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Abstract 
 

 

It has been hypothesised that weight reduction in ropes can be realised by the hybridisation of 

steel strands with non-metallic carriers in order to improve the efficiency of hoisting 

processes, most notably in mining applications. While this has been attempted by replacing 

steel central wires with unreinforced polymers and parallel fibre cores, this investigation has 

considered the replacement of steel wires with carbon fibre reinforced plastic rods. 

 

Fibre reinforced plastics are valued for their high strength-to-weight ratios and 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 

compatible mechanical properties with those of high strength steel wires. A 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 creation of novel steel/CFRP 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 laboratory-scale 

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 stretch-broken carbon fibre/nylon tows, which emerged as the most appropriate 

feedstock. 

 

The Youngôs modulus and tenacity of hybrid carbon fibre/vinyl ester central rods were found 

to exceed that of standard steel strands, which in turn were higher than that of hybrid strands 

produced with in-house pultruded rods. Although this identified a need for the refinement of 

manufacturing conditions, it identified a lower bound of material properties required of the 

central rod in order to improve the tenacity of a hybrid strand. The finding of higher tenacity 

for the hybrid carbon fibre/vinyl ester strands demonstrated the feasibility of hybridising steel 

wire strands with non-metallic rods as a novel means of increasing the strength-to-weight 

ratio of strands. Finite element modelling of strands with a range of non-metallic core 

materials confirmed the material selection process by predicting the suitability of carbon fibre 

reinforced plastics over other core materials in improving the tenacity of hybrid strands. 
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Fi ï tension in a wire (N) 

Pi ï axial load on a wire (N) 

Qi ï shear load on a wire (N) 

Si ï tension in the axial direction of a strand (N) 

z ï number of outer wires in a strand 

rc ï core wire radius (m) 

rh ï outer wire radius (m) 

 

Glossary of Terms 

 

Aaramid  ï óaromatic polyamideô, also refers to fibres made from these long chain polymers. 

Commercial examples include Kevlar, Twaron and heterocyclic polymers such as Zylon. 

Back ionisation ï 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 ï 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 ï a drum from which fibres or wires are unwound. 

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

Characteristic length ï the length at which the breaking load of a rope is equal to its weight 

under gravity. 

Commingled fibres/tows ï a bundle of filaments from two or more material types that have 

been spun together. 

Core ï 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 ï the generation of charges through dielectric breakdown of air, either by 

exposure to a potential difference or a plasma source, which are then pneumatically 

transported to a target. 

Fibre volume fraction ï the volume inside a composite material that is represented by fibres. 

Forming/heating die ï a matched mould through which impregnated fibres are consolidated 

or cured in a pultrusion process. 
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Hybrid rope  ï a rope composed of carriers from more than one material type. 

Jacobian ï shorthand from óJacobian matrix determinateô is a parameter typically between 1 

and -1 of finite element mesh quality, with 1 representing a regular cuboid and smaller values 

indicating lower element regularity. 

Kinematic constraint ï a boundary condition placed on a group of nodes in a finite element 

simulation that prevents motion in specified directions. 

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

Lay angle ï the incident angle made by the path of a helical wire with the central axis of 

helical rotation. 

Lay length ï the periodicity of a helical path made by a wire; one lay length is the distance 

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

Parallel fibre rope ï a rope composed of independent filaments that are not chemically 

bonded by a matrix material as in a fibre reinforced plastic. Parallel fibre cores are sheathed 

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

Pultrusion ï continuous manufacture of a fibre reinforced plastic with a constant cross-

section by pulling impregnated fibres through a heated die. 

Rope ï generally, any assembly of smaller uniaxial tendons that is used to carry a load in 

tension. In wire or multi-strand technology, óropeô is used to refer to a carrier that is 

composed of óstrandô or óyarnô repeating units which are themselves composed of wiresô. 

Rule of mixtures ï an analytical model of a composite that relates the nominal macroscopic 

stiffness under a given loading condition to that of its material constituents. 

Sheave ï a grooved pulley for hoisting wire rope. 

Size ï a surface treatment applied to filaments to improve adhesion and handling of fibre 

tows. 

Step ï a segment of a simulation solved by ABAQUS 6.10. 

Strand ï a helical assembly of wires that either represents a constituent part a rope or a 

complete load carrying device in its own right. In ropes with many individual carriers, often 

referred to as larger than a óyarnô but in smaller diameter ropes the terms are sometimes used 

synonymously. 

Stretch broken fibres ï yarns that have been stretched until some proportion of the filaments 

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

Void content ï The volume inside a composite material that is represented by an absence of 

material or by a non-solid phase unintentionally included during manufacturing, such as air. 

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

and its lateral displacement from that point. 

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

Yarn  ï the smallest assembly of wires that is repeatedly used to create larger sections of a 

strand or rope. Sometimes used synonymously with óstrandô. 

 

Glossary of Acronyms 

 

C3D8 ï Three dimensional brick elements with eight nodes, used in finite element modelling 

CF ï Carbon Fibre 

CFRP ï Carbon Fibre Reinforced Plastic 

DSC ï Differential Scanning Calorimetry 

FRP ï Fibre Reinforced Plastic 

PA ï PolyAmide  

PEEK ï Poly(EtherEtherKetone) 
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óThe Îsir now began to fear that they would not get the wolf bound. So Alfather sent the 

youth, who is called Skírnir, and is Freyrôs messenger, to some dwarfs in Svartalfaheim, and 

had them make the fetter which is called Gleipner. It was made of six things: of the footfall of 

cats, of the beard of woman, of 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 catôs footfall cannot be heard, and that mountains have no 

roots; and I know, forsooth, that what I have told you is perfectly true, although there are 

some things that you do not understand.ô 

 

- Gylfanning, Prose Edda 
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1 Introduction 
 

 

Dynamic ropes for mining applications are required to be strong, durable and reliable. For 

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 

self-weight of the ropes that are required to hoist material becomes limiting. The main aim 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 outlines the scope of the project and its key challenges. It also briefly introduces 

the materials and technologies utilised in the manufacturing research that was undertaken. To 

avoid a cumbersome and unduly self-referential text, exhaustive reviews of prior research 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 material evidence 

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 Mesolithic times [1]. Given 

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 significance [2-4]. Early depictions of manufacture 

have also survived in Egyptian burial chambers [5]. 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 authors [6-8]. 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 ropes [9]. 

 

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 in length and were often located near 

harbours where they provided cordage for shipwrights [10]. At the time of writing, the ropery 

at Chatham dockyard still houses a working ropewalk. 

 

Ropes and their manufacture changed dramatically with the introduction of wire rope which 

superseded chains in strength and durability [11]. The innovations that accompanied wire 

ropes were profound and heralded a new age in applications for tensile loading, including 

continuous manufacture of steel ropes with vastly improved durability and flexibility in 

design [12]. Advances in steel production further transformed the state of the industry [13]. 

 

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

The importance of these modern techniques was noted by Boris Artzybasheff in his 

introduction to his illustrations of these novel processes, shown in Figure 1.1 [14]: 
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ñI am thrilled by machineryôs force, precision and willingness to work at any task, no matter 

how arduous or monotonous it may be. I would rather watch a thousand ton dredge dig a 

canal than see it done by a thousand spent slaves lashed into submission.ò 

 

 
 

 

Figure 1.1 óWire drawing machinesô and óStranding of Wire Ropeô [14]. Images have been 

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 many of the physical properties 

of the rope [15]. The terminology used to describe the order of scale from an individual wire 

to a rope is described in Figure 1.2 [16]: 

 

wire Ÿ yarn Ÿ strand Ÿ rope 

 

 

 

 

 



Hybrid steel wire strands with carbon fibre reinforced plastics   Alon Ratner 11/02/2016 

 

16 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This project considers a simple construction known as a wire strand core, shown in Figure 

1.3. This consists of 6 helical wires wound around a straight ókingô wire. This is also 

collectively referred to as a ócoreô since it may form the inner basis for larger multi-strand 

ropes, an example of which is shown in Figure 1.4. 

 

Wire 

 

Yarn 

 

 

 

 

Strand 

 

 

 

 

 

 

 

 

 

 

Rope 

 

Figure 1.1 Nomenclature of elements in a wire rope construction. 
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Figure 1.3 Wire strand core. 

 

 

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

International. 

 

Although the majority of contemporary 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 

stiffness and ductility have made steel a high performing and economical material [17]. Steel 

is obtained in the form of large diameter rods that are drawn into filaments [18]: 

10mm 

50mm 



Hybrid steel wire strands with carbon fibre reinforced plastics   Alon Ratner 11/02/2016 

 

18 

 

¶ The rods are heated in order to achieve a phase transformation to austenite and are then 

rapidly cooled in order to produce a lamellar microstructure that is conducive to cold 

drawing. 

¶ The steel rods are drawn into wires at low temperatures to reduce their diameters. Cold 

drawing increases strength while reducing the ductility of the wires. 

¶ The surface of the wire may be coated to prevent corrosion and wires are often zinc 

coated by electro-dripping or galvanisation. Wires are then redrawn to recover strength 

and to smoothen the surface. 

 

Stranding is the process by which many wires may be consolidated into a single construction. 

This process has been illustrated in a schematic diagram in Figure 1.5. Bobbins carrying each 

wire are fed into a forming die that determines the geometry of the strand. The rate at which 

the capstan rotates determines the helical angle and thus the lay length of the strand. 

 

 

Figure 1.5 Stranding from wire and core bobbins. 

 

Fibre ropes have higher strength-to-weight ratios, greater flexibility and better shock 

resistance than steel wire ropes but are less resistant to abrasion, cutting and creep [19]. For 

instance, for similarly laid 12mm strands, the strength-to-weight ratios of nylon, polyester, 

aramid and steel are 27.4tons/m, 22.4tons/m, 85.4tons/m and 15.1tons/m, respectively [20]. 

Some common uses of synthetic fibre ropes are provided below: 

¶ Nylon is principally considered for its energy absorption, durability and abrasion 

resistance [21]. 

¶ Polyester is valued for reasonable stiffness at low cost [22]. 

¶ Aramid fibres are more expensive than those made from commodity plastics and are 

characterised by high tensile stiffness, low susceptibility to creep, thermal resilience and 

good abrasion resistance [23]. 

 

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 aromatic crystalline 

polyesters such as Vectran [24]. 

 

1.2.2 Lightweight ropes 

 

Since the 19
th
 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 doing so, 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 in mining applications. The ócharacteristic lengthô of a 

tether is defined as the maximum breaking load of the material divided by its mass per unit 

length. It gives an indication of the longest conceivable length of a continuous material 

before its self-weight overcomes its maximum breaking load. In practice the maximum length 

of a rope will 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. The characteristic 

lengths of some materials are given in Figure 1.6 [25]. 

 

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

fibres. 

 

It is clear that lightweight materials with higher tensile strength per unit mass will perform 

better with respect to self-weight than steel. This means that mining shafts can hoist more 

material from greater depths, which increases productivity as ore can be extracted at a higher 

rate. Lightweight ropes also contribute less to the weight of tension leg platforms, meaning 

that weight savings can be passed onto essential features of the working and habitable spaces 

within the platforms themselves [26]. 

 

Although weight reduction is expected to increase productivity, synthetic fibre ropes are 

unlikely to survive repeated maintenance and deterioration due to abrasion and crushing in 

motion when in contact with winding drums. This is a consequence of the relatively low 

compression strength of polymer fibres, which lack the out-of-plane strength and stiffness of 

drawn steel wires. This complication poses a design challenge, which is compounded by a 

lack of experimental data and product testing [27]. Parallel fibre ropes also encounter 

excessive heating due to internal friction and polymer ropes show lower tensile strength and 

stiffness at elevated temperatures. This has been partly responsible for observed damage in 

dynamic ropes moving over sheaves [28]. 
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1.2.3 Hybrid ropes 

 

Steel and fibre hybrid ropes were suggested as early as 1977 [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 strands [30]. Hybrid ropes seek to take advantage of the 

durability of steel wires while benefiting from the weight reduction offered by synthetic 

fibres. The productivity of a mine shaft decreases with greater depth as the self-weight of the 

rope takes up an increasing proportion of the hoisted mass. For this reason the efficiency 

provided by a higher strength-to-weight ratio becomes 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 ropes with 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 

suggested that changes in rope design to accommodate a fibre core may not entail 

replacement of existing sheaves and drum sleeves [32]. 

 

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 mooring [25]. 

 

Parallel fibres only interact by mutual friction, whereas chemical bonding in FRPs enables 

load sharing between reinforcing fibres. This permits FRPs to distribute a given load across 

the fibres with near-equal extension. In bending a FRP also possesses greater flexural 

stiffness since it elastically behaves as a single beam rather than as a bundle of individual 

parallel fibres. FRPs rarely have a fibre volume fraction above 60% so the axial tensile 

stiffness and strength of the FRP are lower in comparison with those of a parallel fibre rope. 

Nevertheless, the unified nature of FRPs is closer to that of the homogeneous steel wires 

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 steel-FRP rope may lie in the vast 

potential for materials selection in both fibres and polymers. This is most apparent in their 

synergistic properties by which the advantages of a particular constituent can be 

complemented by 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 experimental data sets for 

steel wire ropes was created by Utting and Jones [34, 35]. Acquired knowledge about the 

performance of steel ropes will not be directly applicable to hybrid ropes. Given the relatively 

narrow range of data for steel wire technologies [33], it is easy to anticipate that a body of 

information regarding the study of hybrid ropes will be needed in order to develop the 

technology beyond its academic origins. This project aims to contribute to reducing the gap 

in understanding between steel and hybrid structures by characterising appropriate polymeric 

materials and generating foundational data about the feasibility of hybrid strands. This is to 

be achieved through in-depth materials characterisation using novel testing methodologies 

and finite element analysis of new assemblies of wires and rods that are representative of the 
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strands. Since there is no prior experience in manufacturing and testing steel and FRP hybrid 

strands, there are also no datasets regarding the tensile strength and stiffness properties of 

these components. 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 experimentation. Project 

objectives can be summarised as follows: 

¶ Identify rod materials that are suitable for increasing the strength-to-weight ratio of 

strands by hybridisation with steel wires 

¶ Develop a manufacturing process to produce hybrid strands 

¶ Develop a testing methodology in order to characterise the tensile properties of hybrid 

strands 

¶ Simulate tension in strands hybridised with a range of FRPs in order to increase the scope 

of materials analysis and validate the materials selection process 

 

1.3.1 Project overview 

 

Realisation of steel-FRP hybrid ropes is a wide topic that requires consideration from a 

number of engineering techniques in order to fulfil the project aims. These are 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 also reviews screening of appropriate materials for FRP rods and 

provides an introduction to FRP manufacturing techniques. 

2 Design and construction of the pultruder 

o After a period of review and development of appropriate technologies, a lab-scale 

pultruder was designed and constructed in order to manufacture carbon 

fibre/thermoplastic rods. 

o The pultruder made use of a number of modular processes, including mechanical 

spreading of fibres, powder impregnation of fibres, pre-heating of impregnated 

tows, consolidation of tows within a heated die and traction pulling of rods. 

3 Pultrusion optimisation and productivity 

o 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 manufacturing parameters and rods 

were pultruded in order to provide specimens for tensile and flexural tests. Rods 

were also pultruded to make hybrid steel-FRP strands. 

4 Experimental methodology 

o Flexural and tensile specimens were prepared from pultruded rods for the 

determination of flexural and tensile stiffness and strength. Cross-sections of rods 

were also prepared for use in optical microscopy in order to evaluate 

microstructural features and estimate fibre volume fraction and void content. 

o Hybrid strand consisting of steel wires and FRP rods were produced in order to 

provide specimens for the determination of tensile stiffness and strength. 

5 Experimental results 

o Presentation of optical micrographs of cross-sections and estimations of fibre 

volume fraction and void content for rods pultruded from different fibre and 

matrix feedstocks. 
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o The flexural and tensile stiffness and strength of rods compared against those of a 

control group. The tensile stiffness and strength of hybrid strands was analysed in 

order to determine the tenacity, or breaking load divided by mass, of the strands. 

6 Discussion 

o An appraisal of manufacturing techniques was made following evaluation of 

optical micrographs, which showed morphological features arising from 

processing conditions. These were used to explain differences in the fibre volume 

fraction and void content between rods with different materials. 

o Trends in the flexural and tensile stiffness and strength of the rods were also 

correlated with material types and processing conditions. Ultimately, 

characterisation of the rods informed trends in the measured tensile stiffness and 

strength of hybrid strands, which were evaluated in comparison with steel strands.  

7 Finite element modelling 

o Simulation of the hybrid ropes allowed out-of-laboratory estimations for the 

tensile strength and stiffness of a number of hybrid material combinations. 

o 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 

o Major findings were summarised and the outcomes of the project were evaluated 

with respect to its stated aims. 

o Suggestions were also made for continuing the study of the role played by FRPs in 

steel hybrid strands. 

 

1.4 Materials selection 

 

Research and development of steel wire ropes includes continuous improvements in 

manufacture, particularly in the cold drawing of galvanised wires [36]. While ropes with 

different steel compositions have been proposed [37, 38], the focus of research in hybrid 

ropes has been to maximise the strength-to-weight ratio by the inclusion of a non-metallic 

core material. To this end, the materials selection made in this project is concerned with FRP 

materials 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 strands, which in particular includes tensile strength and stiffness. The 

former touches on the high strength-to-weight ratio of 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 homogeneity is an acceptable assumption for highly drawn steel in multistrand ropes 

and it implies uniformity of tensile stiffness. In the case of this not being true, load sharing is 

unevenly carried between components. Load sharing between carriers is essential as it 

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 must be tailored to 

approach equivalence. It therefore falls to the designer to ensure that the Youngôs modulus of 
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the FRP core matches the Youngôs modulus of the outer strands as closely as possible. This 

may be achieved with a suitable choice of materials and composition for the FRP core. 

 

The problem is complicated by the different stress-strain properties of both materials, which 

have been schematically represented in Figure 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 limited elastic range. 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 multi-stranded ropes due to crushing 

between wires, especially for dynamic ropes stored on drums. Strain hardening and long-term 

changes in material properties arising from creep are therefore likely to influence the 

behaviour of hybrid ropes in commercial applications [39]. 

 

An overly stiff FRP core will result in catastrophic failure at an early stage as the stress is 

overwhelmingly concentrated in the core. Conversely, a more compliant core will not share 

an appreciable load and will therefore inadequately contribute 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. 

 

 

Figure 1.7 Schematic stress-strain 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 

classical laminate theory, which describes the mechanical behaviour of bonded plies. 

Anisotropy is particularly noticeable in affecting strength and stiffness away from the fibre 

direction. The tensile stiffness of a lamina with unidirectional fibres is at a maximum parallel 

to their orientation but it greatly decreases with any angular deviation from the fibre direction 

[40]. 

 

1.5.1 Rule of mixtures 

 

Following Hookeôs law, separate equations for the tensile stiffness of the fibre, Ef and matrix, 

Em components of a composite may be represented by the following expressions. These relate 

the stress in the fibres, ůf and matrix, ům to the strain experienced by the composite, Ů: 
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 ʎ %ʀ (eq. 1.1) 

 

 ʎ %ʀ (eq. 1.2) 

 

With the assumption that perfect bonding between the fibre and matrix would produce 

uniform load transfer between constituents, a load placed upon the composite is shared by 

both components. Therefore, a load, P acting on the composite is related to the loads acting 

on the fibres, Pf and matrix, Pm with respective surface areas Af and Am: 

 

 0 0 0 ʎ! ʎ!  (eq. 1.3) 

 

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

from its constituents, though its accuracy is limited to properties in the fibre direction. It is 

derived from eq. 1.3 and relates the observed macroscopic stiffness of the composite, E, to 

that of the fibres, Ef and matrix, Em in proportion to the volume that is occupied by the 

respective constituents, known as the fibre and matrix volume fractions, Vf and Vm [41]: 

 

 % %6 %6 %6 % ρ 6  (eq. 1.4) 

 

An assumption implicit in this derivation is that stresses only arise from external loads and 

therefore 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, which can noticeably reduce shear strength, even at low concentrations [42]. In 

addition to properties such as tensile stiffness and 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: 

¶ Mechanical 

o In order to share load and contribute to the strength of the hybrid, the FRP should 

have a high stiffness, close to steel if possible. 

o For the FRP to remain competitive it should have high tensile strength. 

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. 

¶ 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. 

¶ Long term 

o The FRP core should be resistant to creep and fatigue under the environmental 

conditions that 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 share a large minority of the market, at an estimated 

$10.25bn in 2012 [44] while Aramid FRPs constitute a much smaller proportion of demand. 



Hybrid steel wire strands with carbon fibre reinforced plastics   Alon Ratner 11/02/2016 

 

25 

 

The share of high performance synthetic fibres commonly used for lightweight ropes such as 

Dyneema and Spectra, which are rarely used as reinforcing fibres for FRPs, is negligible on a 

global scale [45]. 

 

Fibres of each material type are anything but óstandardô ï for instance the strength and 

stiffness of carbon fibres can vary by several factors between different products. Some typical 

properties of leading products are given in Table 1.1. 

 

Table 1.1 Physical properties of a range of typical reinforcements. 

Fibre type Product Strength (MPa) Stiffness (GPa) Density (gcm
-

3
) 

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 from Table 1.1, it is the density of carbon and aramid fibres that most 

distances them from glass fibres, giving stiffness- and strength-to-weight ratios. On the basis 

of a tensile stiffness that is much lower than that of steel, it 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 comparable 

to carbon fibre with respect to strength and stiffness. These are lyotropic polymers with rod-

like repeating units and the thermal and chemical resistances of these fibres are among the 

highest of any known polymers [51, 52]. These exceptional properties largely arise from the 

absence of flexible molecular units, 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 

cheapest intermediate stiffness carbon 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 them from further 

serious materials selection. 

 

1.7.1 Carbon fibre as a suitable reinforcement 

 

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 and small spacing between layers. This gives rise to high tensile stiffness 

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 greater extensibility 

[54]. Consequently, carbon fibre products have a wide range of mechanical properties, as 

demonstrated in Figure 1.8. 
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Figure 1.8 Strength and stiffness properties of carbon fibres manufactured by Torayca [50]. 

 

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 curves and corners. 

An initial obstacle to 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 stretch-broken 

fibres have since penetrated the composites market [56]. 

 

The introduction of discontinuities into long carbon fibres can be achieved by stretching the 

fibres until breaking [57]. By spinning the resulting discontinuous fibres, a tow can be 

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

fully contribute to axial and shear loading. óStretch brokenô carbon fibre tows are commonly 

used for the creation of pre-forms, whereby the carbon fibres are spun together with 

thermoplastic filaments to create commingled tows. Fabrics that are woven from them benefit 

from an increased flexibility of the tows, while suffering from a moderate reduction in 

strength and stiffness [58]. 

 

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 extension-to-break as little as 0.7%. Fibre misalignment during manufacture, movement 

of rods during stranding and helical winding of rods to create multi-stranded wire ropes 

further reduces the practical upper limit to axial extensibility offered by the components in a 

hybrid rope. Extensibility is therefore an important factor in choosing FRPs, with high 

strength carbon fibres offering greater flexibility than their high stiffness counterparts. 



Hybrid steel wire strands with carbon fibre reinforced plastics   Alon Ratner 11/02/2016 

 

27 

 

 

1.8 Matrix selection 

 

While fibre reinforcement is mostly responsible for the strength and stiffness of FRPs, the 

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. Matrix polymers can be drawn from a wide field, such as that shown in Figure 

1.9. For the purposes of this project they should fulfil the following requirements: 

¶ Mechanical 

o The polymer should not be unduly brittle since dynamic ropes undergo flexion 

during service. The polymer should also possess a high enough tensile strength 

and stiffness to permit load sharing between filaments. 

o High toughness is also a necessary quality for impact and cut resistance. 

¶ Thermal 

o To be serviceable at the high temperatures encountered due to internal friction the 

mechanical properties of the polymer must not degrade. This requires a high heat 

deflection temperature and insensitivity to thermally promoted creep since 

working ropes have long periods of service. 

¶ Microstructure 

o The polymer must be chemically compatible with the reinforcing fibre to ensure 

adequate bonding. 

 

1.8.1 High performance thermoplastics 

 

These criteria largely limit the selection to high performance thermoplastics: 

¶ Mechanical 

o While thermosetting resins can be toughened in order to reduce the effect of crack 

propagation, the cross-linked 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 flexibility, their inferior stiffness is undesirable as it may limit 

maximal load sharing between fibres. 

¶ Thermal 

o Viscoelastic properties set an upper bound to the retention of strength and stiffness 

at high temperatures. Among thermoplastics, semi-crystalline polymers are known 

for their high service temperatures and long-term creep resistance. 

¶ Chemical 

o Thermoplastics such as polypropylene and ultra-high molecular weight 

polyethylene are known for relatively low surface energies and inertness. While 

this is favourable 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, impact resistance and thermal stability, which is 

represented by high melting points and glass transition temperatures. Each polymer exhibits 

different traits and no single plastic is exemplary in every desired category. Some polymers 

have been adapted to take advantage of a combination of chemical properties, such as 

copolymierised polyamide-imides 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. Thermoplastics tend to have viscosities ranging between 100Pas to 

5000Pas, whereas thermosetting resins are typically in the region of 1Pas [59]. 

 

 
Figure 1.9 Hierarchy of plastics supplied by Solvay by applicability [60]. 

 

1.8.2 Polyamides 

 

Polyamides are overwhelmingly used in synthetic fabrics 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 rings [23]. These materials are widely known by their trade 

names, such as Kevlar and Nomex, as developed by DuPont [61]. 

 

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 results in a combination 

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 temperature and chemical stability, while even numbers of 

methylene intermediate groups are associated with higher melting temperatures [62]. 

 

Chemical structure therefore plays an important role in determining the applicability of the 

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 resistance, chemical stability and toughness [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 predominant for the aerospace industry. Commercially significant 

methods include [63]: 

¶ 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 composites. Pre-impregnated plies can be laid flat or bent into ribs 

on the laminate surface. Cutting may be automated although lay-up is often done 

by hand. 

o This manufacturing route is characterised by a long production cycle when 

autoclave and hand lay-up time is considered. High costs may also be encountered 

due to the reliance on expensive equipment, labour intensive processes and low 

rates of production. 

¶ Automated fibre placement 

o Automated processes seek to reduce waste and increase productivity, typically 

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. 

o Although this process may eliminate 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. 

¶ Hand lay-up of wet resin 

o Hand lay-up remains a popular manufacturing route for liquid resins that can be 

safely handled in workshop conditions. 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 lines involving wet lay-up often cure with a vacuum-assisted oven. In 

high performance applications the lower void contents offered by autoclaves are 

favourable, though the rate of production is considerably lower. 

¶ Resin transfer moulding 

o In addition to infusion this is route represents an automated alternative to wet lay-

up or pre-impregnation. A dry reinforcing component is placed into a mould and 

resin is injected into the moulding under pressure. 

o This method is typically only competitive for large and complex artefacts where 

the cost of the mould is justifiable and where the viscosity of the resin is not 

prohibitive and the dry fibre pre-form is sufficiently permeable. 

¶ Pultrusion 

o Dry fibres are pulled through an impregnation stage and a heated die in a single 

automated process. 

o Pultrusion is one of the few truly continuous composite manufacturing routes with 

one of the lowest capital costs. It is limited by the die shape and continuity of the 

cross-section, making it only practical for repeated manufacture of similar pieces. 

 

1.9.1 Autoclave 

 

This is the predominant route by which the highest quality FRP components are made, from 

small test panels to the fuselages of aircraft. Autoclaves are typically used to cure panels 

made from prepregs, which offer consistently high fibre volume fractions. After manual or 



Hybrid steel wire strands with carbon fibre reinforced plastics   Alon Ratner 11/02/2016 

 

30 

 

automated lay-up a part is placed into a vacuum bag and heated under pressure, as shown in 

Figure 1.10. The consolidation of a thermoplastic composite is shorter than the cure cycle of 

a thermosetting resin but may require a higher pressure and temperature during consolidation 

due to the relatively high resin viscosity [64]. 

 

 
Figure 1.10 Vacuum consolidation and cure of a laminate inside of an autoclave. 

 

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

solidification: 

¶ Plies may be autoclaved and the entire composite heated through its thickness. By 

contrast prepreg tape for filament winding is intensely heated at the location at which the 

unconsolidated segment is applied to the existing structure [65]. 

¶ 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 resin adequately flows around the fibres [66]. 

¶ Pressure is maintained while the composite cools below the glass transition temperature 

to maintain dimensional stability. The rate of cooling determines the crystallinity of semi-

crystalline thermoplastics such as PEEK [67]. 

 

1.9.2 Wet lay-up 

 

Wet lay-up 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 vacuum bagged or placed directly into an oven. Resin bleed-out 

has a crucial role to play in controlling the fibre volume fraction so panels made this way are 

rarely cured under pressure [68]. Lay-up in thermoplastics is complicated by the stiffness of 

the plies and lack of adhesion to a mould below the melting temperature. Adhesion 

techniques usually involve welding or thermoforming plies to a mould surface [69]. 

 

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 

Figure 1.11 [70]: 

¶ Creels 

o Fibres are unloaded from bobbins subjected to constant tension. 

¶ Guides/spreaders 
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o Fibres are separated to expose the greatest possible surface area for impregnation. 

¶ Heating before and after impregnation 

o Pre-heating may improve adhesion between the resin and fibres. 

o Post-heating allows partial consolidation if interruption of pultrusion is desired. 

¶ Impregnation chamber 

o Adhesion of the polymer to the fibres. 

¶ Heating die 

o Consolidation or curing of the resin to the fibres. 

¶ Cooling unit 

o In-line cooling of the consolidated article. 

¶ Pullers/downstream processing 

o Pulling force and speed are critical parameters for finished article properties. 

o Downstream processes may include cutting, coating and storage. 

 

 

Figure 1.11 In-line thermoplastic pultrusion [71]. 

 

1.10 Finite element modelling of ropes 

 

Application of the finite element method to rope applications evolved from attempts to 

numerically solve analytical models, such as those developed by Feyrer [18] for wire ropes or 

van Luijk [72] for fibre yarns. Early development in the finite element modelling of ropes 

focussed on simulating the interrelationships between mechanical processes, such as the 

simultaneous torsional, bending and axial deformation of a rope [73]. This enabled a holistic 

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 and heavier ropes [74]. While previous experimental datasets, such as those 

produced by Costello et al. [75], 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 ropes [76]. This was applied 

to the simulation of multi-layered ropes with many points of crossover between individual 

wires [77]. 

 

Parallel developments in the simulation of ancillary processes, such as rope termination, have 

highlighted the importance of finite element modelling in aiding the design process for 

meeting strength and endurance specifications [78]. As finite element modelling became 

more widely utilised in the design of ropes and hoisting systems, techniques were developed 

to cope with the high computational cost of modelling nonlinear behaviour [79]. These 

strategies have included the use of connector elements [80] and the simulation of a 

representative cross-section of the rope that is either analysed in isolation or is mirrored with 
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symmetry conditions [81]. However, a disadvantage of simplifying the rope system is to 

reduce the range of properties that can be accurately represented by the model. This may 

introduce errors in prediction when phenomena that rely on the complex interrelationship 

between parameters are indirectly inferred from such models [82]. 

 

The need for increasingly representative models and the steady decrease in the cost of 

computational resources have promoted the increasingly widespread use of 3D elements to 

simulate whole segments of ropes. In doing so, researchers encountered a design challenge in 

generating helical geometries, which has stimulated the adaptation of commercial software 

packages to create accurate representations [83-86]. State-of-the-art in finite element 

modelling increasingly simulates whole lay-lengths of ropes and seeks to estimate properties 

such as contact stresses between wires that are not directly observable [87-89]. 

 

Simulation of steel ropes still encounters problems of insufficient experimental data to 

validate models [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 suggests a need for both the experimental and numerical 

analysis 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 density of steel sets a 

practical upper limit to the strength-to-weight ratio achievable for wire ropes. This is an 

important factor in hoisting applications where the self-weight of a steel wire rope 

significantly reduces the productivity of deep mine shafts. Lightweight synthetic fibre 

materials have been proposed as an alternative means of obtaining higher strength-to-weight 

ratios but lack the long-term durability for use in dynamic ropes. Hybrid ropes, in which the 

inner core of a steel wire rope is replaced with a lower density polymeric material, may take 

advantage of the established strength and durability of the outer steel wires while benefiting 

from reduced overall weight afforded by the lighter core. 

 

An ideal core material will complement the outer steel wires 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 lower internal friction and higher bending stiffness as well as a 

solid cross-section. 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 has 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 the production of 

unidirectional FRPs with constant cross-section. Chapter 2 covers the design and construction 

of an in-house pultruder for the purpose of manufacturing carbon fibre/thermoplastic 

pultruded rods from a range of feedstocks for use in making hybrid strands. This features a 

discussion of the design process and selection of processing technologies, which included 

mechanical fibre spreading, electrostatic powder impregnation, pre-heating and consolidation 

of impregnated tows, water cooling and traction pulling of consolidated rods. 



Hybrid steel wire strands with carbon fibre reinforced plastics   Alon Ratner 11/02/2016 

 

33 

 

 

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 Chapter 5. Additionally, 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 strands. 
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2 Design and construction of the pultruder 
 

 

A pultrusion line was built in the Composite Systems Innovation Centre for the production of 

carbon fibre reinforced thermoplastic rods. As described in §1.9.3, pultrusion represents a 

cost effective and highly productive means of manufacturing unidirectional FRPs with 

continuous cross-sections. 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 there are far fewer bodies involved with the pultrusion of 

engineering thermoplastics. A bespoke machine within the department offered the best 

opportunity to obtain rods from these materials. 

 

2.1 Design process 

 

Above all, the pultrusion line would have to be flexible in the range of materials it could 

process. As had already been established through the materials selection in §1.6, a successful 

FRP for this application would 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 adhered to in designing the pultrusion line: 

¶ Flexibility 

o 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. 

¶ Balance between 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. 

¶ Lab-scale 

o The pultrusion line would have a limited space in which to work, which would set 

a close limit to the size of the machine and its consumption of materials. 

¶ 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 department would move buildings at some time during the project 

and that the machine would need to move with it. 

¶ 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 construction of the pultruder began with a proposal to academic and industrial 

partners. It featured a design plan that sought to provide cost-effective solutions for each of 

the individual processes found in a pultrusion line, as previously summarised in 1.9.3. The 

following technologies were planned for the pultrusion line, as is shown in Figure 2.1, which 

contrast with the completed pultrusion line that is shown in Figure 2.2: 

¶ Creels 

o Carbon fibre bobbins with springs to provide resistance to unwinding, in order to 

maintain tension in the tows for fibre alignment. Later in the construction phase 

this was found superseded by the discovery of spreading by pinch rollers. 
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¶ Guides/spreaders 

o After collimation with brass eyelets, the tows were intended to be spread solely by 

passing them over and under wooden rollers. In actuality, spreading would be 

entirely replaced by a single pinch roller. 

¶ Heating before and after impregnation 

o A heater before 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. 

o A tube furnace was planned in order to soften of the powder in impregnated tows. 

This was found to be too expensive and a tube pre-heater was later improvised. 

¶ Impregnation chamber 

o Electrostatic powder impregnation was identified as being most appropriate for 

this project and was the technology that was later employed. However, a planned 

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 replaced with a more economical heating strip. 

¶ Cooling unit 

o A series of cooling basins in which the rods would be showered with cold water 

and dried between stages was abandoned due to lack of space and the 

impracticality of this cooling technique. 

¶ Pullers/downstream processing 

o 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 that it would not be possible to cut 

the rods by hand while the pultruder was still running.  

 

 

Figure 2.1 Schematic diagram of the prototype designed at the projectôs conception. 

 

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

employed are covered in greater detail in the following sections of this chapter. A complete 

list of components, suppliers and prices at the time of purchase can be found in Appendix D. 

700mm 
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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 fibre tows 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 pulleys that were attached to the bobbins. These were fed over smooth acetal 

plastic pulleys and delivered into the fibre spreading section, which can be seen in Figure 2.3. 

However, this system became redundant as the control of fibre tension was later governed 

solely by a set of rollers. Brass eyelets were previously used to collimate the delivery of 

fibres but were found to unnecessarily pinch the tows. 
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Figure 2.3 Fibres delivered from bobbins and carried over pulleys to the first pinch roller. 

 

2.3 Fibre tension and spreading 

 

Consistency in the tension of tows improves article reproducibility [1] by promoting fibre 

alignment [2]. This can be achieved by a number of methods including resistance from 

magnets or electric servo motors. The simplest case, which is well suited to providing 

relatively low tension, is spring braking in which tension can be controlled linearly with 

extension of the spring. 

 

The degree to which tows are impregnated is dependent on the available surface area of the 

fibres 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 passing the fibres over and under 

pins or convex rollers [3]. Pneumatic spreading encourages fibre separation by pulling the 

fibres towards a region of low air pressure, such as that encountered in a Venturi slot [4]. 

Examples are provided in Figure 2.4. 
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Figure 2.4 A schematic diagram showing a) 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 attempted first. For 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 surface. Over time, 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 were bolted, with the 

intention that the tows would be forced to snake over and under the rollers, as seen in Figure 

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. 

 

 

Figure 2.5 Large and fixed separation between wooden rollers.  
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The fixed-hole shadow board was replaced with long slots for adjusting the height of the 

rollers, shown in Figure 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 the fibres. 

 

 

Figure 2.6 Slotted shadow board with shallow angles between rollers. 

 

However, a trade-off 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 spreading in the tow. Since 

the rollers achieve spreading by the pressure exerted by the 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 low enough to allow good through-thickness 

powder impregnation, nor high enough for fibre alignment at the die entrance. For this 

reason, alternative methods for fibre spreading were attempted. 

 

2.3.2 Pneumatic spreading 

 

Several pneumatic spreading arrangements were also tried, which are shown in Figure 2.7. 

The first was an attempt to build a Venturi slot tunnel, using the low pressure generated by an 

Edwards Speedivac 2 vacuum 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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