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Abstract

It has been hypothesised that weight reduction in ropes can be realised by the hybridisation of
steel strands with nemetallic carriers in order to improve the efficiency of hoisting
processes, most notably in mining applications. While this has beemptgte by replacing
steelcentralwires with unreinforced polymewnd parallel fibre coregshis investigation has
considered theeplacement of steel wir@gth carbon fibre reinforced plastic rods.

Fibre reinforced plastics are valued for thkigh stengthto-weight ratiosand ubiquity.

Since load sharing is maximal between materials of similar stiffness in a hybrid system, high
strength carbon fibres were identified as the most feasible reinforcements for achieving
compatiblemechanical propertiewith those of high strength steel wires nylon polymer

matrix was chosen to provide a reasonable balance between toughness, environmental
stability and cost.

A pultruder was designed and constructed in order to produce carbon fibre/nylon 12 rods for
the ceation of novel stegl’FRP hybrid strands. Development of the pultruder highlighted
challenges in manufacturing that have been solved for industrial processes but remain
underrepresented in academic research. Cost effective and flexible labscatery
techniques included fibre spreading by rollers, powder impregnation and the use of heating
strips. Superior consolidation of the polymer matrix was obtained in rods pultruded from
commingled stretcibroken carbon fibre/nylon tows, which emerged as the nppsbariate
feedstock.

The Youngs modulus angenacity of hybrid carbon fibre/vinyl esteentralrodswerefound
to exceedhatof standard steel strands, which in twerehigher than that ofiybrid strands
produced with irfhouse pultruded rod#\lthough thisidentifieda need for the refinement of
manufacturing conditionst identified a lower bound ofnaterialpropertiesrequired of the
central rod in order to improve the tenacity of a hybrid strahé. finding of higher tenacity
for the hybrid carbon fibre/vinyl ester strands demonstrated the feasibihiggbatlising steel
wire strandswith nonmetallic rods as anovel means of increasing the strengthweight
ratio of strandsFinite element moelling of strands with a range of nenetallic core
materialsconfirmed thanaterial selection process by predicting shéability of carbon fibre
reinforced plastics over other core materials in improving the tenacity of hybrid strands.
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Nomenclature

Ei Stiffness (Pa)

071 Stress (Pa)

Pi Load (N)

A'i Crosssectional area (fn

di diameter of a rod (m)

L 7 span between supports indk point bend tests (m)
oP/pyi rate of change of flexio(N/m)

Ui strain

Ji strain energyJ)

Ui lay angle(®)

rw I winding radiugm)

z, 1 lay length(m)

F T tension in a wire (N)

P, T axial load on a wire (N)

Qi 1 shear load on a wire (N)

S 1 tension in the axial direction of a strand (N)
z17 number of outer wires in a strand

rc 7 core wire radius (m)

r 1 outer wire radius (m)

Glossary of Terms

Aaramidi 6ar omati c polyamided6, also refers to
Commeral examples include Kevlar, Twaron and heterocyclic polymers such as Zylon.

Back ionisationi the phenomenon by which a target surface acquires a charge equal to that
of an incoming stream of ions, which prevents any further charging of the surface due to
electrostatic repulsion.

Birdcage i the appearance of one or more outer wires to unwind and protrude from the
regular helical shape of a strand or rope in a shape reminiscent of a birdcage.

Bobbin i a drum from whicHibres or wires are unwound.

Catenaryi a chain or a flexible curve made from links or sections or wire rope.

Characteristic length1 the length at which the breaking load of a rope isaetjits weight

under gravity.

Commingled fibres/towsi a bundle of filaments from two or more matetigles that have

been spun together.

Core’i the central carrying component in a rope or strand. In yarns and strands this may be a
single wire, while in ropes it may be a central yarn or strand.

Corona spray i the generation of charges through dielectrieakdown of air, either by
exposure to a potential difference or a plasma source, which are then pneumatically
transported to a target.

Fibre volume fraction i the volume inside a composite material that is represented by fibres.
Forming/heating diei a mathed mould through which impregnated fibres are consolidated
or cured in a pultrusion process.

11
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Hybrid rope 7 a rope composed of carriersiin more than one material type.

Jacobiani short hand fr om 6 J ac o bparameternypitalipetweerdle t e r mi
and-1 of finite element mesh quality, withrepresenting a regular cuboid and smaller values
indicating lower element regularity.

Kinematic constraint 1 a boundary condition placed on a group of nodes in a finite element
simulation that preveatmotion in specified directions.

King wire 1 the central wire in a yarn or strand.

Lay anglei the incident angle made by the path of a helical wire with the central axis of
helical rotation.

Lay length 1 the periodicity of a helical path made by a wineg lay length is the distance

along the central axis of rotation required for a full helical rotation of the wire.

Parallel fibre rope i a rope composed of independent filaments that are not chemically
bonded by a matrix material as in a fibre reinforptastic. Parallel fibre cores are sheathed

in a flexible plastic coating to constrain lateral motion of the filaments.

Pultrusion T continuous manufacture of a fibre reinforced plastic with a constant- cross
section by pulling impregnated fibres througheated die.

Ropei generally, any assembly of smaller uniaxial tendons that is used to carry a load in
tension. In wire or mubist r and technol ogy, Oroped 1S USE
composed of &éstrandd or Oymwesdcompeatdngf uwi
Rule of mixturesi an analytical model of a composite that relates the nominal macroscopic
stiffnessunder agiven loading condition to that of its material constituents.

Sheave a grooved pulley for hoisting wire rope.

Size1 a surface treatment applied to filaments to improve adhesion and handling of fibre
tows.

Stepi a segment of a simulati@olved byABAQUS 6.10.

Strand 7 a helical assembly of wires that either represents a constituent part a rope or a
complete load caying device in its own right. In ropes with many individual carriers, often
referred to as | arger than a o6yarndé but i n s
synonymously.

Stretch brokenfibres 1 yarns that have been stretched until somegatam of the filaments

have broken. The remaining discontinuous filaments are then spun into tows.

Void contenti The volume inside a composite material that is represented by an absence of
material or by a nosolid phase unintentionally included durimgnufacturing, such as air.

Winding radius 1 distance between the centre of rotation of a path made by a helical wire

and its lateral displacement from that point.

Wire 7 fundamental element in a metallic rope, consisting of the smallest diameter carrier.

Yarn i the smallest assembly of wirésat is repeatedly used to create larger sections of a
strand or rope. Sometimes used synonymously

Glossary of Acronyms

C3D81 Three dimensional brick elements with eight nodes, used in finite elenoelaling
CF1 CarbonFibre

CFRPi CarbonFibre ReinforcedPlastic

DSCi Differential Scanning Calorimetry

FRP1 Fibre ReinforcedPlastic

PA1 PolyAmide

PEEK| Poly(EtheEtheKetone)
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6The Tsir now began t o thd veol bountdSoalfather septyhe wo u | d
youth, who iscalled Skirnir, ands Frey6 s messenger, to some dwarf
had them make the fetter which is called Gleipner. It was made of six things: of the footfall of

cats, of the beard of womaaof the roots of the mountain, of the sinews of the bear, of the

breath of the fish, and of the spittle of the birds. If you have not known this before, you can
easily find out that it is true and that there is no lie about it, since you must have observed
that a woman has no beard, that a catds foof
roots; and | know, forsooth, that what | have told you is perfectly true, although there are
some things that you do not wunderstand. 0O

- Gylfanning, Prose Edda

13



Hybrid steel wire strands with carbon fibre reinforced plastics Alon Ratner11/02/2016

1 Introduction

Dynamic ropes for mining applications are required to be strdmgble and reliableFor

more than a century these specifications have been met by steel wire ropes. However, the
relatively high density of steel inhibits the productivity of deep mining operations because the
selfweight of the ropes that are requiredhbist material becomes limiting. The maim of

this investigation is to develop a hybrid strand composed of steel wires and fibre reinforced
plastic rods that will possess a higher strength to weight ratio than existing steel strands.

This section oluines the scope of the project aitglkey challenges. It also briefly introduces

the materials and technologies utilised in the manufacturing research that was undertaken. To
avoid a cumbersome and unduly geiferential text, exhaustive reviews of priesearch are
included as relevant in succeeding chapters.

1.1 A history of ropes

Since antiquity ropes have been an important feature of technology and have played a vital
role in enabling bulk traction beyond earthbound movement. The earliest materaicevid

for the use of cordage in yarns comes from prehistoric fishing nets found at Korpilathi swamp

in Antrea, Finland that carbon dating suggests were produced in Mesolithid 1im€sven

the confidence with which these nets were used for their intended purpose it is presumable
that human experimentation with binding fibres to produce yarns extends to earlier periods.

An awareness of ropes is found in many ancient cultures and thus became items not only of
technological utility but also of cultural significanf24]. Early depictions of manufacture

have also survived in Egyptian burial chambgss. The use of these ropes in large
constructions has been confirmed by numerous finds of papyrus and flax ropes in Egypt and
descriptions of their use by classical autHjé8]. Evidence of the reliability and strength of

these ropes is abundant. The Coliseum in Rome was once covered by an enormous awning
with the aid of sturdy ropd$].

The style of rope manufacture did not radically change until the Industrial Revolution, during
which the efficacy of rope production was greatly improved by the innovation of the
ropewalk. These rooms were hundreds of metres intHeagd were often located near
harbours where they provided cordage for shipwrigh@k At the time of writing, the ropery

at Chatham dockyard still houses a working ropewalk.

Ropes and their manufacture changed dramatically th@hintroduction of wire rope which
superseded chains in strength and durabjlitl. The innovations that accompanied wire
ropes were profound and heralded a new age in applications for tensile loading, including
continuous manufacture of steel ropes witstly improveddurability and flexibility in
design[12]. Advances in steel production further transformed the state of the inflL@try

Some of theprocesses developed more than a hundred years ago are still employed today.

The importance of these modern techniques was noted by Boris Artzybashiei$ in
introduction to his illustrations of these novel processes, showigumne 1.1 [14]:
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Al am t hrcihlined ylby Mmar c e, precision and wil |
how arduous or monotonous it may be. | would rather watch a thousand ton dredge dig a
canal than see it done by a thousand spent s

Figurel16 Wi re drawing machi nes 6 [14nirdages Bave baend i n g
reproduced with special permission from Titan Books.

1.2 Wire ropes
Each carrier that makes up a rope is wound in a helical shape about a central axis, which may
contain a continuous core. The pattern of winding determines madhg physical properties

of the ropg15]. The terminology used to describe the order of scale from an individual wire
to a rope is described Figurel.2[16]:

wire Y yarn Y strand Y rope
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® wire

% Yarn

.
sl

otw
@@%@@D >

Rope

Figurel.1 Nomenclature of elements in a wire rope construction.

This project considers a simple construction known as a wire strand core, shBigaria

13. This consists of 6 helical wi iIs éssalsowo u n d
collectively referred to as a O6coresrandi nce
ropes, an example of which is showrFigurel.4.
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Figure1l.3 Wire strand core.

50mm

Figure 1.4 A multistranded rope, Dyform for offshore winch applications, Bridon
International.

Although the majority bcontemporary research is concerned with multistranded ropes, for
reasons of feasibility this project is limited to wire strand cores.

1.2.1 Steel and fibre ropes
Steel is the material of choice for most wire ropes. The properties of high tensile strength and

stiffnessand ductility have made steel a high performing and economical mai&fiabteel
is obtained in the form of large diameter rods that are drawn into filafiehts
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1 The rods are heated in order to achieve a phase transformation to austenite and are then
rapidly cooled in ordeto produce a lamellar microstructure that is conducive to cold
drawing.

1 The steel rods are drawnto wiresat low temperatures to reduce ithdiametes. Cold
drawing increases strength while reducing the ductility of the wires.

1 The surface of the wire ay be coated to prevent corrosion and wires are often zinc
coated by electrdripping or galvanisationWires are then redrawn to recover strength
and to smoothen the surface.

Stranding is the process by which many wires may be consolidated into acsinsfieiction.
This process has been illustrated in a schematic diagr&igune1.5. Bobbins carrying each
wire are fed into a forming die that determines the gegnuétthe strand. The rate at which
the capstan rotates determines the helical angle and thus the lay length of the strand.

wire bobbins

Figurel.5 Stranding from wire and core bobbins.

Fibre ropes have highestrengthto-weight ratios greater flexibility and better shock
resistance than steel wire rofms are less resistant to abrasion, cutting and cf&gjp For
instance, for similarly laid 12mratrands the strengthio-weight ratios of nylon, polyester,
aramid and teel are 27.4tons/m, 22.4tons/m, 85.4tons/m and 15.1tons/m, respef@¥jely
Some common uses of synthetic fibre ropes are provided below:

1 Nylon is principally considered for its energy absorption, durability and abrasion
resistancg¢21].

Polyester is valued for reasonable stiffness at low[@2%t

Aramid fibres are more expensive than those made from commoditycplasid are
characterised by high tenstiffness low susceptibility to creeghermal resilience and
good abrasion resistanf23].

il
il

Liquid crystal polymers have provided the majority of high stiffness and strength fibres.
Outstanding mechanical and thermal properties are found among aromatic aramids such as
Kevlar, heretocyclic polymers such as Zylon and liquid crystalline and aroorgstalline
polyesters such as Vectrfzd].

1.2.2 Lightweight ropes

Since the 19 Century steel wire ropes have become an indispensable part of hoisting in
mines. Steel wires initially replaced natural fibres and eventually surpassed catenaries in
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strength. In doingo, they have enabled deeper mineral extraction. Wire rope cables are also
used in compliant oil and gas platforms such as tension leg platforms, which are stiff with
respect to their displacement from the seabed.

Weight is an important design factor mining applications The O0characteri st
tether isdefined aghe maximum breaking load of the matedalided by its mass per unit

length. It gives an indication of the longest conceivable length cbrainuousmaterial

before its selveight overcomes its maximum breaking load. In pradtiganaximum length

of a ropewill be much lower, owing to its role in hoisting additional weight, deterioration of

its strength during its service life and the safety factor of the application. Thetehiatac

lengths of some materials are giverFigurel.6 [25].

400
350
300

250
Characteristic
length (km) 220
150
100
50
0 [ ]

Drawn steel Carbon Technora Kevlar49 Dynema
T700S

Figure 1.6 Characteristic lengths of drawn steel rod and high performance synthetic rope
fibres.

It is clear that lightweight materials with higher tensile stremgthunit maswill perform

better with respect to selfeight than steel. This means that mining shaftshwsst more
materialfrom greater deptf which increaseproductivity as ore cahe extracted at higher

rate. Lightweight ropes also contribute less to the weight of tension leg plgtimieaning

that weight savingcan be passed onto essential features of the working and habitable spaces
within the platforms thenseles[26].

Although weight reduction is expected to increase productivity, synthetic fibre ropes are
unlikely to survive repeated maintenance and deterioration due to abrasion and drushing
motion when in contact withwinding drums.This is a consequence of thelatively low
compression strengthf polymer fibres, which lack the cof-plane strength and stiffness of
drawn steel wiresThis complication poses a design challenge, whichospounded by a

lack of experimental data and product testji2y]. Parallel fibre ropes also encounter
excessive heating due to internal friction and polymer ropes kiwer tensile strength and
stiffnessat elevated temperatures. This has been partly responsible for observed damage in
dynamic ropes moving over sheay2§].
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1.2.3 Hybrid ropes

Steel and fibre hybrid ropes were suggestecearly as 197]29]. Klees et al. provided a
commonly accepted description of a hybrid rope consisting of a jacketed synthetic fibre core
surrounded by helically laid steel strari@§]. Hybrid ropes seek to take advantage of the
durability of steel wires while benefiting from the weight reductaifered bysynthetic

fibres. The productivity of a mine shaft decreases with greater depth as tiveigéif of the

rope takes up an increasing proportion of the hoisted mass. For this reason the efficiency
provided bya higher strengtto-weight ratiobecones increasingly competitive at greater
depths[31]. Rebel, Verreet and Briem reviewed two ways in which hybrid ropes may
influence rope selection; by reducing the weight of ropils the same breaking strength or

by increasing the strength of ropes with the same mass. They found that a weight reduction of
20% could increase skip capacity by 50% at depths of 3000m. Most importantly, they
suggestd that changes in rope design tocammodate a fibre core may not entail
replacement of existing sheaves and drum sle@aks

Developments for hybrid ropes have largely been undertaken for steel outer strands and
parallel laid cores. While fibre reinforced plastics (FRP) have been used for the construction
of bridges[33], their high cost has largely deterred their use in lightweight ropes for deep
water moorind25].

Parallel fibres only interact by mutual friction, whereas chemical bonding in FRPs enables
load sharing between reinfang fibres. This permits FRPs to distribute a given load across
the fibres with neaequal extension. In bending a FRP also possesses gfiextenal
stiffnesssince it elastically behaves as a single beam ratheratanbundle of individual
parallel fbres. FRPs rarely have a fibre volume fraction above 60% so thetensle
stiffnessand strengtlof the FRP are lower in comparison witfose ofa parallel fibre rope.
Nevertheless, the unified nature of FRPs is closer to that of the homogeneousgirsteel
already in use, which may allow them to more easily overcome issues of durability and
technology transfer.

Above all, the single greatest advantage of a hybrid -EfREl rope may lie in the vast
potential for materials selection in both fibres gmadlymers. This is most apparent in their
synergistic properties by which thadvantagesof a particular constituent can be
complementedby its partner materials.

1.3 Project aims

Hybrid ropes are largely at an industrial, rather than academic stage of development. This is
not uncommon for the wire rope industry, which has not produced a large collection of
publically accessible information; one the most commonly cited experimggitalsets for

steel wire ropes was created by Utting and J¢Bds35]. Acquired knowledge about the
performance of steel ropes will not be directly applicable to hybrid r@yesn therelatively

narrow rangeof datafor steel wiretechnologied33], it is easy to anticipatthata body of
information regardinghe study ofhybrid ropeswill be needed in order to develop the
technology beyond its academic origii$is project aims to contrilte to reducing the gap

in understanding between steel and hybrid structurehasacterisin@ppropriatepolymeric
materialsand generating foundational data about the feasibility of hybrid strédhdsis to

be achieved through Hdepth materials chacterisation using novel testing methodologies
and finite element analysis of new assemblies of wires and rods that are representative of the
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strandsSince there is no prior experience in manufacturing and testing steel and FRP hybrid
strands, there aresal no datasets regarding the tensile strength and stiffness properties of
thesecomponents. In addition to creating these points of reference for future research and
development, this project also aims to simulate hybrid strands in order to extend the
investigation to hybrid materials that are outside of the scope of experimentatmact
objectivescan be summarised as follows:
1 Identify rod materialsthat are suitable for increasing the strergtweight ratio of
strands bynybridisation with steealires
Develop a manufacturing processproducehybrid strands
Develop a testing methodology order to characterise thensile properties of hybrid
strands
1 Simulate tension in strands hybridised with a range of FRRBsler to increase the scope

of materals analysis and validate the materials selection process

T
T

1.3.1 Project overview

Realisation of stedFRP hybrid ropes is a wide toptbat requires consideration from a
number of engineeringgchniquesn order to fulfil the project aims. Thesee covered by the
chapters of this thesis:

1 Introduction

o An overview was provided of project goals, the context of research in the area of
study, current manufacturing techniques.

o This chapter alsweviews screening ofappropriate materials for FRP rodad
provides an introduction to FRP manufacturing techniques

2 Design and construction of the pultruder

0 After a period of review and development of appropriate technologies;sadéd
pultruder was designed and constructed in order to manufacturencarbo
fibre/thermoplastic rods.

0 The pultruder made use of a number of modular processes, including mechanical
spreading of fibres, powder impregnation of fibres,-lpeating of impregnated
tows, consolidation of tows within a heated die and traction pullimgds.

3 Pultrusion optimisation and productivity

o0 Rods were pultruded from sized and unsized carbon fibres and nylon 12 powder,
as well as from commingled tows of carbon and nylon 12 filaments.

o Trials were undertaken to determine optimal manufacturingmpeteas and rods
were pultruded in order to provide specimens for tensile and flexural tests. Rods
were also pultruded to make hybrid stE&P strands.

4 Experimental methodology

o Flexural and tensile specimens were prepared from pultruded rods for the
detemination of flexural and tensilgtiffnessand strength. Crossections of rods
were also prepared for use in optical microscopy in orderevaluate
microstructural features and estimate fibre volume fraction and void content.

0 Hybrid strand consisting dfteel wires and FRP rods were produced in order to
provide specimens for the determination of terstilénessand strength.

5 Experimental results

o0 Presentation of optical micrographs of crssstions and estimations of fibre
volume fraction and voictontent for rods pultruded from different fibre and
matrix feedstocks.
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o The flexural and tensilstiffnessand strength of rods compared against those of a
control group. The tensilgtiffnessand strength of hybrid strands was analysed in
order to determia the tenacity, doreaking load divided by massf the strands.

6 Discussion

0 An appraisal of manufacturing techniques was made following evaluation of
optical micrographs, which showed morphological features arising from
processing conditiong hese wereised to explain differences in the fibre volume
fraction and void content between rods with different materials.

o Trends in the flexural and tensiiffnessand strength of the rods weadso
correlated with material types and processing conditiondlltimately,
characterisation of the rods informed trends in the measured tsti$iessand
strength of hybrid strands, which were evaluated in comparison with steel strands.

7 Finite element modelling

o Simulation of the hybrid ropes allowed enftlaboratey estimations for the
tensile strength and stiffnessa number of hybrid material combinations.

o0 These were validated with the measured outcomes from Chapter 5 and analysed
with respect to the discussion offered in Chapter 6.

8 Conclusion and evaluation

0 Major findings were summarised and the outcomes of the project were evaluated
with respect to its stated aims.

0 Suggestions were also made for continuing the study of the role played by FRPs in
steel hybrid strands.

1.4 Materials selection

Research and dev@ment of steel wire ropesincludes continuous improvements in
manufacture, particularly in the cold drawing of galvanised wiB&. While ropes with
different steel compositions have been propdsti 38], the focus ofresearch irhybrid
ropes has been to maximi#ee strengtito-weight ratioby the inclusion of a nemetallic
core material. To this end, the materials selection made in this progeetderned witi-RP
materals complementary to steel.

1.4.1 Statement of problem; design challenges

The central difficulty in implementing hybrid ropes is the mismatch in properties between the
core and surrounding strandghich in particular includs tensilestrength andtiffness The
former touches on the higétrengthto-weight ratioof FRPs, which has prompted research
into their use for weight reduction in ropes. The latter is the most difficult to address and will
represent the bulk of research and development.

Material homogeeity is an acceptable assumptiontighly drawnsteelin multistrand ropes
and it implies uniformity of tensilstiffness In the case of this not being true, load sharing is
unevenly carried between components. Load sharing between carriers is lesseitia
directly affects the highest possible strength of the rope. This implies a design criterion:
Load sharing is maximal between components of equivalent stiffness.

Hybrid materials are therefore a special case, where material properties mustrbd tail
approach equivalence. It therefore falls to the designer to ensure tivabtien g 6 s mo d u |l u ¢
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the FRP core matches théo u n g 6 s ofrtbedutdr strands as closely as possible. This
may be achieved with a suitable choice of materials and catiopder the FRP core

The problem is complicated by the different strstgain properties of both materials, which
have been schematically representedrigure 1.7. FRPs do not typically exhibit ductile
plasticity and are less extensible than steel. Hybrid ropes of such different materials are
therefore only likely to be serviceable within a limitedséarange. Barring creep effects,
there is a narrow window of strain within which the hybrid materials will perform in
harmony. A caveat is that plasticity is inevitable in large raiitanded ropes due to crushing
between wires, especially for dynamapes stored on drums. Strain hardeninglang-term
changes in material propertiesising from creepare therefore likely to influence the
behaviour of hybrid ropes in commercial applicatif3g.

An overly stiff FRP core will result in catastrophic failure at an early stage as the stress is
overwhelminglyconcentrated ithe core. Conversely, a more comptizore will not share

an appreciablibad and willtherefore inadequatetyontribute to the strength of the rope. The
need to reconcile the stiffness of both materials is therefore a practical necessity in the design
of hybrid ropes.

Stress

Mild

steel

Strain

Figurel.7 Schematic stresstrain curves for a typical carbon fibre reinforced plastic and mild
steel.

1.5 Elasticity of FRPs

FRPs are characterised by their orthotropic or anisotropic properties. These are described by
classi@al laminate theorywhich describes the mechanical behaviour of bonded plies.
Anisotropy is particularly noticeable in affectisgyength and stiffness away from the fibre
direction. The tensilestiffnessof a lamina withunidirectional fibres is at a marum parallel

to their orientation but it greatly decreasath anyangulardeviation from thdibre direction

[40].

1.5.1 Rule of mixtures
Foll owing Hooke®6s | awensilestffpeasoftheé fdore E; gnal emdtrixons f o
En components of a composite may be represdmydtie following expressiong hese relate

the stress in the fibreg; and matrix i, to the strain experienced by the compodite
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A %R (eq. 1.1)
£ %R (eq. 1.2)

With the assumption that perfect bonding between the fibre and matrix would produce
uniform load transfer between constitugrdsload placed upon the composite is shared by
both components. Therefore, a loadad®ngon the composite is related to thadis acting

on the fibresP andmatrix, B, with respective surface areasahd Ay

0 0 0 A! £ (eq. 1.3)

The rule of mixtures is an analytical tool for estimating the temssiftnessof a composite

from its constituentsthoughits accuracy is limited to properties in the fibre directions It
derived from eq. 1.3 and relates the observed macroscopic stiffness of the composite, E, to
that of the fibres, Eand matrix, E in proportion to the volume that is occupied by the
respedwve constituents, known as the fibre and matrix volume fractionsnd/ i, [41]:

% %6 %6 %6 % p 6 (eq. 1.4)

An assumption implicit in this derivation is that stresses only arise from external loads and
therdore the rule of mixtures does not consider the residual stresses from Poisson contraction
and shrinkage during curing. Nor does it consider the effects of manufacturing, such as the
void content, whicltan noticeably reduce shear strengtren at low concentratiorg?]. In

addition to properties such as tenstdfnessand strength, fibre volume fraction and void
content are therefore important parameters for the characterisation of a composite material.

1.6 Materials selection criteria

In order to successfully complement steel in a dynamic hybrid rope, a FRP must contribute to
the following properties:
1 Mechanical
o In order to share load and contribute to the strength of the hybrid, the FRP should
have a high stiffness, close to stegiaksible.
o For the FRP to remain competitive it should have kagisilestrength.
o Since the rope is likely to suffer from wear and tear and sudden loading, it is
desirable for the FRP to be tough and relatively tolerant of damage accumulation.
1 Thermal
o Internal friction is reduced by lubrication but in moving ropes can still generate
considerable heat. A FRP must still be serviceable at elevated temperatures.
1 Longterm
o The FRP core should be resistant to creep and fatigder the environmental
conditions bhat it is subjected to during use

1.7 Fibre selection

Glass, aramid and carbon fibres dominate the market for plastic reinforcement, with glass
outweighing any other reinforcement by volume and global value, at approximately $29.4bn
in 2013[43]. By value carbon fibres sharelarge minority of the market, at an estimated
$10.25bn in 201244] while Aramid FRPs constitute a much smaller proportion of demand
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The share of high performance synitbéitores commonly used for lightweight ropes such as
Dyneema and Spectrarhich are rarely used as reinforcing fibres for FR$aggligible on a
global scald45].

Fibres of each materialgye ar e anyt hi hfgrinstante the stteagth caiadr d 6
stiffness of carbon fibres can vary by several factors between different products. Some typical
properties of leading products are giveablel.1.

Tablel.1 Physical properties of a range of typical reinforcements.

Fibre type Product Strength (MPa) | Stiffness (GPa) ?I?ensity (gcm
)

Glass[46] E-glass 3445 72.8 2.58

S-glass 4890 86.9 2.46
Aramid[47-49] | Kevlar 29 2800 80.0 1.44

Kevlar 49 3600 115.0 1.44

Zylon HM 5800 280.0 1.56
Carbon[50] Torayca T700S | 4900 230.0 1.80

Torayca T300 | 3530 230.0 1.76

Torayca MJ60 | 3920 588.0 1.93

As can be seen froriable 1.1, it is the density of carbon and aramid fibres that most
distances them from glass fibres, givstgfness and strengtfio-weight ratios On the basis

of a tensilestiffnessthat is much laver than that of stegit is possible to exclude glass fibres
from any further consideration.

Of the aramids, only heterocyclic aromatic liquid crystalline polymers such as
polybenzobisoxazole (PBO, trade name Zylon), or polybenzimidazole (PBI) are rathepa

to carbon fibre with respect tstrength and stiffnes3 hese are lyotropic polymers with rod

like repeating units and the thermal and chemical resistances of these fibres are among the
highest of any known polymef§1, 52]. These exceptional properties largely arise from the
absence of flexiblenolecularunits, which results in a totally planar aromatic system and
conjugation across adjoining single bonds imitates the strength of double bonds.

At the time of writing, Zylon is sold at a price around an order of magnitude higher than the
cheapesintermediatestiffnesscarbon fibres. This makes them even less competitive than
carbon fibres with respect to cheaper reinforcements or steel as a wire material. Although the
price of these fibres might fall, their currently prohibitive cost excludes finem further
serious materials selection.

1.7.1 Carbon fibre asa suitablereinforcement

Carbon fibres are produced from two main precursors; polyacrylonitrile (PAN) and pitch
[53]. Pitch-derived fibres consist of highly oriented graphitic sheets that are characterised by
large crystallites andmall spacing between layers. This gives rise to high tessiess

and electrical conductivity parallel to the alignment of graphitic planes. This contrasts with
high strength carbon fibres that are less stiff and conductive but possess greateriléytensib
[54]. Consequently, carbon fibre products have a wide range of mechanical properties,
demonstratech Figure1.8.
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Figurel1.8 Strength and stiffness properties of carbon fibres manufactured by T§s8}.ca

1.7.2 Stretch broken carbon fibres

Improvement in the flexibility of yarns has long been achieved in the textile industry by the
practice of reducing the length of continuous filaments and spinning them into staple fibres
[55]. When applied to FRP woven fabrics, this technique allows for better handling and

draping in order to overcome the difficulty of forming FRPs into sharp cawdsorners.
An initial obstacleto the widespread application of this technology was an established

distrust of fabrics that have been spun from intentionally shortened filaments, concerning

higher cost of materials and variance in fibre length. However, products using-btateh
fibres have since penetrated the composites mir&et

The introduction of discontinuities into long carbon fibres can be achieyastretching the
fibres until breaking[57]. By spinning the resulting discontiaus fibres, a tow can be

achieved in which fibres are longer than the critical length above which the fibre may still

fully contribute to
used for the creation of pferms, wherebythe carbon fibres are spun together with
thermoplastic filaments to createmmingled tows. Fabrics that are woven from them benefit
from an increased flexibility of the tows, while suffering from a moderathictionin

strength and stiffne458g].

1.7.3 Extensibility of carbon fibre as an additional criterion

Dynamic ropes can be expected to deform through bending and torsion, so it is not sufficient
to design for axial displacement alone. The highest stiffness fibres are also the most brittle,
with extensiorto-break as little as 0.7%. Fibre misalignment during manufacture, movement

axi

al

and

shear

oadi

of rods during stranding and helical winding of rods to create +stétnded wire ropes
further reduces the practical upper limit to axial extensibility offered bgdhgonents in a
hybrid rope. Extensibility is therefore an important factor in choosing FRPs, with high

strength carbon fibres offering greater flexibility than their tEgtinesscounterparts.
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1.8 Matrix selection

While fibre reinforcement is mostly respgible for the strength and stiffness of EFR&e
polymer matrix plays an equally important role in determining most other properties. It is in
this sense that the material is a reinforced plastic, even if by volume the matrix is a minority
component. Maitx polymers can be drawn from a wide field, such as that showv#gure
1.9. For the purposes of this project they shdultil the followingrequirements
1 Mechanical
0 The polymer shouldhot be unduly brittle since dynamic ropes undergo flexion
during service. The pgmer should also posseashigh enougtiensile strength
and stiffness to permit load sharibgtween filaments
o High toughness is also a necessary quéditympact and cut resistance
1 Thermal
o0 To be serviceable at the high temperatures encountered thiertal friction the
mechanical properties of the polymer must not degrade. This requires a high heat
deflection temperature and insensitivity to thermally promoted cisrpe
working ropes have long periods of service
1 Microstructure
0 The polymer musbe chemically compatible witthe reinforcing fibreto ensure
adequate bonding

1.8.1 High performance thermoplastics

These criteria largely limit the selection to high performance thermoplastics:
1 Mechanical

o While thermosetting resins can be toughened in doderduce the effect of crack
propagation, the crodmked networks of high performance epoxies are still
brittle in comparison with many thermoplastic matrices.

o Although vulcanised elastomeric matrices may surpass thermoplastics in
toughness and flexibiy, their inferior stiffness is undesirable as it may limit
maximal load sharing between fibres.

1 Thermal

0 Viscoelastic properties set an upper bound to the retention of strength and stiffness
at high temperaturesimong thermoplasticsemtcrystalline poymers are known
for theirhigh service temperatures and lebegm creep resistance.

1 Chemical

o Thermoplastics such as polypropylene and diiglhh molecular weight
polyethylene are known for relatively low surface energies and inertness. While
this is favouable for resistance to chemical degradation, it limits the degree to
which these polymers can adhere to reinforcing fibres.

These criteria narrow the field to high performance thermoplastics. These polymers are
known for high strength, stiffness, impacesistanceand thermal stability which is
represented by high melting points and glass transition temperdfa@s polymer exhibits
different traits and no single plastic is exemplary in every desired category. Some polymers
have been adapted to take adtage of a combination of chemical properties, such as
copolymierised polyamidanides which have exceptional abrasion resistance. The
disadvantages of these polymers are high material cost and difficulty in processing due to
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their high viscosities. Theroplastics tend to have viscosities ranging betweerPa®
5000Pas, whereas thermosetting resins are typicaihe regionof 1Pag59].
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Figurel1.9 Hierarchy of plastics supplied by

1.8.2 Polyamides

Polyamides are overwhelmingly used in synthé&brics and ropes. They can be aromatic or
aliphatic, with aramids being those polyamides that have at least 85% of amide groups
directly bonded to aromatic ring23]. These materials are widely known by their trade

Solvay by applicabil@g].

names, such as Kevlar and Nomex, as developed by DL#pnt

The properties of aliphatic polyamides are largely determined by the regular spacing of amide
linkages along the backbone, which contribute to strong intermolecular forces between

individual chains. Alternation between methylene and amide groups riesaltsombination

of amorphous and crystalline regions, which yields properties that are intermediate between
purely aliphatic and aromatic polymers. Closer spacing of amide groups correlates with

higher stiffness melting temperatureand chemical stability while even numbers of
methylene intermediate groups are associated with higher melting tempe@®ires

Chemical structure therefore plays an important role in determining the applicabilitg of t
commercial nylons. Nylon 66, 6, 11 and 12 are the majority aliphatic polyamides by market
consumption and are predominantly used in mechanical engineering applications, which take

advantage of their stiffness, wear resistanc

e, chemical stability agithiesg 62].
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1.9 Overview of FRP manufacture

Techniques for the manufacture of FRPs are manifold, though those involving the use of an
autoclave have become predominémt the aerospace industrgommercially significant
methods includ¢63]:

1 Autoclave curing of prepreg

o The ability to achieve a high fibre volume fraction and controlled fibre structure
with various reinforcing fibres makes pregreg a regular choice for high
performance coposites. Prémpregnated plies can be laid flat or bent into ribs
on the laminate surface. Cutting may be automated althouglplag/ often done
by hand.

o This manufacturing route is characterised by a long production cycle when
autoclave and hand layp ime is considered. High costs may also be encountered
due to the reliance on expensive equipment, labour intensive processes and low
rates of production.

1 Automated fibre placement

0 Automated processes seek to reduce waste and increase productivity, ytypicall
through the placement of individual strips of prepreg onto a desired mandrel. A
part can be built up through repeated placement by a robotic head, which may heat
the strips at the point of contact with a mandrel or mould.

0 Although this process may elingte manual errors and in some cases obviate the
need for autoclave curing, the cost of machinery and implementation still remains
higher than conventional techniques for most applications.

1 Hand layup of wet resin

o0 Hand layup remains a popular manufactginoute for liquid resins that can be
safely handled invorkshopconditions. It is particularly well suited to prototyping
and teams of skilled operators are competitive with automated processes in both
the cost and rate of production.

o Production linesnvolving wet layup often cure with &acuumassistedven. In
high performance applications the lower void contents offered by autoclaves are
favourable, though the rate of production is considerably lower.

1 Resin transfer moulding

o In addition to infusiorthis is route represents an automated alternative to wet lay
up or preimpregnation. A dry reinforcing component is placed into a mould and
resin is injected into the moulding under pressure.

o0 This method is typically only competitive for largead complexartefacts where
the cost of the mould is justifiable and where the viscosity of the resiot
prohibitiveand thedry fibre preform is sufficiently permeable

1 Pultrusion

o Dry fibres are pulled through an impregnation stage aahdated dien a single
automated process.

o Pultrusion is one of the few truly continuous composite manufacturing naiites
one of the lowest capital costsis limited by the die shape and continuity of the
crosssection, making it only practical for repeated manufacturewfas pieces.

1.9.1 Autoclave
This is the predominant route by whitlte highest qualitfFRP components are made, from
small test panels to the fuselages of aircraft. Autoclaves are typically used to cure panels

made from prepregs, which offer consistentlgrhfibre volume fractions. After manual or
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automated layip a part is placed into a vacuum bag and heated under presssteown in
Figure1.10. The consolidation o& thermoplastic composite is shorter than the cure cycle of

a thermosetting resin but may require a higher pressure and temperature during consolidation
due tothe relativelyhigh resin viscosity64].

Vacuum pump

Compressor,

Vacuum bag —|

) heater and fan
Porous fabric ——_ ,

[
e —————
Caul plate — | i

Figure1.10 Vacuum consolidation and cure of a laminate inside of an autoclave.

Processing of thermoplastic composites follows distinct phases of melting, consolidation and

solidification:

1 Plies may be autoclaved and the entire composite heated through its thidBpess
contrast prepreg tape for filament winding is intensely heated at the location at which the
unconsolidated segment is applied to the existing strufdéle

1 The temperature is held following melting and pressure is applied during a consolidation
stage to minimise the concentration of voids. This encourages permeation of the fibre
architecture and ensures that the rediegaately flows around the fibrggg].

1 Pressure is maintained while the composite cools below the glass transition temperature
to maintain dimensional stability. The rate of cooling detees the crystallinity of semi
crystalline thermoplastics such as PEEK].

1.9.2 Wet lay-up

Wet layup is most commonly used with thermosetting resins. The resin is mixed with a
hardener and is dappled or pressed into dry fabrics at ambient temperatures below the gel
point. The part is then either vasu bagged or placed directly into an oven. Resin btegd

has a crucial role to play in controlling the fibre volume fraction so panels made this way are
rarely cured under pressyr@8]. Lay-up in thermoplastics is aplicated by the stiffness of

the plies and lack of adhesion to a mould below the melting temperature. Adhesion
techniques usually involve welding or thermoforming pliea noould surface69].

1.9.3 Pultrusion

Fibres are drawn through a die after impregnation by a resin, which may be thermosetting or
thermoplastic. All pultrusion lines have some or all of the following features, as shown in
Figurel.11[70Q]:
1 Creels

o Fibres are unloaxtl from bobbins subjected to constant tension.

1 Guides/spreaders
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o0 Fibres are separated to expose the greatest possible surface area for impregnation.
1 Heating before and after impregnation
o Preheating may improve adhesion between the resin and fibres.
0 Postheating allows partial consolidation if interruption of pultrusion is desired.
1 Impregnation chamber
o Adhesion of the polymer to the fibres.
1 Heating die
o Consolidation or curing of the resin to the fibres.
1 Cooling unit
0 In-line cooling of the consolidatetticle.
1 Pullers/downstream processing
o Pulling force and speed are critical parameters for finished article properties.
o Downstream processes may include cutting, coating and storage.

fibre from  fibre
creels guidance

]

molten resin  preheater preheating forming  pulling sawing/
bath die die mechanism  additional

________ (AN (AN g  Processing
O — &&=

Figurel.11 In-line thermoplastic pultrusiofi7]].
1.10 Finite elementmodelling of ropes

Application of the finite element medd to rope applications evolved from attempts to
numerically solve analytical models, such as those develop&eyrerf 18] for wire ropes or

van Luijk [72] for fibre yarns.Early develg@ment inthe finite element modelling of ropes
focussed onsimulating theinterrelationshipsbetween mechanical processssich as the
simultaneous torsional, bending and axial deformation of a[f&§eThis enabled &olistic
approach to characterising wire rope systems, which came to supplement a growing body of
understanding about steel wire ropes at a time when demand for offshore mooring was being
met by longer ath heavier rope§74]. While previousexperimental datasets, such as those
produced by Costello et d75], focussed on bending and torsional effects, the study of
contact between wires became increasingly pertinent to researchers. The complexity of
contact between wires, including deformation, friction and plasticity necessitated the use of
finite element modelling to accurately predict the behaviour of rpf@s This was applied

to the simulation of mukiayered ropesvith many points of crossover between individual
wires[77].

Parallel developments in the simulation of ancillary processes, such as rope terntiaaon,
highlighted the importance dinite element modelling in aiding the design process for
meeting strength and endurance specificatiqii8]. As finite element modelling became
more widely utilised in the design of ropes and hoisting systedisniques were developed
to cope with the high computational cost of modelling nonlinear behayidjr These
strategies have included the use afnnectorelements[80] and the simulation of a
represerdtive crosssectionof the rope that is either analysed in isolation or is mirrored with

31



Hybrid steel wire strands with carbon fibre reinforced plastics Alon Ratner11/02/2016

symmetry conditiong81]. However, adisadvantage osimplifying the rope systenms to

redue the range of properties than be accuratelyrepresented by the modélhis may
introduceerrors in predictiorwhen phenomena that rely dhe complex interrelationship
between parameters are indirectly inferred from such mp8ais

The needfor increasingly representative models and the steady decrease in the cost of
computational resources have promoted the increasingly widespread use of 3D elements to
simulate wholesegment®f ropes. In doing so, researchers encountered a dgsidjenge in
generating helical geometriewhich has stimulated the adaptation of commercial software
packagesto create accurate representatiof&3-86]. Stateof-the-art in finite element
modelling increasingly simulates whdbgy-lengths of ropes and seeksetstimate properties

such agontact stresses lvaten wires that are not directly observdl@@é89].

Simulation of steel ropes still emznters problems of insufficient experimental data to
validatemodels[90]. While knowledge is increasingly abundant for steel wire ropes, at the
time of writing there are no experimental datasets or publications relating to the simulation of
hybrid steel and FRP strands. This suggestseal for both the experimentahd numerical
analyss of hybrid strands.

1.11 Concluding summary

Steel wire ropes represent an important innovation in hoisting technology and through steady
advances in metallurgy and stranding will continue to improve in strength and durability.
Although in many ways a proven and reliable material, the high densisgeef sets a
practical upper limit to the strengtb-weight ratio achievable for wire ropes. This is an
important factor in hoisting applications where the -gadfght of a steel wire rope
significantly reduces the productivity of deep mine shafts. lwghght synthetic fibre
materials have been proposed as an alternative means of obtaining higher-sirermigint
ratios but lack the lonterm durability for use in dynamic ropes. Hybrid ropes, in which the
inner core of a steel wire rope is replacechveitower densitypolymeic materia)] may take
advantage of the established strength and durabilitgeobutersteel wires while benefiting
from reduced overall weiglafforded by the lighter core

An ideal core material will complement the outer steeks by adequately sharing load,
which is maximal for materials of similar stiffness. Unlike parallel fibre bundles, the fibres
within FRPs are chemically bound together and internally act in unison under an external
load. This gives advantages in loweternal friction and higher bending stiffness as well as a
solid crosssection. These features suggest that a FRP core may be more compatible with
outer steel wires than a parallel fibre core. Owing to their superior strength and stiffness,
carbon fibre ha been identified as a suitable reinforcement, while a balance of high stiffness,
toughness and temperature stability make high performance thermoplastics appropriate
matrix polymers.

Pultrusion is a cost effective and well established technique for tbdugiion of
unidirectional FRPs with constant cresection. Chapter 2 covers the design and construction
of an inhouse pultruder for the purpose of manufacturing carbon fibre/thermoplastic
pultruded rods from a range of feedstocks for use in makingchgtrands. Thigeaturesa
discussionof the design process and selection of processing technologies, which included
mechanical fibre spreading, electrostatic powder impregnatiofhgating and consolidation

of impregnated tows, water cooling and trawtpulling of consolidated rods.
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The characterisation of the tensile strength and stiffness of hybrid strands requires novel
testing techniques. The development of the methodology has been outlined in Chapter 4 and
results have been presented in Chaptekdslitionally, finite element modelling has thus far
been limited to the simulation of ropes and strands with steel wires. Chapter 6 presents the
results of the novel use of simulation techniques to predict the tensile strength and stiffness of
hybrid stands.
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2 Design and construction of the pultruder

A pultrusion line was built in the Composite Systems Innovafientre for the production of
carbon fibre reinforced thermoplastic rodss described irg1.9.3 pultrusion represents a

cost effective and highly productive meaat manufacturing unidirectional FRPs with
continuous crossections.While there are numerous European commercial and academic
organisations with the ability to produce composite pultruded sections from thermosetting
resins, at the time of writing thereeafar fewer bodies involved with the pultrusion of
engineering thermoplastics. A bespoke machine within the department offered the best
opportunity to obtaimods from these materials

2.1 Design process

Above all, the pultrusion line would have to be fldri in the range of materials it could
process. As had already been established thrtheyhaterials selectiom 81.6, a successful
FRP for this application wodl most likely be a carbon fibre reinforced engineering
thermoplastic. With this in mind, each individual operation within the pultrusion line was
separately designed according to restrictions of budget, time and floor space. The following
principles were dhered to in designing the pultrusion line:
1 Flexibility
o0 The pultrusion line would have to accommodate a number of different operating
parameters, including the range of materials, speed of production, temperature of
consolidation and sample length.
1 Balancebetween processes
o A large number of processes needed to be balanced, requiring each component to
be adaptable and to work smoothly in concert with others.
i Lab-scale
0 The pultrusion line would have a limited space in which to work, which would set
a closeilmit to the size of the machine and its consumption of materials.
1 Modular
o The machine would have to be made from modular components that could easily
be removed or replaced as extensive optimisation was anticipated. It was also
forecast that the departmembuld move buildings at some time during the project
and that the machine would need to move with it.
1 Project limitations
o The pultrusion line would be constrained by the funds and duration available to
the project.

2.1.1 Initial design plan

Design and constation of the pultruder began with a proposalattademic and industrial
partners It featured adesign plan that sought to provide eeffective solutions for each of
the individual processes found in a pultrusion line, as previously summarisé®.i@ The
following technologies were planned for the pultrusion line, as is showigumre 2.1, which
contrast with the completed pultrusion line that is showkfigare?2.2:
1 Creels
o Carbon fibre bbbins with springs to provide resistanceutovinding, in order to
maintain tension in the tows for fibre alignmebater in the construction phase
this was found superseded by the discovery of spreading by pinch rollers.
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1 Guides/spreaders
0 After collimation with brass eyelets, the tows were intended to be spread solely by

0 A tubefurnacewas planned in ordeo softenof the powdein impregnated tows.

o A series of coolingpasinsin which the rods would bshowered with cold water
and dried between stages was abandoned due to lack of spacéheand

passingthem over and under wooden rollerk actuality, spreading would be

entirely replaced by a single pinch roller.

Heating before and after impregnation

o0 A heater befee powder impregnation was intended to lower surface tension in the
fibres for better adhesion. However, this was quickly abandoned because the
credibility of the idea was not supported by the work of other researchers.

Alon Ratner11/02/2016

This was found to be too expensive and a fuledheater was later improvised.
Impregnation chamber
o Electrostatic powder impregnation was identified as being most appropriate for
this projectand was the technmjyy that was later employed. Howevamplanned
facility for the mixing and blending of powders was outside of the scope of the
project.
Heating die
o Cartridge heaters sunk into the body of the die were expected to provide heating
These were eventually regged with a more economical heating strip.
Cooling unit

impracticalityof this cooling technique

Pullers/devnstream processing

0 Motorised caterpillar threads were expected to be bought wholesale from a single
supplier without need for assembly from a number of components. Manual cutting
with a knife was planned until it became clear ihatould not be possibl® cut

the rods by hand while the pultruder was still running.

Electrostatic

spray Cartridge Caterpillar
) heaters treads
Impregnation
Creels with chamber Heating Cooling Tensioners
brake tension e die tubes
“% In Vacuum/ ( J ( J
Eyelet  geodesic Pre- Post- Cutter
é é guides spreaders heater heater (manual)
Ne | N 38 == 6% [ )] ] D) S 3
R AN N A N N1
NE L L N
Vacuum Powder
powder milling/
recycling  blending 700mm
Figure21Schemati c diagram of the prototype

desi

The design process for each stage ofghkrusion line and the actual solutions that were

employed are covered in greater detail in the following sections of this chaptemplete

list of components, suppliers and prices at the time of purchase can be found in Appendix D.
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Figure 2.2 The pultrusion line designed and built at the Composite Systems Innovation
Centre, University of Sheffield.

2.2 Fibre delivery

Carbon fibretows were unloaded from bobbins placed on racks at the beginning of the line.
The tension in the bobbins was initially controlled by the tension in polypropylene strands
looped around pulleythat wereattached to the bobbins. These were fed over smooth acetal
plastic pulleys and delivered into the fibre spreading section, which can be $égureg®.3.
However, this system became redundanthascontrol of fibre tensiorwas later governed
solely by a set of rollers. Brass eyelets were previously used to collimate the delivery of
fibresbutwere found to unnecessarily pinch the tows.
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Figure2.3 Fibres delivered from bobbins and carried over pulleys to the first pinch roller.
2.3 Fibre tension andspreading

Consistency in theéensionof tows improves article reproducibilityl] by promoting fibre
alignment[2]. This can be achieved by a number of methods including resistance from
magnets or electriservo motors. The simplest case, which is well suited to providing
relatively low tension, is spring braking in which tension can be controlled linearly with
extenson of the spring

The degree to whictows are impregnated is dependenttbe available surfag areeof the

fibores and the probability with which polymer particles reach vacant fibre sites. Fibre
spreading is essential for improving coverage and may be achieved by mechanical or
pneumatic separation. Mechanical spreading often involves passingrdsedver and under

pins or convex roller$3]. Pneumatic spreading encourages fibre separation by pulling the
fibres towards a region of low air pressusuch as that encountered in a Venturi glpt
Examples are provided Figure2.4.
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Figure2.4 A schematic diagram showirad mechanical spreading over and under rollers and
b) spreading using a Venturi slot.

2.3.1 Mechanical spreading

Spreading using only the assistance of rollers was atterfipged~or this purpose, wooden

tool handles were smoothed with lacquer, so that unsized carbon fibres would not split or tear
when moving across blemishes on the surfaceer @ime, the lacquer became worn and
stained but otherwise proved sufficiently tough to withstand abrasive damage from the highly
tensioned fibres as they moved across the rollers.

The first attempt involved a shadow board into which the rollers wertedyolvith the
intentionthat the tows would be forcad snake over and under the rollers, as seéfigare
2.5. The tows were expected to spread out as they conformed to the rounded profile of the
rollers. However, it quickly became apparent that the carbon fibres could not easily traverse
the 180 turns between one roller and the next without some degree of fibre breakage.

- -
Direction of Wooden
pultrusion rollers on

xed board g |
4 ‘ ‘
Pre-heater. maat

Figure2.5 Large and fixed separation between wooden rollers.
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The fixedhole shadow board was replaced with long slots for adjusting the height of the
rollers, shown inFigure 2.6. An improved arrangement was found in which the tows were
staggered as they entered the spreading section. This permitted a shallower angle, which was
more forgiving on the wooden rollers and less likely to harm thesfibre

Direction of
pultrusion

Figure2.6 Slotted shadow board with shallow angles between rollers.

However, a tradeff between tension in the fibres and the degree of spreading was soon
encountered, although this was not alluded to in journal articles studied prior to the design
process. Increased tension improves fibre alignment but reduces spiieatiedow. Since

the rollers achieve spreadibg the pressurexerted bythe fibres against the curved surface,
there exists a minimal tension for any spreading to occur. The maximum tow width achieved
by varying the tension in the fibres was neither Evough to allow good throughickness
powder impregnation, nor high enough for fibre alignment at the die entrRocehis
reason, alternative methods for fibre spreading were attempted.

2.3.2 Pneumatic spreading

Several pneumatic spreading arrangement® \aso tried, which are shown kigure 2.7.

The first was an attempt to build a Venturi slot tunnel, using the low pressure generated by an
Edwards Speedivac 2 vagn pump. The drop in pressure across the whole width of the tow
was so weak that it was unable to result in any noticeable movement of the fibres towards the
sides of the slot and this technique was abandoned.
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A more direct approach was attempted in whiompressed air was forced into a closed box

as tows were pulled through it. A number of chambers of different volumes were built and
the number and width of the slots were reduced by degrees in order to maximise the pressure
within the chambers. Even ftihe chamber of the smallest practical size the compressed air
line exerted an insufficient pressure to achieve any noticeable spreading.

Venturi slot
entrance

Figure2.7 Pressurised air boxes (above) and Venturi slot tunnel (below).

With these options exhausted, it was concluded that neither the pressure of the compressed
air supply nor the suction of the vacuum pump could be adequately enhanced by confining
the space of operation. Spreading was attempted purely by passing the &wan oair

current, as shown iRigure2.8. For this purpose, two air knives were made by cutting 1mm
slots in copper piping. A single unsized carbon fibre tow wasadpi@ approximately twice

its width, which was the best theduld beachieved with any technique. However, this was

only possible with the full output of the air compresaondwithout any tension in the fibres;

the only downward force upon the tow beitegown weight.
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Figure2.8 Air knives fed from a source of compressed air.
2.3.3 Mechanicalpneumatic spreading

It was therefore deduced that some combination of mechanical and pneumatic spreading
might be optimal. As shown by HElessouky[5], it is possible to introduce separate regions

of high and low tension in order to achieve both fibre alignment and spreadingimgle
production line. These regions behave as separate processes; low $pnsaingof the

fibres for the powder impregnation of the ®wand high tension for heating and final
consolidation of the aligned powder impregnatmas

Two pinchrollers were constructed with a fixed space between iheonder to maintain a

region of lower tensionThe compression between the rollers was controlled by means of
vertical axis screws. The rotational speed of both sets of rollers was coupled by the
moatorisation ofone set of rollerand transmission of power to tbéher set The tows were

slack between the two sets of rollers, so that the tension acting upon them was only the result
of the compressed air, which was provided by the air knives. Inwlysthe slack tows
between the pinch rollers experienced the lowest practical tension. An overview of these
processes is shown kigure2.9.

The rollers were madedm 25mm diameter wooden dowels. A thin layer of polyurethane
foam, taken from the grip material of a tennis racket, was adhered to the dowels. The carbon
fibre tows were not observed to smoothly pass over this surface, so the foam was further
covered in golyethylene wrapping film. Application of the wrapping film turned out to be
an important discovery and it provided an ideal surface. When the rollers were tightened, the
foam beneath the film conformed to the shape of the carbon fibre tows. Howeverteve
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maximum tightening the friction between the fibres and the wrapping film was low enough to
allow the fibres to slip through the rollers when tension was applied by the traction puller.
There was still sufficient back force upon the fibres to keep tlegned. The polyethylene

and foam layers covering tleooden dowetollers were thus highly effective in holding the
fibres in place without causing fibore damage. The innovation of using soft pinch rollers to
constrain the position of the moving fibreasvessential for spreading the fibres for powder
impregnation as well as maintaining tension in the line.

Figure2.9 Overview of mechanicgbneumatic fibre spreader, with power transmission.

Gears of different diameters were necessary in order to guarantee clearance between the
wooden pullers and the roller shaft, as showRigure2.10. This resulted ira gear ratio of
4:1 between the motor and the roller shafts.
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Figure2.10 Power transmission between driven shaft and rear pinch rollers.
2.3.4 Rollers as a sole means of spreading

It became clear throughout trials that the pinch rollers were providing more than just a slack
region of low tension. The pinch roller closest to the powder impregnation chamtzealso
flattening the tows anbolding then apart before they passed belheidte powder spragun

While the air knives were able to produce modest spreading of unsized fibres, they did not
offer any appreciable spreading of tows of sized fibres at any air pressure. Therefore, the use
of air knives was discontinudalit the pinchroller alone continued to flatten and spread the
tows, with the aid of an exaggerated comb to guide the fibres towards the eslfrewn in

Figure 2.11. In this maner the pinch roller itself acted both as a tensioner and as a
mechanical spreader.
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Figure2.11 View of fibres leaving pinch rollers and entering powder spray chamber.
2.4 Fibre impregnation

Fibre impregnation is perhaps the single most complex process in pultrusion manufacturing
since it involves the greatest number of variables and the range ilstbéevdechniques is
multitudinous. Fibre impregnation may be achieved by a number of methods:

1 Powder impregnation is typically performed by showering neutrally earthed fibres with a
cloud of charged polymer particles, some of which adhere to the uppendesides of
the passing tow. Electrostaadtraction betweers sufficient to keep the powder attached
to the fibres before consolidation or uptake onto bobbins as-imnpregnated tow6].

This process ishownin Figure2.12.

1 Impregnation is possible by molten polymer, whereby the fibres ertieatedbath or
pass beneath the outlet of an extruder. In the former case, the fibres become impregnated
by sqleezing the polymer onto the fibres as they are forced onto hard pins. In the latter
case, the fibres pass through a die where tbkkem polymerleaves the extruder, as is
shown inFigure 2.13. In either case the fibres are spread befomgregnation andhe
temperatures controlledin orderto overcomehe viscosityof the molten polymej7].

1 An alternative form of liquid impregnation of thermoplasticsvith a bath ofpolymerin
solution.This technique benefits frofawer friction between the powder and fibres in the
slurry [8]. Although this reduces the time necessary to consolidate relatively high
viscosity plastics,the solvent must be remed before consolidatiof9]. Gibson and
Manson reported melt viscosities of 280Pas for carbon fibre/PEEK and 100Pas for carbon
fibre/nylon 12 composites|[6]. Typical processing temperatures of these thermoplastic
composites are 40Q and 270C, respectively10, 11].

1 Comingkdfeedstock consisbf mixed thermoplastic and reinforcement fibres. These are
spun together and loaded onto bobbins that are directly pulled through the heating die
without an impregnation process, shownFigure 2.14. The fibre volume fraction and
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dispersion of reinforcing fibres within the FRP are controlled by the density and
distribution of filamentg12].
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Figure2.12 Powder impregnation of a tow.
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Figure2.13 Fibre impregnation by thermoplastic extrusion.
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Figure2.14 Feedstock frontommingled tows.
2.4.1 Powder impregnation

Powder impregnation is made attractive by its independence from the viscosity of the resin,
high rate of processing and fine control of polymer deposition. Potential damage incurred by
pressing the fibres under higansion against submerged rollers and the hazards of a hot or
caustic open bath are avoided, as is the cost of productiospiioning of a comingled
feedstock. Drawbacks include limiting the fibre selection to electrically conductive fibres and
the influerce of the particle size distribution of the powder.

Delivery of the powder to the fibres relies adequatedispersion. Fluidisation creates a
stable particulate/fluid mixture to ensure that the powder does not aggregate due to attractive
intermolecular forces betwegolymerchains. The process is optimised so #uatoubbles

remain small and of a similar size the powder particles gi vi ng the bed
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appearanceOptimal fluidisationis shown inimage b) inFigure 2.15, in which the powder

and air bubbles are wetlixed while images a) and c) show inadequate fluidisation that gives

rise to discrete regions of agglomerated powder and air bubbles

1 Conventional fluidisation passes the tows over and under pins that mechanicallynforce a
air-fluidised powder into the fibres. Forcible impredgoatat the pins is similar to that
used in molten polymer bef$3].

1 Electrostatic fluidisation involves the passage of reinforcement through a cloud of
charged particulategl4]. In acoustic fluidisation the action is the same, except that
charge is produced by frictional vibration rather than an electric field.

1 Thepowder may be circulated so that the fibres are continually showered by particulates
[15]. Gravitational layering involves dting the tow in a cascade of falling powder. The
powdered tow is typically reversed in direction and the process repeated on the underside
of the fibres so that both sides are exposed to the powder @i his is different to
the fluidised bed approach in that the tow is not immersed in a powder bath.

3) % b) c) *’
Dispersed ———» # .

P - e Air bubbles
powder medium * ﬁ # <+ within powder
Agglomerated ' » medium
powder clusters i W * *

Figure 2.15 Fluidisation of powder phase showing a) agglomeration without fluidisation, b)
fluidisation with air bubbles with similar diameters to that of the powder partialas c)
aggregation of gas bubbles without adequate dispersion of powder clusters.

2.4.2 Electrostatic spray impregnation

Electrostatic spray deposition aerodynamically forces an ionised powder towards a target,
rather than passively coating as is done in a fluidised bed. This is typically achieved by
spraying a fluidised powder through a ammopowder gun. The gun passes the powder
through an ionised air stream that acquires its charge from an electric field that is strong
enough to break down the air. The efficiency of charge transfer between powder and air is
relatively low and only a fraain of a percent of the ions transfer charge to the powder. The
surface of the fibre is therefore bombarded with free ions, which quickly shield the target
from additional deposition. This limits the thickness of the polymer coating and a
combination of eletrostatic and pneumatic forces are required to impregnate crevices
between fibre§l17].

Electrostatic spaying was chosen for its versatility in the large range of thermoplastics it is
capable of delivering and for its accurate control the rate of powder deposition, which
directly affects the fibre volume fraction of the finishERP. Spent powder can alseb
recycled, making it economical, which is an important factor considering the high cost of the
engineering thermoplastics used in this project. Furthermore, installation of a corona spray
into the pultrusion line is both safer and more straightforwand ligaiid solvent or molten
alternativesThe high electrical conductivity of carbon fibralso makes them amenable to

use withthis technology.
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A Nordson Encore LT Manual Powder System was acquired for this project, which is a

vibrationfluidised powder system with a manually operated corona spray gun. As shown in

Figure2.16, powder spraying was implemented as follows:

1 The tows passed through a transparent spray booth specially constructed entirely from
plastic insulating materials.

1 The gun was attached to a frame above the line, allowing the powder to ledspra
downwards through the top of the spray chamber onto the passing tows.

1 The fibres were grounded with an earthed copper pipe beneath the path of the spray.

1 Ventilation was provided beneath the chamber by means of a Dyson DC22 vacuum
cleaner. A deep buckevas connected beneath the powder chammbéhat the powder
was drawn into the bucket rather than being sucked into the vadeamerfor ease of
collection and reuse.

Direction of
pultrusion

o

,/;
. Powder spray gun / /
% - Acrylic powde
' impregnation  +
chamber ﬁ

‘:\

] Ul

300mm

Figure 2.16 Corona spray gun attached to the vibrafilondised bed with powder feed and
control unit. The spray gun was mounted above the powder chamber.

Following advice given by Nordso a number of different operating conditions were

experimented with in order to find an optimal solutidihis is covered in greater detail in
83.2.3 which desches the process by which optimal electrostatic spraying conditions were
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obtained. Each production run had slightly different variables, although some general

principles were noted during trials:

1 Spraying was most successful with the gun mounted vert@bdye the path of the tows.

1 As small an air flow as possible was used that still produced the optimal coverage. Strong
air pressure could overwhelm the electrostatic attraction with the grounded fibres by
blowing away accumulated powder.

1 The small distace between the gun and the target meant that#istancef the air gap
was low. The current could therefore be lowered in order to reduce the number of free
ions that contribute to back ionisatid the process by which a target that has gradually
becane charged by exposure to the corona stream repels further free ions arriving at the
surface. The potential difference was also lowered for better penetration of Faraday cages
within recesses between fibres, which may have been otherwise deterred hyfialthig
strength pushing charges away from those
Encore LT automatically adjusts the potential difference to match a desired current and
this device was used to activalgntrol the potential differende the vichity of the tows.

2.5 Heating

After impregnation, the polymetoated fibres wereulled into a heated die. The geometry
and temperature of the dide pulling speed antthe tension in the tows were critical factors
in controlling the properties of the FRP artifls)].

Of great importances the residence time spent by a given point along the tow inside the die.
The task of biancing rates of production and heating may be complicated for thermosetting
resins, which must emerge from the die fully cured but not overheated. For this reason dies
for thermosetting resins tend to bethe regionof 1m in lengthand line speedsmust be
chosen to allow for adequate curing inside the[ 8. Lower pulling rates may be found to
increase article properties by improved wetting of the fibres by the resin and a higher degree
of crosslinking but excessive heating may degrade the polymer. Thermaptastsolidate

rather than cure, during which the matrix melts and wets the fibresgih interpenetration

of the tows. Shorter diethan those used for thermosetting resare therefore more
appropriate and rates of production may be hif@r

However, since line speed is also crucial for determining fibre spreading and impregnation, a
compromise must be sought between these processes. Famc@)sthe production of
towpregs seeks to create fngpregnated tows with minimal consolidation for use as a
precursor in separate manufacturing processes. Typical line speeds for manufacture of tow
pregs are between 2.0m/min and 6.0m/min. By contras, dpeeds for pultrusion may be
found to be optimal between 0.7m/min and 1.2m/fdin21]. The line speeds used for the
pultrusion of rods in this project are discussed imigredetail irg3.2.5

Preheating ofimpregnated towsan improve adhesion between the fibre and mdityix
lowering the viscosity ofhe polymerto easethe passage of the tows into the {i#?]. Pre

heaters may be placed before the entrance of the forming die or the die itself may have more
than one heating zone, with temperatures gradually chauigioughout its lengtf20, 23].

2.5.1 Process of consolidation

Once the impregnated tows enter the die, the only forces acting upon them arise from the
pressure exerted by the die walls dryydhermal expansion. Unlike an autoclave, there is no

52



Hybrid steel wire strands with carbon fibre reinforced plastics Alon Ratner11/02/2016

source of exdrnal pressure on the FRP, meaning that the quality of consolidation is largely
determined by the line speed, pulling force and rates of he@#jgBecause of the high
viscosity of engineering thermoplastics, the void content in pultrusions can be high relative to
components madsith the assistance #acuum and external pressure in an autodage

Thermoplastic particles thadre deposited onto fibreappear to form bridges between
individual filaments During consolidationthe extent towhich moltenpolymer droplets
spread along the fibrdxy capillary action is determined by their wettabi[i&2]. The number

of fibres in contact with a polymer bridge may vary but it has been shown that consolidation
by capillary spreading can kedfectively modelled with the polymer in contact with three
fibres [26]. Close packing gives rise to a hexagonal arrangement of fibres and polymer
particles in the fibre directioras show in Figure2.17.

Figure 2.17 Adhesion of a polymebridge to three fibreswithin a hexagonal packing
arrangement

2.5.2 Split die and heating

A 300mm constantrosssection split die was designed and ordered from Robert van Doren
Pultrusion, shown ifFigure 2.18. The two halves of the die were machined from hardened
stainkss steel and the matching surfaces were chrome plated. A circular channel with a
diameter of 3.25mm was cut through the middle. Although a modest parabolic lip was
machined onto both ends of the die, during trials this was not found to be sufficierdgo gu
the fibres into the channel. A Do trumpet
Cheshire Wire Erosion to improve smooth entry ofitheregnated towsito the channel.

Figure2.18 Split die halves.
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The die was judged too small to safely mount cartridge heaters through its thickness without
creating uneven heating zones. Heating was therefore provided by a high temperature Omega
STH102060 heating tape which was wrapped aroundutioéh of the closed split die, shown

in Figure2.19. Temperature control was achieved by means of a thermocouple probe inserted
into a deep hole made in the top of the, which terminated a few millimetres above the
inside wall of the die. This provided an approximateitu measurement of the temperature
close to thehannel which was used to control the die temperature.

The heating tape was found to be insuffithe powerful to heat the die to the required
temperature without the aid of insulation. A steel wire frame coated with fire cement and
internally covered with reflective foil provided a thermal barrier and helped to regulate the
temperature.

Figure2.19 Split die with heating tape.

Preheating of tows before entry to the heating die softens the polddreating the
impregnatedpolymer above itsnelting temperatur€l?]. Noncontact heating was achieved

by wrapping an Omega FGB50 heating strip within a steel wire shell that was protected
from powder debris by reflee foil, shown inFigure2.20. The shell was enclosed within a

fire cement covered tube to provide insulation. Temperature control was afforded by a
thermocouple probthat ran along the top of the tube, just above the tow as it passed through
the preheater.
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60mm &

AN
Figure2.20 Preheater before heating die with fellrapped fire cement cover.

Temperature control was provided by a central contro| ladwch was assembled by Frank
Fletcher at the Degtment of Electronic and Electrical Engineerifitpe power cables and
thermocouples led to Omega SSRDIN Solid State Relays and 1/32 DIN Programimable i
Series Temperature Controllers.

2.6 Cooling

A water stream cooled th@ds as theyemerged from the heated die. Due to the lack of
available space, it was not possible to include a series eghpatihg and cooling stages that
would have afforded precise control of the cooling regime, showfigare 2.21. This is
important because of the dependence of crystallisation on the cooling profile of semi
crystalline thermoplastic§27]. The rate of cooling by the jet of water and the distance
between it and the exit of the die were fixed so the only variable affecting the rate ofjcoolin
was the pulling speedercentagergstallinity of the polymemwas expected to be higher at
lower pulling speeds, which would haskowed longer periods for the rods to cool under the
water streanj28].
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Figure2.21 Water cooling of the pultruded rods.

2.7 Pulling and cutting

Traction was provided by a Versa Machinery2Z Caterpillar Puller. Thealisplacement
between the tracks was controlled manually above the gears, as can beFsgereih22. A

DC shunt motor was coupled to the pullEmally, a chop saw with a diamond wheel was
placed on sliding tracks and to cut of the consolidated rods into required lengths.

Caterpillar

E;action puller

Figure2.22 Traction provided by the motorised puller.
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2.8 Concluding summary

A pultruder was designed and built for the continuous manufactwarlobn fibre reinforced
thermoplasticdodsto be used in the manufacturing of hybrid strafide design process was
guided by the need to prioritise flexibility @urpose and resulted in a modular assembly.
Fibre delivery, spreading, polymer impregnation of the fibres, consolidation and cooling were
thus created as separate but interdependent processes within the overall pultrusion line.

Fibre spreading was fourid be a deciding factor in ensuring good consolidation of the tows.
Various pneumatietnechanical spreading techniques were trialled and a single set of pinch
rollers was found to bmost successfubr separatinghe tows andpreadinghe fibres.To

the knowledge of the author, the importance of fibre spreading in ensuring consolidation for
pultrusion of thermoplastics has been underrepresented in publications, making this a
significant finding.Powder impregnation was achieved by an electrostatic spraywduch

offered the best versatility and economy with the lowest safety risk to the operator. A pre
heater was installed prior the split die that was heated with an electrical strip and both
heaters were monitored from the same control point. Coolexg provided by &treamof

water and a chop saw allowed emerging rods to be cut to length.

The processes developed in this chapter were used to manufacture rods for the production of
novel steel and FRP hybrid stran@hapter 3 describes in detail thetiopsation trials were
conducted to determine optimal processing conditions for the pultrusion of rods from
different fibre and polymer feedstocks. This includes a summary of standard manufacturing
conditions for each material type and an inventory ofptlléruded rods that were produced

for this project.
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3 Pultrusion optimisation and productivity

From the conception of its design through to its use at the Composite Systems Innovation
Centre, the pultruder underwent a process of continual improvement and optimisation,
including relocation to a larger facilitfpuring this time the manufacturing protocol for FRP
rods was vigorously refined.

This chapter includes a description of the experimental procedures employed during
pultrusion and an assessment of optimised manufacturing conditions.n Fexhaustive
review of operational procedures ftre pultrusion line, please refer to Appendix A.

3.1 Materials
3.1.1 Carbon fibre tows

During manufacture, sized carbon fibres are coated with a small quantity of epoxy to improve
adhesion between filaments improve handlingand chemical compatibility between the
reinforcement and matrikl]. However,the enhanced adhesion between filamevds also
expectedto inhibit spreading of tow before thepowder impregnation stage. With this in
mind, rods werepultruded using dry tows containingsized and unsized fibres in order to
investigate the effect of filament distribution on mechanical properties. Rods were also
produced from commingled carbon fibwmglon tows obtained from Schappe. Using their
proprietury intermingling technology, thetews represent an ideal case of fibre distribution

in which the reinforcement and matrix are already well mixed before entering the pultruder.

Unfortunately it was ot possible to obtain tows of different types with the same number of
filaments, leading to different filament counts between feedstock types, shdvaible3.1.
Rods were thus produced from three different carbon fibres sizedtows (Grafil TR30S
12Kk), unsizedows(Toray T700SG60E 24k) and commingledws (Schappe TPFL 6K).

Table3.1 Tensile modulus, tensile strength and density of reinforcement [t34zs

Reinforcement type Sized carbon fibre | Unsized carbon fibre | Schappe
Grafil TR30S 12k | Toray T700SG60E 24k | TPFL6K
Tow tensile modulus (GPg 235 230 245
Tow tensile strength (MPa 4410 4900 3800
Density (g/cr) 1.79 1.80 1.78

3.1.2 Nylon 12 powder

Nylon 12 powder was chosen for its relative availability. Unlike most high performance
aromatic semcrystalline thermoplastics, nylon can be processed below°@G0Qvhich

permitted safe handling of the heating die within the tolerances given by health and safety
protocols in place at the | aboratory. Nyl or
commingled tows, making a direct comparison between rods produced from dry fibre
reinforcement andommingled tow more relevant.
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Nylon 12 powderwas obtained in the form of Duraform PA, which was sourced from
3DSystems and kindly donated to this project by the CentreAtbranced Additive
Manufacturing (AdAM) at the University of Sheffield.

Polyamides are well known for absorbing large quantities of water in comparison with other
synthetic polymers, with nylef absorbing as much as 9% by mass of water. Water enters
the amorphous phase of the polymer structure and mobilises chains by weakening the
hydrogen bonds between coincident amide groups. This serves to lower the glass transition
temperature and reduce tigffness of the polymdis, 6]. Polymer feedstock can be dried in
advance of processing, although a complete absence of water may wgtirbal. In
promoting chain mobility, water may act as a plasticising agent rafdns have been
observed to become excessively brittle when fully dri@dSudduth reportectha nu f act ur er
guidelines for the injection moulding of nyk#h6 andrecommended water contenbetween

0.15% and 0.35% by weight of the polymer and that the water content be permitted to
stabilise before use to prevent variation in processing conditions and dimensional warping
[8]. Nylon 12 absorbs considerably less moisture than other nylons and as such has a lower
equilibrium moisture conterj8]. Duraform PA, the nylon 12 powder used in this study, has
been reported as having a moisture content at equilibriunt@t &8 50% relative humidity

of 0.41%][10, 11]. Due to the relatively low moisture content inherent to the powder at
laboratory conditions, the polymer was not dried prior to use.

3.1.3 Commercial carbon fibre/epoxy rods

Tests were also carried out on commercially available 3mm diamebemciiore/epoxy rods
sourced from Easy Composites, which were included as a control graupnmary of their
use in this project can be found§g.3.4

3.2 Control of major processing variables

Through familiarisation with the working parameters of the pultruder and their optimisation,
the following processing variables were observed to have the greatest influence on the
properties of the produced articles:
1 Powder pray delivery
o0 As powder coating occurred by electrostatic attraction, control of air speed was
important in preventing powder from being pneumatically blown away from the
surface of the tow.
o The magnitude of voltage and current affected the ratkaokionisation and
charge penetration of the fibre surface area.
o Loading of thepolymeron the carbon fibre tows was controlled by the rate of
deposition of powder into the spray stream.
91 Line speed
o The time spenby dry towsbeneath the path of the elexgtatic spray gun affected
the rate at which powder accumulated at the surface.
0 Line speedalsodetermined the residence time of a givetumeof a rod inside
the heating die and pieeater. This directly affected the local degreeaiymer
flow and theextent of consolidation.
1 Preheater temperature
o Before entering the heating die, the powdeated tow was softened by the pre
heater. This reduced the viscosity of thelymer before it reached the die
entrance.
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1 Heating die temperature
0 Reduced viscositypf thermoplastic resins at higher temperatures contributed to
better consolidation.
o The temperature of the die was controlled to avoid polymer degradation.

Of these parameters, only the line speed was varied between manufacturing operations. The
pre-heate and heating die temperatures and the cooling rate were kept constant and these
factors became part of the standard operating conditions:

1 Control of the cooling regime was beyond the abilities of the equipment due to limitations
of space and coisencyin the temperature of the water, which was supplied from a
commonly used water line.

1 The temperature of the pheater was kept at 220, which was found to be sufficient to
melt the powder without allowing the molten polymer to drip off the tow.

1 Degradatio of the polymer was visible at temperatures exceedingCG0Due to the
inherent limitation in the responsiveness of the temperature controller, temperature
fluctuations of+1(°C were observed. The maximum temperature judged safe to avoid
harmful spikesn the heating die temperature was therefore°’@8@s determined by
thermogravimetric analysis 8.2.1 This maximal temperature was used in anticipation
of the plymer viscosity being lower at higher temperatures.

3.2.1 Heating and cooling

Thermogravimetric analysis of nylon 12 powder was performed with a Perkin EImerlPyris
TGA. The test was undertaken at a heating rate t€/bdin within an atmosphere composed

of two parts of pure nitrogen and one part of air. The analysis shows that mass change of the
powder was noticeable above 300 which can be taken as the temperature for significant
degradation of the polymer. It was expected that the FRP would consolidagecasily at

lower polymer viscositiegl2], which are attainable at higher temperatures. The temperature
of the heating die was therefore held at the highest safe temperature, at which ther polym
would be least viscous without experiencing degradation. From the thermogravimetric
analysisgraph shown irFigure 3.1 this was judged to occur at 24D The die was thus
heated to 28T for all pultrusion trials to account for fluctuations in the temperature control.
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Figure3.1 Thermogravimetric analysis of Duraform PA nylon 12 powder.
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As nylon 12 typically melts between 1180°C [13], the preheater was held above this
temperatre. A tradeoff was found between uniformity of melting across the width and depth
of the impregnated tow anthe lowering of viscosity at elevated temperaturef the
temperature was too low, the powder would not fully melt and if it was too high iragro
would flow towards the underside of the tow. At 22Qhe nylon powder was observed to
fully melt evenly around the carbon fibre tow without pooling at the bottom. Thegater
was operated at this temperature for all pultrusions.

3.2.2 Measurement of plymer crystallinity

Differential scanning calorimetry (DSC) was performed on a Perkin EImer DSC 8500 to
ascertain the crystallinity of unprocessed nylon powder and polymer that had been heated and
cooled in the pultrusion process. Samples were takenbaraform PA12 powder feedstock

and flakes of unreinforced resin stripped from a pultruded rod of 2 tows of unsized carbon
fibres and nylon 12, which had been processed at a standard line speed of 3.3mm/min. The
heating rate was recorded as the chang@&éngy with increasing temperature relative to an
empty reference pan. Percentage crystallinity was calculated using the area under the melting
and crystallisation peaks during the DSC cycle. These regions are highlighted with dashed
lines in the DSC plotkor both experiments iRigure3.2 andFigure3.3.

The percentage crystallinity of the polymer was determined from the DSC plots using the
area within the peaks, which was bound with
11357. The @ea under the peaks was determined by integrating the change in the heating rate

that was recorded at each discrete temperature increment. As outlined byl&hahe

difference in melting and crystallisation enthalpies can be compared with the heat of melting

of a sample that is 100% crystalline. Gogolewski,al determined a theoretical heat of

melting of 209.3 J/g for 100% crystalline nylon [115]. The product of the heating rate and
temperature therefore gave the following relations:

EAAOAI PAOAOO  (eq. 3.1)

I O OA ABDAESD 5ET R

%l AO@E ADRAT*CA— (eq. 3.2)

%1 OE A EBBORATCA (eq. 3.3)

) DT (eq. 3.4)
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q

Following this methodology gave percentage crystallinity of 43.4% for the unprocessed
Duraform PA12 powder and 23.9% for the unreinforced polymer taken from the pultruded
rod. This indicates that under standard processing conditions the polymer coatadrsiyff
quickly to inhibit extensive crystallisation of the matrix. The decrease in crystallinity
following processing indicates that the polymer sample had cooled relatively quickly, or else
the crystallinity would nohaveappeared to have changéthis finding demonstrates that the
method of water cooling by immersion in a stream of water was valid for cooling the rod to a
temperature below its melting point.
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Figure3.2 DSC of untreated Duraform PA12, performed at a heating rate°Gi®ih, with
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Figure3.3 DSC of pure nylon 12 taken from an unreinforced section of a puttruatk of 2
tows of unsized carbon fibre, performed at a heating rate &€ 20mi n , with o6v
baselinesd shown as a dotted | ines.

As shown by Starkweather et al. and Bessell et al., there is an approximately linear
relationship between the bulk tensdgffnessof polyamides and percentage of crystallinity

within a range of 10% to 50946, 17]. Taking percentage crystallinities of the processed and
unprocessed polymer as 23.9% and 43.4% as measured by DSC, the processed polymer has
approximately 55% of the crystallinity of the unprocessed polymer. As stated in the
Duraform PA datashe¢18], t he Youngdés modul us of the unp
Assuming a linear relationship between polymer stiffnessamdy st al | i ni t vy, t h
modulus of the processed polymer from the cooled rod may therefore be estimated as
0.88GPa, or 55% that of the unprocessed polymer.

The work of Bessell, et al. suggested a-finear correlation between crystallinity and other
mechanical properties such as toughness and yield stress. They concluded that a variety of
microstructural factors, including spherulite size and molecular weight distribution,
contribute to these trend46]. While a linear relationship between polymer stiffness and
degree of crystallinity has been broadly shown to hold for polyamides, crystallisation

64



Hybrid steel wire strands with carbon fibre reinforced plastics Alon Ratner11/02/2016

mechanisms and the resulting morphology of crystallites is dissimilar between nylons of
differing chemical structure and thermal histpty]. For instance, eveaven nylons such as
PA-66 and PA610 are known to form a triclinid-structure[20] and uneven nylons and even
nylons with more than seven carbon atoms, have been shown to predominantly form a
monoclinic o-structure[21]. Furthermore, depending on the conditions of crystallisation, a
variety of crystal phases may be stable in422]. The complex dependence of tensile
strength and impact resistance on the crystallinity, molecular composition and thermal history
of a nylon polymer prevents a straiffittvard estimation of these properties as has been
undertaken above for Youngbés modul us.

3.2.3 Parameters for electrostatic spraying

As noted in82.4.2 a greater air flow rates, pneumatic forces overcome the electrostatic
attraction between the oncoming powder and the fibres. For this reason air velocity is
inversely proportional to the efficiency of depositi@3]. Given the smaldistance between

the spray gun and the fibres, optimisation involved delivering a minimal total volumetric flow
to prevent bl owing away powder that had adft
function was enabled on the Nordson spray gun, whitbnaatically adjusted the atomising

air pressure with respect to the total volumetric flow, ensuring that the powder velocity
remained constant throughout operation. The minimal powder flow rate that resulted in any
appreciable constant flow was found t@wcat a setting of 30% of total flow. As the input
pressure was.0bar, this gave powder flowpressure of approximately 1.5bar. At a flow
pressure of 1.5bar, the minimatbomising airflow pressure was found to occur at 19% of the
total powder flow presure or approximately0.29bar Fine control of air flow was unstable
below these minimal limits of powder flow and atomising air pressures, which were taken to
be the lowest possible deposition rates for this model of spray gun. Nevertheless, this
minimal output was found to give slightly excessive powder coating so all manufacturing
was therefore done at these rates.

To reduce backonisation and encourage penetration of Faraday cages appearing at recesses
between fibres, it was imperative to keep current and voltage at relatively low [2dels

This was especiallymportantto this application, where the distance between the tows and
spray gun was small and thesistanceof the air gap was thee f or e | ow. Usi ng
low power option on the control console, the current and voltage were settaad® 40kV.

3.2.4 Coping with the accumulation of excessive resin

Pultrusion does not apply external pressure to the FRP, which is common pratti@a wi
autoclave or hot press curing. The only forces acting on the tows are therefore friction with
the internal walls of the die and the pressure exerted onto the fibres by the squeezing of
excesspolymer at the die entranceas noted in82.5.1 A surplus ofpolymer at the die
entrance was therefore taken as a sign that the fibres were carrying as much resin into the die
as possible. The oppositea deficit in thequantity of resin entering the diewould imply

that there would not be enough resin to be fully wet out the fibres during the consolidation
phase.

A surplus was observed for all manufacturing conditions. If the excess of resin forming at the

die entrage was not removed, it would slowly degrade over a period of hours and seize at the
die entrance, preventing the ingress of any further tows, as shadwguire 3.4. To prevent
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this from happening, the molten resin was regularly picked out of the die entrance with a
machi ni st 6s Hgare3i5handFRigure36o wn i n

p——

Figure 3.4 If not removed, excegsolymerat the die entrance would degrade and block the
die, causing the tows 8eize at the entrance.

Aot
-

Figure3.5 Excesgolymerbuilding up at the die entrance.
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Figure3.6 Extraction of molterpolymerusingama c hi ni st 6s scri be.
3.2.5 Line speed

The motors controlling the traction and pinch rollers were both geared with a maximum
rotational speed of 3.3rpm. In order for the fibres to be delivered at the same rate as they were
pulled through the die, the feed ratethe pinch rollers and the pulling rate had to be the
same. Tension in the fibres was maintained by actually setting the speed of the pinch roller
slightly slower than this, whereby the tows were stretched until the tension in the fibres
overcame the fational resistance of the rollers. Tows were thus fed into the powder chamber
by a combination of slipping and sliding over the pinch rollers.

Due to manual setting of the motor speed using an analogue dial, line speed was varied in
hal f 6 uni torscontrotefr. A speesl ofrA.0 units was found to be the minimum at
which the controller could accurately hold a constant rate of rotation, owing to backlash from
the high gear raticAdjustments of the dial between manufacturing on different days resulted

in some minor inconsistencies across the line speeds. For instance, the rods for tensile tests
were produced at line speeds ranging between 3.1cm/min to 3.6cm/min.

3.2.6 Summary of standard manufacturing conditions

Unless otherwise stated, the following cdimtis were used in the manufacturing of all

pultruded rods:

91 Sized and unsized fibres were spread by the action of a pinch wheel, through which the
fibres were held separated before entering the powder cha@d@mingled tows did
not require spreading siadhe reinforcing and polymer fibres were already intermingled
prior to use, which is described§8.2.7.

1 The electrostatic spray gun was operated with the fatigwonditions:

0 The powder flow pressure was 30% of overall input pressure, or 1.5bar.
0 The atomising air pressure was 19% of the powder flow, or 0.29bar.
o0 The current and voltage wereps and 40kV, respectively.
1 The temperatures of the pneater andheating die were 22C and 280C, respectively.
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1 The line speed was set at 3.3cm/min.
0 Some productions were undertaken at varying line speeds to test the effect of this
parameterA summary of rods produced for these tests is provid&€d.B2

3.2.7 Pultrusion with commingled tows

At most, 11 tows could be squeezed into the die without catching on its edges. However, this
still left a significant air gap between towshich became apparent during the manufacturing
stage. There was no accumulation of excegsohgmerat the die entrance and the rods that
emerged were naniform in crosssection, as seen Figure3.7 andFigure3.8.

Figure3.7 Pultrusion of bare comminglédwsdid not result in a buildip of polymerat the
die entrance, which indicated an inadequate quantipplyimer.

=

Figure3.8 A non-circular rod of fused comminglédwsemerging from the heating die.
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To overcome this deficit opolymer entering the die, the commingleédws were sprayed

with nylon 12 powder as they passed through the powder chamber. The resin of the
commingled tow was the same polyamide as the powder, which ensured compatibility
between the two matrices. Despite containing a high proportion of insulating polymer and
having a relatively small surface area of contact with the grounding strip inside the powder
chamber, théows were nonetheless sufficiently conductive to permit eleetiiosspraying.
However, as théows were not spread out, they were only coated by the nylon powder on the
outside of theows.

Pultrusion was unsuccessful witt0 1 11 or 12 commingled tow; in both these cases
manufacturing terminated with fibres beirmught at the die entrance. By process of reducing
the number of tows in separate trials, continuous pultrusion was achievedaositinéingled

tows, albeit with a higher volume of powder spray. The standard electrostatic spraying
conditions of 1.5bar of poder flow pressure and 0.29bar for atomising air pressure were not
high enough to result in excess resin forming at the die entrance. Thisowastedby
increasing the atomising air pressure to 20% of the powder flow, or 0.3bar. This gave a
sufficient cating on the commingled tows to result in the accretiopatymer at the die
entrance. In all other respects, the standard manufacturing conditions used in the putlrusion of
dry carbon fibre reinforcement were maintained, including manual removal obescessin

at the die entrance.

A consistently lowemuality of surfacdinish was encountered for rods manufactured with
commingled tow, which manifested as loops of torn fibres that adhered loosely to the
surface of the rods. Given the discontinuousireaof the stretcloroken carbon fibres, it is
postulated that this resulted from filaments snagging on the seam of the split die. This was
only observed for rods produced from tteenmingled tows, as shown ifrigure3.9.

Figure3.9 Images of deformities occurring along the length of a rod pultruded from 9 tows of
commingled tow coated with nylon 12 powder.
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3.3 Pultruded article productivity

With a storage capacity sfx racks, the pultrusion line was capable of delivering a maximum

of 6 tows of dry reinforcement, or dmmingled tow that had been spooled om@arower
bobbins.As the unsized carbon fibre tows H2¢D00filaments, in comparison with 12000 for

the sized fibres, twice the fibre loading was attainable with the same number of bobbins for
the unsized carbon tow#&s noted in83.1.1 this was an unfortunate consequence of not
being able to sourcemws of the same filament count from different feedstoBlals were
produced with different loadings of reinforcemidor the purpose of evaluating the effect of
fibre volume fraction on the mechanical properties of the pultruded rods.

Although the racks were capable of delivering 6 tows of unsized fibres, a practical maximum
of 4 tows was possible before the die ante seized from overloading with loosely bonded
filaments. Pultrusion of 5 tows of unsized fibres was only possible for short distances, beyond
which manufacturing had to be terminatéth example of the difficulties encountered is
given inFigure3.10. For this reason, rods from unsized fibres were created with 2, 3 and 4

tows.

=
3

Figure3.10 Die seizure during attempt to pultrude 5 tows of unsized fibres.

The severity of fibre discontinuities in tows from unsized fibres reflected the lack of a
binding agent to provide cohesion between filaments. Fibre alignment was maintained by the
tensionin the tows from the traction puller, which acted on whole tows rather than individual
longitudinal fibres. The tension in fibrethat were not directly pulled was therefore
maintained by friction or entanglement with neighbouring filaments. As fibretiedate
entrance to the heating die, contact with the hard surface of the walls of the die caused
misdirection of fibres not tightly bound within the tow, such as discontinuous fibres that were
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the product of fibre breakage. Lacking a guidiagsionto pul them through the die, these
loose fibres collecteth tanglesat the die entrance, demonstratedh Figure3.11. This was
exacerbated by the powder impregnatmacess. Although a minimal air velocity was used
for powder sprayingas described i83.2.3 the pneumatic pressure was enough to separate
discontinuous fibresrébm the main body of the tows before reaching the die entrance, as
shown inFigure3.12.

Si zi ngda rdoevg rdece

cohesion bet we and
hedgnai ntain fi ‘nment
when tdews omd act—wi-th the »
walls of the he

Fi bres wiweroant
|l @l y bound to ne anot hew
o ™~

0
and uns weee othewd

splitting apar coming
tangled at the

Figure3.1 Schematic diagram of tangling of discontinuous fibres in unsized tows.

Figure3.12 Severe @scontinuitiesencountered in unsized tofiedlowing powder spraying

While 2.5m rods were successfully pultruded from tows of sized fibres@nthingled tows

for the creation of hybrid FRP and steel stransfmvoidable die seizure due to discontinuous
fibres prevented the pultusion of rods bistlength from unsized fibresas shown irFigure
3.13 andFigure3.14. For this reason, hybridtrands could not be maffem rods of unsized
fibres.
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Figure3.14 Matted fibres emerged from the die after loose fibres were caught at the entrance.
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3.3.1 Pultruded rods for tensile tess

As described in depth ig4.4, ASTM D3039 was taken as a guide for conducting tensile tests
on pultruded rodsFor this purposetods for each fibre type were cut into ten 390mm
samples. Pultruded rods were produced from three different loadings of carbon fibredor siz
and unsized carbon fibre bobbins, whereas one loading was used for pultrusion of the
commingled tow. An inventory of the rods produced for tensile tests is providdalahe

3.2

Table3.2 Summary of the pultruded rods produced for tensile tests.

Reinforcement type Fibre loading Line speed (cm/min)
Sized carbon fibre 4 tows (48k) 3.3
Grafil TR30S 12K 5 tows (60k) 3.6

6 tows (72Kk) 3.3
Unsized carbon fibre 2 tows (48k) 3.3
Toray T700S@&0E 24k 3 tows (72Kk) 3.2

4 tows (96K) 3.1
Schappe TPFL 9 tows (54Kk) 3.3

3.3.2 Pultruded rods for flexural tests

100mm pultruded rods were cut for flexural test samgilasperformed according to ISO
14125 as described i84.3. Aside from those rods manufactured with ssbandard line
speeds, standard manufacturing conditions weesl dor all other rods. A summary of the
rods produced for flexural tests is givenTiable 3.3. Short sections for optical microscopy
were also taken from the rogsltruded for flexural testat intervals of 200mm
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Table3.3 Summary of rods produced for flexural tests.

Reinforcement type Fibre loading Line speed (cm/min)

Sized carbon fibre 4 tows(48k) 3.3
Grafil TR30S 12K 4.7
6.4
7.4
9.0
5 tows (60k) 3.6
5.0
6.5
6.9
8.3
6 tows (72k) 3.3
4.4
6.9
7.9
8.5

Unsized carbon fibre 2 tows (48k) 3.3
Toray T700S@&0E 24k 3 tows (72Kk) 3.2
4 tows (96Kk) 3.1

Schappe TPFL 9 tows (54Kk) 3.3

3.3.3 Pultruded rods for hybrid strands

2.5m pultruded rods were produced for the creation of hybrid strands at the Bridon
Technology Centre in Doncaster. Rods were produced from 6 tows of sized fibres and 9 tows
of commingled tow, as summarised ihable3.4.

Table3.4 Summary of pultruded rods produced for the creation of hybrid strands.

Reinforcement type Fibre loading Line speed (cm/min)
Sizedcarbon fibre 6 tows (72k) 3.3

Grafil TR30S 12K

Schappe TPFL 9 tows (54Kk) 3.3

3.3.4 Pultruded rod control groups

Commercially obtained pultruded FRP rods were also tested alongside the aforementioned
rods pultruded from sized and unsized fibres @mimingledows. 3mm diameter rods made
from carbon fibre and thermosetting epoxy resin were bought from Easy Compositder

to provide a control group These were usetb compare the performance of-hiouse
pultruded rodswith a commercially availabl@roduct. Rods from Easy Composites were
included in tension and flexion testdowever, the creation hybrid strands required 2.5m
rods, which was longer than th& Barty supplier of the carbon fibre/epoxy rods was willing
to provide. For this reason,de from carbon fibre and thermosetting vinyl ester rods were
kindly provided by Bridon. A control group of hybrid steel and carbon fibre/vinyl ester was
thereforeproducedfor tension tests of hybrid strand&.summary of control rods used is
provided inTable3.5.
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Table3.5 Summary ofcarbon fibre/epoxy and carbon fibre/vinyl ester control groups

Control group Source Tests

Carbon fibre/epoxy Easy Composites Tension of rods
Flexion of rods

Carbon fibre/vinyl ester Bridon Tension of hybrid strands

3.4 Concluding summary

Rods were pultruded from nylon 12 powder and tows of sized and unsized dry fibres and
commingled carbofiibre and nylon 12 filaments. Parameters affecting electrostatic powder
spray, line speed and the temperatur¢hefpreheater and heating die were found to exert
the greatest influence on article quality. Optimisation trials were undertaken to ascertain
standard manufacturing conditions, which were used to pultrude rods for flexural and tensile
tests as well as sections for optical microscopy and longer 2.5m rods for producing hybrid
strands. The techniques used to prepare samples from these rods amethbdologies
undertaken for testing them are presented in Chaptehidh also describes the development

of novel methodologies for the characterisation of the tensile strength and stiffness of hybrid
strands.
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4 Experimental methodology

The mechanical properties diet pultruded rods were elucidated with tensile and flexural
tests, and the morphology of cressctions was analysed with photomicrographs. The
methodologies for these tests are presented in this chapter.

4.1 Specimen geometry

The geometries of all specimemsere recorded prior to testing. These were used in the
determination of all materials properties, including cresstional ares used for the
calcul ation of Youngdés modul us. R-scdle steeln gt h's
ruler and rod diametergere measured using digital callipers with an accuraa)dflmm.

4.1.1 Rod diameters

All diameters were measured three times along the length of each tensile or flexural sample.
In the case of ten tensile or flexural samples, this produced a data setretad@ed
diameters for each rod typ&he diameters ofads that were produced for the testing of
hybrid strands were measured 10 times at regular intervals along the full 2.5metre length. The
meandiameterof each datasetas taken as the definitivaluefor each rodype

4.2 Optical microscopy

Optical micrographs were recorded for all the rods produced for flexural tests. A total of 19
operating conditions were analysed, which are summariseabile4.1.

Table4.1 Summary of test conditions analysed by optical microscopy.

Reinforcement type Fibre loading Line speeds analysed (cm/min)
Sized carbon fibre 4 tows (48Kk) 3.3,4.7,6.4,7.4,9.0
Grafil TR30S 12K 5 tows (60Kk) 3.6,5.0,6.5,6.9, 8.3

6 tows (72Kk) 3.3,4.4,6.9,7.9,85
Unsized carbon fibre 2 tows (48k) 3.3
Toray T700S&GOE | 3 tows (72k) 3.2
24k 4 tows (96Kk) 3.1
Schappe TPFL 11 tows (54k) 3.5

4.2.1 Preparation of microscopy samples

Individual 20mm long crossections was taken for optical microscopy at intervals of 2100mm
from the length of the main rod pultruded for flexural samples, as no&I3r2 Of the 10
samples acquired from each rod, six were chosen at random for cold casting in epoxy, which
was the most that would fit into each casting cup. These were carefully aligned on a piece of
masking tape to ensure that the ends of the ssmwpére flush with one another, as shown in
Figure4.1. They were also weighed prevent them from floating in the casting epoxy.

Samples were cast with red EpoColor epoxy resin, which was mixed and then poured under

vacuum into polypropylene <cups containing
assembly.
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ectioned rod lengths
flush with one anoth

Figure4.1 Specimen Support Clips from Buehler provided additional stability.
4.2.2 Grinding and polishing

The methodology for grinding and polishmga s der i ved from Buehl er 6s
carbon fibre reinforced composit¢$], which is summarised iffable 4.2. Samples were

ground and polished on a Buehler AutoMet 250, allowing samples to be ground and polished

in sets of five, with a much greater efficiency and precision than if they had beemyone

hand.

The grinding stage was implemented to cut away the rough top layer of the cast epoxy, which
left an even surface for polishing. Grinding papers were discarded after one minute of use,
ensuring that the samples were always exposed to son@tted SiC abrasion face. In this
manner the samples were initially ground in three separate one minute stages with P600 paper
and then for one minute with P1200 paper. Grinding was performed with the head and platen
rotating concurrently at rotational frequees of 60rpm and 179rpm, respectively. The
rotational frequency of the platen was set as a prime number to avoid harmonic resonance.

The polishing stage was undertaken with increasingly fine diamond suspensions using
countercurrent rotation. Samples veefirst polished for 4 minutes with qu® suspension

and then for 4 minutes with qué suspension. These steps were followed by polishing with a
fine 0.05um suspension for one and a half minutes.
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Table4.2 Methodology for grinding and polishing microscopy samples.

Step | Surface Abrasive Fluid | Force | Time Platen | Head | Relative
(min;sec) | speed | speed| rotation
(rpm) | (rpm)
1 BuehlerMet | P600 Water | 20N | 3:00 179 60 Corcurrent
SiC
2 BuehlerMet | P1200 Water | 20N | 1:00 179 60 Corcurrent
SiC
3 TexMet 9um polycrystalline Water | 20N | 4:00 179 60 Counter
diamond suspension current
4 TexMet 6um polycrystalline Water | 20N | 4:00 199 60 Counter
diamond suspension current
5 MasterTex | 0.05pm polycrystalline | Water | 20N | 1:30 73 60 Counter
diamond suspension current

4.2.3 Determination of fibre and void volume fractions

Measurement of fibre volume fraction is ordinarily performed by analysing multiple
photomicrographs of small areas of the material that are assumed to be represehthav

whole crosssections[2]. However, the morphology of the pultruded cresstions showed

so much variation in fibre and void volume fractions that a random selection of independent
regions could not have been representative of the whole. It was therefore necessary to analyse
whole crosssections of the rods.

Optical microscopy was undertaken using a Nikon Eclipse LV150 optical microscope with
Buehler OmniMet software. Bright fielchd dark field images were taken at a magnification

of x5 for each crossection and stitched together into montages. A higher magnification
would have been preferable but the computer lacked the computational power required to
stitch together images gentd at higher magnifications.

While dark field images were effective in capturing colouration, the contrast was not well
suited to differentiating between carbon fibres and the polymer matrix. Under the reversed
contrast of the bright field, carbon fibresone as bright spots against the matrix, which also
contrasted effectively with the dark recesses of voids. Dark field montages were therefore
captured for discussion of morphology while analyses of volume fractions were performed on
bright field montags.

The casting resin appeared as the same contrast as the polymer matrix in bright field images

SO prior to analysis these areas were cut out using Inkscape image editing software and
mounted on a black background. Tsbfevaredwad | ect 6
first used to calculate the number of pixels of the whole area of thesgoissn relative to

the casting resin in the background, showirigure 4.2. Then it was used to calculate the
proportion of the whole crossectional area that was taken up by fibres at the brightest
contrast and by voids at the darkest casttiabove the black background, as demonstrated in
Figure4.3.
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Figure 4.3 Calculation of fibre volume fraction by analysis of the area with the brightest
contrast.

Fibre and void volume fractions were therefore determined by the area of the features as a
proportion of the crossectional area:

O/ (eq.4])
Al
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61 BAT ORI ()l OAMAOBMAGOAOC (eq. 4.2
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The definitive fibre volume fractions and void contents have been presented for each material
type in Figure 5.17 and Figure 5.18 in 85.2 These refer to the mean values taken from
aralysis of montages for each of the six rod cresstions that were prepared for each of the
manufacturing conditions that are listedliable4.1, as is shown ifrigure4.1.

While measurement of void content in this way gave mean values of thesentemal area

of the voids, it did not give any indication of their three dinlemsnorphology or volume.

This might have given valuable information for assessing how defects arose in consolidation
of the rods. For instance, the appearance of ovular or cylindrical voids might have suggested
inadequate filling of the die cavity causéy insufficient polymer. By contrast, large
spherical voids might have been formed by trapped air that was not forced out under a high
enough internal pressure made by contact between the polymer and walls of the die.
Unfortunately microscopic tomographgchniques were beyond the budget and scope of this
project. It consequently remains unknown whether or not the relatively large imprecision in
measurement of void content, as showfigure5.18in 85.2, was the result of wide ranging
differences in the size or shape of voids between sangolessme combination of both.

4.3 Flexural tests

Flexural tests were performed according to the methodology for-plmiee bend tests as
dictatedin ISO 14125. This recommends specimen lengths of 100mm and outer spans of
80mm for unidirectional reinforceplastics. The standard is designed for flat coupons and
specifies a sample width of 15mm and height of 2mm, whereas the rods have a circular 3mm
crosssection. For all purposes other than cresstional geometry, the standard was
followed to the same spéications as those given for flat laminate coupon samples.

Threepoint bend tests were performed on a Lloyd Instruments TA500 tensile test frame with
a 500N load cell, suitable for the measurement of polymer samples. The following test
conditions were filbowed, pertaining to ISO 14125:

1 Rate of extension of Imm/min.

1 Samples were 100mm long and the span of outer supports 80mm.

1 Extension was measured from the position of the dnessl.

Flexural stiffness and stress were calculated using equations fdacibeams loaded at the
centre point of the span between two simple supp8fts

- o T, YO eq. 43
&l AQOOBREA AOG—— = (ed. 43)
om YU
Where L is the span between the supports, d is the diameter of therq®/goyd i s t he r ¢
of changan flexion; or the gradient in the measured load, P against a measured deflection, y
in the elastic region of the flexural streggain curve.

Flexural strength was taken as the maximum stress measured from the stress/strain curve,
following this equatia:
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i A aYe 0 1 . 0
&1 A IODBAIOO :I\JT (eq. 44)

4.4 Tensile tests

Following the guidance of ASTM D3039, the even application of compression on samples in
the test grips is best facilitated by the use of end tabs. Typically these are applied to flat
coupons wih broad surface areas of contact. However, the rods were limited to a minimal
curved surface are&pecialised glass fibre and epoxy end tabs were manufactured by the
means of wet layip. 16-plies of plain woven glass fibre were laid up with EL2 laminating
resin, backed with peel ply to give a rough surface on both sides. All materials were sourced
from Easy Composites. This technique produced 3mm thick laminates. Channels 2mm wide
and 1.8mm deep were then milled into the surface of the laminates, asishegure4.4.

Figure4.4 Specialised end tabs with channels milled into the surface of laminate.

The surface of the end tabs were then coated with Araldite 2015 epoxy adhesive and the
390mm rod samples were placed into the milled channels. The laminates were then pressed
together, with both sides of the specimens loaded with 20kg steel plates to pruerote e
contact at the bond line, the result of which is showFigure4.5.

Figure4.5. Rod samples with attached end tabs.
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The end tabs were then cut with a diamond cutting blade to yield individual samples that
conformed as closely as possible to the ASTM D3039 standard, shéwgune4.6. To this

end, the gauge length of the samples was 190mm and the end tabs extended 100mm on either
side of the gauge length, with a width of 20mm.

Figure4.6 Completed tensile test specimens with end tabs.
4.4.1 Rod tensile test methodology

Tensile tests were undertaken at the test facility at the Bridon Technology Centre and were
performed on a Zwick/Roell Z250 universal test frame using testXpert softwareleSamp
were aligned with a mounting specially made to hold tpanallelto the direction of loading.
Samples were held in place by hydraulic grips with controlled pressure.

Using the methodology outlined in ASTM D3039, the following conditions were useddl for

the tests that were carried out in this part of the study:

1 Rate of extension of 2Imm/min.

1 The gauge length of all samples was 190mm.

1 Externally applied strain measuring devices such strain gauges or video extensometers
avoid errors associated with defation or movement of the test equipment or slipping
of the coupon or end tabs within the jaws of the grips. For this reAR¥yl D3039
recommends the use ektensometers order toprovide more accurate values of strain.
Unfortunately, it was not possible to use an extensometer withavhdable test
equipment and it proved exceptionally difficult to find an alternative testing suite within
the budget and timescale of the projector this reason, extension was measured from
movement of the crodsead.

o This may have introducedinaccuracyinto measurement of stradependent
par ameter s s uc hus arsstram cenerggl Besmeaswed uensile
stiffness for the rods was in thange of 42.6GPa to 76.2GRe&shown inFigure
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5.25in 85.5.1 which shouldbe considerably lower than the stiffness of sheel
test frameHowever, the stiffness of the test frame is unknown and therifigre
not possible to definitively quantify the compliance inherent in the measurement
system during tests. Thiould benecessary for determinirtpe extent to which
compliance of the frame biased strain measurement during li@stsuracies in
strain measurementayalsohave arisen from gripping, which were minimised by
the use of hydraulic jaws and specially designedtabsl
o The tensile stiffness of all tested rods was found to occur within a range of
approximately 8GPa, as seen frigure5.25. Inaccuracies in the measurement of
strain between individual woulthereforehavelikely been of a similar magnitude
so results between datasets should remain comparable.
1 Tests were stopped when the measured load dropped to below 90% of its peak value. In
practice, this occurred momentardfter the ultimate strength had been reached.
1 The hydraulic pressure of the grips was set at 100bar.
0 No clear guidelines for the compression exerted by the grge given by the
standard. 100bar was found to be sufficient to prevent slipping of theabad t
without crushing them

4.4.2 Determination of tensile properties

In additontostresst r ai n curves, Youngo6s mod-tobreak, ul ti
and strain energy were used as quantitative parametexssessingensile properties. Fotla

the properties that were calculated using ceesgional area, these values were calculated
usingthe mean rod diameter of thelevant datasets described i84.1.1 For this reason all
mechanical properties refer to the engineering rather than Cauchy (true) stress.

Youngo6s modul us
Youngo6s waocdleulatedsy taking the stredmin gradient between 0.2% and 0.4%
of strain, or at the next availabl&stic region in the event of noise from foading of the

specimen. The gradient was found using equation (1) from ASTM E111:

K A (eq. 45)
R

%

E is the tensile modulug; andl, are the first and second values of stress found at the points
of strain and] andU are values of strain at 0.2% and 0.4%, or at the nearest suitable region
of elasticity.

Ultimate tensile strength and strain to break

As is shown in the stresdraincurves in AppendixB, there was considerable scatter in the
first damage eventith some samples displaying ambiguity in the extent of the elastic region
before plasticity. Ultimate tensile strength was there$elected as the definitiveeasure of
strength and its value was taken as the highest point in the-stir@sscurve. Similarly,
strainto-break was taken as the value of strain corresponding to the ultimate tensile strength.
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Strain energy

Strain energy, or the energy retihby a body under deformati¢d], was calculated by
integrating the region underneath a st®ssn curve. The magnitude of the distance
between one datum of strain and the next was multiplied by the corresponding stress recorded
at that point. These products of stress and strain increments were summed, giving the total
energy per unit volume of éhmaterial:

A (eq. 46)
R

3 b A AGOEEMEA C‘)TéU

Uj is the stress datum corresponding to the increment of strain between thé’}lmﬂd&

The specific strain energy was then multiplied by the volume of the sample. Rods were
assumed to be cylindrical. Thus volume was calculated by multiplying the-sgoissnal

area of the sample by the gauge length, giving the total energy of strain &antipée, the
integration method for which is illustrated kigure4.7. The stresstrain graph shown in this
figure is for the sixth tensile test sample from theadetods manufactured from 9 tows of
commingled tows, which is shown gure B.27 in Appendix B.
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Figure4.7 Example of integration scheme for determination of strain energy.
4.5 Tensile tests of hybrid strands

Since at the time of writing there were no industrially recognised standards for the fabrication
of hybrid strands, test samples were prepared with due consideration of the bonding
interaction between the outer steel wires and the FRP rods. 2200mm setcsteed strands

were cut and disassembled in order to remove the central steel wire, shéwrm4.8.

Five hybrid strands were produced with rods manufactued 6 tows of sized fibres, five

with carbon fibre/vinyl esterods and four with rods manufactured from 9 tows of
commingled tos.
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Figure4.8 Disassembled steel strand.

Steel central wirethat wereremoved from the strands were 3.25mm in diamdtee. FRP

rods were smallein diametey as shown irFigure5.19 in 85.3 the mean diameters of rods
from 6 sized tows and @ommingled tow were 2.86mm and 2.91mm, respectively.fillo

the cavity left between the rods and the outer wRds375 fluoropolymer heat shrink tubing
with a 0.25mm wall thickness sourced from Hilltop Insulation Sleeving Products was applied
to the surface of the rods. This was closed by means of a hreat gu

The steel wires were then twistbg handaround the=RP rodthat replaced the central steel

wire that had earlier been removed from the str&idce the rodsvould beencased within

the strands, end tabs such as those used for the preparation of tensile tests o§4ats in
could not be directly applied to the samples. In otdeznsure that the rod would nsltde

within the centre of the stranduring testing, Araldite 2011 epoxy adhesive was applied to
the surface of the rod at as the outer wires were replaced. Adhesive was only placed on the
rod up to 400mm from the far end$ the strandwhich would lie within the length of the
grips,so it would not interfere with the tensile test within the gauge length. The process of re
stranding with the adhered central FRP rod is shoviAigare4.9 andFigure4.10.
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Figure4.9 Application of Araldite2011 epoxy adhesive to the far ends of the strand, which
were clamped within the testing grips.

To ensure that the outer wires were accuratelstnandedaround the new central rodbe
outer wires were rewound such that the ends of the wires weteWlith one another. The
wires were also grooved on the outside with numbers from 1téod@notetheir positions
within the strand. This ensured that afteistending their positions relative to one another
would be the samas before they were takepaat.

Figure4.10 A closed strand with adhesieppliedto the rodwithin the gripped length.

87



Hybrid steel wire strands with carbon fibre reinforced plastics Alon Ratner11/02/2016

4.5.1 Strand tensile test methodology

Tests on 6 x 1 strands were performed at Bridon Technology Cermaoaster. Tests were
undertaken on a horizontally mounted tensile femhe which was capable of delivering
forcesup to 100kN. Strands were held in place by wedge grips supported by rollers, which
allowed the grips to tighten around strands underaghy@ication of tension, as shown in
Figure4.11 andFigure4.12.

Covers were rolled over thest aredor safety in case wires splayed outsidehaf tesfframe
upon breaking. An aperture was left in the central cover for a video extensometer, which
included a lighting strip next to the camera, as seé&ingure4.13.

Tests were carried out according to Bridono:
following conditions:
1 Rate of extension of 20mm/min.
1 Samples were 2200mm long with a gauge length of 2000mm.
1 Extension was measured by a video extensometaechveaptured the relative motion of
two coloured cable ties placed 600mm apart at the centre of the gauge length.

Figure4.11 Horizontal tensile tester.
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Figure4.13 Safety covers rolled into place during testing, with an aperture abotestrerea
for the video extensometer aoderhead lighting.

4.6 Inventory of tests
Table 4.3 shows a complete list of all the tests performed for eaakerialtype of the
pultruded rods. Please note thatttoe purpose of performing tests on hybrid stracdgbon

fibre/vinyl ester rods were substituted for the carbon fibre/epoxy rods as Easy Composites
were unable to supply the required lengthgrasiouslynoted in83.3.3
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Table4.3 Summary of all tests by material typg&.ests performed by Bridon.

Reinforcement type Tows and Pultrusion Rod Rod Rod Optical Strand
fibrevolume | line speed | diameter| flexion tensbn | microscopy | tension
fraction (M) | (cm/min) tests tests tests

Grafil TR30S sized carbor 4 tows (48Kk) 3.3 \ \% \% V

fibres 12kfilaments per Vi=28.7% 4.7 V \%

tow 6.4 Vv V

7.4 \ \Y

9.0 \ \Y
5 tows (60k) 3.6 Vv \Y \Y \Y
Vi=28.2% 5.0 V \Y

6.5 V \Y

6.9 \ \Y

8.3 \ \Y
6 tows (72k) 3.3 Vv \Y \Y \Y \
Vi =33.9% 4.4 V \Y

6.9 V \Y

7.9 Vv \Y

8.5 Vv \Y

Toray T700SE50E, 24k 2 tows (48k) 3.3 \Y \Y, \Y, \Y

filaments per tow V= 31.3%

3 tows (72k) 3.1 Y \Y, \Y, Y,
Vi=37.7%
4 tows (96K) 3.1 \% \% \% \%
Vi=42.4%

Schappe TPFL 9 tows (54&) 3.5 \% \% \% \% \%

commingled tow, 12k V= 30.6%

filaments per tow

Easy Composites carbon| (unknown) (unknown) \Y \Y, \Y, \Y

fibre/epoxy V;=59.5%

Carbon fibre/vinyl ester (unknown) | (unknown) * \

4.7 Hypotheses

Predictions weremade for the outcome of the tests according to the material under
investigation. In forming these hypotheses, assumptions underlying the test protocol could
later be judged against its outcomes.

4.7.1 Flexural and tensile tests

From the rule of mixturestroduced in81.5.1[5] it can be presumed th&nsile modulus

will be higherin rods with a greatefibre volume fraction The rule of mixtures predicts a

linearly increasingrend for stiffness in the fibre direction, so this should be reflected in the
Youngd6s modulus of tensile tests and in the

The strength of FRPs is dependent on a number of failure modes that are particular to
material properties and mafacturing procedures. Numerous criteria therefore exist for the
prediction of composite failurgg]. Rule of mixtures equations that have been adapted to
prediction of stregth are sermsémpirical and tailored to specific methodologigg.
However, these methods suggest a fundamental trend aégrasile strengthwith higher

fibre volume fraction, which should also apply to teesilestrength of FRRods[8]. It is
therefore predicted that thensile and flexurastrength and stiffness of rods will be highe

for increasedibre volume fraction Flexural strength is also expected to be higher than the
tensile strength because in bending a smaller region is exposed to maximumTsliess
reduces the probabiliyf a givenrod sectionencounteng potentiallycritical flaws[9].
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Extensibility is expected tdbe higher for roddrom the commingled tow due to their
inclusion of stretckbroken fibres However, this also implies théteir tensilestrength and
stiffnessis likely to be lower thar-RP rods of an equivalefibre volume fraction of fibres
that have not beestretchbroken The relative ease of shear between stretch broken fibres
may improve extensibility10], so this mechanism mightsa promote the storage of strain
energy.

4.7.2 Optical microscopy

Fibre volume fraction should be observed to increase with a greater nominal fibre loading,
while the morphology of the crosection is expected to be dominated by the fibre treatment.
As sized fibres are less well dispersed than unsized fibres, theydsexpirience less
interpenetration with the resin. Commingled carbon fibres are already well dispersed within
the matrix, so these should show a better esestionalconsolidation

4.7.3 Hybrid strand tensile tests

There are scant data available for the raeatal properties of hybrid strands and none
known to the author concerning strands with FRPs. In their publication of a study on steel
multistrand ropes with UHMWPE cores, Amils, etfaund that the ratio of breaking load to
linear weightof hybrid ropes was greater than that efeel rope$11]. Thetensile stiffness

and strengthto-weight ratios of the FRProd and steel wirdwybrid strands are therefore
expected to be highénan steel strandsf comparable crossectional geometry

4.8 Concluding summary

Methodologies for the optical microscopy and tensile and flexural testing of rods have been
presented in this section. Cressctions of rods have thus been prepared for the examination
of surface morphologies and determination of the fibre volume fraction and void content of
pultruded rods. Methodology for the determination of flexural and &erstilength and
stiffness have also been outlined, including a novel means of attaching end tabs to circular
tensile test specimer\n innovative testing methodology has been developed for the testing
of hybrid strands, which involved internal terminatidntlze gripped ends of the strants
prevent slipping Chapter 5 presents the results of experiments undertaken following the
techniques described in this chapter.
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Results fromoptical microscopy and flexural and tensile testgultruded rods antensile
testsof hybrid strands are presented in this chapter. All error bars placed on graphs in this
chapter represent the standard deviation from the mean of the data set associated with the

result.

Abbreviations have been introduced in this section to simplifydpetition of long phrases
associated with types of pultruded rods. These are preserfiadleb.1.

Table5.1 Abbreviations for types of pultrusions.

Reinforcement type Fibre loading | Abbreviation Intended meaning
Grafil TR30S sized carbon | 4 tows (48Kk) 4S ARods pultruded from /4
fibres 12kfilaments per tow | 5 tows (60k) 53 AiRods pul trawedoff roimz &
6 tows (72k) 6S ARods pultruded from €
Toray T700S@&0E, 24k 2 tows (48K) 2U fiRods pultruded from 2
filaments per tow 3 tows (72Kk) 3U AfRods pultruded from 3
4 tows (96Kk) 4U fRods pultruded from 4
Schappe TPFcommingled | 9 tows (54k) 9C fiRods pul tr udeodhmihgtedtow @
tows, 12k filaments per tow
Easy Composites carbon N/A EC fiRods from commercially
fibre/epoxy pultrusions obtained f
Carbon fibre/vinyl ester N/A VE fiCarbon fibre/lvinyl e

5.1 Optical microscopy morphology

Dark field montages were created for mounted rod esessonsusing the methodology for
sample preparationdescribedin 84.2.1 The internal morphology of the cressctions
becomes apparent from these images, which generallyfétr@weinforcedareassurrounded

by unreinforced polymer matrix. Bright field montageave also beempresentedn this
section which show the sameniages in reversed contrast and more clearly highlight features
such as fibregich regions. For the sake of brevity, a selection of representative dark and
bright field images have been presented together in separate sections for each material type.

Carbonfibre tows are clearly visible as grey bands, giving the appearance of slender islands
within a white polymer sea. The cressctions thus appear to resemble strips of FRP filled
with an unreinforced polymer. Fibreinforced regions appear to be evenbnsolidated,

with the exception of macroscopic voids that appear as black spots and lines inside those grey
areas. The outer edges of the cresstions show considerable variation andppearghat

the rods are in fact only approximately circular inndider, with occasional tufts and corners.

5.1.1 Crosssection montages of rods from sized fibres

Carbon fibre tows of sized fibres appeared as narrow grey strips, interspersed with dark
regions of voids.This is observed in dark field images of 4S, 5S and @8ch are
respectively shown ifrigure 5.1, Figure5.2 and Figure5.3. It is possible to pick out where
some of thendividual tows begin and end. Higher loadings of carbon fibre appeared to result
in more circular rods.

93



Hybrid steel wire strands with carbon fibre reinforced plastics Alon Ratner11/02/2016

500.00 pm

500.00 pm

Figure5.1 Dark field montages of rods from 4 tows of sized carbon fibres.

$00.00 pm

500.00 pm

Figure5.2 Dark field montages of rods from 5 tows of sized carbon fibres.
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Figure5.3 Dark field montages of rods from 6 tows of sized carbon fibres.

The serpentine nature tie FRP areas is more clearly visible frahe bright field images
respectively shown for 4S, 5S and 6S-igure5.4, Figure5.5 andFigure5.6. So too are the
voids, which appeared as almost completely black strips and holes in the grey fibre
reinforced regions.

50000 m 50000 m

Figure5.4 Bright field montagesf rodsfrom 4 tows of sized carbon fibres.
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50000 m 50000 m

Figure5.5 Bright field montagesf rodsfrom 5 tows of sized carbon fibres.

50000 m v’ ¢ 50000 m

Figure5.6 Bright field montagesf rodsfrom 6 tows of sized carbon fibres.
5.1.2 Crosssection montages of rods from unsized fibres

Unsized tows appeared to be thicker than sized towih, less cledy visible boundaries
between independent tows. A&s observed fothe rods from sized towis 85.1.1 fibre-
reinforced areas contrasted strongly witireinforcedmatrix regions. Unsized tows showed
conspicuous dry fibre regions, which had the appearance of dark voids filled with the
reflective tips of carbon fibreShis can be seen in the dark field meges for 2U, 3U and

4U, which are respectively shown kigure 5.7, Figure 5.8 and Figure 5.9. These were far
larger and more prevalent than for the rods from sized fibres.-S€egtisns of rods from 4U
showed the greatest degree of filling of any cremsions from sized or unsized tows. Only a
minimal area inthese crossections was taken up by unreinforced matrix and individual tows
were largely unreognisable.
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\Figure5.8 Dark field montages of rods from 3 tows of unsized carbon fibres.
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Figure5.9 Dark field montages of rods from 4 tows of unsized carbon fibres.

Bright field images of 2U, 3U, 4U are shown respectivelyigure 5.10, Figure5.11 and
Figure5.12. Fibrerich but polymerpoor areaswere apparent ithese imageand appeared
as very dark grey areas punctuatath the brighter spots of carbon fibres. There was great
variation in the distribution and frequency of theg&dymerpoor areas. This was seprost
clearly in Figure 5.10, which showed the isolated fibreinforced regions of two cross
sections from 2U. Théeft image showedan almost complete freedom fropolymerpoor
regions, whereaseveral large patches appeared irritite image

Figure5.10 Bright field montagesf rodsfrom 2 tows of unsized carbon fibres.
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