 35 (Brown, 2002). The maximum stress is at the

central loading point - consequently failure ofterturs at that point.

Figure 35 (Nominal dimension of the three point bending spen)
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As was seen ihapter 5 section 1,Xailure in 4-point bend testing also took place
at the points of load introduction. This was thasen a 3-point bend test instead of a
4-point bend test was opted for. In flexural tebere is potential for three modes of
failure; compressive; tensile; or interlaminar shfedure (Cattell and Kibble, 2001).
It is a known fact that compressive behaviour ahposites is inferior to its tensile
behaviour (Kim and Castro, 1994). Therefore, failaccurring during the test is
likely to originate from the side of the beam tilsainder compression. Carbajal and
Mujika (2008), based on Chaterjee et al. (1994atestthat tests measuring
compressive strength are conditioned by difficudt ¢ontrol factors and are
notoriously hard to carry out. Schneider (2007) ficored this by observing
considerable amount of scatter when identical specs were tested according to the
same standard at different laboratories. Therefaetain differences can be

expected when carrying out 3-point-bend testingmecimens described above.

5.3.1 3-Point Bending Testing Experimental Setup

3-Point bend testing was carried out based upor¥EIN178:2003The test
was performed to determine the flexural properbésnaterials manufactured as
described inChapter 2.2 The dimensions of the specimens were chosen a&o th
different tests could have been performed.

The tests allowed determining the bending behavaduhe specimens; the
bending stiffness; the flexural modulus. For trestta freely supported beam is
loaded beam loaded halfway of the supporting sphg.test setup is shown kig.
36. The test was undertaken on a Zwick 1445 testiagér using a 500N load cell
with a crosshead speed of 1mm/min. E-modulus wésrened between 0.05% -
0.25% strain. Testing was carried out under coletloenvironment 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 loadtsthto decrease. For each material
four specimens were tested. To calculate the fExstressEquation/5/ was used.

Flexural strain was given tquation/6/.

3FL
== 5
SF 2bh2 [ ]
6hd
& = z [6]

r represents the flexural streds;the force applied in Newtorl; distance of
supporting spany the width of the specimeh;the thickness of the specimenthe

flexural strain; s the deflection.

The flexural modulus was determinedbguation/7/

:E' L3
' Dd 4bh®

[7]
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The tensile modulus is usually slightly higherrttibe flexural modulus. The
theoretical Young’'s modulus can be calculated bg thle of mixture (ROM)

(Equation/8)).

Ew =ViE; + (- V; )En, [8]

tot

WhereE; is the overall Young’s modulus of the composkeandE,, stand
for the Young’s modulus of the reinforcement ane thatrix respectivelyy; the is

fibre volume fraction.

5.3.2 Results and Discussion

The data obtained by 3-point-bend testing wereutatied using equations

stated above and the results shown beloWwaible \/

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

Ef fmax fmax Ef theoretical

Specimen (GPa) (MPa) (% GPa

4H1 70 479 0.66 148
4HF 69 417 0.57 147
471 70 446 059 144
4ATF 72 490 0.64 146
3H1 75 439 058 154
3HF 75 515 0.67 153
3T1 66 365 0.54 154
3TF 72 431 059 152

These results originated from graphs representgtsl®wn inFig.37 and found
in Appendix H The force increased steadily over the crosshesidnte moved. This
increase occurred in a linear fashion. Undamagetisens showed an instant
decreasing steep once the maximum force was reaSpedimens not showing this
decrease were often of inferior quality and whéesdéfore not taken into account for
the calculation of the results. Failure occurreddamly with an audible cracking
noise. Specimens invariably failed at the pointnméximum stress described in
Chapter 5.3.Interlaminar cracking visible with bare eye was thest common
failure mode. But was mostly accompanied by foldwghe fibres at the side which
was under compression. No sign of damage couldbsereed on the side under
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tension

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

The results obtained éble \J can be considered to be in direct correlation to
the fibre volume fraction obtained and describe@apter 7 section 3As expected,
the higher the fibre volume content, the higher Eienodulus. However, the E-
modulus obtained does not approach the theoratataks calculated using the rule
of mixture. Furthermore, thema is lower than the maximal strain of either
constituent. This led to the conclusion that thepprties of this composite are
determined by the interface, so any improvementhef material properties has to
start at the interface.

Comparing the results of the four point bending tessus the three point
bending test the resulting flexural modulus i20 GPa lower. The specimens in both
tests failed in a similar fashion, leading to tlssuamption that the failure mode was
equivalent. However, the difference at which it wced could be attributed to the
testing methods. Failure always occurred at thatpgoad was introduced. This is
also the point at which the highest stress occurredhree point bending all load
was introduced at a single point leading to a peateess. In four point bending the

load is distributed between two points so themisuch stress concentration.
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In the 8" column of Table Vthe theoretical Young's modulus calculated
using ROM is presented. The ROM assumes that ikgperfect bonding between
the constituents and interfacial characteristiesrat taken into account. This further
supported the conclusion that the mechanical ptiggenf this composite were

heavily determined by the interface.

To investigate the crack surface a cracked specimaansplit along the crack
and placed under the SEM describedChapter 3 section .3Inspecting received
micrographs reviled some interesting observatiéigure 38 clearly shows fibres
wrapped in PFA-matrix. Due to the nonconductivepprties of PFA it was charged
electrostatic under the SEM. Therefore, it could @ depicted as focused as the
fibre. In Fig. 38 and more prominently ifig. 39 it shows the way PFA was ripped
apart. In the top left corner &fig. 38 one can distinguish some PFA on top of the
fibre that remained attached to it when the othée svas pulled off. Focusing in
further on the area shown kng. 38 root-like shapes appear at the point where PFA
is attached to the fibreé={g. 40. These shapes remained visible on the fibre even
after the PFA was pulled awalfi§.41). This showed that the PFA was attached to
the fibre to a certain degree, but the bonding m@sstrong enough to yield higher
strain properties.

Comparing obtained results of the carbon fibre/Pé#nposite to other
carbon reinforcement compositesppendix A it shows approximately half the E-
modulus of an UD carbon/epoxy composite. But astimeed before the strain and

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

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

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

To determine the fibre weight fraction respectividlg fibre volume fraction
the fibre and the resin composing the specimendeatt® be separated. To obtain
the fibre weight fraction and the fibre volume tran from the measured masses,

Equation/9/ andEquation/10/ were applied respectivelwt%, stands for the fibre

weight fraction;V; for the fibre volume fractionyx for the mass of the fibregy,the

mass of the matrix; andfor the corresponding densities.

There are two different methods to attain the nexguivalues (described in
Chapter 6 section 1 and.2An optical microscope in combination with autdioal
colour recognition software might yield a closeuasption, but is heavily dependent
on the resolution and lighting system applied. [kemnore, the fibre fraction
obtained is specific to a very limited area. Theerage had to be obtained by
analysing several different spots on each samgies method would be too time

consuming in relation to the reliability of the uéis obtained.

Wido = L [9]
(m,+m,)
mg
V, = P [10]

()
Pr Pu
6.1 Chemical Resin Digestion

Chemical resin digestion is the most common andllysthe most accurate
method of determining the fibre content. It is lthea the requirement that the fibres
are more chemically inert than the surrounding ixatising a suitable chemical the
resin is digested under a predetermined environ@edtfor a given time. However,
due to the chemical characteristics of the PFA imalre aforementioned approach
was unsuitable. PFA, being closely related to PTW&S developed to be universally
chemically inert. Not even nitrohydrochloric acatj(la regina) and hydrofluoric acid
are known to have any effect on PFA (pers. comnatioic, M. Dadalas:
18.01.2010). Consequently, if a carbon/PFA speciwas to be immersed in a
digesting chemical, it would be the fibres that Woreact rather than the PFA. As
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described by Ermanni (2007) the chemical charattesi of composite materials are
determined by the matrix. Therefore, the chemiedldviour of the specimen can be
expected to be similar to the one of pure PFA. Bué¢he inertness of the matrix

material, the use chemical digestion to deterntiefibre content was abandoned.

6.2 Resin Burn-off

The other method, thermal degradation or resin lmffnis somewhat less
accurate due to various parameters. These parariatdude the oxidation of the
fibre at a certain temperature and residues ofntlagrix remaining in the fibres.
Nevertheless, it is the most accurate method aleil® determine the fibre content
of this particular composite. The method employadtiiis experiment was based on
the method used and described by Yee and StepH&®6)( Previous studies
(Ebnesajjad, et al. 2005; Drobny, 2009) and thentbgravimetric analysis (TGA) as
reported inChapter 7 the thermal degradation temperature was set@0-4%00 °C.
Therefore, the furnace temperature was decided teebwveen 520 — 530 °C.

6.2.1 Resin Burn-off Experimental Setup

To carry out the experiment the tare weights ofcallcibles were measured
using a Mettler AT200 high-precision scale. Fromheplate produced, a sample was
taken, placed in a ceramic crucible, and its wewmgat recordedHig. 41). The
furnace used for the experiment was from Naberth@viodel: L5/11/06; S/N:
156414). It was preheated to 250 °C. A set of samdomly chosen samples was
placed in the furnace. This was then heated u2€o°g at a rate of 10 °C/min. The
temperature was kept at the aforementioned temper&r 120 min. The crucibles
were removed from the furnace and cooled to roamp&zature. After the cooling

process the remaining fibres were weighed againtadbtained 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 ldges at a temperature
of 470 °C. To get rid of it the ventilation systemas used for a short time allowing
fresh air to enter the furnace. After 30 min atafitemperature the furnace was
opened and the samples inspected. At this poinPtH& matrix has already been
degraded and only loose fibres could be seen inctheibles. To ensure that all
matrix had been burned-off, it was decided forghmples to remain in the furnace
for an additional 90 min. By the time the samplesxevremoved a heavy orange
coloration of the porcelain crucibles had takercelgig. 42). This coloration could

only be removed by boiling hot water, an aluminicliwth, 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 sasplan be found ifmable

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

Fibre
Calc. meas. volume
Crucible Sample Burn-off Fibre Fibre Resin fraction
Plate (9) (9) weight (g) weight (g) weight (g) weight (g) O]
4HF 23.9806 15716 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 ifable VIseveral observations could be made. The
most prominent ones were; the weight of the fisben measured in the original
crucible was significantly less than when the fdboneere measured without the
crucible; the calculated fibre volume fractionswkd a large deviation and were in

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

First one implies that the crucibles lost weightidg thermal treatment of the
Carbon/PFA composite. When PFA is heated above’@5Mmominal temperature of
decomposition provided by the supplier) it decongso$nto hydrofluoric acid.
Hydrofluoric acid is one of most highly corrosivebstances known. In this highly
corrosive environment in addition to the elevateshperature also the carbon fibres
corroded although its thermal decomposition tentpeeawas not reached. On the
chemical resistance data sheet provided by Tohoofiydric acid is not mentioned
and could therefore be added. The degradation efctrbon fibres led to fibre
volume fractions Table V) that were impossible. The dispersion used hadAa P
content of 50 wt%. The amount used to wet out ifve$ could optimally result in a

composite of a fibre volume content of 40%. Howewes some of the dispersion
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dripped off during the application of the PFA te thbre one could expect the fibre
volume content to be higher.

Based on these findings it was decided not to cawtythe resin burn-off of
the second batch of the samples as the obtainadtsresould be considered
irrelevant. As fibre volume fraction received by AGwvas more plausible, it
appeared to be best option to carry out the detextion of fibre volume content
using TGA.
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7. Thermal Analysis

The thermal characteristics of composite mateaadésmainly determined by
the properties of the matrix material (Ermanni, 20QFig. 44). There are several
different methods available and necessary to ol#aiminderstanding of how these
materials behave under elevated temperatures.teblsethat are established for these
kind of analysis include TGA, differential scanningalorimetry (DSC),
thermomechanical analysis (TMA), and dynamic metzranalysis (DMA). The
last three are recognised as key instrumentatiotesting of the glass transition
temperature (J). This property is crucial when it comes to desigrfor any fibre-

reinforced product, as the strength of the matati#tis 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 performafeecomposite) Source: Ermanni,
(2007)

7.1 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is basedtba measurement of the
heat flow to or from a specimen within a tempemtcontrolled environment
(Parker. 2001). The heat flow is measured accorttifgjuation/11/.

dQ/dt=DT/R, [11]

51



Improving Polymer Matrix Separating Cans: Developtrend Characterisarion of a Carbon Fibre/PFA Ma@omposite

dQ/dt represent the heat flow; T the temperature difference between
reference and sample crucibi; is the resistance of the constantan disk. The data
measured is the power required to maintain the Eatepperature at the same level
as the reference. DSC enables the investigatiotmerial transitions in materials
(glass transition point; melting point; crystallism; polymerisation; etc.) with
respect to temperature and time. The advantages@f iS that only small amounts of
sample are required for an analysis and that rappgrimentation is possible. It is
used as a primary material characterisation tectenigror further in depth
description of DSC see Parker (2001).

7.1.1 DSC Experimental Setup

The DSC measurements were obtained using a Mdattikbedo DSC 882
equipped with a STARSW 9.20 thermal software. For all the tests a txaipre
increase (scanning rate) of 10 °C/min was used.sHmeples had a weight of 12+1
mg and were tested in a nitrogenyNitmosphere. The nitrogen was induced at
50ml/min. As possible reference temperatures fpwére of sources that could not
be traced, a large temperature range was scaniaetiing from 25 °C and going to
400 °C. Heats of transition were calculated from #inea of the peaks by a standard
software program. According to the manual the uagety can be up to +0.05 Jg
Obtaining the § and the T, in the same run was attempted under the environmen

described above.

7.1.2 Results and Discussion

Figure 45shows a typical thermogram as obtained from the .D&Ctwo
locations the line is agitated and shows endotrepeaks. The more prominent peak
is at 313.36 °C. This temperature corresponds lgldeethe melting and beginning
of the processing temperature given by Dyneon ahittwis in accordance to the
temperature provided by DuPont. The peak is asymer&bping towards the lower
temperatures. Cardona et al. (2001) also obsehisdltssymmetryAppendix ). It
originates from different crystalline fractions tree contributing to the peak. The
crystallinity of PFA is dependant on the coolingeraluring manufacturing of the
composite. It is generally agreed (Cardona et28l01; Parlevliet et al, 2008) that
crystallinity has an influence on the propertiepofymers 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 distingabdd Ty manifested by a
step in the thermograph. For the PFA tested no st could be distinguished.
Also a second DSCAppendix J)did not show any signs of g.TThere is a small
peak at 134.72 °C. When compared to other findifi§jsnesajjad et al., 2005,
Cardona et al., 2001) this peak was found 30 -Gt@igher than the glof PFA. It is
therefore doubted, if this peak has anything tavith any transition in PFA. In the
second scanAppendix J no such peak was found. This doubt is founded on
observations made by Cardona et al. (2001) anditSc{i©97) who found no ¢l
when carrying out DSC on un-grafted PFA. Accordim@cheirs (1997) this may be
due to the extremely high stiffness characteristithe molecular chains of the PTFE

sequences in the copolymers.

7.2 Thermomechanical Analysis

TMA can be used to determine the coefficient ofritied expansion (CTE)
and also the J Dimensional stability is critical for compositas poor dimensional
stability can cause changes in shape during se(@hbeng et al., 2009). This change
in shape is expressed with aforementioned CTE. fhe®retical CTE can be
obtained using ROMEquation/12)).

o =Via; + (1' Vf)am [12]
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Where 4 is the thermal expansion coefficient of the comiggsi and , are
the thermal expansion coefficient of the reinforeamand the matrix material;{V

again stands for the fibre volume fraction.

TMA can be carried out with either a small statozceé or a sinusoidal
oscillating force. In the second case the amplitefdde oscillation is measuredy i$
considered at the point at which a significant erstiant increase in amplitude can be
observed.

7.2.1 TMA Experimental Setup

The TMA was carried out in a Mettler Tolledo TMA/$B 840 testing
machine Fig. 46) equipped with a STARSW 9.20 thermal software. The
temperature scanning rate was set to 10 °C/mintlademperature range was from
25 °C to 400 °C. The sample had a thickness of @Z.0fm. The force was
oscillating between 0.1 N and 0.5 N at a periodicle time of 10 s Testing took
place in an Matmosphere supplied at 50 ml/min.

Figure 46 (TMA testing machine)

7.2.2 Results and Discussion

Figure 47shows a thermograph obtained from the TMA scan tdweentire
temperature range. In the temperature range atwhjcan be assumed no change
in amplitude can be noticed. However, a certainwarhof thermal expansion can be
observed. There is a clear increase in amplitudapptox. 280 °C. At 310 °C a
sudden drop occurs. This coincides with therd@ceived from literatureAppendix C
Drobny, 2009; Ebnasajjad et al, 2005). The curedtéhs off at 340 °C. At this
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temperature the entire matrix as melted and remgi20% 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 technidgjuat has received most
attention when it comes to monitoring weight lo$sacspecimen under increasing
temperature due to thermal degradation. TGA is dasyerform and can be
considered low cost (Parker, 2001). It allows djeation at which temperature
thermal degradation of a material commences. Furtbee, it is possible to link
TGA with mass spectroscopy to determine break dpvadlucts. Thus allowing to
identify products in component if they are previguanknown. Skontorp et al.
(1995) showed that thermal degradation of fibrefmced composite materials is
dependent on the laminate configuration. Basedhis it can be concluded that
obtained results may only be used for comparisah gpecimens from a series of
tests related to the same material or with specneéthe same configuration. TGA
has also developed to a tool to establish the wedrgltion of the constituents of
composite materials. The fibre weight fraction &encalculated usingquation/3/.

In order to convert the weight fraction to the okl fractionEquation/9/ needs to

be applied.
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7.3.1 TGA Experimental Setup

The thermal degradation measurements were perfornsgty a Mettler
Tolledo TGA/STTA 85% equipped with a STARSW 9.20 thermal software. The
samples were cut from manufactured panels desciib&thapter 2.2 The heating
program consisted of continuous heating from roempgerature (25 °C) to 600 °C.
The heating rate was set to 30 °C/min. The expearini@ok place in an oxygen
environment (50 ml/min). Any occurring fumes angemwere lead from the heating
compartment. All temperature and weight measuresnemdre carried out by the
testing machined and were processed with the afmgoned software. The weight
of the samples was based on the experience oalioedtory staff and literature (Yee
and Stephens, 1994). Each specimen was 19+2 mg.t®tiee experiences that
occurred during resin burn-off Chapter 6.2 no dwell time was applied;

consequently no chemical degradation of the crasibl the fibres could take place.
7.3.2 Results and Discussion

Assumptions
From these experiments the following assumptiongweade:

a) The carbon fibres did not undergo any thermal d#mran at 600 °C.
Therefore they did not lose any weight when subpcto the heating
program. All weight loss came from the degradawbrihe resin only. This
assumption was based on observations showigin9.

b) There was no residual weight from the resin. Alsimehad completely
degraded. This was supported by the thermographrshoFig. 50.

c) The fibres did not affect the degradation kineb€she resin. Therefore, the
measured weight loss is proportional to the welgéd of the resin.

d) Due to the low void content measured (describe@hapter 4.3, the void

content was assumed to be zero and could thereéoneglected.

Thermal Stability

As described above two properties were investigatadg TGA. First one
was the thermal stability of the constituents af ttarbon/PFA composite. Second
one was the weight and volume fraction of thesesttuents. When it came to
thermal degradation all samples tested showediatehaviour. The thermograph

shown inFig. 48is representative for all others obtainégpendix K.
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Figure 48 (Typical TGA thermogram of carbon/PFA composites)

No degradation/ weight loss took place befor#75 °C. Implicating that any
solvents present in the PFA dispersion had beenovedh completely during
manufacturing. For comparison the thermograph ieiddPFA dispersion is shown in
Fig. 50.1t can be observed that at 170 °C degradatiohefblvents took place. The
weight loss was 5 wt%. At 450 °C PFA started to degrade. The degjrad of PFA
ended at 540 °C when 0 mg of PFA remained. Accgrttrig. 49the degradation
of the fibres commenced at 570 °C and remained sipwo 625 °C. Before that
point no degradation of the fibres took place etlwugh they were placed in an
oxygen environment. Thus, there was a narrow gaghich the degradation of PFA
had finished and the degradation of the fibres matdfully commenced yet. Due to
the toxicity of PFA it is therefore of utmost impance 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 P&AhgatedHig. 50), it
did not have to be determined in order to obtaenfibre weight fractionFigure 48
showing the curves of batch 4, represents typicainiographs required for the
determination of weight/volume fraction. Based ba initial weight and the weight
loss at a 600 °C usirgquation/8/ andEquation/9/ respectively, the weight/volume
fractions were calculatedréble VI). As stated in the assumption, due do the low
void occurrence, any void content was neglectethe calculations. The density
required for the calculations was taken from thenafacturer data sheets presented

in Appendix A, Appendix B, and Appendix C

Table VII (Fibre fraction determination by TGA method)

Initial  weight | Residue fibre

Sample | (mg) (mQg) wt% V(%)
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
471 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

The obtained fibre fractions (column 3 andTéple VI) showed low scattering for
batch 3 and batch 4. In batch two a larger variangegesent, having a difference in
fibre volume content of 4.6%, compared to 0.9%1P4 respectively for the other
two batches. Therefore, a combination of lower gues and shorter dwell time
during manufacturing could have been responsibteirfoonsistent fibre content.
High pressure with a short dwell time, and long Wvwiene with low pressure
resulted in a consistent fibre volume content. @iféerence in the fibre content
between batch 3 and batch 4 can be attributedediffierence in manufacturing
pressure. The higher the pressure, the more resmsnbeing pressed out of the fibres.

However, no influence of the type of fibre used ttve fibre content could be
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observed. The small differences in fibre contentvben the fibres were completely
random. For batch 3 and 4 there also was not radtieedifference in fibre content
between specimens produced on the flat side oftdabé and the grooved side.
However, in batch 2 there was a difference. Thedfgecimens had slightly higher
fibre content than the ones produced on the gromidd. Due to the variance
between the individual specimens of batch two uldde doubted if this difference

was of random occurrence or not.

7.4 Dynamic Mechanical Analysis

Dynamic Mechanical Analysis (DMA) is a test at wlia small sinusoidal
stress or strain is applied to a specimen undeeasing temperature. The resulting
strain or stress response is measured and recdrdedneasurements are transferred
into the recoverable stored energy (storage mojlahug the dissipated energy in the
form of loss modulus or phase lag (Bashaimoldu.e2804). It is used to study and
characterise the mechanical and thermal propestiesmposites. These include the
CTE, the T, and the elastic modulus. Depending on the tespawgnt loading can
be applied in different manners. Loading is applietbrsion, bending, compression
or tensile. DMA has been shown to be more sensttie@ other thermal analysis
equipment such as DSC in detecting subtle tramsliie@ T, (Lee et al., 1993). The
temperature dependence of the elastic modulus raposite materials is one of the
most important material properties when it comesntaterial characterisation
(Shigiang et al., 2007). According to Lee-Sulliaamd Dykemann., (2000) thg Tan
be measured reasonably accurately. However, tisticcraodulus often shows large
discrepancies between the values measured by DMA those obtained from
mechanical testing methods. Parker (2001) offemsoee 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, widttDahm and a thickness of
0.85 mm and 0.86 mm, respectively. The span distanthe testing machine was 33
mm The DMA was carried out under torsional loadifiperefore, the resulting
storage modulus measured is G’; the shear modilos. testing was performed
using aDMA Q800 (TAinstruments) testing machine. As them® no available

reference temperatures, a large testing range h@sen. The testing started at 0 °C
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and went to 350 °C and carried out in an air emvirent. To detect any transition a
low heating rate of 2 °C/min was chosen. The csoih force is applied at a
frequency of 1 Hz at a strain of 0.15%. The paramseimeasured were storage
modulus G’, the loss modulus G”, and the loss @amdan defined by G”/G’.

7.4.2 Results and discussion
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Figure 51 (DMA plot of Hexcel fibre/PFA composite)
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Figure 52 (DMA plot of Toho fibre/PFA composite)

Figure 51andFig. 52represent DMA plots of the shear storage moduhes, t
shear loss modulus and taragainst the scan temperature. In both specimastexdte
the storage modulus (G’) decreased continuousip wptemperature 0f260 °C. At
this point G’ drops, as the polymer matrix goestigh a transition temperature. This
transition is not the g which was investigated with this experiment. Toreset
temperatures () of 290.1 °C and 286.9 °C, respectively coinaigtner well with
the melting temperature J found with TMA and DSC described above and the T
values of PFA obtained from literature (Ebnesajgdal, 2005; Drobny, 2009;
Scheirs, 1997; Karlovitz, 1995; Saechtlin, 1989)ttkermore, it was found that the
tan line did not show a clear peak at which thgecduld be investigated at any
point. From T, onwards tan exhibits a continuous increase till the end of the
experiment. This implies that at that point a terapee is reached at which the
system is not stabilised anymore. Knowing thathas point T, was reached it
confirms that the viscosity of PFA is increasingastily once T, is surpassed. These
results confirmed the observations made by Sch@i@97) and explained by
Ebnesajjad et al., (2005) that in fluoropolymemdistinctive Tywas often not found.

Later stated that fluoropolymers often do not shglass transition in the
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conventional sense during which all crystallineustures are converted to the
amorphous. Glass transition of fluoropolymers islenolar relaxation that takes
place in the amorphous phase of the polymer (secmmgr transformation).
Ebnesajjad et al. (2005) gives these transition8@&fC (), -2 °C () and 90 °C ().
Based on this information a small peak between 406-°C in the G” and the tan
line can be made out. Investigating the dapgpendix Lit was found that the tan
line peaked at 90.97 °C and 92.93 °C, respectivelyan therefore be assumed that
the Ty of the PFA matrix material is at90 °C. The reasons the peak was very small
were that the transition was minor and the amob@fFA in relation to the carbon is
very small. This led to the conclusion that the nratas only a small influence on

the overall strength of this composite.

Considering the shear modulus of the two comp®siteroom temperature,
G’ of the Hexcel/PFA composite is with 5.05 GP&0% higher than G’ of the
Toho/PFA composite with 4.46 GPa. As the tests werly carried out on one
specimen of each composite these values cannon tékebe representative.
Nevertheless, both specimens showed a linear decdaG’ up to the onset of,, T
The obtained shear moduli were compared to valfiesarbon / epoxy composites
provided by MIL — HDBK — 17 — 2E. These values espond very closely and can
therefore be assumed to be reasonable.

Whilst G’ of the Toho/PFA composite decreases at8 1RIPa/°C, the
Hexcel/PFA composite decreases at a rate of 14.8/ %P Calculating the decrease
in percentage, the decrease of both specimensidesmat 0.29 %/°C. As G”/G’ =
E”/E’ where E’ is the flexural modulus (Parker, @) one can assume that E’
decreases in a similar fashion. Therefore, if ttisnposite is investigated as a
structural material this decrease in stiffness wittreasing temperature needs to be
considered. Any component needs to be laid out itbstand expected forces at

maximal assumed temperature.
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8. Final Discussion and Conclusions

In this study a process was introduced that altbwiee production of a
continuous carbon fibre reinforced/fluoropolymer trixacomposite of high fibre
content. Due to the high melt viscosity of fluorbpoers alternative ways to
integrate matrix into the fibres had to be fountheTlow viscosity and the small
particle solid particle size of the dispersion a#al excellent wetting of the fibres.
But working with an aqueous dispersion made it hargredict an achievable fibre
content and the amount of dispersion required &hieving it. Because of the low
viscosity, once the fibres were completely wetted any surplus of dispersion
dripped off as the tooling was turned. Furthermdhe pressure applied by the
overlaying layers forced more dispersion out of fibees. Therefore, even though a
calculated amount of dispersion was applied it iwgsossible to predict how much
of it did not end up in the composite.

The drying of the dispersion and the compressinghef matrix required
additional steps, making the manufacturing proeesg time consuming. Due to the
high process temperatures a long time was reqdoedhe heating and an even
longer time for the cooling of the tooling. The gsg process further influenced the
final fibre content. The higher the pressure, tigér the amount of molten PFA
being pressed out of the fibres towards the siliesan be concluded that the high
pressure and a long dwell time at high temperatame required to produce
composites of consistent fibre content. Initial ffibre content is determined by the
mass percentage of solid in the dispersion; thtsriekning how much PFA would
end up in the composite. Pressure not only enghieedonsolidation, but also defines
the final content. All these parameters made itassgible to predict fibre content in
advance. But it had to be determined experiment&lthough a large part of the
dispersion evaporated it was possible to producgpeosites of low void content. As
the composite was produced on a flat panel, this nekatively simple. It would have
to be investigated if the same composite qualituld&ddoe obtained for a more
complex shape. However, an optimal pressure neette found. Since the higher

the pressure the more inhomogeneous the compasitéécome. Consequently the
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balance will be between consistent fibre fractiamd ahe homogeneity of the
composite.

The XPS analysis showed different surface commusitif the carbon fibres
used for the manufacturing of the composites. Tifierdnce was due to a high
temperature sizing applied to the fibre by oneheffibre suppliers. This sizing made
the fibre easier to handle and less prone to damageg manufacturing. In addition
although there was also a difference in the sursaweture of the fibre, the results of
the mechanical and thermal testing showed no eéifiee that could have been
attributed to the fibre surface. The only differenoetween the fibres was found
during the TGA. The Toho Tenax fibre showed a muebks rapid thermal
degradation than the compared Hexcel AS4 fibre. TheS test yielded no
representative results. This can be attributedrteedsions of the test setup, but also
to the hardness of the matrix material. The 3-pbertid testing gave flexural moduli
that were in correlation to the fibre content. Hoese the values of the moduli were
55 — 58% lower than the ones of UD carbon/epoxy pmsites of similar fibre
volume content. Failure of the carbon/PFA compositeays occurred in an
interlaminar fashion. Due to the length of the spens one cannot determine if the
failure resulted form interlaminar shear or othernfs of bending stresses.
Nevertheless, it showed that the fibre/matrix adives the property determining the
weakness of the material. DMA presented that thdutus is highly dependent on
temperature. Although there is no instantaneousedse up to very high temperature
( 270 °C) a continuous linear decrease of 0.2 %/°G sl@wn. As a consequence
care has to be taken when designing with this nahtdfurther thermal analysis
revealed no distinctive I The only transition temperature clearly distirgiable is
the Ty, taking place at approximately 310 °C. Overaltah be stated that PFA is a
complex material to work with. The high process penatures, the high viscosity, in
addition to the high toxicity require enormous @aitwvhen handling the material. Its
chemical inertness leads to limited amount of teplnes applicable for determining

material properties.
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9. Recommendation for Further Research

The most prominent point for further researchhis adhesion between fibres
and matrix. If this can be improved so can the prbps of the composite. A
functionalisation of the fibre needs to be looketbiwhich can interact with the O-
atom in PFA. Furthermore it needs to be invest@j#téhe single laminate produced
in project can be added up to form laminates ofesdvlayers. It is also worth

determining if more complex shapes are producible.

67






10. Referemces

10. References

Alstrém, B. T., (1997),Manufacturing of polymer composite€hapman and Hall: London

Anon, (ca. 2000),PTFE, FEP, and PFA Specificatigfionline], available at:
www.boedeker.com/feppfa_p.htm, [date accessed922009]

Anon, (ca. 2005), ‘In-plane and interlaminar sh@perties’ [onling], available at: www.
Netcomposites.com/vircon/4_1_4.afpate accessed: 12/02/2(010

Bashaimoldu, A. B. et al., (2004), ‘Application Bfnamic Mechanical Analysis (DMA) to the
determination of the mechanical properties of abatellets’, International journal of pharmaceutics,
Vol. 274, pp. 53 - 63

Biniak, S. et al., (1997), ‘The characterizatioraofivated carbons with oxygen and nitrogen surface
groups’,Carbon Vol. 35, No.12, 1997, pp.1799 — 1810

Bismarck, A. et al., (1997), ‘Influence of fluorithan on the properties of carbon fibre3gurnal of
Fluorine ChemistryVol. 84, 1997, pp. 127 — 134

Bismarck, A. et al., (2007), ‘Flourinated carbdoréis and their suitablility as reinforcement for
fluoropolymers’,Composites Science and Technoldgyl. 67, 2007, pp. 2699 — 2706

Bismarck, A. et al., (2007), ‘Interfacial behavidagtween atmospheric-plasmafluorinated carbon
fibers and poly(vinylidene fluoride)Journal of Colloid and Interface Sciendéol. 313, 2007, pp.
476 — 484

Bismarck, A. et al., (2008), ‘Carbon fibre reinfectpoly(vinylidene fluoride): Impact of matrix
modification on fibre/polymer adhesiorComposites Science and Technoldgyl. 68, 2008, pp.
1766 — 1776

Brandrup, J. et al., (1999), ‘Polymer handbooK ediition, John Wiley and Sons: Chichester

Brown, R.P., (2002),Handbook of Polymer Testing: Short-Term Mechaniests Smithers Rapra:
Shawbury

Carbajal, N. Mujika, F., (2008), ‘Determination@dmpressive strength of unidirectional composites
by three-point bending tests’, Polymer Testing, \&8l, pp. 150 — 156

Cardona, F. et al., (2001), ‘Thermal characterimatf copolymers obtained by radiation grafting of
styrene onto poly(tetrafluoroethylene-perfluoropiemylether) substrates: thermal decomposition,
melting behavior and low-temperature transitiolymer Degradation and Stabiljtyol. 74, No.

2, 2001, pp. 219-227

Carbon fibre reinforced plastics - Unidirectioraflinates; determination of apparent interlaminar
shear strength; German version EN 2563:1997

Cattell, M.K. Kibble, K. A., (2001), ‘Determinatioof the relationship between strength and test
method for glass fibre epoxy composite couponsgugiteibull analysis’Materials and DesignVol.
22, 2001, pp. 245 - 250

Cheng, S. et al., (2009), ‘Mechanical and thermapgprties of chicken feather fibre/PLA green
composites’Composites: Part BVol. 40, (2009), pp. 650 — 654

Clarke, D., (2009), ‘Common industry myths abougmetic drive pumpsWorld pumpsVol. 455,
Aug. 2004, pp. 20-23

Drobny, J.G. (2001), ‘Blends and Composites BaseBlooropolymers’Macromelecular Symosium
Vol. 170, 2001, pp. 149 — 156

Drobny, J.G. (2009);Technology of Fluoropolymer2™ Edition, CRC Press: Boca Ratan
Determination of flexural properties , EN ISO 12803
Determination of tensile properties, DIN EN ISO 82&rt 1 & 4 1996

69



Improving Polymer Matrix Separating Cans: Developtrend Characterisarion of a Carbon Fibre/PFA Ma@omposite

Ebnesajjad, S., (2002Fluoroplastics: Melt Processible Fluoropolymers:erbefinitive User
Guidé, Plastic Design Library: Norwich

Ebnesajjad, S. et al., (2005), ‘Fluoropolymers majions in chemical processing industries: the
devinitive user’s guide and databook’, Plastic gediibrary: Norwich

Ermanni, P., (2007)Composites technologierskript zur ETH-Vorlesung, ETH Zurich

Flexural Properties of Unreinforced and ReinforB¢aktics and Electrical Insulating Materials,
ASTM designation D 790. 2005

Fujihara, K. et al. (2004), ‘Influence of procegstondition on bending property of continuous
carbon fibre reinforced PEEK compositeS8gmposite Science and Technolodgl. 64, 2004, pp.
2525 — 2534

Gay, D. Hoa, S.V. (2006)Composite Materials: Design and ApplicationSecond Edition, CRC
Press: London

Hodkinson, J.M., (2000)Mechanical testing of advanced composite fiprégbodhead Publishing
Ldt.: Cambridge

Isaac, D. M., & Ori, I. (2006) Engineering Mechanics of Composite Material®xford University
Press: Oxford

Karlovitz, B., (1995):Kunstsrofftabellen; 4" Edition, Hanser: Miinchen

Kim, R.Y. Crasto, A.S., (1994), 'Longitudinal conggssion strength of glass fibre-reinforced
composites’, Journal of Composite Materials, V@&, fip. 326 — 338

Kruijer, M. P. et al., (2005), ‘Analysis of the nfemical properties of a reinforced thermoplastpepi
(RTP)’, Composite Part Avol. 36, 2005, pp. 291 — 300

Lee, J. et al., (2005), ‘Surface characterisatimh @hesion of carbon fibres to epoxy and
polycarbonate’|nternational Journal of Adhesion and Adhesjwésl. 25, 2005, pp. 389 — 394

Lee, T. H. et al., (1993), ‘Characterisation oftad-reinforced PPS composite by dynamic
mechanical analysis: Effects of aspect ratio aaticsstress’Composite Science and Technology
Vol. 49, 1993, pp. 217 - 223

Lee-Sullivan, P. Dykeman, D., (2000), ‘Guide lifies performing storage modulus measurements
using the TA Instruments DMA 2980 three point bematle. I. Amplitude effects,” Polymer Testing,
Vol. 19, pp. 155 - 164

Logothetis, A., (1993), ‘Process for making fluoobpmer composites’ [onling| available at:
http://www.freepatentsonline.com/5194484.htpdate accessed: 23/10/2009

MIL HDBK — 17 — 2E, (1999), Department of Defensaridbook Composite Materials Handbook,
Vol.2, 'Polymer Matrix Composite Materials Properties’

Mitschang, P. et al., (2003), ‘Processing techriel®épr continuous fibre reinforced thermoplastics
with novel polymere blendsComposite Science and Technologgl. 63, 2003, pp. 2099 — 2110

Morgan, P., (2005), ‘Carbon fibres and their coniigss Taylor and Francis Group: CRC Press:
Boca Raton

Nesbitt, B., (2006),Mandbook of pumps and Pumping: Pumping manual iatigonal’, Elsevier:
Oxford

Oshima, A. et al., (2001), ‘Radiation processingdarbon fibre-reinforced polytertafluoroethylene
composite materialRadiation Physics and Chemistiyol. 60, 2001, pp. 95 — 100

Oshima, A. et al., (2001), ‘ Application of rad@ti-crosslinked polytetrafluoroethylene fo fibre-
reinforced composite materiaRadiation Physics and Chemistiyol. 60, 2001, pp. 467 — 471

Oshima, A. et al., (2001), ‘Fabrication of polytdtuoroethylene/carbon fibre composites using
radiation crosslinking’Radiation Physics and Chemistiyol. 62, 2001, pp. 77 — 81

Potter, K. (1999),Ihtroduction to Composite Productd’pndon: Chapman and Hall

Park, S-J., (2003), ‘Studies on mechanical intéafgiroperties of oxy-flourinated carbon fibre-
reinforced compositesMaterial Science & Engineering,Aol. 356, 2003, pp. 219 — 226

70



10. Referemces

Parker, M. J., (2000), ‘Test Methods for Physicalgerties’, Comprehensive Composite Materials,
Vol. 5, BAE Systems: Lancashire (UK), pp. 183-226)

Parlevliet, P.P. et al., (2008), ‘Thermal effeatsmoicrostructural matrix variations in thick-walled
composites’, Composite Science and Technology, 8INo. 3-4, 2008, pp. 896-907

Paynter, R., (2005), ‘XPS Theory’, [online], availa at:
http://csacs.mcgill.ca/francais/docs/CHEM634/XP Syrftex _t.pdf, [date accessed: 16/02/2010]

Rosselli, F. Santare, M. H., (1997), 'Comparisothef short beam shear (SBS) and interlaminar shear
device (ISD) tests’, Composite Part A, Vol. 28A, pp7 — 594

Rychwalski, R., (2009), 'Composite and Nanocomoblaterials’, ' Edition, Compendium,
Chalmers University: Goteborg

Saechtlin, H., (1989)Kunststofftaschenbuch24" edition, Hanser: Miinchen

Scheirs, J., (1997), 'Modern fluoropolymers: Higérfermance polymers for diverse applications’,
John Wiley and Sons Ltd: Chichester

Scheirs, J., (2001)Fluoropolymers — Technology, Market and TrénBspra Technology:
Shawbury

Schneider, K., (2007), ‘Determination of compresgivoperties of fibre composites in the in-plane
direction according to ISO 14126. Part 1: a routnirr test’, Applied Composite Materials, Vol. 14,
pp.1-15

Shigiang, D. et al., (2007), ‘Temperature-depenedattic moduli od epoxiea measured by DMA and
their correlations to mechanical testing data’ yRdr Testing, Vol. 27, pp. 803 — 813

Skontorp, A. et al., (1995), ‘High-temperature atiigpic oxidation of carbon fibre reinforced
polyimide composites: Theory and Experiment’, Pealiegs of the tenth international conference on
composite materials (ICCM — 10), Street, K. andrBaip, A., August (1995) Vancouver, Canada,
Vol. 4, 1995, pp. 375 — 384

Summerscales, J., (2007), ‘Interfaces; Interphageists; Meso-mechanics (clustering)’, Lecture
notes MATS 324, University of Plymouth

Thielicke, B. Soltesz, U., (1992), ‘The interlamirnear strength of carbon fibre-reinforced carbon-
CFC- differences between various experimental nith&uropean Association for Composite
Materials: Composite Testing and Standardisatioapttiead Publishing Ldt: Cambridge

Toyoko, I., (2003), ‘Fluorinated polymergurrent Opinion in Colloid and Interface Sciendl. 8,
2003, pp. 307-314

Wang, S. S., (2006), ‘Composites key to deep waitend gas’High Performance Compositégol.
13,

Xiaosong, H., (2009), ‘Fabrication and Propertie€arbon Fibres’Materials Vol 2, pp. 2369 —
2403

Yee, R.Y. Stephens, T. S., (1994), ‘A TGA technifpredetermining graphite fibre content in epoxy
composites’, Thermochimica Acta, Vol. 272, pp. 19199

Bibliography

McElhinney, D. M. et al., (1969), ‘The Use of Carbieibre Reinforced Plasticircraft

Engineering and Airspace Technolodol. 41, No.10, pp. 22 - 25

Zhou, G. et al., (1995), ‘ In-Plane and interlamislear properties of carbon/epoxy laminates’,
Composite Science and Technolodgl. 55, (1995), pp. 187 — 193

Park, S-J. et al., (2003), * Relationship betwagnfiege characteristics and interlaminar shea stheng
of oxyfluorinated carbon fibres in a composite syst Journal of Colloid and Interface Sciendéol.
268, (2003), pp. 127 — 132

Ramachandran, V. S., et al., (2002), ‘Handbookharimal Analysis of Construction Materials’,
Noyes Publications/ William Andrew Publishing

Parker, M. J., (2000), ‘Test Methods for Physicalderties’, Comprehensive Composite Materials,
Vol. 5, BAE Systems: Lancashire (UK), pp. 183-226

71



Improving Polymer Matrix Separating Cans: Developtrend Characterisarion of a Carbon Fibre/PFA Ma@omposite

Sichina, W.J., (2000), ‘DSC as Problem Solving T@&iaracterization of Consistency of PFA
Resins’, [online], available at:
http://las.perkinelmer.com/content/applicationnftpp_thermalconsistencyofpfaresins.pdf, date
accessed: 20/02/2010

Lebrun, G. Denault, J., (2010), ‘Effect of anneglon the thermal expansion and residual stresses of
bidirectional thermoplastic composite laminatesngosite part A: Applied Science and
Manufacturing, Vol. 41, Issue 1, January 2010,j84.—-107

Vecellio, M., (2000), ‘Opportunities and developrtem fluoropolymeric coatings’, Progress in
Organic Coatings, Vol. 40, No. 1 — 4. Dec. 2000,3#5 — 242

Ye, B. J. et al., (1995), ‘Mass and volume fractiwaperties of pultruded glass fibre — reinforced
composites’, Composites, Vol. 26, 1995, pp. 728+ 7

Ratna, D., (2008), ‘Toughened FRP composites reiefbwith glass and carbon fibre’, Composites
Part A: Applied Science and Manufacturing, Vol. B®. 3, March 2008, pp. 462 — 469

72



11. Appendices

11. Appendices

Appendix A

73



Improving Polymer Matrix Separating Cans: Developtrend Characterisarion of a Carbon Fibre/PFA Maomposite

74



11. Appendices

Appendix B

75



Improving Polymer Matrix Separating Cans: Developtrend Characterisarion of a Carbon Fibre/PFA Maomposite

Appendix C

76



11. Appendices

Appendix D

77



Improving Polymer Matrix Separating Cans: Developtrend Characterisarion of a Carbon Fibre/PFA Maomposite

Appendix E

H*
©“

%%

+
1

0 % %%

201", 11 3

1%, (

% *%%

~

7 " 1%, -58




11. Appendices

Appendix F

79



Improving Polymer Matrix Separating Cans: Developtrend Characterisarion of a Carbon Fibre/PFA Ma@omposite

Appendix G
Verrechnung
Auftraggeber/Telefon Datum Auftragnehmer/Telefon
skonto
CFK /9862 10.02.2010

Bildname : Bild_004946
Bearbeiter : Robert Rudolf
Quelle : 1 Toho 1mm
Beschreibung:

Aufnahme : 1.67*2.5
Préaparation :

Préaparat : 1 Toho 1mm
Bildname : Bild_004948
Bearbeiter : Robert Rudolf
Quelle : 1 Toho 1mm
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Praparat : 1 Toho 1mm
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Bildname : Bild_004957
Bearbeiter : Robert Rudolf
Quelle : 1 Toho 1mm 3
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Préaparat : 1
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Bildname : Bild_004960
Bearbeiter : Robert Rudolf
Quelle : 1 Toho Flat 2
Beschreibung:

Aufnahme : 1.67*2.5

Préaparation :

Praparat : 1 Toho flat 2
Bildname : Bild_004962
Bearbeiter : Robert Rudolf
Quelle : 1 Toho flat 2
Beschreibung:

Aufnahme : 1.67*10
Praparation :
Praparat : 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
Praparation :

Préaparat : 1 Toho flat 2
Bildname : Bild_004967
Bearbeiter : Robert rudolf
Quelle : 1 Toho flat 3
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Praparat : 1 Toho flat 3
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Bildname : Bild_004950
Bearbeiter : Robert Rudolf
Quelle : 1 Toho 1mm1

Beschreibung:

50x Magnification

(o

stripe
Aufnahme : 1.67*50
Préaparation :
Préaparat : 1 Toho 1mm 1
Bildname : Bild_004963
Bearbeiter : Robert Rudolf
Quelle : 1 Toho Flat 1 Binal

Beschreibung:

Aufnahme :

1.67*10

Praparation :

Préaparat :

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

Préaparation :

Praparat : 1 Toho flat 2 0.128%
Bildname : Bild_004968
Bearbeiter : R:R

Quelle : 1 Toho Flat 3 binal

Beschreibung:

Aufnahme : 1.67*10

Préaparation :

Praparat : 1 Toho Flat 3 0.129%
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Bildname : Bild_004969
Bearbeiter : R:R
Quelle : 1 Hexcel 1Imm

Beschreibung:

Aufnahme :

1.67*2.5

Préaparation :

Préaparat : 1 Hexcel 1Imm
Bildname : Bild_004970
Bearbeiter : R:R
Quelle : 1 Hexcel 1mm 1

Beschreibung:

Aufnahme : 1.67*10
Praparation :
Préaparat : 1 Hexcel 1mm 1
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Bildname : Bild_004972
Bearbeiter : R:R
Quelle : 1 Hexcel 1mm 2

Beschreibung:

Aufnahme : 1.67*10
Préaparation :

Préaparat : 1 Hexcel 1mm 2
Bildname : Bild_004974
Bearbeiter : R:R

Quelle : 1 Hexcel 1mm 3

Beschreibung:

Aufnahme : 1.67*10
Praparation :
Préaparat : 1 Hexcel 1mm 3
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Bildname : Bild_004976
Bearbeiter : R:R
Quelle : 1 Hexcel 1Imm 3

Beschreibung:

Aufnahme : 1.67*50

Praparation :

Préaparat : 1 Hexcel 1mm 3 50x
Bildname : Bild_004971
Bearbeiter : R.R

Quelle : 1 Hexcel 1mm 1 binal

Beschreibung:

Aufnahme :

1.67*10

Praparation :

Préaparat :

1 Hexcel Imm 1 1.169
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Bildname : Bild_004973
Bearbeiter : R:R
Quelle : 1 Hexcel 1 mm 2 Binal

Beschreibung:

Aufnahme : 1.67*10

Préaparation :

Praparat : 1 Hexcel 1 mm 2 1.199

Bildname : Bild_004976
Bearbeiter : R:R
Quelle : 1 Hexcel 1mm 3

Beschreibung:

Aufnahme : 1.67*50
Praparation :
Préparat : 1 Hexcel 1mm 3 50x
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Bildname : Bild_004977

Bearbeiter : RR

Quelle : 1 Hexcel flat

Beschreibung:

Aufnahme : 1.67*2.5

Praparation :

Praparat : 1 Hexcel flat
Bildname : Bild_004979
Bearbeiter : RR
Quelle : 1 Hexcel flat 1

Beschreibung:

Aufnahme :

1.67*10

Praparation :

Préaparat :

1 Hexcel flat 1
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Bildname : Bild_004981
Bearbeiter : R:R
Quelle : 1 Hexcel flat 2

Beschreibung:

Aufnahme : 1.67*10

Préaparation :

Praparat : 1 Hexcel flat 2
Bildname : Bild_004983
Bearbeiter : R:R
Quelle : 1 Hexcel flat 3

Beschreibung:

Aufnahme : 1.67*10
Préaparation :
Praparat : 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

Praparation :

Praparat : 1 Hexcel flat 1 0.478
Bildname : Bild_004982
Bearbeiter : RR

Quelle : 1 Hexcel flat 2 binal

Beschreibung:

Aufnahme : 1.67*10
Préaparation :
Préaparat : 1 Hexcel flat 2 0.462%

92




11. Appendices

Bildname : Bild_004984
Bearbeiter : RR
Quelle : 1 Hexcel flat 3 binal

Beschreibung:

Aufnahme : 1.67*10
Préaparation :
Praparat : 1 Hexcel flat 3 0.511
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Bildname : Bild_005076

Bearbeiter : RR

Quelle : 1H1

Beschreibung:

Aufnahme :

Préaparation :

Préaparat : 1H1
Bildname : Bild_005077
Bearbeiter : RR
Quelle : 1HF
Beschreibung:

Aufnahme :
Praparation :
Préaparat : 1HF
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Bildname : Bild_005078
Bearbeiter : RR
Quelle : 1T1

Beschreibung:

Aufnahme :

Préaparation :

Préaparat : 1T1
Bildname : Bild_005079
Bearbeiter : RR
Quelle : 1TF

Beschreibung:

Aufnahme :

Préaparation :

Praparat : 1TF
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Bildname : Bild_005003
Bearbeiter : Robert Rudolf
Quelle : 2 Toho 1mm
Beschreibung:

Aufnahme : 1.67*2.5
Praparation :

Préaparat : 2 Toho 1mm
Bildname : Bild_005004
Bearbeiter : Robert Rudolf
Quelle : 2 Toho 1mm 1
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Préaparat : 2 Toho 1mm 1
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Bildname : Bild_005005
Bearbeiter : Robert Rudolf
Quelle : 2 Toho 1mm 2
Beschreibung:

Aufnahme : 1.67*10
Préaparation :

Préaparat : 2 Toho 1mm 2
Bildname : Bild_005007
Bearbeiter : Robert Rudolf
Quelle : 2 Toho 1mm 3
Beschreibung:

Aufnahme : 1.67*10
Préaparation :

Préaparat : 2 Toho 1mm 3
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Bildname : Bild_005008
Bearbeiter : Robert Rudolf
Quelle : 2 Toho flat
Beschreibung:

Aufnahme : 1.67*2.5
Praparation :

Préaparat : 2 Toho flat
Bildname : Bild_005009
Bearbeiter : Robert Rudolf
Quelle : 2 Toho flat 1
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Préaparat : 2 Toho flat 1
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Bildname : Bild_005010
Bearbeiter : Robert Rudolf
Quelle : 2 Toho flat 2
Beschreibung:

Aufnahme : 1.67*10

Préaparation :

Praparat : 2 Toho flat 2
Bildname : Bild_005011
Bearbeiter : Robert Rudolf
Quelle : 2 Toho flat 3
Beschreibung:

Aufnahme : 1.67*10
Praparation :
Préaparat : 2 Toho flat 3
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Bildname : Bild_005012
Bearbeiter : Robert Rudolf
Quelle : 2 Hexcel 1mm

Beschreibung:

Aufnahme : 1.67*2.5

Praparation :

Praparat : 2 Hexcel 1mm
Bildname : Bild_005013
Bearbeiter : Robert Rudolf
Quelle : 2 Hexcel 1mm 1

Beschreibung:

Aufnahme : 1.67*10
Praparation :
Praparat : 2 Hexcel Imm 1
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Bildname : Bild_005014
Bearbeiter : Robert Rudolf
Quelle : 2 Hexcel 1mm 2

Beschreibung:

Aufnahme : 1.67*10

Préaparation :

Praparat : 2 Hexcel 1mm 2
Bildname : Bild_005015
Bearbeiter : Robert Rudolf
Quelle : 2 Hexcel 1mm 3

Beschreibung:

Aufnahme : 1.67*10

Praparation :

Préaparat : 2 Hexcel 1mm 3
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Bildname : Bild_005016
Bearbeiter : Robert Rudolf
Quelle : 2 Hexcel Flat
Beschreibung:

Aufnahme : 1.67*2.5

Préaparation :

Praparat : 2 Hexcel flat
Bildname : Bild_005017
Bearbeiter : Robert Rudolf
Quelle : 2 Hexcel Flat 1

Beschreibung:

Aufnahme :

1.67*10

Praparation :

Préaparat :

2 Hexcel flat 1
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Bildname : Bild_005018
Bearbeiter : Robert Rudolf
Quelle : 2 Hexcel Flat 2

Beschreibung:

Aufnahme :

1.67*10

Praparation :

Praparat : 2 Hexcel flat 2
Bildname : Bild_005020
Bearbeiter : Robert Rudolf
Quelle : 2 Hexcel Flat 3

Beschreibung:

Aufnahme : 1.67*10
Praparation :
Praparat : 2 Hexcel flat 3
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Bildname : Bild_005080

Bearbeiter : RR

Quelle : 2H1

Beschreibung:

Aufnahme :

Praparation :

Préparat : 2H1
Bildname : Bild_005081
Bearbeiter : RR
Quelle : 2HF
Beschreibung:

Aufnahme :
Préaparation :
Préaparat : 2HF
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Bildname : Bild_005082
Bearbeiter : RR

Quelle : 2T1
Beschreibung:

Aufnahme :

Praparation :

Praparat : 2T1
Bildname : Bild_005083
Bearbeiter : RR

Quelle : 2TF
Beschreibung:

Aufnahme :

Praparation :

Praparat : 2TF
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Bildname : Bild_004985
Bearbeiter : Robert Rudolf
Quelle : 3 Toho 1mm
Beschreibung:

Aufnahme : 1.67*2.5

Préaparation :

Praparat : 3 Toho 1mm
Bildname : Bild_004986
Bearbeiter : Robert Rudolf
Quelle : 3 Toho 1mm 1
Beschreibung:

Aufnahme : 1.67*10
Préaparation :
Préaparat : 3 Toho 1mm 1
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Bildname : Bild_004987
Bearbeiter : Robert Rudolf
Quelle : 3 Toho 1mm 2
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Praparat : 3 Toho 1mm 2
Bildname : Bild_004988
Bearbeiter : Robert Rudolf
Quelle : 3 Toho 1mm 3
Beschreibung:

Aufnahme : 1.67*10
Préaparation :

Préaparat : 3 Toho 1mm 3
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Bildname : Bild_004990
Bearbeiter : Robert Rudolf
Quelle : 3 Toho flat
Beschreibung:

Aufnahme : 1.67*2.5
Préaparation :

Préaparat : 3 Toho flat
Bildname : Bild_004991
Bearbeiter : Robert Rudolf
Quelle : 3 Toho flat 1
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Praparat : 3 Toho flat 1
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Bildname : Bild_004992
Bearbeiter : Robert Rudolf
Quelle : 3 Toho flat 2
Beschreibung:

Aufnahme : 1.67*10

Praparation :

Praparat : 3 Toho flat 2
Bildname : Bild_004993
Bearbeiter : Robert Rudolf
Quelle : 3 Toho flat 3
Beschreibung:

Aufnahme : 1.67*10
Praparation :
Praparat : 3 Toho flat 3
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Bildname : Bild_004994
Bearbeiter : Robert Rudolf
Quelle : 3 Hexcel 1mm

Beschreibung:

Aufnahme : 1.67*2.5
Praparation :

Préaparat : 3 Hexcel 1mm
Bildname : Bild_004995
Bearbeiter : Robert Rudolf
Quelle : 3 Hexcel 1Imm 1

Beschreibung:

Aufnahme : 1.67*10
Préaparation :
Praparat : 3 Hexcel 1mm 1
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Bildname : Bild_004996
Bearbeiter : Robert Rudolf
Quelle : 3 Hexcel 1mm 2

Beschreibung:

Aufnahme : 1.67*10

Praparation :

Praparat : 3 Hexcel Imm 2
Bildname : Bild_004997
Bearbeiter : Robert Rudolf
Quelle : 3 Hexcel 1mm 3

Beschreibung:

Aufnahme : 1.67*10

Préaparation :

Praparat : 3 Hexcel Imm 3
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Bildname : Bild_004999
Bearbeiter : Robert Rudolf
Quelle : 3 Hexcel flat
Beschreibung:

Aufnahme : 1.67*2.5
Préaparation :

Praparat : 3 Hexcel flat
Bildname : Bild_005000
Bearbeiter : Robert Rudolf
Quelle : 3 Hexcel flat 1

Beschreibung:

Aufnahme :

1.67*10

Praparation :

Préaparat :

3 Hexcel flat 1
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Bildname : Bild_005001
Bearbeiter : Robert Rudolf
Quelle : 3 Hexcel flat 2

Beschreibung:

Aufnahme :

1.67*10

Préaparation :

Praparat : 3 Hexcel flat 2
Bildname : Bild_005002

Bearbeiter : Robert Rudolf
Quelle : 3 Hexcel flat 3

Beschreibung:

Aufnahme :

1.67*10

Préaparation :

Praparat :

3 Hexcel flat 3
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Bildname : Bild_005084
Bearbeiter : RR

Quelle : 3H1
Beschreibung:

Aufnahme :

Praparation :

Praparat : 3H1
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Bildname : Bild_005086

Bearbeiter : RR

Quelle : 3T1

Beschreibung:

Aufnahme :

Préaparation :

Praparat : 3T1
Bildname : Bild_005087
Bearbeiter : RR
Quelle : 3TF
Beschreibung:

Aufnahme :
Préaparation :
Préaparat : 3TF
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Bildname : Bild_005022
Bearbeiter : Robert Rudolf
Quelle : 4 Toho 1mm
Beschreibung:

Aufnahme : 1.67*2.5
Préaparation :

Praparat : 4 Toho 1mm
Bildname : Bild_005024
Bearbeiter : Robert Rudolf
Quelle : 4 Toho 1mm 1x

Beschreibung:

Aufnahme : 1.67*10
Préaparation :
Préaparat : 4 Toho 1mm 1x
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Bildname : Bild_005025

Bearbeiter : Robert Rudolf

Quelle : 4 Toho 1mm 2

Beschreibung:

Aufnahme : 1.67*10

Praparation :

Préaparat : 4 Toho 1mm 2
Bildname : Bild_005026
Bearbeiter : Robert Rudolf
Quelle : 4 Toho 1mm 3
Beschreibung:

Aufnahme : 1.67*10
Préaparation :
Préaparat : 4 Toho 1mm 3
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Bildname : Bild_005028
Bearbeiter : Robert Rudolf
Quelle : 4 Toho flat 1
Beschreibung:

Aufnahme : 1.67*10
Préaparation :

Préaparat : 4 Toho flat 1
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Bildname : Bild_005029
Bearbeiter : Robert Rudolf
Quelle : 4 Toho flat 2
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Praparat : 4 Toho flat 2
Bildname : Bild_005030
Bearbeiter : Robert Rudolf
Quelle : 4 Toho flat 3
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Praparat : 4 Toho flat 3
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Bildname : Bild_005031
Bearbeiter : Robert Rudolf
Quelle : 4 Hexcel 1Imm

Beschreibung:

Aufnahme : 1.67*2.5
Praparation :

Praparat : 4 Hexcel 1mm
Bildname : Bild_005032
Bearbeiter : Robert Rudolf
Quelle : 4 Hexcel Imm 1

Beschreibung:

Aufnahme : 1.67*10
Praparation :
Préaparat : 4 Hexcel 1mm 1
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Bildname :

Bild_005033

Bearbeiter :

Robert Rudolf

Quelle :

4 Hexcel 1mm 2

Beschreibung:

Aufnahme :

1.67*10

Praparation :

Préaparat :

4 Hexcel 1mm 2

Bildname :

Bild_005034

Bearbeiter :

Robert Rudolf

Quelle :

4 Hexcel 1mm 3

Beschreibung:

Aufnahme :

1.67*10

Praparation :

Praparat :

4 Hexcel 1Imm 3
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Bildname : Bild_005035
Bearbeiter : Robert Rudolf
Quelle : 4 Hexcel flat
Beschreibung:

Aufnahme : 1.67*2.5

Praparation :

Préaparat : 4 Hexcel flat
Bildname : Bild_005036
Bearbeiter : Robert Rudolf
Quelle : 4 Hexcel flat 1

Beschreibung:

Aufnahme :

1.67*10

Praparation :

Préaparat :

4 Hexcel flat 1
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Bildname : Bild_005037
Bearbeiter : Robert Rudolf
Quelle : 4 Hexcel flat 2

Beschreibung:

Aufnahme : 1.67*10
Praparation :

Praparat : 4 Hexcel flat 2
Bildname : Bild_005039
Bearbeiter : Robert Rudolf
Quelle : 4 Hexcel flat 3

Beschreibung:

Aufnahme : 1.67*10
Praparation :
Préaparat : 4 Hexcel flat 3
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Bildname : Bild_005088

Bearbeiter : RR

Quelle : 4H1

Beschreibung:

Aufnahme :

Praparation :

Préaparat : 4H1
Bildname : Bild_005089
Bearbeiter : RR
Quelle : 4Hf
Beschreibung:

Aufnahme :
Praparation :
Préaparat : 4HF
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Bildname : Bild_005090
Bearbeiter : RR
Quelle : 4T1

Beschreibung:

Aufnahme :

Praparation :

Préaparat : 4T1
Bildname : Bild_005091
Bearbeiter : RR
Quelle : 4TF

Beschreibung:

Aufnahme :

Praparation :

Praparat : 4TF
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Bildname : Bild_005058
Bearbeiter : Robert Rudolf
Quelle : 5 Toho 1mm 1
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Préaparat : 5 Toho 1mm 1
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Bildname : Bild_005059

Bearbeiter : Robert Rudolf

Quelle : 5 Toho 1mm 2

Beschreibung:

Aufnahme : 1.67*10

Préaparation :

Préaparat : 5 Toho 1mm 2
Bildname : Bild_005060
Bearbeiter : Robert Rudolf
Quelle : 5 Toho 1mm 3
Beschreibung:

Aufnahme : 1.67*10
Praparation :
Praparat : 5 Toho 1mm 3
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Bildname : Bild_005061
Bearbeiter : Robert Rudolf
Quelle : 5 Toho flat
Beschreibung:

Aufnahme : 1.67*2.5
Préaparation :

Praparat : 5 Toho flat
Bildname : Bild_005062
Bearbeiter : RR

Quelle : 5 Toho flat 1
Beschreibung:

Aufnahme : 1.67*10
Préaparation :

Préaparat : 5 Toho flat 1
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Bildname : Bild_005063
Bearbeiter : RR

Quelle : 5 Toho flat 2
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Praparat : 5 Toho flat 2
Bildname : Bild_005064
Bearbeiter : RR

Quelle : 5 Toho flat 3
Beschreibung:

Aufnahme : 1.67*10
Praparation :

Praparat : 5 Toho flat 3
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Bildname : Bild_005065
Bearbeiter : RR
Quelle : 5 Hexcel 1mm

Beschreibung:

Aufnahme : 1.67*2.5

Praparation :

Praparat : 5 Hexcel Imm
Bildname : Bild_005066
Bearbeiter : RR

Quelle : 5 Hexcel 1mm 1

Beschreibung:

Aufnahme : 1.67*2.5

Préaparation :

Praparat : 5 Hexcel Imm 1
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Bildname : Bild_005067
Bearbeiter : RR
Quelle : 5 Hexcel 1mm 2

Beschreibung:

Aufnahme : 1.67*2.5

Préaparation :

Praparat : 5 Hexcel 1mm 2
Bildname : Bild_005068
Bearbeiter : RR

Quelle : 5 Hexcel 1mm 3

Beschreibung:

Aufnahme : 1.67*2.5

Préaparation :

Préaparat : 5 Hexcel 1mm 3
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Bildname : Bild_005069

Bearbeiter : RR

Quelle : 5 Hexcel flat

Beschreibung:

Aufnahme : 1.67*2.5

Préaparation :

Praparat : 5 Hexcel flat
Bildname : Bild_005070
Bearbeiter : RR
Quelle : 5 Hexcel flat 1

Beschreibung:

Aufnahme :

1.67*10

Préaparation :

Préaparat :

5 Hexcel flat 1
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Bildname : Bild_005071
Bearbeiter : RR
Quelle : 5 Hexcel flat 2

Beschreibung:

Aufnahme : 1.67*10
Préaparation :

Praparat : 5 Hexcel flat 2
Bildname : Bild_005072
Bearbeiter : RR

Quelle : 5 Hexcel flat 3

Beschreibung:

Aufnahme :

1.67*10

Praparation :

Praparat :

5 Hexcel flat 3
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Bildname : Bild_005092
Bearbeiter : RR

Quelle : 5H1
Beschreibung:

Aufnahme :

Praparation :

Praparat : 5H1
Bildname : Bild_005093
Bearbeiter : RR

Quelle : S5HF
Beschreibung:

Aufnahme :

Praparation :

Préparat : 5HF

134




11. Appendices

Bildname : Bild_005094
Bearbeiter : Robert Rudolf
Quelle : 5 Toho flat
Beschreibung:

Aufnahme : 1.67*2.5
Praparation :

Praparat : 5 Toho flat
Bildname : Bild_005075
Bearbeiter : RR

Quelle : 5tf
Beschreibung:

Aufnahme :

Praparation :

Préaparat : 5tf
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Bildname : Bild_005073
Bearbeiter : RR
Quelle : holz 5tf
Beschreibung:
Aufnahme : 1.67*50
Praparation :
Praparat : holz 5tf
Bildname : Bild_005074
Bearbeiter : RR
Quelle : holz 5tf

Beschreibung:

Aufnahme : 1.67*50
Praparation :
Praparat : holz 5tf
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Appendix H

lﬁ\ HUBER+SUHNER .
NELT  FHYSILABOR, CH-8330 PFAFFIKON

09.02.10 11:26

Parametertabelle:

Priifnorm : EN 20 178/1SO 178
Material : Carbon PFA
Priifer : Robert Rudolf

Beginn E-Modulermittlung: 0.05 %
Ende E-Modulermittiung : 0.25 %
Geschwindigkeit E-Modul : 2  mm/min

Priifgeschwindigkeit 1 mm/min
Stiitzweite L=(16%1)*h : 45 mm
Maschinendaten : 144503 WN:103931

Traversenwegaufnehmer WN:103931

Kraftsensor ID:1 WN:111937 500 N

Ergebnisse:
a0 b0 L=(16%1)* h| Biegemodul | ofC ofM &M of B efB | e-Bruch | &-F max
Nr mm mm mm MPa MPa MPa % MPa % mm mm
1 1.03 | 15.25 45 | 8028263 | - |42634 | 052 | 208.30 | 067 | 1.91 | 1.76 _
2 1.03 156.256 45 71165.46 - 43438 | 0.62 | 424,54 | 0.62 2.05 2.04
3 1.01 14.93 | 45 78361.85 | 192.40 | 456,09 | 0.58 - - - 1.93
4 1.04 | 1534 | 45 70625.26 | 190.01 | 439,37 | 0.60 - 1.96
Statistik:
Serie | a0 b0 [L=(1641)* h|Biegemodul | ofC ofl &fM ofB efB |e-Bruch|e-F max
n=41 mm mm mm | MPa MPa | MPa % MPa % mm mm
X 1.03 | 15.19 45 75109.05 |191.20/439.05| 0.58 |361.42| 0.60 1.98 1.92
s 0.01 0.18 0.000 4932.67 1.69| 12.57| 0.04 | 89.27| 0.04 | 0.10 0.12
v 1.22 1.19 0.00 6.57 0.88| 2.86| 7.61 | 24.70| 6.93 | 4.84 6.17
med | 1.03 | 15.25 45 74763.66 |191.20/436.88| 0.59 [361.42| 0.60 1.98 1.95
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&

09.02.10 12:57

HUBER+SUHNER
PHYSIKLABOR, CH-8330 PFAFFIKON

Parametertabelle:

Priifnor

m

Material

Priifer

Beginn E-Modulermittlung :
Ende E-Modulermittiung
Geschwindigkeit E-Modul : 2

Priifgeschwindigkeit

Stiltzweite L= (16£1) *h

Maschinendaten

: EN 20 178/1SO 178

: Carbon PFA
: Robert Rudolf

0.05 %
1 0.25%

mm/min

1 mm/min

45 mm
: 144503 WN:103931

Traversenwegaufnehmer WN:103931
Kraftsensor ID:1 WN:111937 500 N

Ergebnisse:
a0 b0 L=(16%1) * h| Biegemodul | ofC ofM &fM of B efB | e-Bruch | s-F max
Nr mm mm mm MPa MPa MPa % MPa % mm mm
2 0.97 | 15.36 45 75964.91 - 37315 | 0.51 - - - 1.78
— 3 097 | 1542 | 45 49193.10 404.81 | 0.70 - - - 2.45
4 0.90 14.95 45 72706.51 - 639.63 | 0.72 - - - 2,70
5 0.97 | 15.01 45 68360.87 - 380.36 | 0.55 - - - 1.91
Statistik:
Serie | a0 b0 |L=(1611)* h|Biegemodul| ofC | ofM £fM ofB efB | e-Bruch|e-F max
n=4 1 mm mm mm MPa MPa | MPa % MPa % mm mm
X 0.95 | 1519 45 66556.35 - 1424.49| 0862 - - - 2.21
] 0.04 0.24 0.000 11987.28 - 77.95| 0.11 - - - 0.44
v 3.67 1.58 0.00 18.01 - 18.36| 17.19 - - - 19.87
med | 0.97 | 1518 45 70633.69 - 1392.59| 0.63 - - - 2.18

141



Improving Polymer Matrix Separating Cans: Developtrend Characterisarion of a Carbon Fibre/PFA Maomposite

lﬁ\ HUBER+SUHNER
\_’ PHYSIKLABOR, CH-8330 PFAFFIKON

09.02,10 12:567

Priifnorm : EN 20 178/ISO 178
Material : Carbon PFA
Priifer : Robert Rudolf
Beginn E-Modulermittiung: 0.05 %

Ende E-Modulermittlung : 0.256 %

Geschwindigkeit E-Modul
Priifgeschwindigkeit
Stiitzweite L= (16 £1)*h
Maschinendaten

Kraftin N

2 mmimin

H| mm/min

:45 mm

: 144503 WN: 103931

Traversenwegaufnehmer WN:103931
Kraftsensor ID:1 WN:111937 500 N

Weg in mm
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E3)

09.02.10 13:10

HUBER+SUHNER
PHYSIKLABOR, CH-B330 PFAFFIKON

Parametertabelle:

Priifnorm : EN 20 178/ISO 178
Material : Carbon PFA
Priifer : Robert Rudolf

Beginn E-Modulermittlung: 0.05 %
Ende E-Modulermittiung : 0.25
Geschwindigkeit E-Modul : 2  mm/min
Priifgeschwindigkeit
Stlitzweite L=(16%1)*h : 45 mm
Maschinendaten

B mm/min

: 144503 WN:103931
Traversenwegaufnehmer WN:103931
Kraftsensor ID:1 WN:111937 500N

Ergebnisse:
a0 b0 |L=(16£1)*h Blegemodul| ofC of efM of B B | e-Bruch|s-F max
Nr mm mm mm MPa MPa MPa % MPa % mm mm
1 0.90 | 15.06 | 45 59673.67 | - 344,04 | 0.53 - - - 198
2 095 | 15.35 45 45531.40 - 207.01 | 0.58 - - - 2.06
_ 3 0.95 | 15.30 45 70535.60 - 373.39 | 052 - - - 1.83
4 0.95 14.68 45 67565.561 | 194,35 | 376.60 | 0.57 - - | 20
Statistik:
Serie | a0 b0 [L=(1641) * h|Biegemodul| ofC | of\ £fM ofB | efB |s-Bruch|e-F max
n=41| mm mm mm MPa MPa | MPa % MPa % mm mm
X 0.94 | 1510 45 60826.54 |194.35|347.76| 0.55 - - 1.97
s 0.02 | 0.31 0.000 11179.60 - 36.87| 0.03 - - - 0.10
v 267 | 203 0.00 18.38 - 10.60| 5.54 - - 4.99
med | 0.95 | 15.18 45 63619.50 |194.35(358.71| 0.55 | - - 2.00
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@ HUBER+SUHNER
g PHYSIKLABOR, CH-B330 PFAFFIKON

09.02.10 13:10

Priifnorm : EN 20 178/ISO 178
Material : Carbon PFA
Priifer : Robert Rudolf

Beginn E-Modulermittlung: 0,05 %
Ende E-Modulermittlung : 0.25 %
Geschwindigkeit E-Modul : 2 mm/min

Priifgeschwindigkeit ;1 mm/min
Stiltzweite L=(16%1)*h : 45 mm
Maschinendaten : 144503 WN:103931

Traversenwegaufnehmer WN:103931
Kraftsensor ID:1 WN:111937 500 N

60

Kraftin N
-y
o

20

Weg in mm
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@ ' HUBER+SUHNER

PHYSIKLABOR, CH-5330 PFAFFIKON

09.02.10 13:23

Parametertabelle:

Priifnorm
Material
Priifer

: EN 20 178/1SO 178
: Carbon PFA
: Robert Rudolf

Beginn E-Modulermittiung: 0.05 %

Ende E-Modulermittlung

10,25 %

Geschwindigkeit E-Modul : 2  mm/min
Priifgeschwindigkeit

Stiitzweite L = (1621} * h

Maschinendaten

1 mm/min

45 mm

: 144503 WN:103931
Traversenwegaufnehmer WN:103931
Kraftsensor ID:1 WN:111937 500 N

Ergebnisse:
a0 b0 L =(16+1) * h | Biegemodul | ofC ofM efl of B efB | &-Bruch | &-F max
Nr mm mm mm MPa MPa MPa % MPa % mm mm
1 1.01 | 14.88 45 69077.17 - 399.84 | 0.56 - - - 1.87
2 0.97 14.52 45 68231.83 - 455.30 | 0.64 - 2.21
3 0.95 | 14.64 45 79443.37 | 211.25 | 455.53 | 0.53 - 1.89
4 0.97 | 14.68 45 62399.08 | 190.26 | 605.30 | 0.90 | an
Statistik:
Serie | a0 b0 |L = (1641) * h | Biegemodul | ofC ofM &fM ofB efB | e-Bruch | e-F max
n=4| mm | mm | mm MPa MPa | MPa % MPa % mm_ | mm
X 0.97 | 1468 45 69787.86 | 200.75|478.99| 0.66 - - - 227
s 0.03 | 0.15 0.000 7088.70 | 14.84| 88.19| 0.17 - - - 0.58
v 2.58 | 1.02 0.00 10.16 7.39| 18.41) 25.23 - - - 25.66
med | 0.97 | 14.66 45 68654.50 |200.75|455.42| 0.60 - - - 2.05
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@ HUBER+SUHNER

u PHYSIKLABOR, CH-5330 PFAFFIKON
09.02.10 13:23

Priifnorm - EN 20 178/ISO 178
Material : Carbon PFA
Priifer : Robert Rudolf

Beginn E-Modulermittlung: 0.05 %
Ende E-Modulermittlung : 0.25 %
Geschwindigkeit E-Modul : 2  mm/min

Priifgeschwindigkeit :1  mmi/min
Stiitzweite L=(16£1)*h : 45 mm
Maschinendaten : 144503 WN:103931

Traversenwegaufnehmer WN:103931
Kraftsensor 1D:1 WN:111937 500 N

120 +

100

80
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Z 60
40 E‘"I
20
i} } + - - t
6

Weg in mm

146



11. Appendices

&

09.02.10 13:32

HUBER+SUHNER
PHYSIKLABOR, CH-8330 PFAFFIKON

Parametertabelle:

Priifnorm
Material
Priifer
Beginn E-Modulermittlung: 0.05 %

Ende E-Modulermittlung : 0.25 %
Geschwindigkeit E-Modul : 2  mm/min
Priifgeschwindigkeit
Stiitzweite L=(16+1)*h : 45 mm
Maschinendaten

: EN20178/1SO 178

: Garbon PFA
: Robert Rudolf

1 mm/min

: 144503 WN:103931
Traversenwegaufnehmer WN:103931

Kraftsensor ID:1 WN:111937 500 N

Ergebnisse:
a0 b0 L =(16%1) * h| Biegemodul | ofC ofm &fM ofB efB | e-Bruch | e-F max
Nr mm mm mm MFPa MPa MPa % MPa % mm mm
1 0.92 14.30 45 65158.60 - 42373 | 061 - - 2.25
2 0.93 14.44 45 74567.13 - 449.09 | 0.56 - 2,03
3 0.93 14.70 45 68135.58 | 205.67 | 376.83 | 0.53 - 1.93
Statistik:
Serie | a0 b0 |L=(16%1) * h|Biegemodul| ofC | ofM | efM ofB efB | &e-Bruch|e-F max
n=3 | mm mm mm MPa MPa | MPa % MPa Y% mm mm
X 0.93 | 14.48 45 69287.10 |205.67|416.55| 0.57 - - - 2.07
- 0.20 0.000 4808.81 - 36.66| 0.04 - - - 0.16
v 0.62 1.40 0.00 6.94 “ 8.80| 7.36 - - - 797
med | 093  14.44 45 68135.58 |205.67|423.73| 0.56 - - - | 203
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@ HUBER+SUHNER
d PHYSIKLABOR, CH-8330 PFAFFIKON

09.02.10 13:32

Priifnorm : EN 20 178/1S0 178
Material : Carbon PFA
Priifer : Robert Rudolf

Beginn E-Modulermittlung: 0.05 %
Ende E-Modulermittlung : 0.25 %
Geschwindigkeit E-Modul : 2  mm/min

Priifgeschwindigkeit 1 mm/min
Stiitzweite L=(16£1)*h : 45 mm
Maschinendaten 1 144503 WN:103931

Traversenwegaufnehmer WN:103931
Kraftsensor ID:1 WN:111937 500 N

Kraftin N
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HUBER+SUHNER
PHYSIKLABOR, CH-8330 FFAFFIKON

&

09.02.10 13:43

Parametertabelle:

Priifnorm : EN 20 178/1SO 178
Material : Carbon PFA
Priifer : Robert Rudolf
Beginn E-Modulermittiung: 0.05 %

Ende E-Modulermittlung : 0.25 %
Geschwindigkeit E-Modul : 2  mm/min
Priifgeschwindigkeit 1 mm/min
Stiitzweite L=(1621)*h : 45 mm
Maschinendaten : 144503 WN:103931

Traversenwegaufnehmer WN:103931

Kraftsensor 1D:1 WN:111937 500 N

Ergebnisse:
a0 b0 L =(1621)*h| Biegemodul | ofC ofM efM ofB ¢fB | e-Bruch | e-F max
Nr mm mm mm MPa MPa MPa % MPa Yo mm mm
1 0.92 14.24 45 4951712 - 305.95 | 0.68 - - 2.51
2 0.80 15.01 45 69062.45 39412 | 0.52 - 1.95
_ 3 0.80 14.48 | 45 72366.71 | 506.26 | 0.83 - - 237
4 089 | 14.13 | 45 73163.03 | - 568.37 | 0.72 | - 2.74
Statistik:
Serie | a0 b0 |L=(16%1)*h|Biegemodul| ofC ofM | M ofB efB | e-Bruch | e-F max
n=4| mm mm mm MPa MPa | MPa Yo MPa % mm mm
X 0.90 | 14.47 45 66025.33 - 443.68| 0.64 - - - | 239
s 0.01 0.39 0.000 11147.31 - 116.75| 0.09 - - - 0.33
v 1.39 2.71 0.00 16.88 - 26.31| 13.86 - - - 13.99
med | 0.90 | 1436 | 45 70715.58 - 450.19| 0.66 - - - 2.44
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@ HUBER+SUHNER
u PHYSIKLABOR, CH-5330 PFAFFIKON

09.02.10 13:43

Priifnorm : EN20178/1SO 178
Material : Carbon PFA
Priifer : Robert Rudolf

Beginn E-Modulermittlung : 0.05 %
Ende E-Modulermittiung : 0.25 %
Geschwindigkeit E-Modul : 2 mm/min

Priifgeschwindigkeit :1  mmi/min
Stiltzweite L=(16+1)*h : 46 mm
Maschinendaten : 144503 WN:103931

Traversenwegaufnehmer WN:103931
Kraftsensor ID:1 WN:111937 500 N

Kraftin N

Weg in mm
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Appendix | (Source: Cardona et al., 2001)

240 260 280 300 320
Temperature (°C)

260 280 300 320
Temperature (°C)

Fig. 5. DSC melting curves for PFA-A polymer showing the peaks
corresponding o dilferent crystulline fractions contributing: Ungraf-
ted PFA sample (a) and after 50 kGy (b).
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Appendix J
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Appendix K
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Appendix L

Toho Tenax
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Hexcel
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