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Abstract                                        II 

Abstract 

The aim of this thesis is to produce injection moulded polyether ether ketone (PEEK) 

materials with electrostatic dissipation (ESD) properties that match or improve on 

existing materials without compromising the mechanical properties of PEEK or its 

processability. Currently commercial materials are heavily filled with micron-scale 

conductive particles and the material is brittle and difficult to process. Multi-walled 

carbon nanotubes (MWCNTs), with their excellent electrical and mechanical 

reinforcing potential and good processability, have been extensively employed in the 

literature, and increasingly in industry, to enhance the electrical properties of polymers 

but they have not been examined as potential fillers in injection moulded PEEK to 

enhance conductivity. This project therefore set out to determine if MWCNTs could 

be blended into PEEK and moulded into parts with acceptable ESD performance for 

commercial applications; this included extrusion compounding of MWCNTs into 

PEEK followed by injection moulding of parts for characterisation. The influence of 

initial compounding strategy, MWCNT loading and moulding conditions on the 

structure and properties of the PEEK nanocomposites was determined via a range of 

techniques including thermal and optical analysis, tensile, impact and electrical 

conductivity characterisation. Key results reveal that the electrical conductivity of 

PEEK is significantly improved by MWCNT integration. While an exact match to the 

conductivity of commercially available ESD material was not achieved it is clear from 

our results that this is achievable between a loading of 1 wt.% (~10-11 S/cm) and 2 wt.% 

(~10-5 S/cm) of MWCNTs. The Young's modulus and tensile strength of the PEEK 

matrix improves with addition of MWCNTs without significantly reducing its ductility 

and the impact performance is significantly higher (> 50%) than the commercial ESD 

material. The low loading of MWCNTs in this work results in a more easily processed 

and a much lighter material (> 20%) than the commercial ESD-PEEK.  
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Nomenclature and Abbreviation 

Part 1: General terminology 

0D: Zero-dimensional 

1D: One-dimensional 

2D: Two-dimensional  

3D: Three-dimensional 

HiPCO: High-pressure carbon monoxide disproportionation routes 

CVD (CCVD): (Catalytic) chemical vapour deposition 

ESD: Electrostatic dissipation 

LSP: Lightning strike protection 

EMI (SE): Electromagnetic interference (shielding effectiveness) 

DM: Direct mixing method 

MB: Masterbatch method 

COSHH: Control of substances hazardous to health 

SME: Specific mechanical energy 

L/D: Length to diameter ratio 

TS: Temperature setting 

CM: Compression moulding 

IM: Injection moulding 

BM: Batch mixer 

PCM: Planetary centrifugal mixing  

DCM: Dry-coating method 

HS: High shear (extruder screw configuration)  

LS: Low shear (extruder screw configuration) 

SC: Short cooling (30 s) 

LC: Long cooling (90 s) 

IV (1, 2): Injection velocity (40 ccm/s, 49 ccm/s) 

T (1, 2, 3): Tool (mould) temperature (195 oC, 165 oC, 100 oC) 

DSC: Differential scanning calorimetry 
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TGA: Thermogravimetric analysis 

Ti: Initial degradation temperature  

T2%: Temperature of the initial 2% mass loss 

T95%: Temperature at 95% mass loss 

Tmr (1, 2): Temperature at first and second maximum degradation rate 

DTG: Derivative thermogravimetric curve 

SEM: Scanning electron microscopy 

TEM: Transmission electron microscopy 

PAR: Parallel to the melt flow direction 

PERP: Perpendicular to the melt flow direction 

TT: Through thickness 

AF: Along the melt (injection) flow 

P (1, 2, 3): Testing positions (near/middle/end; from the injection gate) 

CNC: Computer numerical control 

LP (1, 2, 3, 4, 5, 6): Location pins 

FFT: Fast Fourier transform 

AFM: Atomic force microscopy 

XRD: X-ray diffraction 

LIT: Lock-in thermography 

EIS: Electrochemical impedance spectra  

FDM: Fused deposition modelling  

Micro-CT: Micro-computed tomography  

DC: Direct current 

AC: Alternating current 

TCS: Tensile crosshead speed 

UTS: Ultimate tensile strength 

IFSS: Interfacial shear strength  

MWD: Molecular weight distribution 

Mw: Weight averaged molecular weight 

Mn: Number averaged molecular weight 
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SCB: Short chain branching 

LV: Low viscosity 

MV: Medium viscosity 

HV: High viscosity 

NP: Neat polymer 

PCNs: Polymer-carbon nanoparticle-based nanocomposites 

PEEK-PCNs: Polyether ether ketone-carbon nanoparticle-based nanocomposites 

(P): Powder 

(G): Granules 

COF: Friction coefficient  

 

Part 2: Materials 

CNTs: Carbon nanotubes 

SWCNTs: Single-walled carbon nanotubes 

h-SWCNTs: Hydroxyl-SWCNTs 

e-SWCNTs: Esterified-SWCNTs 

DWCNTs: Double-walled carbon nanotubes 

MWCNTs: Multi-walled carbon nanotubes 

C-MWCNTs: Carboxylic-MWCNTs 

F-MWCNTs: Carboxylic-MWCNTs (F for functionalised; as noted in the reference) 

f-MWCNTs: Sulfuric acid + hydrogen peroxide treated MWCNTs 

C11-MWCNTs: Undecyl modified MWCNTs 

H-MWCNTs: 1-hexanol-MWCNTs 

O-MWCNTs: 1-octadecanol-MWCNTs 

Amine CNTs: 3-aminopropyltriethoxysilane functionalised CNTs 

DDM-CNTs: 4,4-diaminodiphenylmethane functionalised CNTs 

CF (CFs): Carbon fibres 

SCF (SCFs): Short carbon fibres 

m-CF (m-CFs): Micro scale carbon fibres 
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n-CF (n-CFs): Nano scale carbon fibres 

CNF (CNFs): Carbon nanofibres 

CNOs: Carbon nano-onions 

C60: Fullerenes 

CB: Carbon black 

HSCB: High structure carbon black 

GNS: Graphene nanosheets 

GNS*: Exfoliated graphene nanosheets (Page 87, Page 96) 

GNP (GNPs): Graphene nanoplates 

GE: Graphene 

RG: Reduced graphene 

GO: Graphene oxide 

S-GO: Sulfonated graphene oxide 

RGO: Reduced graphene oxide 

SRGO: Sulfonated reduced graphene oxide 

MLG: Multi-layer graphene nanosheets 

m-TRG: Polyethersulfone modified thermally reduced graphene  

CRG-KH550: 3-triethoxysilylpropyl-amine (KH550)-chemically reduced graphene  

EG: Expanded graphite 

EG*: Exfoliated graphite (Page 44, Page 45) 

EGO: Electrochemically reduced graphene oxide  

ND: Nanodiamond 

IF-WS2: Inorganic fullerene-like tungsten disulfide 

WS2-F: Fullerene-like tungsten disulfide 

WS2-N: Needle-like tungsten disulfide 

CLF: Carbonised loofah fibre 

Ni-CLF: Nickel coated carbonised loofah fibre 

n-HA: Nano-hydroxyapatite  

PEEK: Polyether ether ketone 

S-PEEK (s-PEEK): Sulfonated polyether ether ketone 
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SPEEK (C): Sulfonated polyether ether ketone (compatibiliser)  

HPEEK: Hydroxylated polyether ether ketone  

PAEK: Polyaryletherketone 

PEES (C): Poly(1-4-phenylene ether-ether sulfone) (compatibiliser)  

PMMA: Polymethyl methacrylate 

NR-PMMA: Natural rubber grafted polymethyl methacrylate co-polymer  

PAc: Polyacetylene 

PANI: Polyaniline 

PPV: Polyphenylene vinylene 

PPO: Polyphenylene oxide 

PVDF: Polyvinylidene fluoride (polyvinylidene difluoride) 

PS: Polystyrene 

PE: Polyethene 

HDPE: High-density polyethene 

LDPE: Low-density polyethene 

UHMWPE: Ultra-high molecular weight polyethene  

TPI: Thermoplastic polyimide  

TPU: Thermoplastic polyurethane 

TPV: Thermoplastic vulcanisate 

PU: Polyurethane 

PCL: Polycaprolactone 

PTFE: Polytetrafluoroethylene 

PVOH (PVA): Polyvinyl alcohol 

PVB: Polyvinyl butyral 

PP: Polypropylene 

M-PP: Modified polypropylene with 30 wt.% talc  

iPP: Isotactic polypropylene 

iPP HP: Isotactic polypropylene homopolymer 

sPP: Syndiotactic polypropylene  

PC: Polycarbonate 
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ABS: Acrylonitrile butadiene styrene 

PA 6: Polyamide 6 

PA 66: Polyamide 6,6 

PA 610: Polyamide 610 

PA 12: Polyamide 12  

PDMS: Polydimethylsiloxane 

PBT: Polybutylene terephthalate 

PET: Polyethene terephthalate 

PTT: Polytrimethylene terephthalate 

PTMG: Polytetramethylene glycol 

HDI: 1,6-hexamethylene diisocyanate  

BD: 1,4-butanediol  

PLA: Polylactic acid  

PBS: Polybutylene succinate  

PBSA: Polybutylene succinate-co-butylene adipate 

SAN: Polystyrene-acrylonitrile 

EVA: Ethylene-vinyl acetate 

Na-AHA: Sodium hydroxide 6-aminohexanoic acid 

LCP: Liquid crystalline polymer (thermotropic main chain copolyester with 73 mol% 

4-hydroxybenzoic acid + 27 mol% 6-hydroxy-2-naphthoic acid)  

DGEBF: Bisphenol-F diglycidyl ether  

SBR: Styrene-butadiene rubber 

AMEO: γ-aminopropyltriethoxysilane  

PPA: Phenylphosphonate  

PPSF: Polyphenylsulfone 

PPS: Polyphenylene sulfide 

PSF (C): Polybisphenol-A-ether sulfone (compatibiliser)  

PEI (C): Polyetherimide (compatibiliser)  

PSU (C): Polysulfone (compatibiliser)  

DMAc: Dimethylacetamide  



Nomenclature and Abbreviation                            XXXI 

SC-CO2: Supercritical carbon dioxide 

 

* indicates that terminology/abbreviation/symbol presented on the particular page 
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Chapter 1. Introduction 

1.1 Background and project objectives  

Polymer nanocomposites, due to their lightweight, high strength and 

multifunctionality have attracted attention for applications in sectors such as aerospace, 

automotive, bioengineering and medical devices. The ability to make conductive 

polymer nanocomposites enables the use of polymers in applications where previously 

metals would have been employed and they bring huge advantages to sectors such as 

aerospace where reducing component weight is of critical importance. Carbon-based 

nanofillers, particularly carbon nanotubes, with their high strength and electrical 

conductivity are increasingly being used now to produce electrically conductive 

polymer nanocomposite materials. 

The use of thermoplastic composite materials is growing in the aerospace sector due 

to their recyclability and ease of processing. For aerospace applications, polyether 

ether ketone (PEEK) is the thermoplastic material of choice due to its high glass 

transition temperature (Tg) and exceptional mechanical properties. One area where 

PEEK is making inroads in aerospace is in replacing metal brackets. The plastic 

brackets are injection moulded as this is the most suitable process to achieve the 

required shape in the quantities required by the industry. An important performance 

requirement for these brackets is to display good electrostatic dissipation (ESD) 

properties, with resistance values in the range 106-109 Ohms. Currently this is achieved 

using a PEEK material that is very heavily loaded with metallic microparticles. The 

high content of metallic microparticles is required to ensure that a sufficient network 

of particles is achieved to allow conduction through the material. This however leads 

to a much heavier and very brittle material. One way to achieve a polymer material 

with ESD properties without compromising mechanical properties or increasing 

density significantly is to incorporate carbon-based nanoparticles into it. This should 

however be done in such a way that the electrical properties are maintained in the 

desired range regardless of how the material is processed. This can be a major 

challenge in injection moulding since the high shear experienced by the polymer in the 
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mould can orient particles in the flow direction and lead to anisotropic alignment of 

particles which in turn may result in anisotropy in electrical behaviour. With metallic 

microfillers a high loading ensures that an electrical network is maintained but at the 

cost of added weight and reduced toughness. Achieving an electrical network with 

carbon nanofillers is more complex because the loading of nanoparticles must be kept 

as low as possible (typically lower than 5 wt.%) to reduce melt viscosity and potential 

for particle agglomeration.  

In this research, the aim is to produce PEEK nanocomposite materials with ESD 

properties that can match commercially available materials in ESD performance but 

without compromising the excellent mechanical properties of PEEK or its 

processability. The target application area is to replace metal brackets in an aerospace 

application, but the materials produced could have applications in a wide range of 

sectors. Multi-walled carbon nanotubes (MWCNTs) are chosen as the nanofiller due 

to their proven ability to enhance electrical conductivity and mechanical properties in 

a range of polymers. The cost, availability and greater understanding of safety 

measures required for industrial handling also make MWCNTs a nanofiller of choice 

compared with other more costly and less well understood (safety) materials such as 

graphene and single-wall nanotubes. 

 

The key research objectives are summarised here: 

➢ Determine the best route to produce PEEK/MWCNT materials for injection 

moulding (a masterbatch process or direct mixing via twin-screw extrusion 

compounding). 

➢ Produce a range of PEEK/MWCNT materials with different loadings of MWCNTs 

to identify the loading to produce a nanocomposite with ESD properties. 

➢ Examine the effect of MWCNTs on the thermal, electrical, and mechanical 

properties of the PEEK matrix. 

➢ Examine the effect of processing (injection moulding) on the thermal, electrical, 

and mechanical properties of MWCNTs/PEEK nanocomposites and establish an 

understanding of process-structure-property relationships.  
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➢ Compare the properties of the fabricated MWCNT/PEEK nanocomposites with a 

commercially available grade of ESD-PEEK.  

➢ Identify the processing window and optimum structure to obtain a satisfactory 

level of ESD performance in injection moulded MWCNT/PEEK nanocomposites 

to suit the range required by the aerospace industry.  

 

1.2 Nanoparticles 

Nanoparticles can be naturally occurring, like montmorillonite, or artificially 

manufactured via various methods such as chemical vapour deposition (CVD) of 

nanotubes. Their size is varied but is usually less than 100 nm in diameter. In terms of 

geometrical structures, nanoparticles can be nanospheres, nanotubes, nanofibres, 

nanoplates, nanowires, nanorods, nanowhiskers, nanochains and so on. Since carbon 

nanotubes (CNTs) are the reinforcing agent of interest in this research, the introduction 

here is mainly focused on carbon-based nanoparticles.  

 

1.2.1 Carbon nanotubes 

 

Fig. 1.1. Schematic of different carbon allotropes (with permission for reuse granted by the 

publisher) [1]. 
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Carbon nanotubes refer to tubular structures with carbon crystals arranged in a one-

dimensional (1D) axis (Figure 1.1) [1]. They are classified into single-walled and 

multi-walled CNTs, i.e., SWCNTs and MWCNTs and in some cases double-walled 

CNTs (DWCNTs). The true history of the first discovery of carbon nanotubes is a 

controversial story, although many researchers refer to the work in 1991 conducted 

by Sumio Iijima, NEC (Nippon Electric Company, Limited) [2] as being the first 

discovery. The real identity can be traced back to 1952 by Russian scientists 

Radushkevich and Lukyanovich, but the original version was written in Russian and 

is hardly accessed [3]. Between the 1970s and 1980s, fullerenes (C60), zero-

dimensional (0D) allotropes in the carbon family were discovered [4]. 

 

 

Fig. 1.2. A chirality map shows the geometry of carbon nanotubes (A) and scanning tunnelling 

microscopy showing a clear chirality on individual SWCNTs (B) (with permission for reuse 

granted by the publisher) [5]. 
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The electrical properties of carbon nanotubes are defined by their geometrical 

structures as they can be semiconducting or metallic depending on the bandgap. Since 

SWCNTs can be generally deemed as a two-dimensional (2D) graphene sheet with a 

rolled-up structure, they can then have different variants according to the rolling 

direction-chirality (Figure 1.2) [5]. Typical geometrical structures are armchair (30o, n 

= m for chiral vector) and zig-zag (0o, n ≠ 0, m = 0), which are the two limiting cases. 

There is one more type which is in between these two cases known as chiral nanotubes 

(n ≠ m, m ≠ 0). MWCNTs are multiple single tubes rolling up from graphite sheets and 

usually exhibit metallic features [6]. The popularity of polymer nanocomposites with 

CNTs as a reinforcement is attributed to their superior properties such as a current 

density of 109 A/cm2 [7], an electrical conductivity of ~105 S/cm [8], an elastic 

modulus of 0.3-1 TPa for MWCNTs and 1-3 TPa for SWCNTs, and thermal 

conductivity of 2000-6000 W/(m⋅K) [9].  

 

 

Fig. 1.3. Schematic diagram of CNT production via the CVD method (with permission for reuse 

granted by the publisher) [10].  

 

Methods to produce CNTs include chemical vapour deposition (CVD), arc-discharge, 

and laser evaporation (ablation). CVD is a successfully developed method for CNT 

production for commercial purposes (see Figure 1.3). The process starts from heating 

up of the substrate containing a catalytic metal (iron, cobalt, nickel or combination but 

normally iron) followed by the evaporation of metal into vapour (condensed 



Chapter 1. Introduction                                  6 

nanoparticles). Then, the hydrocarbon components decompose under catalysation 

leading to CNTs grow on these catalyst nanoparticles. Arc-discharge is a process using 

two graphite rods (anode and cathode) where an arc voltage is applied and ignited 

between them to produce CNTs in a buffer gas atmosphere (helium/argon). This is a 

relatively simple method of CNT production but has the drawback of needing a 

subsequent purification process [11]. Laser ablation was previously applied to produce 

fullerenes, but it was later found that the employment of metal catalysts could produce 

CNTs [12]. This technique yields high-quality CNTs (typically SWCNTs) but the cost 

of a laser source is not suitable for mass production and is mainly used for laboratory 

application. Apart from the synthesis methods above, there are other variations 

developed for CNT production, e.g. counter-flow flames and high-pressure carbon 

monoxide disproportionation routes (HiPCO) [7] [13].  

Commercially available CNTs are usually in a fluffy bulk powder state, loosely packed 

together by van der Waals forces, and entanglements, making them difficult to disperse. 

CNTs can be dispersed into polymer matrices via solution mixing and/or melt mixing 

followed by miscellaneous fabrication routes for specific products (mixing methods 

are discussed in Chapter 2). CNTs were originally used for mechanical reinforcement 

but now they are frequently used for their electrical properties and a wide range of 

other applications such as in biotechnology. The incorporation of CNTs generally 

improves properties of the matrix however, relatively high volume fractions or a lack 

of interaction with the matrix can lead to poor dispersion and interfacial bonding. In 

those cases, CNT functionalisation can be considered, such as the employment of 

carboxyl (-COOH) or hydroxyl (-OH) groups to improve the CNT-matrix affinity.  

 

1.2.2 Graphene 

Monolayer graphene is a single layer sheet of graphite with six carbon atoms arranged 

in a hexagonal lattice of sp2 hybridisation. The thickness of single-layer graphene and 

interlayer spacing to form stacked graphite is about 0.335 nm [14]. The concept of 

single-layer graphene was first raised by P. R. Wallace in 1947 after the discovery of 

the layered structure of thermally reduced graphite oxide by Benjamin Collins Brodie 
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in 1859 [15]. Scientists continued to make efforts to isolate single-layer graphene but 

the first success did not occur until 2004 when the first single-layer graphene was 

successfully produced by Geim and Novoselov, awarding to the 2010 Nobel Prize in 

Physics [16] [17] [18].  

Graphene (single-layered) is known to be the thinnest material to exist and with 

extraordinary properties. The Young's modulus of monolayer graphene can go up to 1 

TPa with an intrinsic strength of around 130 GPa [19]. Other key properties of 

graphene can surpass copper but with a lower density, e.g. electrical and thermal 

conductivity (100 mS/m versus 57-59 mS/m and 3500-5300 W/mK versus 400 W/mK) 

[20]. Many other forms of graphene are now available including graphene oxide, 

graphene nanoribbons, graphene quantum dots, graphene fibre, graphene aerogel, and 

many others. 

 

 

Fig. 1.4. Versatile synthesis methods for graphene (open access, rights and permissions of 

unrestricted use) [21].  

 

The synthesis techniques for graphene can generally be classified into two routes, i.e., 

top-down and bottom-up methods (Figure 1.4). The top-down method is well-known 

for exfoliation and chemical reduction and is a destructive way of producing graphene 

as it is synthesised by graphite and/or its derivatives. The bottom-up method is 

however a way to synthesise graphene from carbonaceous elements (as precursors) 

onto substrates such as CVD, spray pyrolysis, and epitaxial growth. The CVD method 
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is currently the most popular way to produce high-quality graphene with high yield 

[22]. In this method, a carbonaceous gas is introduced (usually methane) to a reaction 

chamber where heat (usually 900 oC to 1100 oC) and metal (as transition media) such 

as nickel or copper are involved, after which the gas undergoes decomposition to 

release carbon atoms attached to the metal substrates ready for transition. A polymer 

media, e.g., polymethyl methacrylate (PMMA), is then introduced to the other side of 

the graphene (with metal substrate) and immersed in acid to dissolve the metal, 

followed by washing and collecting on a silicon wafer. With this method, high quality 

and purity and fine grains of graphene are possible, but this is a rather expensive route 

and the quality is sensitive to processing parameters. In recent years, graphene and 

graphite-based materials are finding increasing use in commercial products such as 

sensors, supercapacitors, sports equipment, conductive coatings, flexible displays and 

more.  

 

1.2.3 Carbon black 

 

Fig. 1.5. Morphology of laser pyrolysis carbon black particles (with permission for reuse granted 

by the publisher) [23].  

 

Carbon black is a form of highly disordered spheroid carbon made under physically 

and chemically controlled processing conditions (Figure 1.5). The particle range of 

carbon black can go up to around 500 nm or as low as around 10 nm depending on the 

processing route. In early times the primary use of carbon black was as a pigment [24], 
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while later on, carbon black becomes a reinforcing agent for the rubber industry, e.g., 

tyre manufacturers used carbon black to enhance tear strength, abrasion resistance and 

longevity.  

Carbon black can now be classified into high-structure and low-structure carbon black, 

and the determination of high or low structure is defined by its primary particles. In 

high-structure carbon black, the primary particles are highly branched and interlinked, 

presenting in the form of chain-like clusters of aggregates. While low-structure carbon 

black has a lower degree of branching and interlinking. Carbon black with a smaller 

size of the primary particle usually has a higher specific surface area. The difference 

in the structural characteristics result in various processability and thus properties [25].  

The manufacturing methods for carbon black can be divided into thermal-oxidative 

processes, e.g., the furnace black process and the lamp black process, and the thermal 

decomposition process, but now the main route for industrial production is the furnace 

black process. This method involves the use of a liquid hydrocarbon source as 

feedstock and natural gas as a heat source. First, the reaction chamber is heated while 

the feedstock is sprayed into it, leading to the formation of carbon black via 

combustion. The generated carbon black is then cooled by injected water to get rid of 

secondary reactions, and the reactants (carbon black + gases) are further cooled down 

and filtered. Finally, there is an afterburning process for the residual gas used for the 

drying process. In this way, the produced particles are loosely packed with a low bulk 

density, and these particles can be densified as powder or pelletised depending on the 

end-use application. The electrical properties of carbon black are related to its surface 

properties and incorporating it into polymer matrices can increase their electrical 

conductivity, but it is not as popular now as carbon nanotubes and graphene for this 

application [26].  

 

1.2.4 Other nanoparticles 

There are many non-carbon-based conductive particles available for polymer 

reinforcement, e.g., gold, silver, aluminium, copper, palladium, platinum and tin [27] 

[28]. The advantage of using these non-carbon-based particles is that they have plenty 



Chapter 1. Introduction                                  10 

of free mobile charges as carriers. Their disadvantage is that they are relatively heavier 

than carbon-based particles and costly in nanoscale form.  

 

1.3 Polyether ether ketone  

Polyether ether ketone (PEEK) is a member of the polyaryletherketone (PAEK) family 

and is a high-performance semi-crystalline engineering thermoplastic. The first 

introduction of PEEK was by Imperial Chemical Industries (ICI) in 1978 [29], 

followed by the release of commercially available PEEK products in 1981 by 

VICTREX [30].  

 

 

Fig. 1.6. Molecular structure of PEEK.  

 

PEEK is synthesised by the step-growth polymerisation process by the dialkylation of 

bisphenolate salts, and its molecular structure (repeating unit) is presented in Figure 

1.6. The repeat unit of PEEK is composed of aromatic rings (aryl) connected by the 

ether (R-O-R') and ketone (R2C=O) groups and is generally replicated around 200-300 

times to form a single PEEK linear chain [31]. PEEK polymers are well-known for 

their exceptional properties. The ketone and aryl groups control the molecular rigidity, 

giving high stiffness and melting point. The flexibility and thus toughness of PEEK is 

governed by the ether groups. Chemical resistance arises from the chemically 

unreactive features of these functional groups, all of which making PEEK 

mechanically robust (3.5-3.9 GPa of Young's modulus) and thermally (~343 oC of 

melting point and high continuous service temperature at 260 oC) and chemically 

resistive [32]. Other features of PEEK include high creep and fatigue resistance, 
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resistance to ignition and burning, and finally, PEEK is recyclable. PEEK has a very 

high melt viscosity which may lead to problems when it is combined with 

nanoparticles like MWCNTs that tend to further increase viscosity. This considers 

being a key issue when including fillers in PEEK and it is usually necessary to keep 

the loading as low as possible.  

PEEK polymers are feasible for commercially important processing techniques such 

as extrusion, injection and compression moulding and also possible for newer forming 

methods such as fused deposition modelling. For injection moulding which is the main 

process of concern in this thesis PEEK polymers require larger gates to minimise the 

forming pressure (related to melt viscosity). Melt temperature can be increased to 

reduce viscosity and hence pressure but care must be taken to avoid thermal 

degradation. The mould temperature setting is also a key factor. If it is too high it will 

increase the cycle time (thus higher cost), while if it is too low then maybe non-uniform 

crystallisation of the moulded part may occur [33]. 

 

 

Fig. 1.7. Aerospace brackets using VICTREX AETM 250 with composite prepregs and hybrid 

over-moulding (with permission for reuse granted by the publisher) [34].  
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The replacement of metal parts with PEEK materials in some aerospace parts has led 

to weight reductions of up to 50%, e.g. cable guide system, ventilation wheel, carbon 

fibre/PEEK for suction manifold and fan housing [35] [36]. A new type of PEEK, 

VICTREX AETM 250, has been developed by Victrex to be used explicitly for making 

aerospace structures (Figure 1.7) [34] [37]. In addition to its exceptional mechanical 

properties, this formulation has a 305 oC melt temperature allowing it to be processed 

at lower temperatures and thus quicker cycle time.  

 

 

Fig. 1.8. A surgical head restraint made from PEEK/carbon composite to replace titanium (with 

permission for reuse granted by the publisher) [38]. 

 

PEEK and its polymeric composites have many other application areas [39]. For 

example, Zortrax reported that 3D printed PEEK components have the potential to 

replace metal wiring systems in aerostructures, functioning as structural parts with 

signal transfer capability [40]. A PEEK/carbon composite has replaced titanium in a 

surgical head restraint in the medical domain (see Figure 1.8) [38]. PEEK polymers 

have also been reported for subsea electrical connectors operating at 3000 m water 

depth [41].  

 

1.4 Electrically conductive polymer nanocomposites 

Polymeric materials are usually electrically insulative and used for insulation in plastic 

engineering, e.g. insulated wire. For these insulative polymers, the electrical 
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conductivity is basically around 10-16 S/m and over. However, not all polymers are 

electrically insulative. Some materials such as polyacetylene (PAc), polyaniline (PANI) 

and polyphenylene vinylene (PPV) are intrinsically semiconducting or metallic [42]. 

Unlike thermoplastics which are thermoformable, these intrinsically conducting 

polymers are processed via doping to tune the electrical properties, and the mechanical 

properties as well as processability cannot match those of thermoplastics.  

Commercial polymers are made conductive by blending conductive fillers into the 

matrix by solution mixing, in-situ polymerisation or melt mixing (discussed in Chapter 

2). The electrical conductivity of a polymer generally increased with increased 

nanoparticle loading until a percolation network is achieved (discussed in Chapter 2). 

Beyond this point, any further increased filler content only leads to a minor increase 

in the electrical conductivity. Depending on the inherent conductivity of the particle, 

its aspect ratio and the processing settings and routes, the percolation value can vary 

from as low as 0.1 wt.% to over 10 wt.%.  

Applications for conductive plastics in aircraft can range from ESD to lightning strike 

protection (LSP) [43]. For ESD performance a high filler loading may not be necessary 

thus maintaining the component's flexibility and toughness. Electromagnetic 

interference (EMI) and lightning strike protection (LSP) demand a higher level of 

conductivity and thus a trade-off between conductivity and ductility may have to be 

made. For aircraft applications it is vitally important to keep component weight down 

so fillers that will enable this, such as CNTs, are very desirable.  

 

1.5 Processing of conductive polymer nanocomposites 

The shape, size and number of parts required for a plastic component will usually 

determine the process to be used to manufacture it. For example, because of high 

capital equipment costs, injection moulding is only economically feasible for very 

large production runs. The actual process adopted will have a significant influence on 

the structure and properties of the final part. For example, in compression moulding 

there is very little orientation of the polymer and filler, and properties are generally 
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isotropic whereas in injection moulding, due to the high shear rates in the mould, there 

can be very significant molecular orientation and moulded parts can have very large 

degrees of property anisotropy. Process parameters or post treatment may be used to 

reduce orientation and recover a degree of isotropy. In this thesis, the two main 

processes used are twin-screw extrusion to compound the polymer and nanofillers and 

injection moulding to form the final part.  

 

1.5.1 Twin-screw extrusion compounding 

 

Fig. 1.9. Schematic diagram of a twin-screw extruder (with permission for reuse granted by the 

publisher) [44]. 

 

Twin-screw extrusion is a melt compounding technique for the continuous production 

of polymer/polymer and polymer/filler blends. A twin-screw extruder can be co-

rotating or counter-rotating together with fully intermeshing, partially intermeshing or 

no intermeshing screw engagement. It is superior to single screw extrusion in its 

mixing capabilities as there is significant elongation flow in the intermeshing region 

which is good for dispersive mixing (single screw extrusion is dominated by shear 

mixing). During the mixing process (see Figure 1.9), the premixed polymer/filler 

mixture is fed into the extruder via a feeder/hopper and then the mixture is gradually 

conveyed along the screw barrel where it is heated and subjected to shearing and 

elongational deformation as it passes through the various screw parts. 
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Fig. 1.10. Demonstration of various screw elements (with permission for reuse granted by the 

publisher) [45].  

 

To make a well mixed compound it is necessary to optimise the screw configuration 

as well as the processing parameters. It is important to achieve good mixing without 

degrading the components in the mixture. The key processing parameters in twin-

screw extrusion are feed rate (usually a separate single-screw feeder), screw speed, 

and temperature profile for the screw sections. The screw design is equally important 

as it can control the level and residence time for both shear and elongational 

deformation of the melt. There are vast numbers of screw elements available for 

compounding including different conveying, reverse, and kneading elements, and 

kneading blocks with different angles, lengths and widths to manipulate shearing and 

elongation (see Figure 1.10). Choosing the correct configuration for a compounding 

operation can be a trial and error process but compounding processors usually have 

extensive experience and know which screw designs produce the best compounds.  

 

1.5.2 Injection moulding 

Injection moulding is a forming process for fabricating parts by injecting molten 

plastic into a mould cavity. The injection moulding process is feasible for a variety of 

plastic materials, and its main advantages are that it can produce high-quality parts in 

a fast cycle time. The main disadvantages of injection moulding are the high capital 

equipment cost and tooling costs, long lead times and limitations on short-run and 

small batch production. 
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Fig. 1.11. Schematic diagram of an injection moulding unit (with permission for reuse granted by 

the publisher) [46].  

 

A typical injection moulding unit is shown in Figure 1.11. The raw materials are fed 

into the injection unit by a hopper, and then the materials are heated and further mixed 

when conveyed through the extrusion channel. This is followed by the injection stroke 

executed by a screw-type ram or plunger. The molten plastic is forced through the 

sprue, runner, gates and finally the mould cavity where the material solidifies before 

being ejected from the mould cavity. The whole period including cooling time is 

usually in the range of 15-120 seconds, depending on the complexity of the mould 

design. The integration of conductive nanoparticles may increase the thermal 

conductivity of the polymer and thus a quicker cooling process may be possible. As 

mentioned earlier, high degrees of molecular orientation can result in the injection 

moulding process. Typical processing parameters that can alter this are the injection 

velocity, mould and melt temperature and injection and holding pressure. If a 

component with isotropic electrical properties is to be achieved, then it may be 

necessary to adjust these processing parameters to reduce the orientation of the filler 

material. 

 

1.6 Specified targets and thesis structure 

The specified research targets are summarised here: 

➢ Determine the best processing route to fabricate PEEK/MWCNT nanocomposites 



Chapter 1. Introduction                                  17 

using the injection moulding technique with processability up to specification. 

➢ Identify the required MWCNT loading for satisfying ESD performance (10-4 S/cm 

to 10-11 S/cm). 

➢ The targeted thermal stability of PEEK-PCNs is expected to be enhanced (in terms 

of thermal degradation rate; remained chars). 

➢ Young’s modulus is expected to be increased from the baseline of PEEK (~3.4 

GPa) to the newly produced PEEK-PCNs (> 3.4 GPa). The ductility of PEEK 

should be maintained. 

➢ The effect of processing on MWCNT alignment (via SEM/TEM) should be clearly 

observed. 

➢ At a specified processing condition, a MWCNT loading is identified and the 

corresponding electrical conductivity of that PEEK nanocomposite matches the 

commercial ESD-PEEK as supplied by industry. 

 

The seven chapters in this thesis are organised as follows.  

➢ Chapter 1 is an introduction to the research objectives, electrically conductive 

nanoparticles, PEEK, electrically conductive PCNs and to the processing routes 

relevant to this thesis. 

➢ Chapter 2 provides an in-depth discussion of the literature relevant to this project.  

➢ Chapter 3 describes the relevant materials and methods used in the project. 

➢ Chapter 4 presents the results and discussion for PEEK-PCNs made via the direct 

mixing method (DM).  

➢ Chapter 5 presents the results and discussion for the injection moulded PEEK-

PCNs made via the masterbatch (MB) method.  

➢ Chapter 6 presents a PEEK-PCNs-DM/MB comparison and discusses the 

requirements for industrial values. 

➢ Chapter 7 illustrates the conclusions drawn from the research, the extent to which 

the set targets have been achieved and presents ideas for future work.  

➢ The reference list and supporting documentation (appendices) are attached as 

supplementary content. 
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Chapter 2. Literature Review 

2.1 Introduction 

This research aims to examine the manufacture of electrically conductive PEEK-CNT 

composites materials with the specific objective of looking at how the injection 

moulding process influences the electrical conductivity and performance of the 

material. The manufacture of a successful polymer nanocomposite material depends 

on a number of factors. These factors include how the properties of the polymer 

nanocomposite material such as rheology affect processability, how the processing 

route affects the polymer nanocomposite structuring and how the structure affects the 

properties (electrical, mechanical and thermal). These factors will be discussed first in 

a general review of polymer-carbon nanoparticle-based nanocomposites (PCNs other 

than PEEK) which will then be followed by a review of the literature on PEEK-carbon 

nanoparticle-based nanocomposites (PEEK-PCNs). Note that the term PCN will be 

used here to cover only composites based on carbon nanoparticles, e.g. carbon 

nanotubes, carbon black, carbon nanofibres and graphene nanoparticles. 

 

2.2 Preparation methods 

Prior to the manufacture (moulding) of polymer nanocomposites, initial mixing is a 

key step to be considered as it can significantly influence the state of dispersion, thus 

the performance of the moulded parts. Three main routes are used to prepare a polymer 

nanocomposite, i.e., solution mixing, in-situ polymerisation and melt mixing. For 

commercial operations melt mixing is by far the most commonly used method. The 

key features of each route are now discussed.  

 

2.2.1 Solution mixing 

Solution mixing is conducted by adding reinforcing fillers to a polymer solvent, 

followed by a mixing process that can be carried out mechanically, magnetically or 

sonically. This method is usually used for small scale production of polymer 

nanocomposites, e.g., thin film. The compatibility between the solvent and 
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polymer/nanofiller plays a critical role in obtaining a stable dispersion. A key 

disadvantage of the process is the use of potentially hazardous solvents and the need 

to evaporate the solvent.  

 

 

Fig. 2.1. Optical micrographs of 1 wt.% and 6.5 wt.% MWCNTs/PVDF nanocomposites 

processed via solution (S) and melt (M) mixing (with permission for reuse granted by the 

publisher) [47].  

 

One key advantage of solution mixing in practice is ease of achieving good particle 

dispersion, while achieving this in melt mixing demands sufficient shearing thus a 

higher energy input. Ke et al. [47] made a comparison study of MWCNTs reinforced 

polyvinylidene fluoride (PVDF) nanocomposites in which they compared the effect of 

solution mixing and melt mixing on the degree of MWCNT dispersion. Optical 

micrographs of the 1 wt.% and 6.5 wt.% MWCNTs/PVDF nanocomposites are shown 

in Figure 2.1. Solution mixing clearly gives better dispersion at a lower MWCNT 

loading, while melt mixing produces better dispersion at a higher MWCNT loading 

due to the increased viscosity (and thus shearing). Solution mixing is useful when 

particle functionalisation is a requirement, e.g. nanotubes with improved surface 

properties and electronic properties, and can be achieved via chemically covalent 

modification [48] [49].  
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2.2.2 In-situ polymerisation  

In-situ polymerisation of a polymer nanocomposite means that the polymer matrix is 

formed simultaneously with the nanocomposite rather than being mixed with the 

nanoparticles. It usually consists of several steps, including initiation, propagation and 

termination. The process starts with mixing of the nanoparticles and low molecular 

weight monomers (precursors). The initiation of polymerisation is conducted once the 

initiator is added to the mixture which will then be followed by growth of the polymer 

chains and termination. This results in the molecular chains being grafted onto the 

nanoparticles, forming nanoparticle-macromolecule hybrids. The inherent advantage 

of this method is in the strong particle-polymer interaction achieved, which usually 

results in good dispersion and properties [50].  

Koziol et al. [51] conducted a study of in-situ polymerised polystyrene (PS)/MWCNTs 

nanocomposites. The nanocomposites possessed a layered structure based on the 

densely packed MWCNTs and had anisotropic electrical properties, i.e., conductivity 

along the MWCNTs > conductivity perpendicular to the MWCNTs. Haggenmueller et 

al. [52] obtained an improved dispersion of SWCNTs/Nylon 66 nanocomposites via 

in-situ polymerisation. Fim et al. [53] produced a polyethene (PE)/graphene nanosheet 

(GNS) nanocomposite using in-situ polymerisation and generated nanocomposites 

with an electrical percolation threshold around 8.4 wt.% of the GNS loading. 

 

2.2.3 Melt blending 

Melt blending is a high-temperature processing method that uses high shear elements 

to achieve mixing and dispersion in viscous polymer melts. This can be done using 

mixers or extruders, but extruders are the primary device used in commercial 

processing. Compared with solution mixing, the most prominent advantage of melt 

mixing is that it is a simple and straightforward, high output mixing process, which is 

preferable for mass production in the industrial sector. Another benefit is that it does 

not require solvents, as is the case for solution mixing. 
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2.2.3.1 Dispersion mechanisms 

 

Fig. 2.2. Scale difference of primary particles, aggregates and agglomerates (open access, rights 

and permissions of unrestricted use) [54]. 

 

When a nanoparticle powder is added to a polymer in melt mixing, the nanoparticles 

are generally in agglomerate form. An agglomerate is defined as a number of particles 

bound together by cohesive forces and in the size range > 1 μm (see Figure 2.2) [54]. 

In melt processing of nanocomposites we need to break up nanoparticle agglomerates 

and then distribute them throughout the melt in order to achieve well mixed, high 

aspect ratio particles for performance improvements (mechanical and barrier 

properties). When shear is applied to an agglomerate in melt mixing it may break it up 

into an aggregate (size range typically 50-500 nm) or a primary particle (size range 

typically < 100 nm) or a mixture of both. What is achieved depends on the relationship 

between the cohesive force holding the agglomerate particles together and the shear 

force applied (directly related to mixing speed and polymer viscosity). The cohesive 

strength of an agglomerate is inversely proportional to the particle diameter [55] so 

agglomerates of very small particles like nanoparticles will require large forces to 

break them up.  
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Fig. 2.3. MWCNTs agglomerates breakup mechanism via rupture and erosion (with permission 

for reuse granted by the publisher) [56]. 

 

 

Fig. 2.4. Schematic of adhesive failure (open access, rights and permissions of unrestricted use: 

Hanser Publications Sample Chapters) [55]. 

 

Depending on the relationship between the applied shear force and the cohesive 

strength of the agglomerate, the breakup of nanoparticle agglomerates may happen by 

a process of rupture, erosion or adhesive failure. If the shear force is much larger than 

the cohesive force then rupture, where the agglomerate is broken into smaller pieces, 

occurs (see Figure 2.3) [56]. If the shear force is below the cohesive force, then only 

surface particles are removed from the agglomerate in a process known as erosion or 
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attrition. Adhesive failure in a particle-fluid system occurs if the capillary pressure 

exceeds the cohesive strength of the agglomerate. When this happens the wetted parts 

of the particles are drawn away from the dry interface [55] (see Figure 2.4). Since the 

process of erosion takes longer to convert the agglomerate into primary particles than 

by rupture, it is important to ensure a sufficient residence time in the mixer so that the 

erosion process has sufficient time to erode the agglomerate completely.  

In a typical mixer or melt extruder, an agglomerate may experience different levels of 

shear depending on where it flows in the device. For example it will experience very 

high shear between the extruder wall and the tip of the screw flight. For this reason, 

one could expect that a mixture of erosion and rupture will occur in melt mixing. It 

should be noted that applying a shear rate that is very high may achieve good 

agglomerate break up but may also fracture or break up the primary nanoparticle thus 

reducing its aspect ratio. This will have a negative effect on mechanical and other 

property enhancement because that depends on high aspect ratios (e.g. modulus 

depends on aspect ratio). Adhesive failure depends mostly on the wettability of the 

particles, i.e. if a particle is easily wetted in the fluid during mixing and thus it will be 

more easily detached from the agglomerate. 

Clearly the number of primary particles and agglomerates remaining in the mixture at 

the end of melt mixing will depend on the shear conditions experienced by the 

nanoparticle agglomerates in the mixer and on the mixing residence time. If a fracture 

of primary particles is to be avoided it may be sensible to run the extruder at a low 

screw speed/shear rate. This will reduce the potential for primary particle breakage but 

it means that a longer residence time will be required for the completion of the erosion 

process.  
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2.2.3.2 Melt mixing via batch mixers 

 

Fig. 2.5. Design of ultra-high shear mixing system for nanocomposites production; (a) global 

view; (b) inner cam structure (with permission for reuse granted by the publisher) [57].  

 

An ultra-high shear mixing system was applied by Cruz et al. [57], as shown in Figure 

2.5. The unique cam design in the inner structure provides shear, and the cam wall is 

heated simultaneously. A good degree of dispersion of a thermoplastic polyurethane 

(TPU)/carbon nanofibre (CNF) nanocomposite was obtained. However, using the 

same mixing system to fabricate TPU/high structure carbon black (HSCB) was not 

successful in achieving the same degree of dispersion (see section 1.2.3 for HSCB 

description). This was caused by the fact that the shear energy supplied was insufficient 

to reduce the HSCB aggregates below 90 nm.  
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2.2.3.3 Melt mixing via screw extruders 

 

Fig. 2.6. Types of mixing (with permission for reuse granted by the publisher) [58]. 

 

Extruders are the main industrial method used for the melt mixing of polymers. The 

main advantage of an extruder is that it fulfils the demand for both production 

efficiency and mixing. When mixing particles into a polymer melt two types of mixing 

can occur as shown in Figure 2.6. These are known as dispersive mixing and 

distributive mixing and both types of mixing may occur depending on the geometry of 

the screw profiles. Briefly, the former one involves a change in the microstructure of 

agglomerates which results in a reduction of agglomerate size (by erosion and/or 

rupture), whereas the latter one involves a change in the location of particles in the 

melt without a change in their size. Ideally, particles should be well dispersed and well 

distributed in the polymer melt in order to achieve good composite properties, it has 

however also been found that well-dispersed systems perform less well in terms of 

electrical conductivity than a system containing secondary agglomerates [59]. This 

will be examined in later sections in greater detail. 
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Fig. 2.7. Schematic of the screw profiles including different screw elements (with permission for 

reuse granted by the publisher) [60]. 

 

Twin-screw extruders are commonly used in the manufacture of composite materials 

because they offer a very wide range of possible processing conditions not available 

with a single screw extruder. These include better control of shearing and residence 

times which is important in achieving good dispersion without damaging the particles. 

Villmow et al. [60] examined the polycaprolactone (PCL)/CNTs nanocomposites 

made using a co-rotating twin-screw extruder with an intermeshing feature. The 

influence of screw design, residence time, agglomeration area and the specific 

mechanical energy (SME) in the dispersion of nanotubes was examined. Each screw 

design and the corresponding screw elements are shown in Figure 2.7. Numbers in this 

figure indicate the following features: 1 and 2 (conveying elements), 3 (reverse 

elements), 4-6 (kneading elements), 7 and 8 (mixing elements). SC 1-4 (screw 

configuration) has a length to diameter ratio (L/D) of 36, and SC5 increases to 48 in 

order to investigate extended distributive mixing.  

Screw elements such as the kneading and mixing elements impact the residence time 

during mixing. Screw profile 1 has 10% greater residence time compared with that of 

screw profile 3 due to the added kneading elements. Screw design 2, with further added 

reverse elements, increases the residence time by 30% with the 500 (min-1) setting. 
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Screw design 5 led to an increase in the residence time of 50%. As expected, screw 

speed was also found to have an influence on residence time. Residence time decreases 

by roughly 25-40% when the screw speed increased from 100 to 500 (min-1). Calumby 

et al. [61] also reported in a study on residence time distribution using a twin-screw 

extruder. They found that 45o kneading elements produced very good melt conveying 

action, whereas the 90o elements produced no conveying at all due to the pressure flow. 

Furthermore, adjusting the location of these elements showed no significant effect on 

the residence time distribution.  

 

 

Fig. 2.8. Area fraction as a function of SME with different screw designs (with permission for 

reuse granted by the publisher) [60]. 

 

SME =
τ∙Ν

ṁ
  (kJ/kg)                                        Equation 2.1 

The influence of screw speed (shear rate) on particle dispersion was noted earlier and 

is reported in many studies. For example, it was found that increasing the screw speed 

significantly improved the dispersion of 7.5 wt.% CNT/PCL masterbatch materials and 

that the ratio of the agglomeration areas reduces by 70% [60]. SME as a function of 

torque (kJ), screw speed (min-1) and throughput (kg/min) was used to explain this, the 

connection between them being shown in Equation 2.1 and Figure 2.8, respectively. 

The fitted curves between SME and area fraction of agglomerates exhibit a power-law 

relation. The reason is that PCL is a shear-thinning polymer and increasing the screw 
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speed reduces the recorded torque value. Thus a quintupled increase of screw speed 

leads to a 3 times increase in SME rather than 5 times. The agglomerates size 

distribution as a function of screw configuration (SC 1 and SC 2) was examined in this 

study. For SC 1, the majority of the size of primary agglomerates was distributed 

around 50 μm. The additional reverse elements in the SC 2 configuration enhanced the 

dispersion and thus reduced the agglomerates area fraction by 2%. Increasing the 

screw speed had the same effect, as the largest primary agglomerates size reduced by 

20 μm for both SC 1 and SC 2. 

The dispersion and mixing mechanisms in extrusion melt mixing have been briefly 

reviewed above. The following section examines in more depth at the literature on how 

carbon nanoparticles and melt processing conditions are correlated to the structures of 

nanocomposites. 

 

2.3 Structure of PCNs 

The structure of PCNs directly influences the final performance of the product. Hence, 

the key elements to be discussed in this section consist of two main parts - 1: 

nanoparticle induced change in the structure of PCNs, and 2: processing induced 

change in the structure of PCNs. The first part reviews the effect of the integration of 

carbon nanofillers on the structure of PCNs, including types of nanofillers, loading, 

aspect ratio, entanglement, as well as the ability to alter the crystallisation process. In 

the second part, the influence of processing on the structuring of PCNs is presented, 

particularly the effects on alignment, particle breakage/shortening and processing 

induced crystallisation due to the inclusion of nanoparticles. 

 

2.3.1 Influence of carbon nanofiller on PCN structure 

Nanoparticles come in many shapes and aspect ratios, all of which will influence how 

they alter the overall structure and performance of the polymer nanocomposite. The 

loading of nanoparticles will also alter performance. These factors will be considered 

now. 
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Fig. 2.9. SEM image of 50 wt.% CNTs/PVOH nanocomposites film (with permission for reuse 

granted by the publisher) [62]. 

 

Loading is a very common parameter to be considered in nanocomposites fabrication. 

If we wish to maximise the modulus then the loading of the nanoparticles should be as 

high as possible. However, a high loading can increase the polymer viscosity too much 

and make the material difficult to process. It can also reduce other properties if a good 

dispersion is not achieved and also cost increases as the loading increases. Loading 

therefore needs to be carefully considered. 

The range of loading can vary from as low as around 0.028 vol.% (electrical 

percolation threshold) [63] to the highest of 100% pure CNT film [64] in a super 

heavily loaded system (both were processed by solution mixing). Notably, the 100% 

CNT film made by Show et al. [64] was too brittle to be tested, and hence a 

polytetrafluoroethylene (PTFE)/CNT nanocomposites film containing 90% (wt.%/vol.% 

was unstated) CNTs was used instead. In their study, good dispersion was achievable 

up to a loading of 25% CNTs in the PTFE matrix. In an earlier study by Shaffer et al. 

[62], also using solution mixing, a polyvinyl alcohol [CH2CH(OH)]n (PVOH) 

nanocomposite film with 50 wt.% uniformly dispersed carbon nanotubes was made, 

which can be seen in Figure 2.9. Liu et al. [65] and Schilde et al. [66] also successfully 

produced ultrahigh concentrated nanocomposites with 65.5 wt.% and 80 wt.% of 

nanotubes in the matrix, respectively, again using solution mixing. From this work it 
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can be seen that solution mixing is a good method for fabricating nanocomposites with 

high filler loading. 

 

 

Fig. 2.10. SEM of 0.4 wt.% SWCNTs/PP nanocomposites (with permission for reuse granted by 

the publisher) [67]. 

 

Achieving a high loading of nanofillers in melt mixing is usually more difficult than 

in solution mixing due to the high viscosity and therefore high forces required to 

process such materials. However, there are also challenges while dealing with low 

filler content nanocomposites, especially for shear-thinning polymers because the 

reduced viscosity at high shear reduces the shear stress applied to the nanofiller 

agglomerates and good dispersion may not be achieved. 

A twin-screw micro compounder was used by Krause et al. [67] to prepare 

polypropylene (PP)/SWCNTs masterbatch, then the mixtures were further diluted into 

several concentrations. PCN plaques were subsequently formed via a compression 

moulding process. It is clear from Figure 2.10 that there were no agglomerates in the 

PP nanocomposite with 0.4 wt.% of SWCNTs. This nanocomposite system also had 

an exceptionally low electrical percolation which was around 0.1 wt.% nanotube 

concentration. It was also noted that the resistivity of the 0.1 wt.% SWCNT 

nanocomposites made via masterbatch dilution was higher than that made via direct 

blending, which was attributed to the higher forces required in the masterbatch 

processing which resulted in nanotube shortening.  
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Fig. 2.11. Fracture surface of (a) TPU/HSCB and (b) TPU/CNF nanocomposites (with permission 

for reuse granted by the publisher) [57]. 

 

Different types of nanofillers have different aspect ratios due to their geometrical 

structure, and thus dispersion can be different when employing the same volume of 

different nanoparticles into the same matrix. For instance, 1 wt.% high structure carbon 

black (HSCB)/thermoplastic polyurethane (TPU) and carbon nanofibres (CNF)/TPU 

nanocomposites were made by Cruz et al. [57]. No agglomerates were observed in the 

CNF sample, which was made under the same processing condition as the HSCB 

nanocomposites; whereas aggregates of around 90 nm were found in the TPU/HSCB 

sample. This contrast between HSCB and CNF leads to a different deformation 

morphology as well, which can be observed in Figure 2.11. Such a phenomenon was 

probably associated with the 'high structure' of the carbon black used in their work. 

High structure carbon black has three-dimensionally organised interlinking and 

branching of the primary particle in the aggregates and thus may require higher energy 

input for adequate dispersion.  

Different behaviours may also arise within the same family of nanoparticles. For 

instance, in the case of polycarbonate (PC)/MWCNTs and PC/SWCNTs 

nanocomposites made by Pötschke et al. [68]; the former was more easily dispersed 

via melt mixing than the latter. It was suggested that there is a greater challenge to 

disperse SWCNTs from agglomerates into single nanotubes due to their high potential 

for twisting and entanglement compared with MWCNTs.  
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Fig. 2.12. SEM of melt mixed 1 wt.% Branched CNTs (a) (b), MWCNTs (c) (d) and SWCNTs (e) 

(f) PP nanocomposites (with permission for reuse granted by the publisher) [69]. 

 

The aspect ratio of a micro/nanoparticle is defined as the ratio of length to diameter of 

the particle. For carbon nanotubes, the aspect ratios can be varied from 100 to 20000, 

depending on the grade of material [70] [71]. The aspect ratio of nanoparticles is a 

critical parameter in polymer nanocomposites since it directly affects the properties of 

the nanocomposites as well as their processability. To analyse the influence of aspect 

ratio on the structure and properties of nanocomposites, a comparison study on three 

types of nanotubes, namely SWCNTs, MWCNTs, and branched CNTs, melt mixed in 

different polymer matrices was reported by Krause et al. [69]. MWCNTs with an 

aspect ratio of 130, SWCNTs with an aspect ratio of 3100 and the highest aspect ratio 

of 5000 for branched CNTs were used to make PP, PC and polyvinylidene fluoride 

(PVDF) nanocomposites, respectively. These nanocomposites were processed using a 

twin-screw micro compounder and subsequently compression moulded into test 

plaques. Figure 2.12 shows the SEM micrographs of the 1 wt.% branched-CNTs/PP 
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(a) (b), MWCNTs/PP (c) (d) and SWCNTs/PP (e) (f) nanocomposites. The 

morphology of these cryo-fractured surfaces shows a noticeable variance due to the 

huge difference in the aspect ratio of the nanoparticles. As a consequence, the lowest 

electrical percolation was observed for the PP/branched-CNTs and PP/SWCNTs 

nanocomposites at around 0.1 wt.%, and for PP/MWCNTs at around 0.75 wt.%, 

respectively. Similarly, in the PC and PVDF matrix, the lowest electrical percolation 

was found to be around 0.075-0.1 wt.% for PC/branched-CNTs samples, followed by 

the PC/SWCNTs at around 0.1-0.2 wt.% and the highest of 0.5-1 wt.% for 

PC/MWCNTs samples. This study clearly shows how significant aspect ratio is in 

nanocomposite processing and properties.  

 

 

Fig. 2.13. Morphology of acetonitrile-MWCNTs; SEM images (a) (b) and TEM image (c), and 

NC7000 MWCNTs SEM images (d) (e) and TEM image (f) (with permission for reuse granted 

by the publisher) [72]. 

 

Krause et al. [72] also demonstrated the effect of aspect ratio on the electrical 

conductivity of polyamide 6,6 (PA 66)/MWCNT PCNs. Figure 2.13 illustrates the 

morphology of the PA 66/MWCNT PCNs, where (a), (b) and (c) are the SEM and TEM 

images representing the MWCNTs made using an acetonitrile solvent via the vapour 
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deposition method, and (d), (e) and (f) are the corresponding SEM and TEM 

micrographs for the commercial-grade NC7000 MWCNTs. All samples were prepared 

using a melt-mixed procedure via a micro compounder and were compression moulded 

afterwards. The acetonitrile-MWCNTs have a slablike microstructure at low 

magnification (a) and appear fibrous at higher magnification (b), this type of nanotube 

is over 100 times longer than the NC7000. The agglomerates in the NC7000 nanotubes 

appear spherical in shape at low magnification (d) and appear highly entangled in the 

enlarged region (e). Owing to their ultrahigh aspect ratio, the electrical percolation 

threshold of acetonitrile-MWCNTs nanocomposites was around 0.04 wt.%, whereas 

the percolation threshold of the NC7000 nanocomposites was about 10 times higher.  

The inclusion of particles into a semi-crystalline polymer can affect the crystallisation 

process and this is an important point to consider when making polymer 

nanocomposites. The crystallisation process in polymer nanocomposites can be 

affected in two ways (i) the nanofiller acts as a nucleation agent and/or (ii) the 

nanofiller acts to confine the growth of the polymer crystallites and/or restricting the 

movement of the polymer chains. The presence of nanofillers has been shown to 

increase the crystallinity by introducing more nucleation sites. In a study of 

PE/SWCNTs nanocomposites, Patil et al. [73] found that the use of SWCNTs 

promoted nucleation and also changed the crystalline morphology from spherical to 

disc shapes.  

However, nanoparticles can also decrease crystallinity by restricting the movement of 

molecular chains. For instance, fillers may restrict chain movement and slow down 

their incorporation into the crystal structure. The level of this effect depends on the 

types of fillers as well as the chosen polymer. Seo et al. [74] reported on the 

crystallisation behaviour of polypropylene (PP)/CNTs nanocomposites. In their study, 

an increased nanotubes content increased the crystallisation temperature, as well as 

reducing the overall crystallisation time, but the crystallisation enthalpy of the 5 wt.% 

nanocomposites was reduced by 3.9% compared to the neat PP. This reduction of chain 

mobility was also observed by Kazemi et al. [75] in their study. Overall the inclusion 

of nanoparticles can have complex effects on the crystallisation process and it is not 
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always clear which aspect of the nanoparticle is contributing most to the effect (i.e. 

shape, concentration, aspect ratio, surface properties). 

 

2.3.2. Influence of processing on PCN structure 

The effect of processing on nanoparticle dispersion and structure is the subject of this 

section. Clearly if different processing routes and conditions are applied in the 

processing of PCNs, then the dispersion and distribution of nanoparticles, and hence 

the structure and performance of the PCNs can be expected to change. For example, a 

high shear rate may effectively disperse nanoparticle agglomerates to such an extent 

that they act as efficient nucleating agents and increase the PCN crystallinity, whereas 

a lower shear rate may not achieve this.  

 

 

Fig. 2.14. Dispersion state of 1 wt.% CNTs/PC nanocomposites at different mixing conditions 

(with permission for reuse granted by the publisher) [56]. 
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Fig. 2.15. Demonstration of dispersion mechanism; (a) rupture and erosion and (b) erosion in 

agglomerates (with permission for reuse granted by the publisher) [56]. 

 

A corotating, twin-screw micro compounder was used by Kasaliwal et al. [56] to 

examine the effect of mixing speed and time on CNT dispersion in a PC matrix. The 

dispersion state of CNTs at different processing conditions is shown in Figure 2.14, 

and as can be seen the initial dispersion of CNTs is poor at 30-sec low rpm. Increasing 

the duration of mixing promotes the dispersion of CNTs, as there are fewer 

agglomerates after 40 min mixing. When other processing parameters are kept the 
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same, increasing the mixing speed also encourages the dispersion of CNTs due to the 

increased shear stress. The fragmentation theory, mentioned previously, contributes to 

an understanding of the dispersion mechanism of nanocomposites processed via melt 

mixing. Figure 2.15 presents the breakup of agglomerates in PC/CNT nanocomposites, 

showing that both types of fragmentation can occur, namely 'rupture' and 'erosion'.  

 

 

Fig. 2.16. Optical micrographs of 0.5 wt.% CNTs/PCL nanocomposites via solution mixing (a-c) 

and melt mixing (d-f) (with permission for reuse granted by the publisher) [76]. 

 

Ganapathi et al. [76] reported on a comparative study of solution mixed and melt-

processed polycaprolactone (PCL)/CNT nanocomposites. A counter-rotating batch 

mixer was used to prepare the melt mixed nanocomposites followed by a compression 

moulding process. Figure 2.16 shows the dispersion of 0.5 wt.% nanotubes in the PCL 

matrix via solution mixing for sonication times of 0 min (a), 15 min (b) or 30 min (c) 

and the melt mixing process at mixing times of 10 min, 30 min or 60 min (d-f). It is 

clear in (d), (e) and (f) that with melt mixing, a number of agglomerates in a range of 

around 2-10 μm and larger agglomerates up to almost 300 μm exist and that increasing 

mixing time is having only a small effect. It is possible that there was not sufficient 

shear stress applied to break up the large agglomerates. For solution mixing, the main 

agglomerate size distribution is significantly decreased with increasing sonication time. 
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Shear-induced crystallisation of PCL was observed in the PCNs, whereas the pure PCL 

polymer showed no such behaviour.  

Full dispersion of 1 wt.% MWCNTs in a polydimethylsiloxane (PDMS) matrix was 

achieved by Huang et al. [77] using a minimum mixing time of 100 min and mixing 

speed at 1000 rpm. This critical mixing condition ensured a stable melt viscosity, and 

the results were reproducible after two weeks, suggesting that the highly viscous and 

well-dispersed system could prevent CNT reaggregation caused by Brownian motion 

[77]. The effect of mixing speed on the dispersion of CNTs in polycaprolactone, 

(PCL)/CNTs, nanocomposites was investigated by Pötschke et al. [78]. An 

agglomerate area ratio was introduced to explain the results. This ratio was determined 

by measuring the remaining area of agglomerates versus the total image area. Results 

revealed that increasing the rotation speed of mixing from 25 rpm to 100 rpm reduced 

the agglomerate area ratio by 88%. However, the length of nanotubes was reduced by 

7.4%, simultaneously due to the high shear conditions applied. Another study by 

Pötschke et al. [79] reported that using a twin-screw micro compounder with a high 

screw speed of 150 rpm and 15 min mixing time improved the dispersion of 1 wt.% 

CNTs in the PC matrix compared to samples prepared using a 50 rpm mixing speed. It 

was also stated that for samples below the percolation threshold (roughly around 1 wt.% 

CNTs) the resistivity decreased with increasing mixing time and speed because the 

improved dispersion that was achieved when using a high mixing speed overcame the 

negative effect of nanotube breakage that occurred at a high screw speed. At high 

nanotube content, the influence of the mixing condition was minor since a percolated 

network had already formed. 
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Fig. 2.17. Fibres of 5 wt.% CNTs/PC nanocomposites made at different draw speeds. Left: PC 

(1265) drawn at 10 m/min (a) and 70 m/min (b); Right: PC (2405) drawn at 30 m/min (a) and 70 

m/min (b) (with permission for reuse granted by the publisher) [80]. 

 

A contradictory result was obtained by Sennett et al. [80] in an early study on PC/CNTs 

nanocomposites. In their work, the same DACA twin-screw micro extruder was used 

as in Pötschke et al. [79], to mix MWCNTs into PC. It was shown that a processing 

time of only 1 min could produce a satisfactory CNT dispersion compared to the 15 

min processing time required in the Pötschke et al. [79] study. The difference in the 

result may be due to the possibility that CNTs with different aspect ratios may have 

been used. The aspect ratio of CNTs used in Sennett et al. [80] was approximately 400-

1000, but the aspect ratio of the CNTs in Pötschke et al.'s study was not specified. 

Processing induced nanoparticle orientation was also investigated by Sennett et al. [80]. 

PC/CNT fibre was drawn at different speeds (Figure 2.17). It is clear that an increased 

draw speed enhances the CNT orientation. However, no significant change in CNT 

orientation was observed when PCs of different molecular weights were used. 
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Fig. 2.18. Alignment of CNTs at extrusion die position (with permission for reuse granted by the 

publisher) [81]. 

 

Shear mixing of polystyrene (PS)/CNT nanocomposites was investigated by Andrews 

et al. [81], and the degree of orientation and breakage of nanotubes were examined. 

The work showed that shear mixing damaged the CNT structure when increasing the 

mixing energy. The orientation of nanotubes can be observed at the extrusion die which 

is shown in Figure 2.18. 

 

2.4 The influence of nanoparticles on processability 

Processability refers to the ease with which a material can be processed into its 

intermediate or final shape. In polymer processing, this includes factors such as the 

rheology of the polymer in the extruder, die or mould, thermal properties and 

crystallisation behaviour. If the viscosity in the extruder is very high then the extruder 

motor torque may not be capable of pushing the material through the screw and out of 

the die. If the viscosity is too low when it exits the die it may be hard to control the 

shape of the extrudate. If the elasticity of the polymer is too high on exiting the die it 

may cause high levels of die swell, whereas if it is too low it may break under the high 

levels of extensional stress required to get it into its final shape. The rheology also 
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influences the required energy input since high torque will increase energy 

requirements. The crystallisation kinetics of a polymer also influence its processability. 

For example, a polymer with a high crystallisation temperature can be removed earlier 

from a mould than one with a lower crystallisation temperature, thus reducing cycle 

time. Since the addition of nanoparticles is known to affect the rheological, thermal 

and crystallisation behaviour of a polymer, their inclusion into a polymer is likely to 

affect processability and hence this aspect of PCNs is now examined.  

 

2.4.1 The influence of nanofillers on thermal crystallisation behaviour 

Nanofillers have been widely reported to act as nucleating sites in semi-crystalline 

polymer nanocomposites. Generally, this nucleating effect can significantly increase 

the crystallisation temperatures (Tc) at relatively low filler loading. Wang et al. [82] 

reported that in a study of polypropylene (PP)/MWCNT nanocomposites, the 

crystallisation temperature increased by 11 oC when 2.5 wt.% CNTs were added to the 

matrix. The corresponding crystallinity of the nanocomposites was also increased by 

13% compared with the pure PP, indicating a positive nucleating effect in the PP/CNT 

nanocomposite. Additionally, a 2 oC increase in the melting temperature was found 

when using a slower cooling rate of 1.5 oC/min versus the higher cooling rate of 150 

oC/min due to the enhanced lamellar thickness of the crystals. Kazemi et al. [75] also 

revealed that the addition of 0.7 wt.% CNTs increased the crystallisation temperature 

by 10 oC compared to the neat PP, but a further increase of CNT concentration 

decreased the rate of increase and hence 5 wt.% CNTs only improved the Tc by 4 oC 

due to the restriction of chain movement.  
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Ref Matrix Fillers and 

size 

Preparation 

and 

processing 

methods 

Nanofiller 

content 

(wt.%) 

Crystallisation 

temperature (oC) 

(default cooling 

rate 10 oC/min) 

Increase in Tc 

relative to 

pure polymer 

(oC) 

[83] HDPE MWCNTs  

d: 9.5 nm 

 l: 1.5 μm 

Twin-screw 

extruder 

+ 

Mini-jet 

injection 

moulding 

0.01 

0.1 

0.3 

0.5 

1 

3 

5 

121.1 

121.0 

122.0 

123.3 

121.5 

118.7 

117.8 

1.1 

1.0 

2.0 

3.3 

1.5 

-1.3 

-2.2 

[84] PBS MWCNTs 

d: 8-10 nm; 

l: --- 

Micro- 

compounder 

+ 

Injection 

moulding 

 

0.5 

1 

5 oC/min: 

93.94 

93.36 

 

13.89 

13.31 

F-MWCNTs: 

carboxylic 

0.5 

1 

82 

80.96 

1.95 

0.91 

H-MWCNTs: 

1-hexanol 

0.5 

1 

83.50 

87.41 

3.45 

7.36 

O-MWCNTs 

1-octadecanol 

0.5 

1 

86.35 

88.78 

6.30 

8.73 

[85] iPP MWCNTs  

d: 9.5 nm 

 l: 1.5 μm 

Micro- 

compounder 

+ 

Compression 

moulding 

1  ~121 ~4 

[86] PE MWCNTs 

d: 10-30 nm 

l: 1-10 μm 

Twin-screw 

extruder 

+ 

Compression 

moulding 

0.1 

1 

10 

114.7 

116.2 

117.9 

3.7 

5.2 

6.9 

[87] PET SWCNTs 

d: ~1.4 nm 

l: 2-5 μm 

Melt mixed 

kneader 

 

0.03 

0.1 

1 

3 

20 oC/min: 

209.9 

211.5 

214.3 

219.1 

 

10 

11.6 

14.4 

19.2 

[88] PA610 MWCNTs 

(Carboxyl) 

d: --- 

l: 5-15 μm 

Solution 

mixing 

+ 

Twin-screw 

extruder 

+ 

Injection 

moulding 

0.1 

0.5 

1 

2 

181.3 

181.0 

180.7 

181.5 

3.3 

3 

2.7 

3.5 



Chapter 2. Literature Review                                43 

[89] PBSA  MWCNTs 

d: 30-50 nm 

l: 10-20 μm 

Melt mixer 

+ 

Hot press 

0.5 

1 

71.2 

74.5 

16.6 

19.9 

[90] PBS MWCNTs 

d: 9.5 nm 

l: 1.5 μm 

Rheomix 

melt mixer 

+ 

Compression 

moulding 

0.1 

0.5 

1 

3 

5 

90 

90.5 

90.8 

92.7 

95.8 

0.1 

0.6 

0.9 

2.8 

5.9 

[91] PET C-MWCNTs 

(carboxylic) 

d: --- 

l: --- 

Solution 

mixing 

+ 

Rheometer 

(twin-screw)  

0.1 

0.5 

1 

218.6 

219.0 

219.6 

24.9 

25.3 

25.9 

[92] iPP SWCNTs 

d: 0.8-1.2 nm 

l: --- 

Solution 

mixing 

+ 

Hot press 

0.6 

1.8 

~118 

~121 

~4 

~7 

[93] PBT MWCNTs 

d: 10-30 nm 

l: 1-10 μm 

Torque 

rheometer 

+ 

Hot press 

0.57 

1.14 

2.28 

202.7 

204.4 

205.5 

29.4 

31.1 

32.2 

Notation 

---: unstated ~: value derived from figures presented in the paper 

Nomenclature for polymers 

High-density polyethene 

(HDPE) 

Polybutylene terephthalate 

(PBT) 

Polyethylene terephthalate 

(PET) 

Isotactic polypropylene (iPP) Polyamide 610 (PA610) Polyethene (PE) 

Polybutylene succinate (PBS) Polybutylene succinate-co-

butylene adipate (PBSA) 

 

Tab. 2.1. Summary of relevant literature showing effect of CNTs on crystallisation temperature. 

 

Table 2.1 summarises the results from papers showing the effect of CNTs on the 

crystallisation temperature of various polymers. The cooling rate of 10 oC/min is a 

commonly used parameter for DSC analysis, and hence the work presented in Table 

2.1 is under this cooling condition unless otherwise stated. It should be noted that Tc 

is not independent of cooling rate so comparisons between different cooling rates are 

not valid (faster cooling rates result in lower Tc). Amoroso et al. [83] noted that the 

addition of between 0.01 wt.% to 0.5 wt.% CNTs could increase the crystallisation 

temperature of high-density polyethene (HDPE) by up to 3.3 oC due to their 
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heterogeneous nucleation effect. An increase to 5 wt.% nanotubes resulted in a 2.2 oC 

decrease in Tc which was attributed to the confinement effect of the CNT network. 

Yarici et al. [84] examined the crystallisation kinetics of polybutylene succinate 

(PBS)/MWCNT nanocomposites. 0.5 wt.% and 1 wt.% of pristine MWCNTs, F-

MWCNTs, H-MWCNTs and O-MWCNTs were melt mixed with PBS via injection 

moulding. From the results it was shown that the pristine MWCNTs produced the 

highest increase in crystallisation temperature, 13.89 oC, compared to the neat PBS. 

All the modified nanotubes produced only a small increase in Tc, indicating that the 

surface modification of the nanotubes hindered chain mobility and retarded the 

nucleation process.  

A 4 oC increase in the Tc of melt-processed isotactic polypropylene (iPP)/MWCNTs 

nanocomposites was reported by Schawe et al. [85]. They also found that the 

crystallisation temperature decreased with an increase in cooling rate. For 1 wt.% 

MWCNT loading, the Tc decreased from 109 oC at 10 K/s to around 65 oC at 2000 K/s, 

and the crystallisation peak vanished at a cooling rate of 5000 K/s, whereas for the 

pure PP matrix this critical cooling rate was observed at around 1000 K/s. Kim et al. 

[91] stated that carboxylic nanotubes exhibited a nucleating effect in a polyethylene 

terephthalate (PET) matrix, and 1 wt.% loading of C-MWCNTs produced an increase 

in Tc of almost 26 oC compared with the pure PET. The crystallisation rate of all the 

PET/C-MWCNT nanocomposites was increased with nanotubes inclusion. Grady et 

al. [92] showed that a volume of 0.6 wt.% SWCNTs was sufficient to reach nucleation 

saturation in an iPP matrix. Anand et al. [87] also observed this effect of SWCNTs in 

a PET matrix, where the Tc increased by 10 oC with only 0.03 wt.% of SWCNTs 

without affecting the melting temperature of the nanocomposites.  

Mago et al. [93] melt mixed MWCNTs with polybutylene terephthalate (PBT) and the 

crystallisation of these nanocomposites was examined. It was noted that 0.57 wt.% of 

CNTs increased the Tc by 29.4 oC, and further increasing the loading to 2.28 wt.% 

resulted in an increase of 32.2 oC in Tc and 18.4% in crystallinity relative to the pure 

PBT (maximum achieved Tc increase). Polyethylene terephthalate (PET)/exfoliated 

graphite (EG)/CNTs nanocomposites were examined by Gorrasi et al. [94]. In their 
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work, the neat PET had an amorphous phase with only 1.5-2% crystallinity and the 

cold crystallisation peak was located at 140 oC, whereas a 3 wt.% addition of the EG 

and CNTs decreased this temperature by 13 oC. Additionally, the use of 6 wt.% hybrid 

functionalised CNTs/Mg(OH)2 in a 50/50 weight ratio modified the morphology of the 

PET matrix from amorphous to partially crystalline, leading to the nanocomposite 

crystallinity increased from 1.5-2% to 27%. 

 

2.4.2 The influence of nanofillers on flow induced crystallisation behaviour 

If a polymer is subjected to high shear or elongational forces during processing, it 

causes the molecules to align in the flow direction. It is known that highly orientated 

chains under either shear or elongational flow are more capable of initiating 

crystallisation than coiled or randomly distributed chains due to the reduced 

crystallisation barrier. If this alignment is sufficiently high in a semi-crystalline 

polymer it can produce a nucleation effect and 'flow induced crystallisation' occurs, 

resulting in highly aligned crystallites. When a filler with nucleating capacity is added 

to a polymer under flow conditions, it is therefore possible to get nucleation due to the 

nucleating effect of the filler in addition to a flow induced nucleation effect. The 

nanofiller may also affect the way in which the flow field aligns the polymer chains so 

it may enhance the effect of the flow field on the orientation of the chains. 

 

 

Fig. 2.19. Crystallisation of iPP/GNS nanocomposites at quiescent condition (left) and under 

shear condition (right) for 5 s at 20 S-1; pure iPP (blue), 0.05 wt.% GNS (red) and 0.1 wt.% GNS 

(black) (with permission for reuse granted by the publisher) [95]. 
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Since this thesis is concerned with processes where there are high shear forces applied 

during processing, it is important to consider this effect. Xu et al. [95] conducted a 

study on the crystallisation of iPP/graphene nanosheets (GNS) nanocomposites under 

different conditions. Figure 2.19 shows the crystallisation curves of iPP/GNS 

nanocomposites under quiescent conditions and under shear flow as a function of time. 

Results show that under quiescent conditions, the half crystallisation time was reduced 

by 50% with the addition of 0.05 wt.% of GNS. Further increase of the GNS loading 

to 0.1 wt.% produced more nucleation sites and a shortened induction time and 

accelerated crystallisation rate were observed. A shear rate of 20 s-1 with a duration of 

5 s was applied to both the pure polymer and the nanocomposites melt to investigate 

the crystallisation process under shear flow. The half crystallisation time for the pure 

polymer was 1/5 of that under quiescent conditions indicating the occurrence of shear 

flow induced crystallisation. The addition of 0.1 wt.% GNS reduced the half 

crystallisation time by a factor of 18, which indicates that the nanoparticles further 

enhance the crystallisation due to shear flow. Therefore adding nanoparticles can 

increase both thermal and shear flow induced crystallisation rates.  

 

 

Fig. 2.20. Schematic of shear flow induced crystallisation of iPP/GNS nanocomposites (with 

permission for reuse granted by the publisher) [95]. 
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Fig. 2.21. Crystallisation of PE/MWCNTs nanocomposites, (a) SEM of disk shaped PE single 

crystal on CNTs, (b) enlarged structure on TEM (c) schematic of PE/CNTs shish-kebabs structure 

(with permission for reuse granted by the publisher) [96]. 

 

 

Fig. 2.22. Crystallisation of PA 66/MWCNTs nanocomposites, (a) SEM of the shish kebab 

structure on CNTs, (b) enlarged structure on TEM (with permission for reuse granted by the 

publisher) [96]. 

 

The schematic in Figure 2.20 helps to explain these crystallisation mechanisms. When 

shear is applied to the melt, the polymer chains and GNS started to orientate along the 

flow direction followed by the formation of row nuclei due to the restriction effect of 

the GNS on the polymer chains. The fillers can restrain the motion of chains, allowing 

the row nuclei to survive. Then these row nuclei are orientated along the flow direction 

parallel to the fillers serving as stable nucleation sites for building up of what is known 

as a shish structure, which enables the growth of disk-shaped kebabs crystals in an 

epitaxial direction, perpendicular to the surface of fillers. Li et al. [96] reported on such 

structures in a study on polyethene (PE)/MWCNTs and polyamide 6,6 (PA 
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66)/MWCNTs nanocomposites as shown in Figure 2.21 and Figure 2.22. A similar 

fibre crystal structure was also observed by García-Gutiérrez et al. [97] using oxidised 

SWCNT reinforced polybutylene terephthalate (PBT) nanocomposites under injection 

moulding. Yang et al. [98] observed that nanotubes governed the crystallisation growth 

under flow conditions in high-density polyethene (HDPE)/MWCNTs nanocomposites, 

as the orientated HDPE lamellae were observed growing on the MWCNT surface after 

a shear force was applied during injection moulding.  

 

 

Fig. 2.23. Structure and synthesis method of e-SWCNTs made from h-SWCNTs (with permission 

for reuse granted by the publisher) [99]. 

 

Yee et al. [99] investigated the polymorphism of polyvinylidene difluoride (PVDF) 

nanocomposites with two types of modified SWCNTs. Samples were fabricated using 

0.01 wt.% hydroxyl-SWCNTs (h-SWCNTs) or esterified-SWCNTs (e-SWCNTs) via 

electrospinning. β form extended chain crystallites were detected in the h-

SWCNTs/PVDF samples, whereas normal β crystalline structures were obtained in the 

e-SWCNTs/PVDF fibres when both materials experienced a stretching force. It was 

proposed that the interaction between the h-SWCNTs and PVDF molecules was more 

pronounced in contrast with the e-SWCNTs-PVDF interaction (the different extent of 

interaction between PVDF and h-SWCNTs or e-SWCNTs could be linked to the steric 

hindrance that occurred in the acetyl group from the e-SWCNTs, which in turn limited 

the interaction with PVDF (see Figure 2.23)). The consequence of this strong 

interaction was a suppression of the chain relaxation process that promoted the growth 

of chain extended β crystals.  
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According to the preceding discussion that the introduction of nanofillers can have a 

significant impact on the crystallisation process in polymers under quiescent 

conditions (as in compression moulding) and this is even more complex when shear 

or elongational forces, typical of most polymer processing, are applied. It is very 

important therefore to take this into account when introducing nanofillers to a material. 

Reducing the crystallisation time means a reduced overall cycle time, and that may 

benefit the processability in terms of time, energy consumption and costs. However, 

in the case of the injection moulding process, a decreased crystallisation time may also 

result in the freezing in of molecular orientation (no time for molecular relaxation) 

which in turn can cause distortion when the part is ejected from the mould. It is 

therefore important to balance the crystallisation rate with molecular orientation to 

produce the desired final part. Introducing nanoparticles changes the crystallisation 

behaviour and therefore the optimum processing conditions for the unfilled polymer 

may be very different to those required for the filled polymer.  

 

2.4.3 The influence of nanofillers, chain structure and processing on polymer 

rheology 

The rheological behaviour of PCNs is of practical importance to nanocomposite 

processing as factors such as required motor torque or input energy are determined by 

the polymer viscosity and the behaviour of the material outside the extruder, such as 

in blown film extrusion, is heavily influenced by the balance between the viscous and 

elastic properties of the polymer. In a typical injection moulding process, the viscosity 

of the matrix system is one of the key factors that has to be optimised. Melt viscosity 

in the extruder section has to be high enough to ensure high shear stress and good 

nanoparticle dispersion but low enough in the mould cavity to ensure that all parts of 

the mould cavity can be properly filled before the polymer solidifies. 

In an examination of the rheological properties of polycarbonate (PC)/MWCNTs 

nanocomposites, Pötschke et al. [100] found that the liquid-like to solid-like 

transformation strongly relied on the processing temperature. For example, a sharp 

increase in the absolute value of the complex viscosity occurred at 5 wt.% nanotube 
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loading when the processing temperature was at 170 oC, whereas the nanotube content 

required to achieve rheological percolation at 280 oC was only about 0.5 wt.%. At 170 

oC the complex viscosity of the melt is 4 orders of magnitude higher than the melt at 

280 oC, thus a higher loading of nanotubes is required at 170 oC for the polymer-

nanotube network viscosity to dominate the polymer-polymer network contribution to 

viscosity.  

Penu et al. [101] revealed the relationship between the rheological and electrical 

percolation of polystyrene (PS)/MWCNTs nanocomposites and stated that there were 

two types of rheological percolation threshold denoted as 'soft' or 'rigid'. It was found 

that the 'soft' rheological percolation was lower than the electrical percolation 

threshold in the case where the distance between nanotubes was closer than twice the 

gyration radius of the PS molecular chains and this distance was greater than that for 

nanotube hopping. In the 'rigid' rheological percolating network contact between 

nanotubes was established. The reason that an electrical percolation could be lower 

than a rheological threshold is that it is not necessary to achieve physical contact of 

the nanotubes for electrical conductivity. They just need to be sufficiently close to 

allow electron hopping. Thus electrical percolation can occur at nanotube loading 

levels lower than that required for rheological percolation. 

 

 

Fig. 2.24. Reduced complex viscosity of GNP/PC/SAN and EG/PC/SAN nanocomposites and the 

fitted curves using Eilers equation (with permission for reuse granted by the publisher) [102]. 
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Liebscher et al. [102] evaluated the rheological properties of melt mixed graphene 

nanoplates (GNP) or expanded graphite (EG) infused 60/40 wt.% polycarbonate 

(PC)/poly(styrene-acrylonitrile) (SAN) blends via compression moulding. It was 

found that regardless of the melt mixing conditions of 5 min mixing time at 100 rpm 

(PM1) or 15 min mixing time at 250 rpm (PM2), the complex viscosity increased with 

the GNP or EG content, and for both nanoparticles a longer mixing time and higher 

mixing speed produced a higher complex viscosity in the low-frequency range when 

filler loading was larger than 1 wt.%. As particle loading increases the filler-polymer 

interaction is increased and the system viscosity is increased. The reduced complex 

viscosity (ratio of the complex viscosity between the filled and unfilled 

nanocomposites) at 0.063 rad/s is plotted (Figure 2.24). It is clear that the reduced 

complex viscosity increases with increasing filler loading, and a more pronounced 

increase is observed for those experiencing higher mixing energy (PM2) particularly 

for EG samples. This indicates that a larger change in dispersion has occurred for the 

EG relative to the GNPs as mixing energy increases. The higher level of reduced 

viscosity achieved with the EG at higher mixing energy may be attributed to their large 

surface area relative to GNPs (around 4 times larger). 

 

 

Fig. 2.25. Apparent shear stress of EVA/MWCNTs nanocomposites under different L/D ratios 

(with permission for reuse granted by the publisher) [103]. 
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Fig. 2.26. Zero shear viscosity of EVA/MWCNTs nanocomposites at various nanotube loading 

and melt temperature (with permission for reuse granted by the publisher) [103]. 

 

In an investigation of the rheological properties of ethylene-vinyl acetate 

(EVA)/MWCNTs extrudates, Stan et al. [103] reported that in the low shear rate region 

(< 100 1/s), when nanotube loading was below 0.5 wt.% the EVA/MWCNTs melt 

behaved like a Newtonian fluid, while at higher shear rates the flow became non-

Newtonian which is typical of polymers. Furthermore, when the shear rate was higher 

than 100 1/s, more prominent shear-thinning behaviour was observed regardless of the 

nanotube content. Three types of capillary die length/diameter ratio (L/D) of 10:1, 20:1, 

and 30:1 were chosen to examine how different filler loading affected the apparent 

shear stress as a function of shear rate. It is apparent from Figure 2.25 that the 

EVA/MWCNTs nanocomposites are shear thinning. In relation to the influence of the 

L/D ratio, it can be stated that the longer the capillary length, the lower the shear stress 

as the shear rate increased, indicating a more distinct shear-thinning behaviour that 

could be the consequence of a greater extent of relaxation leading to less residual stress. 

The dependence of zero shear viscosity on nanotube loading under different melt 

temperatures is presented in Figure 2.26. Again, the zero shear viscosity remains 

almost consistent for the samples loaded with 0.5 wt.% nanotubes or less. Rheological 

percolation is observed at 1 wt.% of nanotubes. 
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Fig. 2.27. Optical micrographs of 1 wt.% functionalised MWCNTs/PS nanocomposites made via 

melt mixing (PS1 M, PS2 M) and solution mixing (PS1 S, PS2 S); left-right: pristine MWCNTs, 

phenylpropane ester functionalised MWCNTs, PS grafted MWCNTs and in situ synthesised 

MWCNTs/PS masterbatch (with permission for reuse granted by the publisher) [104]. 
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Faraguna et al. [104] carried out a study of the rheological properties of functionalised 

carbon nanotubes mixed with polystyrene (PS). PS matrices with low molecular 

weight (PS1) and high molecular weight (PS2) were investigated for mixing with 

pristine nanotubes, in situ synthesised nanotubes/PS masterbatch (DPS), 

phenylpropane ester functionalised nanotubes and PS grafted nanotubes through either 

melt mixing or solution mixing. It was found that the high molecular weight PS had a 

higher complex viscosity than the lower one (as expected), and the complex viscosity 

increased for all groups of samples when the nanotubes were loaded into the matrices. 

Results also indicate that for all PS/MWCNTs nanocomposites made via solution 

mixing a higher absolute value of the complex viscosity is achieved relative to those 

made by melt mixing and this effect was more noticeable for the PS2 (high molecular 

weight) samples. Regardless of the mixing methods used, the PS/MWCNTs 

nanocomposites made with the DPS masterbatch generated the highest increase in 

complex viscosity at low frequency compared to the neat PS because of the greater 

degree of dispersion (Figure 2.27). However, due to the shear-thinning effect, the 

difference of the complex viscosity of these samples was negligible at high frequencies. 

In comparing the preparation methods, it was noted that despite the grade of PS the 

viscosity of the solution mixed samples was higher than that of the melt mixed samples, 

which is likely due to the better dispersion achieved with solution mixing (Figure 2.27). 

Another factor could be a reduction of nanotube length in the melt mixed 

nanocomposites that would decrease the level of the rheologically percolating network, 

resulting in a lower complex viscosity. 
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Fig. 2.28. TEM images of nanotube infused PE1, PE2 and PE3 nanocomposites; insert image in 

C illustrates neat PE3 (with permission for reuse granted by the publisher) [105]. 

 

An in-depth study of the influence of polymer chain structure of three types of 

polyethene (PE) on the nanotube dispersion and rheology of PE/CNT nanocomposites 

was conducted by Vega et al. [105]. PE1 is an ethene/1-hexene random copolymer and 

PE2 is a linear molecule. Both PE1 and PE2 have a narrow molecular weight 

distribution (MWD). PE3 has a broad MWD and is an ethene/1-butene copolymer. The 

order of weight averaged molecular weight (Mw), ratio of Mw/Mn (number averaged 

Mw) (known as polydispersity) and short chain branching content (SCB) were given 

as follows: (Mw) PE1 < PE2 < PE3, (Mw/Mn) PE1 < PE2 << PE3, (SCB) PE1 > PE3 > 

PE2. Figure 2.28 shows that there is no apparent difference in the dispersion of the 

nanotubes in the PE matrices (1.04 wt.% nanotubes). Nanotube-nanotube contacts can 

be observed in all samples, indicating that these materials are above the percolation 
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threshold. Examining the zero shear viscosity of the neat polymers revealed that it 

increased with Mw and Mw/Mn (PE3 > PE2 > PE1) as expected. However, the presence 

of the nanotubes changed this order as the zero shear viscosity of the nanocomposite 

systems was ordered as PE3/CNTs > PE1/CNTs > PE2/CNTs. PE3 nanocomposites 

still have the highest zero shear viscosity but the order for PE1 and PE2 is reversed. 

This is likely to be due to the presence of more SCB in the PE1. While the SBC content 

is having little effect on the viscosity of the unfilled PE, once carbon nanotubes are 

added the number of entanglement points in a branched polymer would be significantly 

increased, thus making the influence of SBC much greater in the nanocomposite. 

 

2.5 Electrical properties of PCNs 

Due to their light weight relative to other materials, electrically conductive PCNs have 

been of great interest for applications such as electrostatic dissipation (ESD categories) 

packaging, electromagnetic interference (EMI) housings and aircraft lightning strike 

protection (LSP). Carbon nanoparticles, due to their relative cost-efficiency and high 

performance, are commonly chosen in the industry for producing commercially 

conductive polymers. To date, most published work on conductive PCNs has been via 

compression moulding which produces samples with little or no orientation and thus 

isotropic properties. In the manufacture of commercial products processes such as 

injection moulding and thermoforming are required to form the shape, and in these 

processes both particles and polymer chains are anisotropically aligned in the part 

which leads to anisotropy of properties. This means that in order to produce 

components with desired electrical properties in a particular direction, the influence of 

processing on the formation of conductive networks in the polymer must be understood. 

Before that however it is important to first understand what a conductive network looks 

like in a PCN. This section examines conductive network theory and the electrical 

properties of PCNs processed by both the compression moulding and injection 

moulding processes. 
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2.5.1 Conductive network theory for PCNs 

The transformation of a conductive filler + polymer blend from an electrically 

insulated state to an electrically semi-conductive or conductive state is defined by a 

sudden, sharp increase in the conductivity or decrease in resistivity values at a filler 

loading defined as the percolation threshold of the system. To achieve this percolated 

state, sufficient contact between fillers is required. The number of contacts on average 

in a unit volume in the system is known as the percolation density. It is hence clear 

that the higher the number of contacts between fillers, the higher the percolation 

density and the better the electrical properties. Several factors can influence the 

percolation threshold in a PCN. These include filler aspect ratio, filler conductivity, 

the resistivity of the matrix, crystallinity and crystallite size of the matrix as well as 

processing induced alignment of the filler [106]. 

Equation 2.2 describes the conductivity of a PCN: 

σ0 ∝ (ϕ − ϕc)t  for (ϕ > ϕc )                               Equation 2.2 

where σ0 is the overall conductivity of the composite and is proportional to the 

concentration of the filler, where ϕ  represents the volume fraction of filler, ϕc 

represents the critical volume fraction of the filler (for percolation) and t is the critical 

exponent which represents the dimensionality of the network (2 or 3 dimensional). 

ρ ∝ (ϕ − ϕc)−t                                            Equation 2.3 

An inverse equation (Equation 2.3) can be used to express the percolation as a function 

of the volume resistivity, where ρ is the volume resistivity of the composite and ϕ 

and ϕc are the volume fraction and critical volume fraction. Equation 2.4 can be used 

to fit experimental data and determine the t value for the PCN.  

σ = σ0(ϕ − ϕc)t                                          Equation 2.4 

where σ is the conductivity of the nanocomposite and σ0 is a value relevant to the 

conductivity of the filler. ϕ and ϕc represent the volume fraction of the filler and 

the volume fraction at percolation, respectively. For a 3-dimensional percolating 

network the critical exponent t is around 1.6-2 and 1-1.3 for a 2-dimensional system.  
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2.5.2 The electrical properties of PCNs 

Polymeric materials are mostly electrical insulators as the molecules in the chains are 

firmly held by covalent bonds where there are virtually no free electrons available for 

charge transport [107]. Therefore, for polymer nanocomposites, two factors are 

required for the fillers to enable an electrically conductive structure to form throughout 

the insulating phase-1: high mobile charge capability and 2: high aspect ratios or 

surface areas. If the fillers are conductive but lack a sufficiently high aspect ratio then 

at low filler loading electron hopping or tunnelling becomes difficult because there is 

insufficient contact between particles. On the other hand, if the fillers have a high 

aspect ratio but are not very conductive then a heavy filler loading may be required or 

filler modification may be necessary, such as in the case of graphene oxide (GO) [108]. 

Carbon nanotubes can satisfy both of these criteria as they have high aspect ratios and 

high conductivity with ultra-high electric current densities of around 108-109 A/cm2 

being reported for MWCNTs [109]. These fillers therefore have the potential to 

produce conductive PCNs at low filler loadings and are therefore used in this thesis. 
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Ref Matrix Filler types and sizes Preparation and 

processing methods 

Percolation 

threshold (wt.%) or 

vol.% as noted 

Conductivity 

(S/cm); 

resistivity (Ω.cm) 

Other comments 

[110] ABS MWCNTs 

d: 9.5 nm 

l: 1.5 μm 

Solution mixing 

+ 

Compression moulding 

t: 1.1 mm 

0.5 

(DC) 

~1E4 Ω.cm 

 

For 20 dB EMI (SE): 

2 wt.% MWCNTs; 

15 wt.% CNFs and HSCB 

(8-12 GHz) CNFs 

d: 110 ± 27 nm 

l: 4.2 ± 4.0 μm 

1.25-1.5 

(DC) 

~1E6 Ω.cm 

 

HSCB 

Surface area 

1487 m2/g 

4.0-5.0 

(DC) 

~1E4 Ω.cm 

 

[111] PDMS MWCNTs 

d: 50-80 nm 

l: --- 

aspect ratio 

> 100 

 

Solution mixing 

+ 

Microwave irradiation cured 

in a glass mould 

t: --- 

1 

(DC) 

~1E-4 S/cm 1 wt.% microwave cured 

samples were 44.8% more 

conductive than the oven cured 

Solution mixing 

+ 

Oven cured in a glass mould 

t: --- 

1 

(DC) 

~1E-4 S/cm 

[112] PA 66 MWCNTs 

d: 9.5 nm 

l: 1.5 μm 

Micro-compounder 

+ 

Hot press 

t: 0.3 mm 

1 

(DC) 

~1E7 Ω.cm The volume resistivity of all 

samples 

↓ with ↑ mixing temperature PA 6 2.5 

(DC) 

~1E8 Ω.cm 
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[113] UHMWPE MWCNTs 

d: 20-40 nm 

l: 50 μm 

 

Solution mixing 

+ 

Compression moulding 

t: 2 mm 

0.072 vol.% 

(DC) 

~1E-6 S/cm Nanotubes were distributed on 

the surface of the PE phase 

[114] UHMWPE SWCNTs 

d: ~10 nm 

l: --- 

Solution mixing 

+ 

Cast film 

t: --- 

0.6 

(---) 

~1E-3 S/cm --- 

[115] PS 

 

MWCNTs 

d: --- 

l: --- 

In the PS masterbatch 

Twin-screw extruder 

+ 

Compression moulding 

t: 2 mm 

1 

(DC) 

~1E-8 S/cm Injection moulding 

conductivity: 

Parallel direction > thickness 

direction by 1 order of 

magnitude Twin-screw extruder 

+ 

Injection moulding 

t: 2 mm 

5 

(parallel to the flow 

direction) 

(DC) 

~1E-6 S/cm 

[116] PC1 

η0, 260 °C 

6800 Pa-s 

MWCNTs1 

d:10-15 nm 

l: 1-10 μm 

 

 

 

Twin-screw extruder 

+ 

Compression moulding 

t: 0.35 mm 

1.0-2.0 

(DC) 

~1E4 Ω.cm For MWCNTs1 samples: 

↑ mixing time could change the 

non-percolated network into a 

percolated system 

PC3 

η0, 260 °C 

1000 Pa-s 

Micro-compounder 

+ 

Compression moulding 

t: 0.35 mm 

1.0-1.5 

(DC) 

~1E4 Ω.cm 
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PC2 

η0, 260 °C 

3500 Pa-s 

Micro-compounder 

+ 

Compression moulding 

t: 0.35 mm 

0.875-1.0 

(DC) 

~1E5 Ω.cm 

Single-screw extruder 

+ 

Compression moulding 

t: 0.35 mm 

0.25-0.5 

(DC) 

~1E10 Ω.cm 

MWCNTs2 

d: 20-50 nm 

l: > 100 μm 

(long, straight and less 

entangle) 

Micro-compounder 

+ 

Compression moulding 

t: 0.35 mm 

3 

(DC) 

--- 

[117] PC MWCNTs 

d: --- 

l: --- 

In the PC masterbatch 

 

Batch mixer 

+ 

Injection moulding 

t: 4 mm 

1.5 (DC) 

Parallel to flow 

~1E6 Ω.cm Alignment of MWCNTs in 

injected samples resulted in 

higher resistivity than pressed 

samples 
3 (DC) 

Perpendicular to flow 

~1E5 Ω.cm 

Batch mixer 

+ 

Compression moulding 

t: --- 

1 

(DC) 

~1E6 Ω.cm 

[118] PMMA CB 

d: 35 nm 

specific surface area: 

900 m2/g 

Internal kneader 

+ 

Melt spun 

l: 20 mm 

3.9 vol.% 

(DC) 

~1E-7 S/cm --- 
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CF 

d: 7 μm 

l: 6 mm 

d: 1 mm 31.8 vol.% 

(DC) 

~1E-7 S/cm 

[119] PPO/PS 

35/65 wt.% 

blends 

MWCNTs 

d: 10-15 nm 

l: 10 μm 

Torque rheometer 

+ 

Hot pressing 

t: 0.375 mm (> 108 Ω.cm) 

t: 2.5 mm (< 104 Ω.cm) 

2 

(DC) 

~1E3 Ω.cm --- 

PS 3.26 

(DC) 

~1E9 Ω.cm 

[120] PA 6 MWCNTs 

l/d: 10-1000 

Micro-compounder 

+ 

Injection moulding 

t: ~3 mm 

3-4 

(AC) 

--- Na-AHA (Sodium hydroxide 6-

aminohexanoic acid) resulted in 

better dispersion; de-bundle 

nanotubes aggregates  

ABS 2-3 

(AC) 

--- 

PA 6/ABS 

50/50 wt.% 

blends 

3-4 

(AC) 

--- 

Na-AHA modified 

MWCNTs  

~0.25 

(AC) 

~1E-9 S/cm 

[121] PTT MWCNTs 

d: 20-40 nm 

l: 20-30 μm 

Micro-compounder 

+ 

Compression moulding 

t: 1.5 mm 

1 

(DC) 

~1E-4 S/cm 10 wt.% PTT/MWCNTs 

samples showed a 36-42 dB SE  

[122] EVA Multi-layer graphene 

nanosheets 

(MLG) 

d: --- 

Solution mixing 

+ 

Cast film  

t: 40-60 μm 

10 vol.%  

(minimum used 

volume) 

(DC) 

< 2.3E-6 S/cm 60 vol.% MLG showed a 

conductivity at 2.5 S/cm 
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[123] M-PP 

 

MWCNTs1 

d: 10 nm 

l: 1.34 μm 

Micro-compounder 

+ 

Compression moulding 

t: 0.3 mm 

0.5 

(DC) 

~1E7 Ω.cm --- 

MWCNTs 

d: 10.5 nm 

l: 770 nm 

1-2 

(DC) 

~1E7 Ω.cm 

[124] PCL MWCNTs  

d: 9.5 nm 

 l: 1.5 μm 

 

Twin-screw extruder 

+ 

Compression moulding 

t: 0.5 mm 

0.5 

(DC) 

~1E3 Ω.cm PCL/PP with different wt.% 

blend ratios; Nanotubes 

localised in the PCL phase PCL/PP 

30/70 

--- ~1E4 Ω.cm 

PCL/PP 

40/60 

--- ~1E3 Ω.cm 

PCL/PP 

50/50 

--- ~1E2 Ω.cm 

[125] PLA MWCNTs  

d: 10-15 nm 

 l: 3 μm 

 

Twin-screw extruder 

+ 

Extrusion process (plate) 

t: 1.2 mm 

3 

(DC) 

~1E4 Ω.cm --- 

[126]  PC/HDPE 

30/70 vol.% 

blends 

MWCNTs  

d: --- 

 l: --- 

Micro-compounder 

+ 

Compression moulding 

t: 0.35 mm 

2 

(DC) 

~3E8 Ω.cm PC phase had percolated 

structure in the blends but the 

resistivity > PC phase per se; 

CNTs shifted to PE phase 



Chapter 2. Literature Review                                                               64 
C

h
ap

ter 2
. L

iteratu
re R

ev
iew

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

P
ag

e | 
6

4
 

[127] PS MWCNTs  

d: 10-15 nm 

 l: 1-10 μm 

Twin-screw extruder 

+ 

Compression moulding 

t: 2 mm 

5  

Only one fraction was 

used 

(DC) 

~1E1 Ω.cm Injection moulding results 

extracted from the setup no. 1 

Cavity 1: 

Edge gate 

narrow side 

Cavity 2: 

Fan gate 

Cavity 3: 

Edge gate wide side 

Twin-screw extruder 

+ 

Micro- injection moulding 

t: 2 mm 

5 (DC) 

Cavity 1 

~1E10 Ω.cm 

 

5 (DC) 

Cavity 2 

~1E12 Ω.cm 

5 (DC) 

Cavity 3 

~1E12 Ω.cm 

[128] PA 12 LV MWCNTs  

d: 10.5 nm 

 l: --- 

Micro-compounder 

+ 

Compression moulding 

t: 0.5 mm 

~1 (DC) ~1E8 Ω.cm --- 

PA 12 MV 2-2.5 (DC) ~1E5 Ω.cm 

PA 12 HV ~3.5 (DC) ~1E7 Ω.cm 

PBT LV ~0.5 (DC) ~1E4 Ω.cm 

PBT MV ~0.75 (DC) ~1E5 Ω.cm 

PBT HV ~0.75 (DC) ~1E7 Ω.cm 

PC LV 0.5-0.75 (DC) ~1E3 Ω.cm 

PC MV 0.75-1 (DC) ~1E3 Ω.cm 

PC HV ~1 (DC) ~1E8 Ω.cm 

LDPE LV 2-2.5 (DC) ~1E8 Ω.cm 

LDPE MV 2-4 (DC) ~1E8 Ω.cm 

LDPE HV 4-4.5 (DC) ~1E6 Ω.cm 

PEEK LV ~0.75 (DC) ~1E8 Ω.cm 

PEEK MV 1-1.5 (DC) ~1E6 Ω.cm 

PEEK HV ~2 (DC) ~1E8 Ω.cm 
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[129] PET MWCNTs  

d: 10-20 nm 

 l: 5-15 μm 

Purified in air at 500 oC 

+ treated with 

concentrated 

hydrochloric acid 

Solution mixing 

+ 

Compression moulding 

t: 1.4 mm 

0.9 

(DC) 

~1E-9 S/cm --- 

[130] PA 6/ABS 

50/50 wt.% 

MWCNTs  

d: 9.2 nm 

 l: --- 

Micro-compounder 

+ 

Mini-injection moulder 

t: --- 

< 5 

(DC) 

~1E-9 S/cm DC value extracted from 

AC/frequency plot 

MWCNTs m1 

d: 13.2 nm 

l: --- 

(Sodium hydroxide 6-

aminohexanoic acid) 

< 5 

(DC) 

~1E-6 S/cm 

MWCNTs m2 

d: 13.5 nm 

l: --- 

(3-Pyrenealdehyde) 

< 5 

(DC) 

~1E-6 S/cm 

Notation 

η: viscosity ↑: increase ↓: decrease 

SE: shielding effectiveness t: measured thickness LV: low viscosity 

MV: medium viscosity HV: high viscosity >: larger 

---: unstated  ~: estimated values <: smaller 

DC: direct current AC: alternating current  
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Nomenclature for polymers 

Ultra-high molecular weight polyethene (UHMWPE) Acrylonitrile butadiene styrene (ABS) Polydimethylsiloxane (PDMS) 

Polyamide 6,6 (PA 66) Polyamide 6 (PA 6) Polystyrene (PS) 

Polycarbonate (PC) Polymethyl methacrylate (PMMA) Polytrimethylene terephthalate (PTT) 

Ethylene-vinyl acetate copolymers (EVA) Modified polypropylene with 30 wt.% talc (M-PP) Poly(ɛ-caprolactone) (PCL) *[124] 

Polypropylene (PP) Polylactic acid (PLA) High-density polyethene (HDPE) 

Polyamide 12 (PA 12) Polybutylene terephthalate (PBT) Polyether ether ketone (PEEK) 

Low-density polyethene (LDPE) Polyethylene terephthalate (PET) Polyphenylene oxide (PPO) 

Tab. 2.2. Summary of the electrical properties of PCNs from literature.  
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Table 2.2 summarises relevant research results on conductive PCNs over a wide range 

of fillers, amorphous and semi-crystalline polymers and different processing routes. 

The literature was analysed to obtain answers to questions 1-3 below. Questions 1 and 

2 are examined in this current section while question 3 is examined in section 2.5.3 

and section 2.5.4. 

1. How does the filler type affect percolation? 

2. How does the melt viscosity affect percolation? 

3. How do processing factors influence the electrical properties of PCNs? 

 

Al-Saleh et al. [110] conducted a study of the EMI properties of acrylonitrile butadiene 

styrene (ABS) nanocomposites with three types of fillers, namely MWCNTs, CNFs 

and HSCB. They found that the ABC/MWCNTs samples had the lowest percolation 

threshold at 0.5 wt.%, whereas the CNFs nanocomposites had a 1.25-1.5 wt.% 

percolation threshold which was in between the MWCNTs and HSCB samples. The 

HSCB had the highest percolation threshold at a filler loading of 4-5 wt.% even though 

it also had the highest nominal aspect ratio. This occurred because of the difficulty of 

dispersing the HSCB in the matrix as it tended to form a 'high structure' with a lot of 

particle interlinking and branched structures that required higher mixing energy for 

appropriate dispersion. It was also noted that the MWCNTs nanocomposites required 

the lowest filler loading to achieve a 20 dB EMI shielding effectiveness. Qu et al. [118] 

compared polymethyl methacrylate (PMMA)/CB and PMMA/CF composites made by 

melt spinning and reported that the percolation of the PMMA/CB nanocomposites was 

as low as 3.9 vol.%, which was 8 times lower than that of the PMMA/CF samples.  
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Fig. 2.29. Morphology of NC7000 (A) and C150P (B) MWCNTs (with permission for reuse 

granted by the publisher) [123]. 

 

Müller et al. [123] examined two types of MWCNTs in a modified polypropylene (M-

PP) matrix containing 30 wt.% of talc using different extruder feeding positions prior 

to a compression moulding process. The two types of MWCNTs were similar in 

diameter but had different aspect ratios (see Figure 2.29). They reported that the 

samples containing NC7000 achieved percolation at a loading of 0.5 wt.% MWCNTs 

due to the high aspect ratio of the NC7000 and the morphology of the loosened 

agglomerates of the original nanotubes (Figure 2.29 A). In contrast, the samples 

containing C150P required a 1-2 wt.% loading of MWCNTs for percolation due to the 

shorter length of this type of nanotube and more compacted structures of the 

agglomerates. The NC7000 nanotubes performed lower resistivity with a side feeder 

probably due to the molten polymer kept the aspect ratio of the nanotube to the greatest 

extent, whereas the C150P nanoparticles required a longer residence time and more 

aggressive shearing to achieve good dispersion compared with the NC7000 

nanoparticles. 

Socher et al. [128] examined compression moulded MWCNTs-PCNs with five 

different matrix polymers, polyamide 12 (PA 12), polybutylene terephthalate (PBT), 

polycarbonate (PC), low-density polyethene (LDPE) and polyether ether ketone 
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(PEEK). Within each polymer type, three different viscosities, low, medium and high, 

were examined. The results showed that the electrical percolation threshold increased 

with increasing viscosity for each of the polymers. The PA 12 samples had an electrical 

percolation range of 1-3.5 wt.% from the lower viscosity matrix to the high viscosity 

matrix. The PBT nanocomposites showed a percolation concentration from 0.5 wt.% 

to 0.75 wt.%. A similar range of around 0.5-1 wt.% was discovered for the PC samples, 

whereas the PEEK materials were less conductive at the same concentration as the PC 

and PBT polymers, with a percolation threshold between 0.75 wt.% and 2 wt.% as 

viscosity was increased. The LDPE nanocomposites were the least electrically 

conductive with percolation thresholds ranging from 2 wt.% to 4.5 wt.% as viscosity 

increased. 

 

 

Fig. 2.30. The dispersion state and agglomeration area ratio of different types of polymer 

nanocomposites (with permission for reuse granted by the publisher) [128]. 
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It can be observed in Figure 2.30 that the dispersion state generally improves with 

increasing viscosity of the polymers (due to the higher input mixing energy required 

to process the materials). However, as stated earlier, the percolation threshold 

increased with increasing viscosity which is not expected as better dispersion generally 

results in a lower percolation threshold. This behaviour was attributed to the breakage 

of the CNTs under higher mixing energy which in turn would lead to a lower aspect 

ratio and a higher percolation threshold.  

When comparing the polymer matrices the LDPE nanocomposites had by far the 

lowest degree of dispersion and the highest percolation threshold values. This could 

be due to viscosity differences between the polymers but when the viscosity values are 

examined it is clear that this is not the case because LDPE has the second highest 

viscosity and should therefore have a high degree of shear stress applied during mixing 

(the complex viscosity values at 100 rad/s were as follows; PA 12 = 23 Pa s, PC = 102 

Pa s, LDPE = 161 Pa s and PEEK = 186 Pa s). It is widely known that the degree of 

interaction between a polymer matrix and filler has an important effect on the 

dispersion of the filler in the matrix with a strong degree of interaction producing better 

dispersion. The difference in behaviour between the various PCNs is therefore likely 

to be due to a combination of the matrix-filler interaction and the intrinsic viscosity of 

the matrix (Vega et al. [105]). It should be stated that the dispersion state shown in 

Figure 2.30 is derived from light microscopy images. These images do not tell us 

anything about the actual configuration of the MWCNT networks on the nanoscale. 

TEM images would be required to get the necessary detail on the nanoscale. 

 

2.5.3 The effect of processing on the electrical properties of PCNs 

All polymer processing operations involve deformation of the polymer chains to some 

extent. This can be due to shearing and/or elongational flow and causes alignment of 

the polymer chains. Molecular relaxation after deformation can also occur which 

means that some of the molecular alignment can relax out again before the polymer 

solidifies into its final shape. Nanofillers in a polymer matrix will also experience these 
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effects so it is important to understand that different processes can lead to very different 

states of nanofiller alignment and hence properties. For example, in injection moulding 

the very high shear imposed can align nanofillers in the flow direction giving good 

electrical conductivity in that direction but poor conductivity in the perpendicular 

direction [131] [132]. In compression moulding, where shear forces are low relative to 

injection moulding, thermal conditions can have a significant effect on the type of 

particle network formed and hence can affect electrical properties also [133]. In 

simulations of the electrical percolation of PCNs with anisotropic fillers, Rahatekar et 

al. [134] and Behnam et al. [135] pointed out that percolation values increased with 

increasing filler alignment. In an entirely aligned system, in which the alignment angle 

between the nanotubes and the conductivity measurement direction was close to 0o, 

the highest resistivity was obtained due to the absence of nanotube contacts and for 

this completely aligned system the percolation threshold became independent of the 

aspect ratio of filler; whereas in the randomly distributed system with a 90o alignment 

angle between the nanotubes and the measurement direction the lowest resistivity was 

obtained due to the formation of a 3-dimensionally percolating network. These two 

cases represent the actual processing environments typical of the compression 

moulding and injection moulding processes. 

 

 

Fig. 2.31. TEM images of compression moulded 0.875 wt.% MWCNTs/PC samples processed at 

250 oC at 6 mm/min (a), and 300 oC at 0.5 mm/min (b) (with permission for reuse granted by the 

publisher) [133]. 
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Fig. 2.32. TEM images of injection moulded 2 wt.% MWCNTs/PC samples processed at 320 oC 

with 100 oC tool temperatures at 10 mm/s; (a) 3 μm from the surface and (b) 27 μm from the 

surface (with permission for reuse granted by the publisher) [133]. 

 

The influence of processing on the electrical conductivity of polycarbonate 

(PC)/MWCNTs nanocomposites was investigated by Pegel et al. [133] for both the 

compression moulding and injection moulding processes. The TEM micrographs of 

the moulded specimens are shown in Figures 2.31 and 2.32, respectively. It can be seen 

in Figure 2.31 that the compression moulded samples have no significant orientation 

for either the lower temperatures at 250 oC (a) or the higher temperatures of 300 oC (b) 

although there does appear to be more networks of particles in the 300 oC sample. At 

the lower temperature a percolated network was not achieved and the material acted 

as an insulator while at 300 oC the conductivity of the samples sharply increased to 10-

3 S/cm. The authors did not state why this difference occurred but it may be due to 

more molecular relaxation, and hence less orientation and better network formation 

due to the higher temperature. The TEM images in Figure 2.32 were obtained from the 

injection moulded specimens cut perpendicular to the sample surface at various depths. 

There is more alignment of the MWCNTs compared with the compression moulded 

samples and the conductivity of the injection moulded materials was found to be 5 

orders of magnitude lower than the compression moulded material due to this particle 

alignment effect. Also, in Figure 2.32, the centre appears to have slightly more 
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clustering of particles compared to the surface due to more molecular relaxation 

occurring near the centre of the sample (since it remains hotter for longer). This is 

likely to cause a gradient of electrical conductivity through the thickness of the 

injection moulded sample, although this was not examined by the authors. 

Thi et al. [136] discovered that the surface resistivity of 1 wt.% injection moulded 

polycarbonate (PC)/MWCNTs nanocomposites was almost 10 orders of magnitude 

higher than that of compression moulded specimens due to the insulated skin that 

forms on the injection moulded parts. A comparison of the complex conductivity (102-

106 Hz) between compression moulded and injection moulded polyamide 12 (PA 

12)/MWCNTs nanocomposites was carried out by Versavaud et al. [132]. It was shown 

that ~1.2 wt.% of MWCNTs were needed for percolation in the compression moulded 

samples whereas they were unable to achieve a conductive injection moulded sample 

(in the direction perpendicular to flow) using 4 wt.% of MWCNTs. 

Lellinger et al. [137] noted that the electrical conductivity of an injection moulded 2 

wt.% MWCNTs/polycarbonate (PC) and 4 wt.% MWCNTs/polyamide 12 (PA 12) 

dramatically decreased with increasing injection speed and decreasing melt 

temperature. This was attributed to a higher alignment of MWCNTs as injection speed 

increased and less potential for molecular relaxation and network formation at lower 

temperatures. Changing the setting of the tool temperatures from 70 oC to 100 oC for 

PC/MWCNTs samples and from 30 oC to 100 oC (and thus the cooling rate) for PA 

12/MWCNTs nanocomposites had only a minor effect on the conductivity values.  

During processing cycles, percolated nanotube networks that are established in one 

part of the process can be disrupted in a subsequent stage of the process. A good 

example of this is in blown film extrusion where elongational flow applied in the 

expanding 'bubble' acts to separate the network contacts and reduce conductivity [106]. 

It is rather important to recognise this and either prevent it or determine a way to re-

establish the networks. One way to reduce the potential for disrupting the network is 

to apply a higher processing temperature so as to improve the mobility of the molecules 

and reduce their ability to orient in the flow direction. Annealing may be used post-

processing to recover a disrupted network. It is also possible to overload the system 
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with nanotubes to ensure lots of entangled networks that can remain connected under 

shear or elongation however increasing the number of nanotubes also increases 

viscosity and this can have a detrimental effect on processability (e.g. higher motor 

torque required for higher viscosity materials). 

 

 

Fig. 2.33. The effect of annealing conditions on the electrical properties of PS/MWCNTs and 

PS/CNFs nanocomposites; (left a) PS/MWCNTs and (left b) PS/CNFs annealed for 30 min; (right 

a) PS/MWCNTs annealed at 230 oC and (right b) PS/CNFs annealed at 200 oC (with permission 

for reuse granted by the publisher) [138]. 

 

In a study of the electrical properties of the polystyrene (PS)/MWCNTs and PS/CNFs 

nanocomposites, Cipriano et al. [138] found that the conductive network could be 

damaged due to shear processing. However, a method was developed to rebuild the 

isotropic conductive properties of these nanocomposites by applying an annealing 

treatment. Three annealing temperatures above the glass transition temperature were 

applied; 170 oC, 200 oC and 230 oC. The results in Figure 2.33 (left a) show that the 

conductivity was improved by 6 orders of magnitude for the 2 wt.% MWCNTs/PS 

samples annealed at 200 oC compared to the samples treated at 170 oC and the non-

treated groups and that an increased annealing temperature could slightly further 
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increase the conductivity to above 10-2 S/m. The PS/CNFs specimens showed a similar 

trend, though the lower aspect ratio of the CNFs needed a much higher content of 7 

wt.% to achieve the same conductivity level as the MWCNTs (left b). The annealing 

time was also studied for both of these materials. The 1 wt.% MWCNTs/PS samples 

were insulating at 3 min annealing time (right a), whereas a 30 min annealing time 

resulted in an electrically conductive material. A percolated network already existed 

above 1 wt.% MWCNT loading when samples were annealed at 230 oC. Further 

extending the annealing time or the nanotube content had therefore only a tiny effect 

on the electrical properties. 

 

 

Fig. 2.34. DC conductivity for PC/MWCNTs nanocomposites; (a) versus MWCNT concentration 

and (b) versus time (with permission for reuse granted by the publisher) [139]. 

 

 

Fig. 2.35. Recovery mechanism of 0.6 vol.% MWCNTs/PC nanocomposites, (a) hot pressed for 1 

min at 265 oC and (b) annealed at 300 oC (with permission for reuse granted by the publisher) 

[139].  
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Alig et al. [139] also conducted a study on the recovery behaviour of PC/MWCNTs 

nanocomposites. A compression moulded sheet of PC containing 0.6 vol.% MWCNTs 

was produced in a compression moulder at 265 oC for 1 minute. This sheet of material 

was then placed in a rheometer and annealed at 230 oC for 2 hours followed by the 

application of shear (see Figure 2.34 (b)), the removal of shear and a further annealing 

time. It can be seen that in the first phase the conductivity increases with time but once 

shear is applied the conductive networks are disturbed and conductivity drops rapidly. 

Once shear is removed and annealing begins again the network recovers and the 

conductivity increases. Figure 2.35 (a) shows the distribution of nanotubes in the 

original compression moulded sheet before it was placed in the rheometer while Figure 

2.35 (b) shows the networked structure achieved after annealing. 

 

2.5.4 The effect of geometrical location on the electrical properties of injection 

moulded PCNs 

This thesis is concerned with the injection moulding process so it is important to 

understand how this process affects the structuring and properties of the parts it 

produces. It was mentioned earlier that shear and elongational flows could align 

polymer molecules and added filler material in the direction of applied stress and also 

that the thermal environment such as melt temperature and cooling rate can influence 

the relaxation of that alignment or orientation. In an injection moulded part the degree 

of orientation in the thickness direction of the part can vary from the surface through 

to the middle due to (i) shear stress distribution from mould wall to centre of the part 

and (ii) thermal gradient through the part from the wall to the centre. Near the mould 

wall the shear stress is high but so also is the cooling rate, so the polymer molecules 

and filler particles will have little chance to align before the material solidifies. In the 

next layer the alignment is higher because the cooling rate is lower due to the insulating 

effect of the layer closest to the mould. This material is therefore well aligned before 

it solidifies. In the centre layer the shear stress is lower leading to lower alignment but 

the cooling rate is also slower which can allow some relaxation of the alignment before 

solidification. A typical part through-thickness alignment profile could therefore look 
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like that in Figure 2.36.  

 

 

Fig. 2.36. Skin-core morphology in injection moulded part (with permission for reuse granted by 

the publisher) [140]. 

 

From Figure 2.36 it can be seen that conductive networks are more likely to occur in 

the centre or core of the part where molecules and particles are less aligned. The 

thermal and shear gradients from the mould wall to the moulded part centre will also 

influence the crystallinity and crystal type. High shear and fast cooling at the mould 

wall will result in low levels of crystallinity and elongated crystals whereas in the 

centre of the mould the lower shear and slower cooling will typically result in larger, 

more spherulitic crystals and a higher degree of crystallinity. The morphology can also 

be expected to vary between the injection point (gate) and the end of the mould since 

the molten material at the end of the mould channel will cool at a slower rate (low 

temperature) than the material that encounters the cold mould walls at the mould 

entrance (high temperature). This means that in the skin layer the orientation will be 

higher closest to the gate (frozen in faster) and will reduce further away from the gate 

due to more relaxation (slower cooling rate). It also means that the actual skin layer 

thickness will be highest at the gate and reduces with distance from the gate. This then 

has implications for the cooling rate of the core layer. The core layer closest to the gate 

should cool more slowly than the core further away from the gate due to the insulating 

effect of the thicker insulating skin layer at the gate. This would lead to higher 

molecular orientation in the core further away from the gate than at the gate. These 

differences in through thickness and along the flow direction thermal conditions are 
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verified by Rhoades et al. [141] where their XRD study showed higher crystallinity in 

the core than in the skin layers, increasing crystallinity in the skin layer as distance 

from the gate increased and reducing crystallinity in the core layer as distance from 

the gate increased. Since thermal conditions for higher crystallinity are opposite to 

those for molecular orientation and less orientation is more favourable for electrically 

conductive network formation it could be expected that conductivity will vary as 

follows in an injection moulded part:  

1. The skin layer conductivity will be lower than the core layer; 

2. The conductivity in the skin layer will be higher further away from the gate; 

3. The conductivity in the core will be higher at the gate; 

4. The overall conductivity in the flow direction will increase with distance from the 

gate because the size of the more conductive layer is increasing. 

 

 

Fig. 2.37. LIT analysis of injection moulded PC/10 wt.% MWCNTs nanocomposites; (a) 

measured positions, (b) (c) (d) LIT images, (e) conductivity results and (f) current-voltage curves 

(with permission for reuse granted by the publisher) [136]. 
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The influence of the skin-core effect on the electrical performance of PC/MWCNTs 

nanocomposites was examined by Thi et al. [136] using the lock-in thermography (LIT) 

technique. This technique can be used to indirectly detect the conductivity of a part 

and it can be seen in Figure 2.37 the section furthest from the gate is the most 

conductive while that at the gate is least conductive. This is in agreement with the 

earlier discussion about the growth in thickness of the more conductive core as 

distance from the gate increases. When the skin is thick the through thickness 

conductivity is low. As the core grows in size the through thickness conductivity 

increases.  

 

 

Fig. 2.38. Resistivity measurements of PC/MWCNT nanocomposites at different positions; test 

locations (top), surface resistivity (bottom left) and volume resistivity (bottom right) (with 

permission for reuse granted by the publisher) [142].  
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Fig. 2.39. TEM images of 2 wt.% MWCNTs/PC samples cut at different depths from the surface 

(with permission for reuse granted by the publisher) [142]. 

 

The surface and volume resistivity of PC/MWCNTs nanocomposites perpendicular to 

the injection flow direction were investigated by Villmow et al. [142]. Figure 2.38 

shows the multiple measurement locations and results for the 2 wt.% MWCNT/PC 

samples. It can be seen that both the surface resistivity and volume resistivity fluctuate 

in a range of up to 5 orders of magnitude depending on the measurement location. The 

conductivity profile is more complex than that in the study of Thi et al. [136], 
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indicating that the orientation of the nanotubes controlling the conducting network can 

be very complex depending on flow rates and thermal conditions in the mould. For 

example, it is possible to get reverse flows occurring as the flow front progresses and 

this would lead to very complex alignment patterns and thus complex conductivity 

profiles in the final part.  

The 2 wt.% MWCNT/PC samples were cut at location 2 in accordance with Figure 

2.38 and that the skin-core effect was also examined as shown in Figure 2.39. The 

TEM images show that there is not a distinct orientation of the nanotubes, which is 

probably due to the high processing temperature allowing relaxation of the nanotubes. 

The authors stated that decreasing the processing temperature from 320 oC to 280 oC 

slightly enhanced the alignment of the nanotubes at the skin layer due to the increased 

viscosity and shear stress. 

 

2.6 Mechanical properties of PCNs (matrix materials other than 

PEEK) 

In general, the mechanical properties of PCNs are related to the intrinsic characteristics 

of the matrix and filler, aspect ratio of the filler, orientation of the filler, polymer chains 

and crystals, the interfacial properties between matrix and filler and to the degree of 

crystallinity and type of crystalline polymorphs present. Table 2.3 gives a brief 

overview of how these factors generally affect the mechanical properties of PCNs. 

Many of these factors can be modified by the processing conditions applied, e.g. 

orientation and aspect ratio can be affected by shearing conditions and molecular 

weight can be altered by the thermal environment (e.g. thermal degradation). This 

suggests the importance of having a good understanding of process-structure-property 

relationships in the manufacture of PCNs. The review of literature in this section is 

split into a number of sub-sections which are: 

➢ Theoretical prediction of elastic modulus 

➢ Mechanical properties of PCNs-the influence of filler on different matrices  

➢ Mechanical properties of PCNs-structure/dispersion optimisation 
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➢ Mechanical properties of PCNs-functionalisation of the nanofiller 

➢ Mechanical properties of PCNs-effect of different preparation routes, processing 

and testing conditions 

 

Parameter Effect of increasing parameter on mechanical 

properties of PCN 

References 

Matrix molecular weight Generally increases all mechanical properties [143] 

Filler aspect ratio Increases modulus. Greater increase if a good 

interfacial bond exists. 

[144] 

Orientation (molecular, 

filler, crystalline) 

Increases modulus in direction of loading. 

Decreases elongation at break in direction of 

loading. 

[145] [146] 

Interfacial bond strength Generally improves all mechanical properties but 

impact strength does not always increase with 

increasing bond strength. 

[147] [148] 

Degree of crystallinity Increases modulus. Effect on other mechanical 

properties depends on crystallite size 

[143] 

Crystallite size Smaller crystallites typically result in higher yield 

strength and more ductile behaviour 

[149] 

Crystal polymorph type Depends on the matrix polymer, e.g. 

polypropylene β-crystallites are more ductile but 

have lower modulus than α-crystallites 

[150] [151] 

[146] 

Tab. 2.3. Typical effect of material parameters on mechanical properties of PCNs. 

 

2.6.1 Theoretical prediction of elastic modulus 

Comparing experimental results with good theoretical models is helpful in seeing how 

closely the results approach theory and indicates possible problems such as poor 

dispersion if results are not close to theoretical predictions. One popular model for 

predicting the elastic modulus of a filled polymer system is the rule of mixtures. This 

basically states that the overall modulus is a composite of the component moduli 

relative to the volume fraction of each component: 

Ec = EfVf + Em(1 − Vf)                                     Equation 2.5 

where Ec represents the elastic modulus of the composite and Ef, Vf and Em are the 

modulus of the filler, volume fraction of filler and the modulus of the matrix, 

respectively. Equation 2.5 provides an estimate of the upper bound modulus as the 
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fibres are parallel to the load direction. If the part is loaded perpendicular to the fibre 

direction, then the reverse rule of mixtures evolves to a lower bound modulus, which 

can be stated as: 

Ec =
Vf

Ef
+

(1−Vf)

Em
                                            Equation 2.6 

A more complex theory for the prediction of elastic modulus is the Halpin-Tsai model 

[152]. The Halpin-Tsai equation (see Equations 2.7 and 2.8) is used to predict the 

elastic modulus of polymer composites at low volume fractions and for composites 

with oriented fillers:  

Ec = Em (
1+ζηVf

1−ηVf
)                                          Equation 2.7 

where 

η =
(

Ef
Em

−1)

(
Ef

Em
+ζ)

                                                Equation 2.8 

ζ is a geometrical factor that can be defined by the length (l) and diameter (d) of the 

anisotropic filler, where: 

ζ = 2
l

d
 in the case of calculating the longitudinal modulus 

ζ = 2 in the case of calculating the transversal modulus 

For composites with large values of ζ (ζ → ∞), the Halpin-Tsai model can be reduced 

to: 

Ec = EmVm + EfVf                                         Equation 2.9 

Alternatively, when composites have low ζ values (ζ → 0), then the Halpin-Tsai 

equation can be expressed as: 

Ec =
EfEm

EfVm+EmVf
                                           Equation 2.10 

For composites with random filler alignment, as in compression moulded parts, the 

Halpin-Tsai equation can be modified to: 

Ec = Em [
3

8
(

1+ζηLVf

1−ηLVf
) +

5

8
(

1+2ηTVf

1−ηTVf
)]                           Equation 2.11 

where 

ηL =
(

Ef
Em

−1)

(
Ef

Em
+

2l

d
)
                                             Equation 2.12 
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ηT =
(

Ef
Em

−1)

(
Ef

Em
+2)

                                              Equation 2.13 

ζ = 2
l

d
 as in the case of calculating the longitudinal modulus 

ηL and ηT are the efficiency factors indicating longitudinal and transverse direction, 

respectively. 

 

2.6.2 Mechanical properties of PCNs-the influence of filler on different matrices  

PCNs have been extensively examined in literature and it is outside the scope of this 

thesis to review all of it. In this section, a number of important matrix polymers that 

have been modified by adding nanofillers are examined and discussed (Table 2.4). 
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Ref Matrix Filler types and 

sizes 

Preparation and 

processing methods 

Wt.% or 

vol.% as 

noted 

Young's modulus (E) (GPa) 

Yield strength (σy) (MPa) 

Elongation (ɛb) (%) 

Break strength (σb) (MPa) 

Impact strength (kJ/m2) 

and improvement as for neat polymers (%) 

Other comments 

[146] HDPE MWCNTs 

d: 10-20 nm 

l: 5-15 μm 

Twin-screw extruder 

+ 

Injection moulding 

5 E: 1.4 (27% ↑) 

σb: 35 (40% ↑) 

Possibly incorrect 

calculation in the % increase 

in modulus and strength in 

the article   Twin-screw extruder 

+ 

Injection moulding 

(with shish-kebab 

structure) 

5 E: 2.5 (32% ↑) 

σb: 95 (46% ↑) 

 

[153] iPP MWCNTs 

d: < 10 nm 

l: 5-15 μm 

Solution mixing 

+ 

Hot pressing 

 

0.1 

E: 

1.47 (22% ↑) 

C11-MWCNTs resulted in 

better exfoliation in the sPP 

matrix than pristine 

nanotubes C11-MWCNTs 

d: --- 

l: --- 

(undecyl 

modified) 

 

2.6 

E: 

1.56 (30% ↑) 

sPP MWCNTs 

d: < 10 nm 

l: 5-15 μm 

0.1 E: 0.51 (34% ↑) 

σy: 20.4 (7% ↑) 



Chapter 2. Literature Review                                                               86 
C

h
ap

ter 2
. L

iteratu
re R

ev
iew

 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

P
ag

e | 
8

6
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 

C11-MWCNTs 

d: --- 

l: --- 

(undecyl 

modified) 

1.5 E: 0.7 (84% ↑) 

σy: 22.3 (17% ↑) 

[154] PP MWCNTs 

d: 9.5 nm 

l: 1.5 μm 

(*NC7000) 

Batch mixer (BM)  

5 min/20 rpm 

+ 

Compression moulding 

(CM) 

 

3 

σb: 

38-40 (--- ↑) 

Only 3 wt.% nanocomposites were tested 

under different conditions 

↑ mixing time 5-20 min and 

mixing speed 20-100 rpm 

did not enhance the tensile 

strength 

BM 5 min/50 rpm + CM 

BM 5 min/100 rpm + CM 

BM 10 min/20 rpm + CM 

BM 10 min/50 rpm + CM 

BM 10 min/100 rpm + CM 

BM 20 min/20 rpm + CM 

BM 20 min/50 rpm + CM 

BM 20 min/100 rpm + CM 

[155] PP MWCNTs 

d: 9.5 nm 

l: 1.5 μm 

(*NC7000) 

Twin-screw extruder 

+ 

Injection moulding 

1 Tensile crosshead speed (TCS) 20 mm/min 

E: (7.7% ↑) 

TCS ↑ 5-50 mm/min: 

ɛb ↓ from 372.8% to 17.7% 

for 1 wt.% samples TCS 50 mm/min 

E: (---% ↑) 

5 TCS 20 mm/min 

E: (25% ↑) 
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TCS 50 mm/min 

E: (36.3% ↑) 

[156] iPP MWCNTs 

d: 140 nm 

l: 3-4 μm 

Solution mixing  

+ 

Extrusion 

1 σy: 

25 (92% ↑) 

(maximum value reached) 

Further ↑ CNT contents led 

to lower yield strength due 

to relatively poor dispersion 

Turbula mixer (dry mixed) 

+ 

Extrusion 

0.5 σy: 

25 (47% ↑) 

(maximum value reached) 

[147] PP GNPs 

t: 7 nm 

d: 1.5 μm 

+ 

MWCNTs 

d: 9.5 nm 

l: 1.5 μm 

(*NC7000) 

Batch mixer 

+ 

Compression moulding 

5:0 vol.% 

GNPs/CNTs  

σb: 

28 (0% ↑) 

GNPs did not ↑ the tensile 

strength due to the lack of 

interfacial adhesion 4:1 vol.% 

GNPs/CNTs 

σb: 

30 (7.1% ↑) 

1:4 vol.% 

GNPs/CNTs 

σb: 

36 (28.6% ↑) 

0:5 vol.% 

GNPs/CNTs 

σb: 

41 (46.4% ↑) 

[157] PP MWCNTs 

d: 9.5 nm 

l: 1.5 μm 

(*NC7000) 

Batch mixer 

+ 

Compression moulding 

1 σb: 33 (18% ↑) 

ɛb: 10.4 (---% ↓) 

--- 

20 σb: 51 (80% ↑) 

ɛb: 4.2 (---% ↓) 

[158] PVA GNS 

(exfoliated 

graphene 

Solution mixing 

+ 

Cast film 

1.8 vol.% E: 1.04 (~940% ↑) 

σb: 42 (147% ↑) 

ɛb: 100 (124.4% ↓) 

--- 
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nanosheets) 

 t: 0.8 nm 

d: 1-2 μm 

3 vol.% E: 1.1 (~1000% ↑) 

σb: 43 (152.9% ↑) 

ɛb: 100 (124.4% ↓) 

[159] PMMA f-MWCNTs 

(H2SO4 + H2O2 

treated) 

d: --- 

l: --- 

Cryomilling  

+  

Micro-compounder 

+ 

Mini-injection 

0.5 σb: 

59.76 (16.1% ↑) 

--- 

Impact strength: 

1.26 (56.3% ↓) 

[160] Epoxy 

resin 

MWCNTs 

d: --- 

l: --- 

T300 6k carbon 

fibre (12 layers 

with 50 vol.% 

of fibres) 

Infusion process 

(5 harness satin weave) 

+ 

Press cured 

0 vol.% Maximum tensile load: 

67.5 kN 

Highly loaded MWCNTs 

generated defects then 

reduced the tensile 

properties 

2 vol.% Maximum tensile load: 

69.5 kN (3% ↑) 

4 vol.% Maximum tensile load: 

66 kN (2.2% ↓) 

[161] PU with 

PTMG/HD

I/BD 

MWCNTs-

COOH 

d: 9.5 nm 

l: 1.5 μm 

 

Solution mixing 

+ 

Oven cure 

0.1 E (MPa): 34.87 (76.9% ↑) 

σb: 9.90 (39.5% ↓) 

ɛb: 50.53 (83.9% ↓) 

BD for chain extension; 

PTMG and HDI were chain 

segments 

0.3 E (MPa): 46.45 (135.7% ↑) 

σb: 11.74 (28.3% ↓) 

ɛb: 55.36 (82.4% ↓) 

0.6 E (MPa): 53.69 (172.4% ↑) 

σb: 12.81 (21.7% ↓) 

ɛb: 61.89 (80.3% ↓) 
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[162] LCP MWCNTs 

d: 10 nm 

l: 1.5 μm 

 

MWCNTs ultra-sonication 

in solution  

+ 

Micro-compounder 

+ 

Mini-injection 

1 E: ~4.5 (12.5% ↑) 

Hardness (GPa): 0.5 (25% ↑) 

--- 

3 E: ~5.2 (30% ↑) 

Hardness (GPa): 0.6 (50% ↑) 

5 E: ~6.2 (55% ↑) 

Hardness (GPa): 0.75 (87.5% ↑) 

[163] PA 6 MWCNTs 

d: ~7 nm 

l: ~10 μm 

 

Twin-screw mixer 

+ 

Compression moulidng 

0.2 E: 0.68 (72.3% ↑) 

σy: 33.7 (87.2% ↑) 

Hardness (GPa): 0.08 (33.3% ↑) 

--- 

1 E: 0.85 (112.5% ↑) 

σy: 40.3 (123.9% ↑) 

Hardness (GPa): 0.11 (83.3% ↑) 

2 E: 1.24 (214% ↑) 

σy: 47.2 (162.2% ↑) 

[164] PA 66 Pretreated 

MWCNTs via 

planetary 

centrifugal 

mixing (PCM) 

d: --- 

l: 5-20 μm 

Ball milling + DGEBF 

treated MWCNTs acetone 

solution 

+ 

Twin-screw extruder 

+ 

Injection moulding 

10 All results below are related to the untreated 

10 wt.% samples 

E: 2.3 (21% ↑) 

σy: 51.7 (12.1% ↑) 

ɛb: 3.1 (0% ↑) 

DCM showed superior 

processing stability with the 

least result variation 

compared to the untreated 

samples 
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Pretreated 

MWCNTs via 

dry-coating 

method (DCM) 

DGEBF treated MWCNTs 

with formic acid 

+ 

Twin-screw extruder 

+ 

Injection moulding 

E: 1.9 (0% ↑) 

σy: 47.3 (0% ↑) 

ɛb: 3.5 (0% ↑) 

[165] SBR MWCNTs 

d: ~13 nm 

l: 0.2-1.4 μm 

 

Solution mixing for 

masterbatch production  

+ 

Batch mixer 

+ 

Hot press 

1 E (MPa): 1.9 (0% ↑) 

σb: 5.2 (57.6% ↑) 

ɛb: ~527 (0% ↑) 

--- 

5 E (MPa): 2.5 (31.6% ↑) 

σb: 7.2 (118.2% ↑) 

ɛb: ~478 (0% ↑) 

10 E (MPa): 4.5 (136.8% ↑) 

σb: 11.7 (254.5% ↑) 

ɛb: ~382 (0% ↑) 

12.3 E (MPa): 5.4 (184.2% ↑) 

σb: 8.9 (169.7% ↑) 

ɛb: ~252 (83.7% ↓) 

[166] PET Exfoliated 

graphene  

d: ~500 nm 

t: ~500 nm 

Melt mixer 

+ 

Compression moulding 

0.08 E: 0.99 (23% ↑) 

σb: 74 (42% ↑) 

--- 

[106] HDPE MWCNTs 

d: 9.5 nm 

l: 1.5 μm 

Twin-screw extruder 

+ 

Compression moulding 

2 E: ~1.2 (42% ↑) 

σb: ~17.5 (38.5% ↓) 

ɛb: ~60 (92.3% ↓) 

--- 
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(*NC7000) 4 E: ~1.8 (111.6% ↑) 

σb: ~17 (40.5% ↓) 

ɛb: ~40 (94.8% ↓) 

8 E: ~2.2 (163.4% ↑) 

σb: ~17 (34.6% ↓) 

ɛb: ~10 (97.8% ↓) 

[167] PU Carboxylic-

MWCNTs 

d: ~12 nm 

l: ~0.74 μm 

Solution mixing 

+ 

Cast film 

20 σb: 26.2 (274% ↑) 

ɛb: ~200 (91% ↓) 

--- 

[168] PPSF MWCNTs 

d: 9.5 nm 

l: 1.5 μm 

(*NC7000) 

Single screw extruder 

+ 

Compression moulding 

1 E: 2.34 (10% ↑) 

σy: 66.69 (0% ↑) 

ɛb: 5.39 (55.9% ↓) 

--- 

5 E: 2.47 (16% ↑) 

σy: 67.25 (0% ↑) 

ɛb: 5.00 (59.1% ↓) 

7 E: 2.28 (7% ↑) 

σy: 73.69 (13.8% ↑) 

ɛb: 5.18 (57.6% ↓) 

Supercritical-

CO2 expanded 

MWCNTs 

d: 9.5 nm 

l: 1.5 μm 

1 E: 2.40 (13% ↑) 

σy: 54.40 (16% ↓) 

ɛb: 3.51 (71.3% ↓) 

5 E: 2.62 (23% ↑) 

σy: 71.00 (9.7% ↑) 

ɛb: 3.18 (74% ↓) 

7 E: 2.94 (38% ↑) 
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σy: 66.69 (19.4% ↑) 

ɛb: 4.18 (65.8% ↓) 

[169] PVB 

 

MWCNTs 

d: 13-18 nm 

l: 3-30 μm 

Kolon fabrics 

(+45o, 0o, 90o -

45o 95 wt.% 

aramid fibres, 5 

wt.% PU films 

and polyester 

thread) 

Solution mixing 

(PVB/MWCNTs) 

+ 

Hot press 

0.5 Energy absorption (J): 

63.91 (68.3% ↑) 

With AMEO (fabric surface modifier) 

Results were related to the 

PVB/Kolon samples 

1 Energy absorption (J): 

65.69 (73% ↑) 

With AMEO (fabric surface modifier) 

[144] iPP (HP) MWCNTs-M 

d: 10-30 nm 

l: 1-2 μm 

Twin-screw extruder 

+ 

Injection moulding 

2 Temperature; Impact strength (kJ/m2): 

-196 oC; 2.47 (0% ↑) 

23 oC; 4.09 (14.6% ↑) 

80 oC; 24.35 (~156.2% ↑) 

MWCNTs-L 

d: 10-30 nm 

l: 5-15 μm 

-196 oC; 2.4 (0% ↑) 

23 oC; 4.47 (25% ↑) 

80 oC; 25.41 (~166.9% ↑) 

[170] PA 12 MWCNTs 

d: 10 nm 

l: 1.5 μm 

MWCNTs coated on the 

PA 12 powders 

+ 

Laser sintering 

0.1 Condition: 25 W laser power 

Impact strength (kJ/m2): 111.6 (123.9% ↑) 

Impact strength increased as the laser power increased 

[171] Starch Purified 

MWCNTs 

Solution mixing 

+ 

0.055 Impact strength (N/mm2): 

~6324 (96.1% ↑) 

Tapioca starch;  

glycerol as plasticiser 
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d: 15-20 nm 

l: 1 μm 

(Heat treated at 

400 oC, 30 min) 

Cast in a glass mould 

 

Notation 

wt.%: weight fraction ↑: increase ↓: decrease 

vol.%: volume fraction t: measured thickness CM: compression moulding 

IM: injection moulding <: smaller >: larger 

---: unstated ~: estimated values  

Acronym for polymers 

High-density polyethene (HDPE) Isotactic polypropylene (iPP) Syndiotactic polypropylene (sPP) 

Polypropylene (PP) Polyvinyl alcohol (PVA) Polymethyl methacrylate (PMMA) 

Natural rubber grafted polymethyl methacrylate co-

polymer (NR-PMMA) 

Polyurethane (PU) 

Polytetramethylene glycol (PTMG) 

1,6-hexamethylene diisocyanate (HDI) 

1,4-butanediol (BD) 

Liquid crystalline polymer (LCP) 

Thermotropic main chain copolyester with 73 mol% 4-

hydroxybenzoic acid + 27 mol% 6-hydroxy-2-naphthoic 

acid 

Polyamide 6 (PA 6) Polyamide 6,6 (PA 66) Bisphenol-F diglycidyl ether (DGEBF) 

Styrene-butadiene rubber (SBR) Polyethene terephthalate (PET) γ-aminopropyltriethoxysilane ((C2H5O)3SiC3H6NH2) 

(AMEO) 

Polyphenylsulfone (PPSF) Polyvinyl butyral (PVB) Isotactic polypropylene homopolymer (iPP HP) 

Polyamide 12 (PA 12)   

Tab. 2.4. Summary of relevant literature on the mechanical properties of PCNs (excluding PEEK).  
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It is generally acknowledged that the incorporation of rigid nanoparticles can increase 

the stiffness of a polymer, but it may also reduce the elongational performance [172]. 

The mechanical properties of melt mixed high-density polyethene (HDPE) 

nanocomposites with nanotube integration were studied by Xiang et al. [106]. The 

experimental results showed that with 2 wt.%, 4 wt.% and 8 wt.% nanotube infusion, 

the tensile modulus increased by 42%, 112% and 163%, respectively. The strength and 

elongation at break were also affected as a reduction occurred when the loading of 

MWCNTs increased from 2 wt.% to 8 wt.%. Typically for the 8 wt.% samples, the 

break strength and elongation were diminished by 34.6% and 97.8%, respectively. The 

Halpin-Tsai model was then applied to check how the predicted modulus was related 

to the experimental data. It was noticed that for the compression moulded parts with 

randomly distributed MWCNTs the predicted results were well matched to 

experimental values when the MWCNT loading was below 4 wt.%. Stan et al. [155] 

conducted a study of the injection moulding of polypropylene (PP)/MWCNTs 

nanocomposites and also stated that the predicted elastic modulus was higher than that 

of the experimental results using the rule of mixtures as well as the Halpin-Tsai 

equations. 
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Fig. 2.40. Micro-morphology of 0.5 wt.% MWCNTs/PA 6 nanocomposites; (A) fracture surface, 

(B) enlarged area in the squared region in A, (C) microcracks showing the nanotubes linkages 

and (D) enlarged microcracks region where nanotubes are wrapped by the matrix (with 

permission for reuse granted by the publisher) [163]. 

 

Liu et al. [163] conducted a nanocomposite study based on polyamide 6 (PA 

6)/MWCNTs. Good interfacial bonding was observed via SEM inspection as shown in 

Figure 2.40. It can be observed that at 0.5 wt.% loading the nanotubes are uniformly 

dispersed in the matrix (A) and only a few have been pulled out (B) upon breakage, 

whereas the enlarged region in (C) shows microcracks bridged by nanotubes and (D) 

shows how the polymer is wrapped around the nanotubes. The tensile results showed 

that with only 0.2 wt.% MWCNTs the tensile modulus was increased by 72.3% and 

further increasing the MWCNT content up to 2 wt.% increased the modulus to 1.24 

GPa, which was around 214% higher than that of the pure PA 6. The yield strength 

was also increased as the MWCNT content increased, especially for the 2 wt.% 

nanocomposites which reached 47.2 MPa, 162.2% higher than the pristine polymer. 

Nanoindentation tests were implemented to investigate the viscoelastic deformation of 
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the moulded parts by checking both the recoverable elastic and the irreversible plastic 

components. The pure matrix showed a hardness of 0.06 GPa, while only 0.2 wt.% 

nanotubes increased the hardness to 0.08 GPa, and 1 wt.% MWCNTs samples 

contributed to an 83.3% improvement.  

In a study of laser-sintered polyamide 12 (PA 12)/MWCNTs nanocomposites, Bai et 

al. [170] stated that with only 0.1 wt.% nanotubes the impact strength of the 

nanocomposites could be improved by 123.9%. Furthermore, the impact strength of 

the PA 12/MWCNTs nanocomposites increased with increasing laser power.  

Zhao et al. [158] studied the mechanical properties of polyvinyl alcohol 

(PVA)/exfoliated graphene nanosheets (GNS) nanocomposite films and stated that the 

tensile modulus and strength were increased by over 1000% and 147% with the 

integration of 1.8 vol.% GNS. The corresponding strain at break decreased by 124% 

as a consequence. Further increasing the GNS loading from 1.8 vol.% to 3 vol.% only 

produced a minor increase in the modulus and strength from 1.04 GPa to 1.1 GPa and 

from 42 MPa to 43 MPa, respectively. Liang et al. [173] also reported that in the 

solution mixed 0.7 vol.% GO/PVA nanocomposites the tensile modulus and strength 

were increased by 62% and 76%, respectively. 

Obradović et al. [169] studied the impact performance of MWCNT/polyvinyl butyral 

(PVB) nanocomposites based on aramid fibres (Kolon fabrics). It was noted that 1 wt.% 

MWCNTs could increase the energy absorption of the MWCNT/PVB/aramid 

composites by 73%. Famá et al. [171] examined the biaxial impact properties of 

MWCNTs/biodegradable starch PCNs and revealed that using 0.055 wt.% MWCNTs 

could toughen the starch nanocomposites by around 100% in terms of the maximum 

impact strength (N/mm2).  

Carbon nanotube reinforced styrene-butadiene rubber (SBR) nanocomposites were 

examined by Peddini et al. [165]. The neat SBR exhibited exceptional elongational 

properties throughout the tests as over 400% elongation was obtained. Increasing the 

nanotube content up to 10 wt.% had no detrimental effect on the elongational 

performance of the SBR samples, and a 250% increase in the tensile strength was 

achieved at this point, showing a satisfactory level of SBR molecule-nanotube 
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interfacial properties. Further increasing the nanotube content to 12.3 wt.% led to a 

dramatically degraded elongation since the nanotube network restrained the SBR chain 

movement, and this corresponded to a 184.2% increase in the modulus.  

A viscoelastic study of MWCNT embedded liquid crystalline polymer (LCP) PCNs 

via nanoindentation tests was reported by Vivek et al. [162]. They noted that the 1 

wt.%, 3 wt.% and 5 wt.% nanotube loadings enhanced the hardness of the LCP by 25%, 

50% and 87.5%, respectively. It was also stated that the 1 wt.%, 3 wt.% and 5 wt.% 

MWCNTs increased the modulus by 12.5%, 30% and 55%.  

 

2.6.3 Mechanical properties of PCNs-structure/dispersion optimisation 

Mechanical property enhancement in PCNs depends on achieving good dispersion of 

the nanofillers. It should also be achieved at the lowest possible filler loading as this 

reduces cost, weight and improves processability (minimises viscosity increase).  

 

 

Fig. 2.41. SEM image of 2 wt.% graphene PP nanocomposites (with permission for reuse granted 

by the publisher) [147]. 

 

Al-Saleh et al. [147] studied polypropylene (PP)/graphene (GNP)/MWCNTs hybrid 

composites and stated that adding GNPs up to 20 wt.% seemed not to benefit the tensile 

strength of the PP/GNP nanocomposites compared to the neat polymer. Two reasons 
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were given for this; one was due to the GNP stacking (poor dispersion and voids), 

which can be observed in Figure 2.41, and the other was attributed to poor interfacial 

adhesion [174]. However, the nanotubes were well dispersed and had better adhesion 

to the PP matrix. The 250-300 m2/g surface area of the nanotubes was about double 

that of the GNP (120-150 m2/g), hence with increasing nanotube content the tensile 

strength gradually increased from the baseline at 28 MPa to 41 MPa when the 

GNP/MWCNTs volume ratio altered from 5:0 to 0:5.  

 

 

Fig. 2.42. SEM image of 20 wt.% MWCNTs PP nanocomposites (with permission for reuse 

granted by the publisher) [157]. 

 

Al-Saleh et al. [157] in a compression moulding study also reported that using the 

same grade of nanotubes (20 wt.%) and a PP matrix [147] they could obtain a uniform 

dispersion because of the excellent compatibility between the nanotubes and matrix 

(see Figure 2.42). A 1 wt.% nanotube loading increased the tensile strength by 18% 

while further increasing it to 20 wt.% produced an increment of 80%. It is well known 

that while tensile strength may increase at lower nanotube loading levels, it usually 

decreases at higher levels due to agglomeration of the nanofillers which act as stress 

concentrators [175]. The author claimed that the tensile strength did not degrade 

because of the good dispersion and interfacial adhesion achieved.  
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Exfoliated graphene reinforced polyethene terephthalate (PET) nanocomposites were 

made by Istrate et al. [166] to explore the mechanical properties at very low filler 

loading. It was found that with only 0.08 wt.% graphene the tensile modulus was 

increased by 23% from 0.81 GPa to 0.99 GPa and the corresponding strength was also 

increased by 42% compared to the neat PET matrix. This improvement at such a low 

nanofiller loading was attributed to the uniform dispersion, exceptional mechanical 

properties of the graphene and the high specific surface area [176]. A higher modulus 

would have been predicted according to the rule of mixtures [177], but this was not 

achieved because the graphene flakes were randomly distributed (due to compression 

moulding), whereas the rule of mixtures assumes perfect alignment in the loading 

direction.  

 

2.6.4 Mechanical properties of PCNs-functionalisation of the nanofiller 

PCNs with good dispersion will normally achieve improved mechanical properties 

however if the interfacial bond between the matrix and the polymer is not strong then 

the enhancement in properties may not be very high [154]. Many matrix-filler 

combinations are not compatible, so it is necessary to modify the filler surface or add 

a compatibilising agent to achieve a good matrix-filler bond and achieve good property 

enhancement. It should be noted however that mechanical properties such as 

elongation can be substantially decreased by a strong matrix-filler bond due to the 

reduced mobility of the attached polymer molecules and this can result in a reduction 

in tensile strength and overall ductility.  

In a study of the mechanical properties of carboxyl modified carbon nanotube 

(MWCNTs-COOH)/polyurethane (PU) nanocomposites, Yazdi et al. [161] showed 

that the tensile strength and elongation at break were drastically decreased from 16.37 

MPa to 9.90 MPa and from 314.38% to 50.53% when 0.1 wt.% functionalised 

MWCNTs were added to the PU matrix, due to the strong bond and consequent 

reduction of chain mobility. However, the functionalised nanotubes contributed to a 

large improvement in the modulus whereby 0.1 wt.%, 0.3 wt.% and 0.6 wt.% 

nanotubes increased the tensile modulus by 76.9%, 135.7% and 172.4%, respectively. 
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Deep et al. [159] reported a study of the tensile and impact properties of polymethyl 

methacrylate (PMMA) nanocomposites using functionalised carbon nanotubes (f-

MWCNTs). The results showed that 0.5 wt.% f-MWCNTs increased the tensile 

strength by 16.1% compared to the pure PMMA matrix, but further increasing the 

content to 1.5 wt.% resulted in the tensile strength of the PMMA/f-MWCNTs samples 

decreasing to below that of the neat polymer by 4%. Also, the Izod impact tests 

revealed that the impact strength of all PMMA/f-MWCNTs samples decreased with 

increasing f-MWCNTs concentration from 1.9 kJ/m2 for the pure polymer down to 1.1 

kJ/m2 for the 1.5 wt.% nanocomposites. 

 

2.6.5 Mechanical properties of PCNs-effect of different preparation routes, 

processing and test conditions 

It is very clear from the published literature that the mechanical properties of PCNs 

can vary depending on how they are prepared and manufactured. A key factor is how 

the process affects the aspect ratio of the nanoparticle. For anisotropic fillers, melt 

mixing involves high shear and thus may result in breakage of fillers and a notable 

difference in properties, which has been well discussed previously. Solution mixing, 

on the other hand, is a more gentle process and the aspect ratio of the nanoparticles is 

generally retained, although residual solvents may affect the surface properties of the 

particle and influence bonding with the matrix. The test conditions used to examine 

the effect of nanoparticle inclusion on properties can also have a significant effect on 

the observed enhancement/reduction in properties. For example, the modulus of a 

matrix is higher below its Tg, so if the material is tested below its Tg then the matrix is 

much stiffer and the overall enhancement in modulus will be less than that achieved at 

a test temperature above the Tg. These influences will now be briefly discussed.  

Two pretreatment methods were used in the processing of polyamide 6,6 (PA 

66)/MWCNTs nanocomposites by Kang et al. [164]. They reported that when 

nanotubes were pretreated with bisphenol-F diglycidyl ether (DGEBF) modifier via 

planetary centrifugal mixing (PCM) an improved dispersion state was achieved and 

the tensile modulus increased by 21% relative to the non-treated materials at the same 
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10 wt.% nanotube concentration. However, using the same pretreated 10 wt.% 

nanotubes, the samples made by dry-coating mixing (DCM) did not produce any 

improvement relative to the untreated samples. Unfortunately, no comparison was 

made in terms of the aspect ratio of the nanotubes processed by these methods.  

 

 

Fig. 2.43. 0.1 g MWCNTs before (left) and after (right) the SC-CO2 expansion process (with 

permission for reuse granted by the publisher) [168]. 

 

Chen et al. [168] examined the effect of a supercritical-CO2 (SC-CO2) expansion 

technique on the dispersion of carbon nanotubes in polyphenylsulfone (PPSF). Figure 

2.43 shows the 0.1 g nanotubes before and after the expansion process. It is clear that 

after the exposure to the SC-CO2 these nanotubes became fluffy compared with the 

originally compact nanotube topography and the bulk volume was increased 5 times. 

Compared with the untreated nanotubes, the tensile modulus showed a 3% increase for 

the SC-CO2 expanded 1 wt.% nanocomposites. As the concentration increased, the 

difference between the expanded and the pristine nanocomposites was more 

pronounced. The tensile modulus was increased by 16% and 23% for the 5 wt.% 

original and expanded samples, respectively. With 7 wt.% of nanotubes, the SC-CO2 

infused nanocomposites reached the highest tensile modulus at 2.94 GPa, which was 

38% and 28.9% higher than that of the pure PPSF matrix and the 7 wt.% untreated 

materials. With an optimised dispersion in the SC-CO2 expanded nanocomposites, the 

break elongation dramatically decreased relative to the neat polymers.  

Castillo et al. [149] conducted a study of high-density polyethene (HDPE)/MWCNTs 
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nanocomposites via two processing methods. For compression moulding, samples 

were naturally cooled to 60 oC in the mould then demoulded for further cooling to 

ambient temperature, whereas the extruded composites were quenched in iced water 

for faster solidification. It was stated that with equivalent nanotube content of 2 wt.%, 

the extruded composites had a considerably lower tensile modulus, around 73% less, 

than the compression moulded sample. However, the less crystalline structure in the 

extruded composite (due to rapid cooling) resulted in higher elongation than that of 

the compression moulded parts. It was also reported that applying different annealing 

times to the extruded samples had no distinct effect on the breaking strain.  

The temperature-dependent impact behaviour of melt-processed polypropylene 

(PP)/MWCNTs nanocomposites was investigated by Zhang et al. [144]. Two types of 

nanotubes were used, MWCNTs-M (shorter tubes) and MWCNTs-L (longer tubes). 

Results showed that the PP/MWCNTs-L nanocomposites had higher impact strength 

compared with the PP/MWCNTs-M samples due to their higher aspect ratio. It was 

also stated that the test temperature could strongly influence the deformability of all 

nanocomposites, including the pure PP matrix. Below Tg at -196 oC, all samples were 

very fragile as the polymer molecules had virtually no mobility. When the temperature 

was higher than Tg a toughening effect became more evident as expected and both 

MWCNTs-L and MWCNTs-M at 2 wt.% loading increased the impact properties of 

the PP matrix by over 160%.  

Stan et al. [155] studied the effect of strain rate on the tensile properties of PP/MWCNT 

nanocomposites and stated that increasing the tensile crosshead speed (TCS) resulted 

in the test samples changing from ductile to brittle behaviour. At 20 mm/min TCS, the 

tensile modulus of the 5 wt.% nanotube sample was increased by 25% relative to the 

pure PP, while the modulus was increased by around 36.3% when the TCS increased 

to 50 mm/min. The breaking strain of 1 wt.% MWCNT/PP PCNs drastically decreased 

from over 370% to around 17% when TCS increased from 5 mm/min to 50 mm/min. 

The author just claimed that this behaviour was likely due to the presence of aggregates 

in the composite. 
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2.7 PEEK-carbon nanoparticle nanocomposites (PEEK-PCNs) 

PEEK composites have been made by the addition of a wide range of reinforcing 

agents, including micro-scale fillers such as carbon fibres and glass fibres [178]-[195], 

as well as metal-based fillers, e.g. titanium, and alumina ceramic [196]-[201]. 

Additionally, the integration of nano-scale metallic materials such as stannum (tin) 

[202], gold [203], copper [204], iron [205], silver [206]-[208], transition metal 

dichalcogenide, e.g. molybdenum and tungsten disulfide [209] [210], nanoceramics, 

e.g. zirconia and titania [211]-[213] and other organic and inorganic compounds like 

nano-hydroxyapatite (n-HA) [214] [215], montmorillonite (MMT-clay) [216], 

polyhedral oligomeric silsesquioxane (POSS) [217] and silica [218]-[224] have also 

been reported. Carbon based fillers, from micro to nano-sized or hollow to solid-

shaped, have had success in the manufacture of multi-functional composites across a 

wide variety of other semi-crystalline and amorphous polymers, but carbon based 

nanofillers are not as commonly reported with PEEK compared with other matrix 

polymers. PEEK-carbon nanotube nanocomposites are the main focus of this thesis. 

Thus the discussion below will be focused on carbon nanofillers. The main carbon-

based nanofillers used with PEEK in the literature to date are cylindrically 

nanostructured carbon nanotubes including single-walled (SWCNTs), double-walled 

(DWCNTs), multi-walled (MWCNTs) and carbon nanofibres (CNFs), interlayered 

graphite-based nanoparticles such as expanded graphite (EG), graphene (GE), 

graphene oxide (GO), graphene nanoplates (GNPs) and reduced graphene oxide 

(RGO), spherically or elliptically solid carbon black (CB) as well as nanodiamond 

(ND) (see Tables 2.5 and 2.6 for details). In this section, the mixing and processing 

methods and the properties of PEEK-PCNs will be examined. 

 

2.7.1 Producing PEEK-PCNs 

Solution mixing, dry mixing (hand/mechanical mixed) and melt mixing have been 

used to prepare PEEK-PCNs in the literature so far. Tables 2.5 and 2.6 summarise the 

literature over the past 20 years on the electrical and mechanical properties of PEEK-

PCNs and how they have been made.  
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Ref/ 

year 

Matrix Filler types and 

sizes 

Preparation and 

processing methods 

Percolation 

threshold (wt.%) 

or vol.% as 

noted below 

Conductivity (S/cm) or 

resistivity (Ω.cm) at 

percolation threshold; 

other wt.% as noted below 

Mechanical properties relative to neat 

polymer; other comments as noted 

below 

[225] 

18 

 

PEEK 150PF (P) GNPs 

d: --- 

 l: --- 

Solution mixing  

+ 

Hot plate 

t: 0.3 mm 

1-5 

no other loading 

setup applied 

between 1-5 wt.% 

(DC) 

1 wt.%: 

4.5 ± 0.4E-10 S/cm  

(1 wt.%) 

σb (MPa): ~80 (0% ↑) 

ɛb (%): ~4 (NP: 5) 

5 wt.%: 

7.7 ± 0.6E-4 S/cm  

(5 wt.%) 

σb (MPa): ~50 (0% ↑) 

ɛb (%): ~2 

Powder mixer 

+ 

Hot plate 

t: 0.3 mm 

1-5 

no other loading 

setup applied 

between 1-5 wt.% 

(DC) 

1 wt.%: 

2.6 ± 0.1E-10 S/cm  

(1 wt.%) 

σb (MPa): ~80 (0% ↑) 

ɛb (%): ~4 (NP: 5) 

5 wt.%: 

1.0 ± 0.2E-4 S/cm  

(5 wt.%) 

σb (MPa): ~50 (0% ↑) 

ɛb (%): ~2 

[226] 

20 

s-PEEK (P) Amine CNTs 

d: --- 

l: --- 

Solution mixing 

+ 

Cast film 

t: ~90 μm 

--- 

(AC) 

Proton 

conductivity 

 

0.5 wt.%: 

94.1 mS/cm 

σb (MPa): 57.7 (0% ↑) 

ɛb (%): 4.3 (NP: 4.2) 

1.5 wt.%: 

153.4 mS/cm 

σb (MPa): 67.5 (18% ↑) 

ɛb (%): 4.6 

2 wt.%: 

128.3 mS/cm 

--- 

[227] 

13 

PEEK KT-820FP 

(P) 

Hydroxyl-

MWCNTs 

Solution mixing  

(hand-mixed) 

>> 1 vol.% 

(DC) 

--- Samples annealed at 300 oC 4 hour 

showed a crystallinity range of 33-37%, 
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d: 50-80 nm 

 l: 10-20 μm 

+ 

Hot press 

t: 0.5 mm 

10 vol.%: 

~0.01 S/cm 

independent of CNT content;  

E' ↑ with CNT content 

(50 oC) 

 Solution mixing  

(sonicated bath) 

+ 

Hot press 

t: 0.5 mm 

> 1 vol.% 

(DC) 

--- 

10 vol.%: 

~0.02 S/cm 

Solution mixing  

(sonicated tip) 

+ 

Hot press 

t: 0.5 mm 

~1 vol.% 

(DC) 

~1E-4 S/cm 

10 vol.%: 

0.24 S/cm 

[228] 

13  

PEEK 5300PF (P) EG (expanded 

graphite) 

width: > 10 μm 

t: < 100 nm 

Solution mixing 

+ 

Hot press 

t: --- 

1.5-2 

(DC) 

2 wt.%: 

~1E-3 S/cm 

10 wt.% EG resulted in 58 dB EMI SE at 

10 GHz 

[229] 

14 

PEEK (P) m-TRG 

graphene 

d: --- 

Solution mixing 

+ 

Hot press 

t: --- 

1 

(AC) 

~1E-8 S/cm E (GPa): 2.5 (13.6% ↑) 

σb (MPa): ~99 (0% ↑) 

ɛb (%): ~26 (NP: 98.3) 
5 wt.%: 

1.78E-3 S/cm 

CRG-KH550 

graphene 

d: --- 

Solution mixing 

+ 

Hot press 

t: --- 

0.3 

(AC) 

~1E-8 S/cm m-TRG showed better conductivity due 

to conjugated sp2 carbon and a higher 

aspect ratio 
8 wt.%: 

1E-4 S/cm 
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[230] 

20 

PEEK CNTs 

d: --- 

l: --- 

PEEK-CNT disc  

(as-received) 

+ 

Solution treatment 

(sulfuric acid + 

oxygen plasma + 

alkaline simulated 

body fluid) 

t: < 2 mm 

--- 

(AC) 

--- Alkaline simulated body fluid treated 

PEEK/CNT showed the lowest 

impedance relative to the original PEEK-

CNT disc 

[231] 

14 

PEEK 150UF10 

(P) 

Carbon fabric 

(plain weave 

WSN-3K) 

+ 

Carbon black 

d: 34 nm 

Hand mixing 

+ 

Mixer 

+ 

Hot press 

t: 0.4 mm 

--- 

(DC) 

 

Area specific resistance: 

25.8 mΩ.cm2 

(2 wt.%; 25 oC) 

Area specific resistance ↑ with the ↑ 

temperature due to ↑ thermal motion of 

atom + electron 

Area specific resistance: 

30.8 mΩ.cm2 

(2 wt.%; 220 oC) 

[232] 

17 

PEEK 450PF (P) PPA modified 

ONDson 

(sonicated 

oxidised 

nanodiamond) 

Solution mixing 

+ 

Micro-compounder 

(5 cm3) 

+ 

Hot press 

(thin film) 

t: 25-75 μm 

--- 

(AC) 

3 wt.%: 

~1E-11 S/cm at 100 Hz 

ND did not ↑ the conductivity of pure 

PEEK but ↑ thermal conductivity; (high 

temperature dielectric application) 

PPA modified 

OND  

3 wt.%: 

~1E-11 S/cm 

at 100 Hz 

PPA modified 

CND 

(carboxylic-ND) 

3 wt.%: 

~1E-12 S/cm 

at 100 Hz 
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[233] 

18 

PEEK KT-880NT 

(G) 

GNPs 

d: < 1 μm 

Surface area:  

350 m2/g 

Twin-screw extruder 

(GNPs: main feeder; 

CB: side feeder) 

+ 

Injection moulding 

t: 3.3 mm (disk 

samples > 108 Ω.cm) 

(rectangular samples 

< 108 Ω.cm) 

~13 

(DC) 

~1E16 Ω.cm Since different applied measurement 

standards; Particle orientation was not 

considered 

CB 

d: 0.1-2 mm 

Surface area:  

1250 m2/g 

3-5 

(DC) 

3 wt.%: 

~1E15 Ω.cm 

[234] 

11 

PEEK 90P (P) DWCNTs 

(double-walled) 

d: 2.8 nm 

 l: 10 μm 

Solution mixing 

+ 

Compression 

moulding 

t: --- 

0.2-0.3  

(AC) 

1E-5 S/cm --- 

[235] 

11 

PEEK (P) MWCNTs 

d: 4-13 nm 

 l: > 1 μm 

Torque rheometer 

+ 

Compression 

moulding 

t: 1.4 mm 

--- 

(DC) 

8 wt.%: (0 MPa) 

~3000 Ω 

--- 

8 wt.%: (20 MPa) 

~1800 Ω 

8 wt.%: (40 MPa) 

~1500 Ω 

[236]  

18 

PEEK 450G (G) MWCNTs 

d: 9.5 nm 

 l: 1.5 μm 

(*NC7000) 

Twin-screw extruder 

+ 

Fused deposition 

modeling 

2-3 

(DC) 

2 wt.% extruded filament: 

~3E-7 S/cm 

--- 
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MWCNTs 

+ 

GNPs 

t: 6-8 nm 

width: 15 μm 

l: 60 mm (filament) 

t: --- (printed part) 

--- 

(DC) 

 

3 wt.%/3 wt.% 

MWCNTs/GNPs extruded 

filament:  

~5E-2 S/cm; 

3 wt.%/3 wt.% MWCNTs/ 

GNPs printed part:  

~1E-10 S/cm 

The printed part showed lower 

conductivity due to the pores 

[237]  

13 

S-PEEK EGO 

d: --- 

Solution mixing 

+ 

Cast film 

1 wt.%: t: 147 μm 

5 wt.%: t: 176 μm 

--- 

AC via EIS 

1 wt.%: 

~9E-2 S/cm 

Conductivity of 5 wt.% sample ↓ due to 

the linked formation of sulphonic acid 

groups 
5 wt.%: 

~4E-3 S/cm 

[238] 

15 

R-PEEK 

450G/PPS 20/80 

wt.% 

MWCNTs 

d: 10-30 nm 

 l: 10-30 μm 

Twin-screw extruder 

+ 

Injection moulding 

t: --- 

~10 (DC) 

Test device: 

SRM-110 surface 

resistance meter; 

Some of the 

results may be 

considered over 

the limit of this 

device (Fig. 4 a) 

10 wt.%: 

~5E11 Ω.cm 

Note: 

Sample's dimension and measurement 

position were unstated 

20 wt.%: 

~5E7 Ω.cm 

20 wt.%: 

Tc ↑ 5.5 oC → the blends 

[239] 

16 

PEEK 770PF/PPS 

50/50 wt.% 

MWCNTs 

d: 10-30 nm 

 l: 10-30 μm 

Twin-screw extruder 

+ 

Injection moulding 

t: --- 

--- 

(DC) 

Test device: 

SRM-110 surface 

1 wt.%: 

~1E-15 S/cm 

Note: 

The formed pellets were further cut into 

smaller pieces. The dimension and 

measurement position were unstated; 



Chapter 2. Literature Review                                                                109 
C

h
ap

ter 2
. L

iteratu
re R

ev
iew

 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

P
ag

e | 
1

0
9

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

(injected into pellets) resistance meter; 

Some of the 

results may be 

considered over 

the limit of this 

device 

(Fig. 2) 

The same SEM pictures were found in 

the reference above; Fig. 8 (c) vs Fig. 6 

(a); Fig. 8 (b) vs Fig. 5 (d) 
Twin-screw extruder 

(PPS/PEEK) 

+ 

Internal mixer 

(MWCNTs) 

+ 

Injection moulding 

t: ---  

(injected into pellets) 

1 wt.%: 

~7E-9 S/cm 

[240] 

13  

PEEK (P) MWCNTs 

d: 15 nm 

 l: 1-10 μm 

Melt mixed via 

plasticorder 

+ 

Compression 

moulding 

t: 1.4 mm 

2.05 vol.% 

(DC) 

~1E-10 S/cm Predicted tunnelling distance of about 

1.7 nm at the percolation 

[241] 

14 

S-PEEK Reduced 

graphene (RG) 

width: --- 

Solution mixing 

+ 

Cast membrane on 

Teflon plate 

t: 80 μm 

--- --- 2 wt.% RG: 

93% capacity retention at current density 

range 

(1-8 A/g) 

Carbon black 

(CB) 

d: --- 

10 wt.% CB: 

75% capacity retention (1-8 A/g) 

PVDF Reduced 

graphene 

--- --- 2 wt.% RG: 

36% capacity retention 
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width: ---  (1-8 A/g) 

Carbon black 

d: --- 

10 wt.% CB: 

63% capacity retention (1-8 A/g) 

[242] 

10 

PEEK (P) Arc-purified 

SWCNTs 

d: ~10 nm 

l: --- 

Solution mixing 

+ 

Torque rheometer 

+ 

Hot press 

t: 0.5 mm 

~0.1 

(DC) 

~1E-4 S/cm E (GPa): 4.5 ± 0.1 (9.8% ↑) 

σiN (kJ/m2): 6 ± 1 (0% ↑) 

PEEK/PSF (C) ~0.1 

(DC) 

~1E-4 S/cm E (GPa): 4.5 ± 0.1 (9.8% ↑) 

σiN: 6.5 ± 0.9 (0% ↑) 

PEEK/PEES (C) ~0.1 

(DC) 

~1E-4 S/cm E (GPa): 4.6 ± 0.1 (12.2% ↑) 

σiN: 7 ± 1 (0% ↑) 

PEEK Laser-grown 

SWCNTs 

d: ~10 nm 

l: --- 

~0.1 

(DC) 

~1E-3 S/cm E (GPa): 4.6 ± 0.1 (12.2% ↑) 

PEEK/PSF (C) ~0.1 

(DC) 

~1E-4 S/cm E (GPa): 4.7 ± 0.1 (14.6% ↑) 

σiN: 6.7 ± 0.9 (0% ↑) 

PEEK/PEES (C) ~0.1 

(DC) 

~1E-4 S/cm E (GPa): 4.6 ± 0.1 (12.2% ↑) 

σiN: 7 ± 1 (0% ↑) 

[243] 

10 

PEEK 

(P)/PEES/PSF (C) 

Arc-purified 

SWCNTs 

d: ~10 nm 

l: --- 

Solution mixing 

+ 

Torque rheometer 

+ 

Hot press 

t: 0.5 mm 

--- 

 

--- 

(Connected to the reference 

above) 

TGA: 

PSF/PEES as compatibiliser ↑ the initial 

degradation temperature by 20 oC  

(1 wt.%); 

DSC: 

Tc ↓ 10 oC (PEEK/PSF/LG-SWCNTs)  

Laser-grown 

SWCNTs 

d: ~10 nm 

l: --- 

[244] 

15 

PEEK 

 

Carbon black 

(CB) 

High speed mixer 

+ 

9 

(AC) 

~1E-8 S/cm --- 
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TPI d: 80-140 nm Twin-screw extruder 

+ 

Compression 

moulding or injection 

moulding  

*as stated 

not clearly specified 

t: --- 

10 

(AC) 

~1E-9 S/cm --- 

PEEK/TPI  

50/50 wt.% 

5 

(AC) 

~1E-8 S/cm σb (MPa): 

90 (11.8% ↓) 

ɛb (%): 

7.9 (NP: 8.6) 

[245] 

11 

PEEK 150PF (P) Arc-grown 

SWCNTs 

d: --- 

4 plies plain 

weave E-glass  

Solution mixing 

+ 

Torque rheometer 

+ 

Hot press 

t: ~1 mm 

 

~0.5 

DC in through 

thickness 

direction  

(out of plane) 

1 wt.%: 

1E-7 S/cm 

In-plane conductivity was an order of 

magnitude higher than out of plane (no 

specific dimension was given)  

Laser-grown 

SWCNTs 

d: --- 

4 plies plain 

weave E-glass 

1 wt.%: 

8E-7 S/cm 

PEEK 

150PF/PEES (C)  

Arc-grown 

SWCNTs 

d: --- 

4 plies plain 

weave E-glass 

1 wt.%: 

7E-6 S/cm 

Laser-grown 

SWCNTs 

d: --- 

1 wt.%: 

1E-5 S/cm 
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4 plies plain 

weave E-glass 

[246] 

12 

PEEK 2000P (P) MWCNTs 

d: 10-15 nm 

 l: 0.1-10 μm 

Twin-screw extruder 

+ 

Hot press (thin film) 

t: ~200 μm 

2-2.5 

(DC) 

1E-6 S/cm 3 wt.%: 

E (GPa): 3.7 (0% ↑) 

σy (MPa): 60.6 (0% ↑) 

ɛb (%): 5 (NP: 28.6) 

[247] 

11 

PEEK 150P (P) SWCNTs 

d: 1-2 nm 

 l: 0.5-2 μm 

+ 

IF-WS2 

(inorganic 

fullerene-like) 

 

Ball milling (PEEK) 

+ 

Solution mixing 

+ 

Extruder 

+ 

Hot press 

t: 0.5 mm 

--- 

(DC) 

1 wt.% total 

nanofiller content 

with different 

SWCNT/WS2 

weight ratio 

100 wt.% SWCNTs: 

~7E-4 S/cm 

E (GPa): 4.6 (~15% ↑) 

σy (MPa): 131 (~5% ↑) 

σiN (kJ/m2): 3.5 (~41% ↓) 

90/10 wt.% SWCNT/WS2: 

~4E-5 S/cm 

E (GPa): 5.2 (~27% ↑) 

σy (MPa): 136 (~9% ↑) 

σiN (kJ/m2): 5.0 (~17% ↓) 

50/50 wt.% SWCNT/WS2: 

~3E-6 S/cm 

E (GPa): 5.8 (~42% ↑) 

σy (MPa): 148 (~18% ↑) 

σiN (kJ/m2): 5.6 (~0% ↓) 

10/90 wt.% SWCNT/WS2: 

< 1E-8 S/cm 

E (GPa): 5.6 (~36% ↑) 

σy (MPa): 143 (~14% ↑) 

σiN (kJ/m2): 5.7 (~0% ↓) 

[248] 

10 

PEEK 150P (P) Acid treated 

SWCNTs 

d: --- 

l: --- 

Solution mixing 

(HPEEK grafted 

SWCNTs) 

+ 

Torque rheometer 

+ 

Hot press 

t: 0.5 mm 

~0.1 

(DC) 

~1E-4 S/cm E (GPa): 

4.4 (9% ↑) 

σy (MPa): 

127.5 (4% ↑) 

H-PEEK (MB) Arc-purified 

SWCNTs 

d: --- 

l: --- 

~0.1 

(DC) 

~9E-6 S/cm E (GPa): 

4.7 (18% ↑) 

σy (MPa): 

129 (6% ↑) 
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[249] 

12 

PEEK 150PF (P) SWCNTs 

buckypaper 

t: 60-80 μm 

 

Torque rheometer 

+ 

Hot press 

t: 0.22 mm 

(~76 wt.% PEEK in 

final composite film) 

--- --- 

(Connected to the reference 

below) 

TGA: 

The initial degradation temperature (2 % 

weight loss) ↑ by ~40 oC in air; 

DSC: 

Tc ↓ 23 oC and Χc ↓ 38.1%  

(5 oC/min cooling rate) 

[250] 

12 

PEEK 150PF (P) SWCNTs 

buckypaper 

t: 60-80 μm 

 

Torque rheometer 

+ 

Hot press 

t: 0.22 mm 

(~76 wt.% PEEK in 

final composite film) 

--- 

(DC) 

Conductivity ↑ from 2.45 

S/cm to 3.25 S/cm from 273 

K to 373 K 

E (GPa): 

4.9 (29% ↑) 

σb (MPa): 

120 (20% ↑) 

ɛb (%): 

5.5 (NP: 8.3) 

[251] 

17 

PEEK KT-820NL  MWCNTs 

d: 9.5 nm 

 l: 1.5 μm 

(*NC7000)  

(10 wt.% as 

received in MB) 

Micro-extruder  

(2-40 ml) 

(Xplore Instruments) 

+ 

Melt spinning (fibre) 

l: 3-9 cm  

(not clearly stated) 

2.6 vol.% 

(AC) 

~1E-5 S/cm 10 wt.%: 

ɛb (%): 

~9.7 (NP: 144.8) 

[252] 

07 

PEEK film  

50 μm 

SWCNT paper 

t: ~10 μm 

Solution treatment 

+ 

PEEK film/SWCNT 

paper (layup) 

+ 

Hot press (film) 

t: ~50 μm 

--- 

(DC) 

Surface resistivity of 

PEEK/SWCNT film: 

1E2-1E3 Ω.cm 

* Noted as surface 

conductivity by the author; 

probably wrong symbol 

E (GPa): 

3.73 ± 0.15  

(~40% ↑) 

σb (MPa): 

118.16 ± 0.7 (~4% ↑) 
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[253] 

12 

PEEK 150PF (P) Arc-grown 

SWCNTs 

d: --- 

4 plies plain 

weave glass 

fibre 

Solution mixing 

+ 

Torque rheometer 

+ 

Hot press 

t: --- 

 

< 0.5 

DC in through 

thickness 

direction (out of 

plane) 

1 wt.%: 

~2E-9 S/cm 

--- 

Laser-grown 

SWCNTs 

d: --- 

4 plies plain 

weave glass 

fibre 

1 wt.%: 

~8E-9 S/cm 

PEEK 

150PF/PEES (C) 

Arc-grown 

SWCNTs 

d: --- 

4 plies plain 

weave glass 

fibre 

1 wt.%: 

~7E-8 S/cm 

Laser-grown 

SWCNTs 

d: --- 

4 plies plain 

weave glass 

fibre 

1 wt.%: 

~3E-7 S/cm 
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[254] 

17  

S-PEEK (P)/PVA 

70/30 wt.% 

GO 

d: --- 

t: --- 

Solution mixing 

+ 

Dried on glass plate 

t: 200-220 μm; 

(membrane included 

GO layer 5-7 μm) 

--- 

(AC) 

Proton 

conductivity 

DC value derived 

from AC signal 

At 30 oC: (DC) 

1.1E-3 S/cm 

--- 

At 130 oC: (DC) 

8.3E-3 S/cm 

[255] 

09 

PEEK 151 (P) 

(MB) 

MWCNTs 

d: 9.5 nm 

 l: 1.5 μm 

(*NC7000) 

Twin-screw extruder 

+ 

Compression 

moulding 

t: 1.3 mm 

1-1.5 

(AC) 

1.5 wt.%: 

~1E-3 S/cm 

Rheological percolation threshold: 

~0.9 wt.% 

[256] 

09 

PEEK 151 (P) 

(MB) 

MWCNTs 

d: 9.5 nm 

 l: 1.5 μm 

(*NC7000) 

Twin-screw extruder 

+ 

Compression 

moulding 

t: 1.3 mm 

1-1.5 

(AC) 

1.5 wt.%: 

~1E-3 S/cm 

2 wt.%: 

E (GPa): 

~4.5 (12.5% ↑) 

 

[257] 

18 

PEEK 150P (P) Graphene 

width:  

22 ± 5 μm;  

9 ± 2 μm 

Solution mixing 

+ 

Mini extruder 

+ 

Hot press 

t: 0.5 mm 

~3 

(DC) 

~1E-6 S/cm --- 

GPEI1 

(graphene/PEI 

(C) 45/55 wt.%) 

~2 

(DC) 

~3E-7 S/cm 

GPEI2 

(graphene/PEI 

~3 

(DC) 

~1E-6 S/cm 
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(C) 67/33 wt.%) 

GPEES1 

(graphene/PEES 

(C) 54/46 wt.%) 

~3 

(DC) 

~1E-6 S/cm 

GPEES2 

(graphene/PEES 

(C) 69/31 wt.%) 

~3 

(DC) 

~1E-6 S/cm 

GSPEEK 

(graphene/SPEE

K (C) 45/55 

wt.%) 

~3 

(DC) 

~1E-6 S/cm 

GPSU 

(graphene/PSU 

(C) 51/49 wt.%) 

~3 

(DC) 

~1E-6 S/cm 

[258] 

14 

PEEK sheets 

50 μm 

MWCNTs 

d: 20-30 nm 

 l: --- 

Solution mixing 

+ 

Spray pyrolysis 

+ 

Hot press (sheets) 

t: 0.13-0.16 mm 

5 plies PEEK/4 plies 

MWCNTs or graphite 

--- 

(AC) 

--- 4.72 wt.% MWCNTs offered 38 dB EMI 

SE at 0.5 THz  

Graphite 

d: --- 

7.1 wt.% graphite offered 28 dB EMI SE 

at 0.5 THz 

[259] 

14 

S-PEEK Sulfonated-GO 

(S-GO) 

d: --- 

Solution mixing 

+ 

Cast on glass plate 

--- 

(AC) 

Proton 

At 80 oC; 30% relative 

humidity: 

5.5E-2 S/cm 

--- 
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t: --- (membrane) 

t: --- 

10 wt.% S-PEEK/5 

wt.% S-GO in DMAc  

conductivity 

 

NP:  

1.5E-2 S/cm 

[260] 

19 

PEEK 8200G (P) MWCNTs 

d: --- 

 l: --- 

Solution mixing 

+ 

Compression 

moulding 

t: 1-2.5 mm 

(not clearly stated) 

--- 

(DC) 

2.5 wt.%: 

5.6E-4 S/cm 

E (GPa): 3.70 (6.3% ↑) 

σb (MPa): 100.3 (9.9% ↑) 

ɛb (%): 3.5 (NP: 6) 

MWCNTs + Ni-

CLF (Nickel 

coated 

carbonised 

loofah fibre) 

d: ~120 μm 

 l: 0.5-1.5 mm 

Solution mixing 

(MWCNTs/PEEK) 

+ 

Mechanical mixer 

(mixture + Ni-CLF) 

+ 

Compression 

moulding 

t: 1-2.5 mm 

(not clearly stated) 

MWCNTs/Ni-CLF  

2.5 wt.%/6 wt.%: 

1E-3 S/cm 

E (GPa): 4.85 (39.4% ↑) 

σb (MPa): 67.8 (25.7% ↓) 

ɛb (%): ~1.6 

MWCNTs/Ni-CLF  

2.5 wt.%/18 wt.%: 

2.1E-2 S/cm 

E (GPa): 6.36 (81.9% ↑) 

σb (MPa): 61.6 (32.5% ↓) 

ɛb (%): ~1.8 

[261] 

19 

PEEK 8200G (P) GNP 

width: 10-20 μm 

Mechanical mixer 

+ 

Compression 

moulding 

t: 1, 1.5, 2 or 2.5 mm 

(not clearly stated) 

--- 

(DC) 

2.5 wt.%: 

~1E-5 S/cm 

Compressive strength: (MPa) 

64.2 (54.1% ↓) 

GNP + CLF 

(carbonised 

loofah fibre) 

d: 180 μm 

--- 

(DC) 

GNP/CLF 2.5 wt.%/3 wt.%: 

~1E-4 S/cm 

Compressive strength: (MPa) 

114.6 (18.1% ↓) 

--- 

(DC) 

GNP/CLF 2.5 wt.%/6 wt.%: 

~1E-3 S/cm 

Compressive strength: (MPa) 

68.7 (50.9% ↓) 
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 l: 200-600 μm 

 

--- 

(DC) 

GNP/CLF 2.5 wt.%/9 wt.%: 

~1E-2 S/cm 

Compressive strength: (MPa) 

63.2 (54.9% ↓) 

[262] 

11 

PEEK (P) MWCNTs 

d: 13-16 nm 

 l: 1-10 μm 

 

Torque rheometer 

+ 

Compression 

moulding 

t: 1.4 mm 

3.5 

(DC) 

~2.3E-10 S/cm High shear processing caused damage to 

the MWCNTs 

--- 8 wt.% (20 oC) 

~0.8E-5 S/cm 

--- 8 wt.% (60 oC) 

~1.5E-5 S/cm 

--- 8 wt.% (100 oC) 

~2.1E-5 S/cm 

--- 8 wt.% (140 oC) 

~3E-5 S/cm 

[263] 

13 

PEEK 2000P (P) MWCNTs 

d: 15 nm 

 l: 0.1-10 μm 

Twin-screw extruder 

+ 

Hot press 

(thin films) 

t: 150 μm 

0.83  

(DC) 

~1E-5 S/cm 

(400 rpm screw speed) 

Rheological percolation < 3 wt.%; 

200 rpm was the optimised setting for 

system (SME-residence time 

relationship) 

--- 3 wt.%: ~2E-2 S/cm 

(100 rpm screw speed) 

--- 3 wt.%: ~5E-2 S/cm 

(200 rpm screw speed) 

--- 3 wt.%: ~4E-2 S/cm 

(300 rpm screw speed) 

--- 3 wt.%: ~4.5E-2 S/cm 

(400 rpm screw speed) 

[264] 

09  

PEEK 150P (P) Laser-grown 

SWCNTs 

d: --- 

Solution mixing 

+ 

Micro-extruder 

--- 

(DC) 

0.1 wt.%: 

~1E-3 S/cm 

Tm ↓ by 2 oC with 1 wt.% SWCNTs;  

Tm ↓ by 4 oC with 1 wt.% SWCNTs + 

PEI compatibiliser; 1 wt.%: 
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l: --- + 

Hot press 

t: 0.5 mm 

~1E-2 S/cm Thermal degradation temperatures: 

Purified arc-grown SWCNTs > laser-

grown SWCNTs Purified arc-

grown SWCNTs 

d: --- 

l: --- 

0.1 wt.%: 

~7E-4 S/cm 

1 wt.%: 

~8E-3 S/cm 

PEEK 150P + PEI 

(C) (6.9 wt.%) 

Laser-grown 

SWCNTs 

d: --- 

l: --- 

0.1 wt.%: 

~1E-4 S/cm 

1 wt.%: 

~3E-4 S/cm 

PEEK 150P + PEI 

(C) (8.3 wt.%) 

Arc-grown 

SWCNTs 

d: --- 

l: --- 

0.1 wt.%: 

~8E-5 S/cm 

1 wt.%: 

~2E-4 S/cm 

[128] 

12  

PEEK LV MWCNTs  

d: 10.5 nm 

 l: --- 

Micro-compounder 

(4.5 cm3) 

+ 

Compression 

moulding 

t: 0.5 mm 

~0.75 

(DC) 

~1E8 Ω.cm See Table 2.2 for details of other 

polymer matrices 

PEEK MV 1-1.5 

(DC) 

~1E6 Ω.cm 

PEEK HV ~2 

(DC) 

~1E8 Ω.cm 

[265] 

19 

S-PEEK (P) GO 

d: --- 

Solution mixing 

+ 

Cast onto glass 

(membranes) 

t: 180 μm 

--- 

Proton 

conductivity 

(---) 

1 wt.%: 2.23 mS/cm --- 

3 wt.%: 2.88 mS/cm 

5 wt.%: 2.55 mS/cm 
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Notation 

---: unstated  ~: estimated values <: smaller 

>: larger ↑: increase ↓: decrease 

→ NP: relative to neat polymer   

Nomenclature 

DC: direct current AC: alternating current P: powder 

G: granules t: thickness MB: masterbatch 

MV: medium viscosity HV: high viscosity LV: low viscosity 

E: Young's modulus σy: yield strength ɛb: elongation at break  

σb: break strength σiN: notched impact strength E': storage modulus (DMA) 

m-TRG: polyethersulfone modified thermally 

reduced graphene 

CRG-KH550: 3-triethoxysilylpropyl-amine 

(KH550)-chemically reduced graphene  

S-PEEK: sulfonated polyether ether ketone 

EIS: electrochemical impedance spectra PVDF: polyvinylidene difluoride PSF (C): polybisphenol-A-ether sulfone (compatibiliser) 

PEES (C): poly(1-4-phenylene ether-ether sulfone) 

(compatibiliser) 

TPI: thermoplastic polyimide HPEEK: hydroxylated polyether ether ketone 

EGO: electrochemically reduced graphene oxide PEI (C): polyetherimide (compatibiliser) PSU (C): polysulfone (compatibiliser) 

SPEEK (C): sulfonated polyether ether ketone 

(compatibiliser) 

PPS: polyphenylene sulfide PPA: phenylphosphonate 

EMI SE: shielding effectiveness PVA: polyvinyl alcohol DMAc: dimethylacetamide 

Tab. 2.5. Summary of the electrical properties of PEEK-PCNs in published literature.  
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Ref/ 

year 

Matrix Filler types and 

sizes 

Preparation and 

processing methods 

Wt.% or vol.% 

as noted 

Mechanical properties: 

 E (GPa), σy (MPa), ɛb (%), σb (MPa), σiN 

(kJ/m2) and improvement relative to neat 

polymers (%); other mechanical properties 

as noted below 

Other comments 

[266] 

16 

PEEK (P) n-HA 

width: 20 nm 

l: 150 nm 

Solution mixing 

+ 

Selective laser 

sintering 

10 Compressive modulus (GPa): 

3.06 

Compressive strength (MPa): 

48.04 

GNP/MWCNT pull out 

was observed 

n-HA + GNPs 

t: 0.8-1.2 nm 

d: 1-5 μm 

10/1 n-HA/GNPs Compressive modulus (GPa): 

3.31 

Compressive strength (MPa): 

53.23 

n-HA + GNPs + 

MWCNTs 

d: 30 nm 

 l: 10-30 μm 

10/0.2/0.8 n-

HA/GNPs/CNTs 

Compressive modulus (GPa): 

4.79 

Compressive strength (MPa): 

78.65 

[267] 

20 

PEEK 450G CNTs 

d: --- 

l: --- 

Extrusion  

+ 

Fused filament 

fabrication 

1 E: 3.85 ± 0.12 (0% ↑) 

σy: 82.69 ± 2.67 (6.43% ↑) 

σb: 82.59 ± 2.67 (0% ↑) (noted as UTS) 

Xc ↑ ~9%; 

Tc unaffected 

GNPs 

d: --- 

3 E: 3.96 ± 0.09 (4.75% ↑) 

σy: 85.47 ± 1.31 (10.01% ↑) 

σb: 86.54 ± 1.60 (8.85% ↑) (noted as UTS) 

Xc ↑ ~6%; 

Tc unaffected 

s-PEEK 

 

CNTs 

d: --- 

l: --- 

Solution treatment 

(sulfonation) 

+ 

1 E: 3.52 ± 0.34 (0% ↑) 

σy: 76.88 ± 2.86 (0% ↑) 

σb: 76.88 ± 2.86 (0% ↑) (noted as UTS) 

s-PEEK did not affect 

the Xc; s-PEEK ↑ 57% 

of apatite grown for the 
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GNPs 

d: --- 

Extrusion 

+ 

Fused filament 

fabrication 

3 E: 3.61 ± 0.08 (4.76% ↓) 

σy: 83.41 ± 1.21 (7.36% ↑) 

σb: 85.30 ± 0.36 (7.29% ↑) (noted as UTS) 

CNTs, ↑ 77% for the 

GNPs 

[268] 

02 

PEEK 450G (P) CNFs 

d: 155 ± 30 nm 

l: --- 

Twin-screw extruder 

+ 

Injection moulding 

15 E: 5.6 ± 0.2 (40% ↑) 

σy: 120 (50% ↑) 

ɛb: 4.5 ± 0.3 (NP: 22) 

CNFs did not affect the 

Tc and Xc of the PEEK 

matrix  

[269] 

03 

PEEK 450G (P) CNFs 

Aspect ratio: 

~1000 

Twin-screw extruder 

+ 

Melt spinning 

(as spun) 

5 E: ~2.5 (33.3% ↑) 

σy: ~75 (20% ↑) 

CNFs did not affect the 

Tm of PEEK matrix; Xc 

↑ 100% for as-spun and 

46% for heat treated 

samples despite the 

CNF content 

10 E: ~3.2 (70.7% ↑) 

σy: ~85 (36% ↑) 

Twin-screw extruder 

+ 

Melt spinning  

(heat treated: 200 oC, 

30 min + 220 oC, 4 h) 

5 E: ~3.2 (39.1% ↑) 

σy: ~110 (22.2% ↑) 

10 E: ~3.8 (65.2% ↑) 

σy: ~135 (50% ↑) 

[270] 

17 

PEEK KT-820NT Graphene  

(bi/tri-layers) 

width: --- 

Dry-blended 

+ 

Injection moulding  

2 Flexural modulus: (GPa) 

3.8 (0% ↑) 

Flexural stress: (MPa): 

129 (0% ↑) 

--- 

5 Flexural modulus: (GPa) 

3.8 (0% ↑) 

Flexural stress: (MPa): 

117 (9.3% ↓) 

Tg ↑ about 14 oC → NP 
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[271] 

09 

PEEK 150P (P) Arc-grown 

SWCNTs 

d: 21.8 nm 

l: --- 

Solution mixing 

+ 

Micro-extruder 

+ 

Hot press 

 

1 Storage modulus E' at 25 oC 1 Hz: (GPa) 

4.05 (5.7% ↑) 

TGA: 

Lowest Ti due to high 

metal impurities 

Laser-grown 

SWCNTs 

d: 39.8 nm 

l: --- 

1 Storage modulus E' at 25 oC 1 Hz: (GPa) 

4.21 (9.9% ↑) 

--- 

Purified arc-

grown SWCNTs 

d: 20.4 nm 

l: --- 

1 Storage modulus E' at 25 oC 1 Hz: (GPa) 

4.63 (20.9% ↑) 

TGA: 

Ti ↑ 25 oC → NP;  

Tmr ↑ 20 oC → NP 

Purified laser-

grown SWCNTs 

d: --- 

l: --- 

1 Storage modulus E' at 25 oC 1 Hz: (GPa) 

4.86 (26.9% ↑) 

TGA: 

Ti ↑ 25 oC → NP;  

Tmr ↑ 20 oC → NP 

[272] 

11 

PEEK 151G (G) MWCNTs 

d: 40-130 nm 

 l: 1-20 μm 

Twin-screw extruder 

+ 

Extrusion (T-die) 

t: 20 μm 

15 Tensile strength of a single MWCNT: 

3.0 GPa 

(nanotube pull out test) 

Interfacial shear 

strength: (IFSS) 

 5.2 MPa 

Twin-screw extruder 

+ 

Extrusion (T-die) 

+ 

Hot press 

t: 20 μm 

Tensile strength of a single MWCNT: 

3.1 GPa 

(nanotube pull out test) 

IFSS: 

9.1 MPa 
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[273] 

12 

PEEK 151G (G) MWCNTs 

d: 10-20 nm 

 l: 0.5-2 μm 

Twin-screw extruder 

+ 

Melt spinning 

0.8 E: 0.95 (126% ↑) 

σb: 525.1 (26% ↑) 

ɛb: 21.2 (NP: 23.9) 

Both -OH and -COOH 

groups improved the 

dispersion of the 

MWCNTs  MWCNTs-OH 

d: 10-20 nm 

 l: 0.5-2 μm 

E: 1.37 (226% ↑) 

σb: 635.5 (53% ↑) 

ɛb: 21.3 

MWCNTs-COOH 

d: 10-20 nm 

 l: 0.5-2 μm 

E: 1.69 (302% ↑) 

σb: 648.1 (56% ↑) 

ɛb: 25.3 

[274] 

10 

PEEK (P) MWCNTs 

d: 10-20 nm 

 l: 10-30 μm 

Solution mixing 

+ 

Twin-screw extruder 

+ 

Injection moulding 

5 E: 1.2 (20% ↑) 

σb: 102.7 (3.2% ↑) 

Tc: 

~308.7 oC (8.5 oC ↑→ 

NP) 

MWCNTs-COOH 

d: 10-20 nm 

 l: 10-30 μm 

E: 1.3 (30% ↑) 

σb: 105.2 (5.7% ↑) 

Tc: ~299.4 oC (0.8 oC 

↓→ NP); Improved 

wetting and dispersion 

[275] 

19 

PEEK CNTs 

d: 6.78 Å 

 l: 29.51 Å 

Molecular dynamics 

simulation  

(randomly distributed 

system) 

1 E: 4.45 (~10% ↑) Modified CNT ↑ the 

IFSS of PEEK- 

CNT interface 

NH2-CNTs E: 4.65 (~15% ↑) 

DDM-CNTs (4,4-

diaminodiphenyl 

methane) 

E: 4.90 (~21% ↑) 

[276] 

18 

PEEK (P) Carbon fibre 

T700SC-12K 

Prepreg + Lay up of 

laminates 

(unidirection) 

50-53 fibre vol.% IFSS: (MPa) 

43.4 

Note: 

1 wt.% PEI/GO sizing 

contained 90 wt.% PEI 
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Carbon fibre 

T700SC-12K + 

PEI (fibre sizing) 

Solution mixing 

(PEI sizing) 

+ 

Prepreg 

+ 

Lay up of laminates 

(unidirection) 

50-53 fibre vol.% 

+ 

1 wt.% PEI 

IFSS: (MPa) 

49.4 

+ 10 wt.% GO  

Carbon fibre 

T700SC-12K + 

PEI/GO  

(fibre sizing) 

Solution mixing 

(PEI/GO sizing) 

+ 

Prepreg 

+ 

Lay up of laminates 

(unidirection) 

50-53 fibre vol.% 

+ 

1 wt.% PEI/GO 

IFSS: (MPa) 

63.4 

[277] 

17 

PEEK 450G (P) CNFs 

d: 60 nm 

l: --- 

Ball milling 

+ 

Solution mixing 

+ 

Compression 

sintering 

(using cold pressed 

plate) 

1 Shore hardness (D): ~80.2 (0% ↑) 

Wear rate (mm3): 0.05 (50 ↓) 

--- 

CNTs 

d: 2 nm 

l: --- 

Shore hardness (D): ~79.5 (0% ↑) 

Wear rate (mm3): 0.05 (50 ↓) 

E: ~2.4 (11% ↓) 

UTS (MPa): ~96.2 (11.9% ↓) 

ɛb: ~5.6 (NP: ~23) 

--- 

[278] 

15 

PEEK 450G (G) MWCNTs 

d: --- 

l: --- 

Manual mixing 

+ 

Twin-screw 

1 Deposition temperature at 350 oC: 

σb (UTS): 61.4 ± 13.3 (0% ↑) 

--- 

Deposition temperature at 380 oC: 
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(10 wt.% in 

PEEK 1001 MB) 

compounder 

+ 

Extrusion deposition 

σb (UTS): 80.3 ± 7.3 (0% ↑) 

ɛb: 10.8 (NP: ~12.3) 

5 Deposition temperature at 350 oC: 

σb: (UTS) 87.4 ± 11.6 (0% ↑) 

Sample processed at 

365 oC: 

Xc: ~29.1% (0% ↑) 

Tc: ~303.7oC (13.1 oC 

↑→ NP) 

Deposition temperature at 380 oC: 

σb (UTS): 82.5 ± 4.6 (0% ↑) 

ɛb: 4.6 

[279] 

12 

PEEK 150FP (P) SWCNTs (SW1) 

d: 1-2 nm 

 l: 5-30 μm 

Solution mixing 

+ 

Melt mixer 

+ 

Hot press 

1 E' at 25 oC 1 Hz: (GPa) 

4.75 (33.1% ↑) 

TGA (N2): 

Shorter nanotubes 

caused larger reduction 

in thermal stability 

relative to longer tubes; 

 

TGA (air): 

MW3 had the highest 

thermal stability in air 

SWCNTs (SW2) 

d: 1-2 nm 

 l: 0.5-2 μm 

--- 

MWCNTs (MW3) 

d: 10-20 nm 

 l: 10-30 μm 

E' at 25 oC 1 Hz: (GPa) 

4.44 (24.4% ↑) 

MWCNTs (MW6) 

d: > 50 nm 

 l: 10-20 μm 

--- 

MWCNTs (MW7) 

d: 10-20 nm 

 l: 0.5-2 μm 

--- 

MWCNTs (ARC) 

d: 10-15 nm 

 l: 350 nm 

--- 
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[280] 

17 

PEEK 450G (G) MWCNTs 

d: --- 

l: --- 

(10 wt.% in 

PEEK 1001 MB) 

* Noted as 

Plasticyl PEEK 

101 by the author; 

probably wrong 

product name 

Manual mixing 

+ 

Twin-screw extruder 

(filaments) 

1 UTS: (MPa) 

~100 (0% ↑) 

--- 

5 UTS: (MPa) 

~105 (5% ↑) 

Tc: 305 oC  

(15 oC ↑→ NP) 

Manual mixing 

+ 

Twin-screw extruder 

+ 

Fused deposition 

modelling (FDM 

single layer sample) 

1 UTS: (MPa) 

~80 (0% ↑) 

--- 

5 UTS: (MPa) 

~80 (0% ↑) 

Manual mixing 

+ 

Twin-screw extruder 

+ 

Fused deposition 

modelling (FDM 

printed tensile part) 

1 UTS: (MPa) 

~70 (7.7% ↑) 

UTS ↓ due to the void 

content in the 5 wt.% 

sample (checked by 

micro-CT) 

5 UTS: (MPa) 

~55 (15.4% ↓) 

[281] 

19 

PEEK 150P (P) SWCNTs 

d: --- 

l: --- 

Melt mixer 

+ 

Injection moulding 

1 UTS: (MPa) 

~95 (5.6% ↑) 

Xc: 31%  

(NP: 34.4%) 

5 UTS: (MPa) 

~110 (22.2% ↑) 

Xc: 

33% 

[282] 

19 

PEEK MWCNTs 

d: 20-100 nm 

 l: --- 

 

Twin-screw extruder 

+ 

Extrusion (thin film) 

t: --- 

6.5 σb: (noted as tensile strength) 

133.7 (51.2% ↑) 

ɛb: ~220 (NP: ~270) 

Same setup, figures and 

part of the results were 

found in [283] below; 

Fig. 4 (a) = Fig. 3 (a) 
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Twin-screw extruder 

+ 

Extrusion (thin film) 

+ 

Nano scale tensile bar 

t: ~800 nm 

(cut from the thin 

film via focused ion 

beam) 

σb: (noted as tensile strength) 

388.66 (---) 

below;  

Fig. 5 = Fig. 4 below 

[283] 

17 

PEEK MWCNTs 

d: 20-100 nm 

 l: --- 

Twin-screw extruder 

+ 

Extrusion (thin film) 

t: ~10 μm 

6.5 σb: (noted as tensile strength) 

133.7 (51.2% ↑) 

ɛb: ~220 (NP: ~270) 

--- 

Twin-screw extruder 

+ 

Extrusion (thin film) 

t: ~10 μm 

+ 

Nano scale tensile bar 

t: ~700 nm 

(cut from the thin 

film via focused ion 

beam) 

σb: (noted as tensile strength) 

~380.7 (---) 

Nano scale tensile bar 

showed brittle with no 

necking 



Chapter 2. Literature Review                                                                129 
C

h
ap

ter 2
. L

iteratu
re R

ev
iew

 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

P
ag

e | 
1

2
9

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

[284] 

20 

PEEK KT-880 

(G) 

MWCNTs 

d: 10-15 nm 

 l: 0.1-10 μm 

Stir mixing 

+ 

Twin-screw extruder 

+ 

Fused filament 

fabrication (3D 

printer) 

3 E: 3.77 ± 0.04 (20% ↑) 

σb: 63.4 ± 1.02 (4% ↓) 

ɛb: 2.41 ± 0.21 (NP: 3.10) 

PEEK/GNPs exhibited 

a ductile fracture mode; 

PEEK/MWCNTs 

exhibited a brittle 

fracture  
GNPs 

d: 6.99 μm 

t: 0.34-100 nm 

E: 3.68 ± 0.05 (17% ↑) 

σb: 66.1 ± 0.96 (0% ↑) 

ɛb: 3.46 ± 0.15 

[285] 

17 

PEEK KT-820NT CNFs 

d: 150 nm 

 l: 50-200 μm 

Dry blended 

+ 

Injection moulding 

5 E: 4.45 ± 0.25 (10.1% ↑) 

σb: 96 ± 3.7 (6.7% ↑) 

ɛb: ~10 (NP: 120) 

Impact resistance: 

(J/m) 

~350 (NP: 390) 

CNFs + CFs 

d: 5-7 μm 

 l: 6 mm  

Dry blended 

+ 

Single-screw extruder 

(PEEK/CFs) 

+ 

Dry blended 

(PEEK/CFs/CNFs) 

+ 

Injection moulding 

2.5/20 CNFs/CFs E: 14.3 ± 0.6 (257.5% ↑) 

σb: 161 ± 2 (78.9% ↑) 

ɛb: ~3 

Impact resistance: 

(J/m) 

~850 

[286] 

10 

PEEK KT-820FP 

(P) 

CNFs 

d: 183 ± 24 nm 

 l: --- 

Solution mixing 

+ 

--- 

1 G':  

↑ with CNF loading 

Xc: 

18.6% (NP: 25.8%) 

Torque rheometer 

+ 

Compression 

moulding 

G': 

Not sensitive to CNF loading 

Cross-linked when melt 

mixed around 360 oC to 

400 oC 
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[287] 

19 

PEEK 90G (G) GNPs: 

d: --- 

t: --- 

Twin-screw extruder 

+ 

Hot press 

5 G': ↑ with GNP loading;  

Liquid-like to solid-like transformation 

occurred at 10 wt.% 

Tc: 

306.9 oC (~5 oC ↑→ 

NP) 

[288] 

14 

PEEK 2000P (P) MWCNTs 

d: 9-30 nm 

 l: 0.1-10 μm 

Twin-screw extruder 

+ 

Injection moulding 

0.5 σb: 88-96 (12.8-23.1% ↑) For all samples:  

micro-hardness (core 

region) 10-15% > edge; 

MWCNTs did not 

change the Xc 

1 σb: 88-96 (12.8-23.1% ↑) 

2 E: --- (7% ↑) 

σb: 88-96 (12.8-23.1% ↑) 

[289] 

16 

PEEK (G) n-HA 

width: 20 nm 

l: 100 nm 

Extruder 

+ 

Injection moulding 

30 E: 6.20 ± 0.13 (60.2% ↑) 

σb: 70.56 ± 3.22 (11.9% ↓) 

ɛb: 2.71 ± 0.34 (NP: ~67) 

--- 

*The author stated 

ductile behaviour 

n-HA  

+  

MWCNTs 

d: --- 

l: --- 

--- 

(not clearly stated) 

+ 

Injection moulding 

30/3 n-

HA/MWCNTs 

E: 7.13 ± 0.12 (84.2% ↑) 

σb: 64.48 ± 8.51 (19.5% ↓) 

ɛb: 1.74 ± 0.58 

Xc: ~41%; NP: ~45% 

[290] 

16 

PEEK 450CA30 

+ 

TPV 10 wt.% 

MWCNTs 

d: 9.5 nm 

 l: 1.5 μm 

(*NC7000)  

PEEK 450CA30 

(30 wt.% CF); 

Unstated by the 

author 

Twin-screw extruder 

+ 

Injection moulding 

0.5 σb: ~225 (~29% ↑) 

ɛb: ~3 (NP: ~3.6) 

σiN: ~34 (~41.7% ↑) 

TGA: 

MWCNTs ↑ the 

thermal stability of the 

blends; 

*Note: 

no traces of CF in SEM 

images 

1 σb: ~220 (~26% ↑) 

ɛb: ~2.5 

σiN: ~24 (0% ↑) 
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[291] 

19 

PEEK (P) MWCNTs 

d: 10-20 nm 

 l: 0.5-2 μm 

Twin-screw extruder 

+ 

Injection moulding 

4 E: ~2.2 (18.3% ↑) 

UTS: 107 (11.5% ↑) 

Tc slightly ↓ at low 

loading (0.1 wt.%) 

TGA: 

Thermal stability ↑ 

with the CNT content, 

but the length of CNT 

had no effect 

MWCNTs 

d: 10-20 nm 

 l: 10-30 μm 

E: 2.35 (26.3% ↑) 

UTS: 109 (13.5% ↑) 

MWCNTs 

d: 10-20 nm 

 l: ~50 μm 

E: ~2.25 (21.0% ↑) 

UTS: 107 (11.5% ↑)  

(noted as 6.9% ↑, probably wrong result) 

[292] 

20 

PEEK 90P (P) GNPs 

d: --- 

t: --- 

Twin-screw extruder 

+ 

Injection moulding 

1 E: 3.47 ± 0.12 (5.2% ↑) 

σb: 89 ± 2.0 (5.1% ↓) 

ɛb: 8.1 ± 0.9 (NP: ~14.6) 

Tc: 307.8 oC 

(NP: 307 oC) 

Xc: 24.6% 

(NP: 22.5%) 

10 E: 4.08 ± 0.2 (23.6% ↑) 

σb: 82 ± 3 (12.6% ↓) 

ɛb: 3.6 ± 0.3 

Tc: 311.5 oC 

Xc: 26.2% 

 

[293] 

03 

PEEK 450G (G) CNFs: 

d: --- 

l: --- 

Twin-screw extruder 

+ 

--- (unstated for 

processing tensile 

bars, probably 

injection moulding as 

per ISO 179A) 

15 E: 5.6 ± 0.2 (40% ↑) 

σy: 120 (50% ↑) 

ɛb: 4.5 ± 0.3 (NP: 22) 

(same value as obtained in the previous work 

[268]) 

CNFs did not affect the 

Xc of PEEK 

[294] 

20 

PEEK KT-820NT Mined graphite 

d: 250-300 μm 

 

Dry blended 

+ 

Injection moulding 

35 

 

E: ~9 (125% ↑) 

σb: ~60 (40% ↓) 

ɛb: ~2.2 (NP: > 100) 

Not stated if injection 

or small batch (mini) 

injection; 50 g/batch as 
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(multiple shear 

processes to 

achieve GNPs) 

(injected one time) stated for the repeated 

injection process Dry blended 

+ 

Injection moulding 

(ground + repeatedly 

injected five times) 

E: ~16 (300% ↑) 

σb: ~90 (10% ↓) 

ɛb: ~1.6 

Dry blended 

+ 

Injection moulding 

(ground + repeatedly 

injected ten times) 

E: ~20 (390% ↑) 

σb: ~100 (0% ↑) 

ɛb: ~1.4 

[295] 

11 

PEEK 151G (G) MWCNTs 

d: 40-100 nm 

l: --- 

Twin-screw extruder 

+ 

Injection moulding 

 

9 E: 6.3 (50% ↑) 

σy: 69 (1.5% ↑) 

--- 

 

15 E: 8.3 (98% ↑) 

σy: 71 (4.4% ↑) 

[296] 

17 

S-PEEK 

 

Sulfonated 

reduced graphene 

oxide (SRGO) 

width: --- 

Solution mixing 

+ 

Dried on a Petri dish 

(membranes) 

0.5 E: 0.97 (19.8% ↑) 

ɛb: 33.4 (NP: 12.5) 

SRGO ↑ the thermal 

stability of S-PEEK 

1 E: 1.12 (38.3% ↑) 

ɛb: 16.2  

1.5 E: 0.95 (17.3% ↑) 

ɛb: 7.5 

[297] 

07 

PEEK 151G (G) MWCNTs 

d: 20-100 nm 

l: --- 

(PEEK/MWCNTs 

--- 

(MB provided by the 

supplier) 

+ 

15 (Room temperature) 

E: 7.55 (88.8% ↑) 

UTS: 110.90 (18.5% ↑) 

ɛb: 6.28 (NP: > 20) 

In-situ SEM showed 

nanotube bridging and 

pull out from PEEK 
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MB as received) Injection moulding (100 oC) 

E: 6.15 (70.4% ↑) 

UTS: 73.01 (13.4% ↑) 

ɛb: > 20 (NP: > 20) 

(200 oC) 

E: 1.05 (162.5% ↑) 

UTS: > 32.11 (42.2% ↑) 

ɛb: > 20 (NP: > 20) 

[298] 

15 

PEEK 450G  

(Jilin Zhongyan) 

 

MWCNTs 

d: 30-50 nm 

 l: 10-20 μm 

Solution mixing 

+ 

Aluminium mould 

4 E' at 25 oC 1 Hz (GPa): 

~2 (24.61% ↑) 

Friction coefficient at 2000 s: 

0.43 (NP: 0.44) 

--- 

Acid treated 

MWCNTs 

(hydroxyl + 

carboxyl groups) 

d: --- 

 l: --- 

E' at 25 oC 1 Hz (GPa): 

~2.2 (42.41% ↑) 

Friction coefficient at 2000 s: 

0.45 

Amino grafted 

MWCNTs 

d: --- 

 l: --- 

E' at 25 oC 1 Hz (GPa): 

~2.7 (83.78% ↑) 

Friction coefficient at 2000 s: 

0.38 

[299] 

19 

PEEK 150P (P) GNPs 

width: ~40 μm 

t: 10 nm 

Twin-screw 

compounder 

+ 

1 E: 3.71 ± 0.29 (0% ↑) 

UTS: 98.6 ± 5.2 (6.6% ↓) 

ɛb: 8.2 ± 0.5 (NP: ~20) 

Tm and Xc were 

unaffected; Tc: 311.6oC 

(NP: 308.9 oC) 
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Injection moulding 

 

10 E: 5.20 ± 0.51 (44% ↑) 

UTS: 88.5 ± 4.2 (16.2% ↓) 

ɛb: 2.2 ± 0.3 

Micro hardness (MPa): 310 (29.2% ↑)  

(noted as 60% ↑ in the abstract, probably 

wrong data) 

Tm and Xc were 

unaffected; 

Tc: 313.2oC; 

 

[300] 

05 

PEEK 450P (P) CNFs 

d:155 ± 30 nm 

l: --- 

Twin-screw extruder 

+ 

Foam injection 

moulding 

(1 wt.% Clariant 

XH907) 

10 Specific elastic modulus: (MPa/kgm-3) 

~3.7 (foam) 

~3.1 (solid) 

CNFs ↑ the melt 

strength 

Graphite 

d: 31-50 μm 

--- Graphite ↓ the melt 

elongation and draw 

down force 

[301] 

09 

PEEK CNFs 

d: --- 

l: --- 

Twin-screw extruder 

+ 

Foam injection 

moulding 

(1 wt.% Clariant 

XH907) 

10 Compressive modulus: (GPa) 

13.5 (foam) 

24 (solid) 

Clariant XH907 

produced better foam 

quality than the 

Al(OH)3 

Twin-screw extruder 

+ 

Foam injection 

moulding 

(1 wt.% Al(OH)3) 

Compressive modulus: (GPa) 

17 



Chapter 2. Literature Review                                                                135 
C

h
ap

ter 2
. L

iteratu
re R

ev
iew

 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

P
ag

e | 
1

3
5

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

[302] 

18 

PEEK 4000FP (P) Nano scale carbon 

fibres (n-CF)  

d: ~150 nm 

 l: 10-20 μm 

High speed mixer 

+ 

Hot compression 

sintering 

4 Friction coefficient: 0.75 (8.5% ↓) 

Specific wear rate (10-6 mm3/Nm): 5.8 

(25.6% ↓) 

Shore hardness (D): 89 (NP: 88) 

--- 

Micro scale 

carbon fibres  

(m-CF) 

d: ~7 μm 

 l: 28-56 μm 

20 Friction coefficient: 0.42 (48.8% ↓) 

Specific wear rate (10-6 mm3/Nm): 3.4 

(56.4% ↓) 

Shore hardness (D): 90 

[303] 

20 

PEEK 708 (P) GNPs 

d: 5-10 μm 

t: 4-20 nm 

Solution mixing 

+ 

DC electrophoretic 

deposition 

(PEEK/GNPs coated 

onto titanium alloy) 

--- 

1-4 g/L GNPs + 

30 g/L PEEK in 

ethanol 

(not clearly 

stated) 

Friction coefficient: 

0.1 (NP: 0.12) 

(0.25 N constant load) 

First single cohesive crack: 

9 N (NP: 23 N) 

--- 

[304] 

17 

PEEK KT-

880SFP (P) 

10 wt.% SCF 

+ 

10 wt.% PTFE 

Ball milling 

+ 

Twin-screw extruder 

+ 

Hot press 

--- Friction coefficient: ~0.08 

Specific wear rate (10-6 mm3/Nm): ~16 

Condition: 

4 MPa, 150 oC, 2 m/s 

sliding speed 

10 wt.% SCF 

+ 

10 wt.% PTFE 

+ 

Graphene (GE) 

d: 0.5-3 μm 

t: 0.55-3.74 nm 

2 (GE) Friction coefficient: 0.04 ± 0.01 

Specific wear rate (10-6 mm3/Nm):  

~10 
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10 wt.% SCF 

+ 

10 wt.% PTFE 

+ 

Graphite (G) 

d: 30 μm 

2 (G) Friction coefficient: 0.07 ± 0.02 

Specific wear rate (10-6 mm3/Nm): ~12 

[305] 

16 

PEEK 450G (G) Natural graphite 

d: 5 μm 

--- 

+ 

Injection moulding 

15 Friction coefficient (COF): 

0.46 in air 

0.04 in H2 

0.35 in vacuum 

--- 

MWCNTs 

d: 5-20 nm 

l: --- 

6.8 COF: 

~0.5 in air 

 0.04 in H2 

~0.2 in vacuum 

COF of PEEK: 0.4 in 

H2; probably wrong 

data as shown in Fig. 4 

TiO2 

d: 300 nm 

14 COF: 

0.46 in air 

0.1 in H2 

~0.1 in vacuum 

--- 

[306] 

17 

PEEK 450G (P) CNFs 

d: 60 nm 

l: --- 

Ball milling 

+ 

Solution mixing 

+ 

Compression 

sintering (using cold 

pressed plate) 

1 Shore hardness (D): ~80.2 (0% ↑) 

Wear rate (mm3): 0.05 (50 ↓) 

Results were the same 

as [277] (written in 

Russian); 

Xc of UHMWPE group 

was different from this 

work (may consider 

incorrect data)  

CNTs 

d: 2 nm 

l: --- 

Shore hardness (D): ~79.5 (0% ↑) 

Wear rate (mm3): 0.05 (50 ↓) 

E: ~2.4 (9% ↓) 

UTS: ~96.2 (11.9% ↓) 

ɛb: ~5.6 (NP: ~23) 
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[307] 

11 

PEEK 

2000UFP20 (P) 

MWCNTs 

d: 9.5 nm 

 l: 1.5 μm 

(*NC7000) 

Micro-compounder 

(15 ml) 

+ 

Injection moulding 

1 COF: 

0.35 (NP: 0.4) 

Scratch hardness: (N/mm2) 

~215 (3.4% ↑) 

--- 

Micro-compounder 

(15 ml) 

+ 

Injection moulding 

+ 

Annealing  

(260 oC, 4 hour) 

COF: 

0.33 (NP: 0.39) 

Scratch hardness: (N/mm2) 

~242 (10.5% ↑) 

[308] 

04 

PEEK 450P (P) CNFs 

d: 155 ± 30 nm 

 l: --- 

Twin-screw extruder 

+ 

Injection moulding 

5 Specific wear rate: (10-8 mm3/Nm) 

~40 (NP: ~300) 

--- 

15 Specific wear rate: (10-8 mm3/Nm) 

~40 

[309] 

07 

PEEK (P) Graphite 

d: ~2 μm 

Hand mixed 

+ 

Jet milling 

+ 

Compression 

moulding 

2 COF:  

0.45 (air) NP: 0.45  

0.25 (dry N2) NP: 0.15 

Specific wear rate (10-6 mm3/Nm): 

10.9 (air) NP: ~15 

8.38 (dry N2) NP: ~4 

PEEK sensitive to 

water vapour, while 

samples with carbon 

fillers were not 

affected; Humidity ↑ 

from 0.2% to 1.6%, 

COF of NP ↑ from 0.1 

to 0.55 

Carbon nano-

onions (CNO) 

d: --- 

COF: 

0.65 (air); 0.36 (dry N2) 

Specific wear rate: (10-6 mm3/Nm): 

2.99 (air); 4.83 (dry N2) 
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SWCNTs 

d: --- 

l: --- 

COF: 

0.52 (air); 0.30 (dry N2) 

Specific wear rate (10-6 mm3/Nm): 

8.52 (air); 9.81 (dry N2) 

C60 (fullerenes) 

d: --- 

COF: 

0.55 (air); 0.30 (dry N2) 

Specific wear rate (10-6 mm3/Nm): 

5.65 (air); 9.82 (dry N2) 

[310] 

15 

PEEK VICOTETM 

704 (P) 

MWCNTs 

d: 9.5 nm 

 l: 1.5 μm 

(*NC7000) 

Solution mixing 

+ 

Low temperature 

sintering (pressed at 

100 MPa + heated to 

300 oC for 60 min in 

a furnace) 

2 Vickers hardness (HV): 13.8 (25% ↓) 

COF: 0.46 (NP: 0.61) 

Wear rate (10-6 mm3/Nm): ~3 (10% ↑) 

--- 

GNPs 

width: 3-7 μm 

t: 60 nm 

Vickers hardness (HV): 14.8 (20% ↓) 

COF: 0.62 

Wear rate (10-6 mm3/Nm): ~9.5 (280% ↑) 

WS2-F  

(fullerene-like) 

d: 30-70 nm 

Vickers hardness (HV): 20.8 (12% ↑) 

Wear rate (10-6 mm3/Nm): ~2 (10% ↓) 

WS2-N 

(needle-like) 

d: 50-150 nm 

l: 20-25 μm 

Vickers hardness (HV): 22.2 (20% ↑) 

Wear rate (10-6 mm3/Nm): ~1 (60% ↓) 

Notation 

↓: decrease ↑: increase ~: estimated values 

---: unstated → NP: relative to neat polymer <: smaller 
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>: larger   

Nomenclature 

CM: compression moulding IM: injection moulding Ti: initial degradation temperature 

Tmr: temperature at maximum degradation rate Micro-CT: micro-computed tomography UTS: ultimate tensile strength 

NP: neat polymer E: tensile modulus σy: yield strength 

σb: break strength ɛb: elongation at break σiN: notched impact strength 

G': storage modulus (rheology) E': storage modulus (DMA) wt.%: weight fraction 

vol.%: volume fraction t: thickness IFSS: interfacial shear strength 

SCF: short carbon fibre PTFE: polytetrafluoroethylene UHMWPE: ultra-high molecular weight 

polyethene 

TPV: thermoplastic vulcanisate COF: friction coefficient  n-HA: nano-hydroxyapatite 

Tab. 2.6. Summary of the mechanical properties of PEEK-PCNs from published literature. 
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Fig. 2.44. Statistical data for PEEK-PCN publications involving measurement of electrical 

performance.  

 

 

Fig. 2.45. Statistical data for PEEK-PCN publications involving measurement of mechanical 

performance.  
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To help with analysis of the published work on PEEK-PCNs, data from Table 2.5 

(electrical properties of PEEK-PCNs) and Table 2.6 (mechanical properties of PEEK-

PCNs) is extracted and plotted in Figures 2. 44 and 2. 45, respectively. From Figure 

2.44, it is clear that there are 42 references associated with the electrical properties of 

PEEK-PCNs exist, in which 24 of them use solution mixing or chemical treatment 

prior to the moulding process (see Table 2.5) including one work involving both 

solution mixing and dry mixing as a comparison [225]. Additionally, two studies only 

apply a mechanical mixer for the preliminary mixing process [231] [261], while the 

other 16 papers choose melt mixing (see Table 2.5). Therefore, studies of the electrical 

properties of melt-mixed PEEK-PCNs are relatively rare which is one of the 

justifications for this research. Furthermore, there is roughly a 50:50 ratio between the 

use of a batch mixer such as a micro-compounder or rheometer and a continuous melt 

mixer like an extruder, which means that there are only around 8 published articles on 

the electrical properties of extruder, melt-mixed PEEK-PCNs. Since the vast majority 

of polymer composites are manufactured by melt-mixing in an extruder it is possible 

to see the gap in published literature for commercially relevant studies on the electrical 

properties of PEEK-PCNs. 

Figure 2.45 shows that there are 45 publications examining the mechanical properties 

of PEEK-PCNs and there is also a growing trend towards melt mixing from 2016 

onwards. However, the number of papers is still small compared with other polymer 

PCNs.  

 

2.7.2 Electrical properties of PEEK-PCNs 

The effect of factors such as particle type, structure and processing on the electrical 

properties of moulded PCNs have been discussed in section 2.5. In this section only 

carbon-based nanofillers are discussed. The discussion of the electrical properties of 

PEEK-PCNs is carried out in the following sequence: 

➢ Effect of different carbon-nanoparticles (geometry, aspect ratio and modifications) 

➢ Effect of processing and test conditions 

➢ PEEK-PCNs based on PEEK 450 and NC7000 MWCNTs (both used in this thesis) 
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2.7.2.1 Effect of carbon-nanoparticles and functionalisation 

From Table 2.5, it is known that about 60% of the PEEK-PCNs are processed using 

solution mixing or treated by chemical solvents for modification, while the others are 

made via melt mixing. Some of the typical cases of PEEK nanocomposites reinforced 

by different carbon nanofillers and the corresponding electrical percolation thresholds 

are sorted here and plotted in Figure 2.46.  

 

 

Fig. 2.46. Summary of electrical percolation threshold of PEEK-PCNs from literature.  

 

Figure 2.46 demonstrates the different geometry of the carbon nanofillers used to 

produce PEEK-PCNs and the associated electrical percolation threshold. It is clear that 

SWCNTs achieve the lowest electrical percolation threshold at about 0.1 wt.% [242] 

[248], while the SWCNTs in a PEEK/4 ply E-glass system has a slightly higher 

percolation value at around 0.5 wt.% [245]. DWCNTs take the second lowest place in 

the plot with a percolation threshold of around 0.3 wt.% [234]. This may be due to the 

high aspect ratio (~3500) that is typical of SWCNTs (dimensions/aspect ratio not 
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provided in the publication). Graphene and expanded graphite (EG) due to their 

smaller aspect ratio (~1000 for the EG) relative to DWCNTs accomplish a percolation 

threshold at around 2-3 wt.% [228] [257]. Apart from the aspect ratio, another fact 

could be that EG and graphene have a plate-like structure rather than the 1D structure 

of CNTs which may influence the formation of conductive networks. The ability of 

CNTs to form entangled networks is likely to enhance the potential for the formation 

of electrically conductive pathways. 

 

 

Fig. 2.47. TEM images of (a) CRG-KH550, (b) TRG and (c) m-TRG (with permission for reuse 

granted by the publisher) [229]. 

 

A chemical modification of graphene could be a way to improve the electrical 

performance of PEEK-graphene composites. Yang et al. [229] stated that modification 

of graphene with 3-triethoxysilylpropyl-amine (CRG-KH550) reduced the percolation 

threshold to around 0.3 wt.% thus making it comparable to SWCNTs/DWCNTs. In the 

same work, polyethersulfone (PES) modified, thermally reduced graphene (m-TRG) 

resulted in a threshold at about 1 wt.% in the PEEK matrix. The CRG-KH550 

functionalised graphene plates have good dispersion in the matrix (Figure 2.47 (a)), 

while the TRG has a larger specific surface area than the CRG-KH550 and is inclined 

to aggregate (Figure 2.47 (b)), thus producing a slightly higher percolation threshold. 

However, PES (black spots in Figure 2.47 (c)) modified m-TRG showed good 

compatibility with PEEK and also possessed sp2 carbon that was deficient in the CRG-

KH550, therefore producing better electrical conductivity once percolated.  

Going back to Figure 2.46, it can also be seen that MWCNTs (no. 8-10) exhibit higher 
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percolation thresholds compared to the SWCNTs/DWCNTs as well as the modified 

graphene [263] [128] [256]. This is probably due to the lower aspect ratio (7-667) of 

the MWCNTs. Hydroxyl-MWCNTs have also been integrated into a PEEK matrix but 

excluded from this plot; the electrical percolation threshold was 1 wt.% or greater 

depending on the mixing method employed [227]. Regardless of the mixing method 

employed, a high aspect ratio seems to be the key factor in achieving a percolated 

network at low particle loading. The hydroxyl-MWCNTs used by Martin et al. [227] 

had an aspect ratio of about 125-400, which is comparable to Guehenec et al.'s work 

[263], which indicates that functionalised nanotubes do not offer better electrical 

conductivity in the PEEK matrix in this case. Finally, CB which typically has the 

lowest aspect ratio of the family of carbon nanofillers is shown to have the highest 

percolation threshold in Figure 2.46.  

To date we have focused on studies looking at the percolation threshold achieved for 

different carbon nanoparticles. Many of the studies reported in Table 2.5 are however 

looking at the electrical properties above the percolation threshold loading. For 

instance, Seetharaman et al. [237] stated that 1 wt.% of EGO generated 9E-2 S/cm, 

while with more EGO added into the sulfonated-PEEK (s-PEEK) matrix the electrical 

conductivity reduced due to the formation of the linked sulphonic acid groups. Laser-

grown and arc-grown SWCNTs were integrated into PEEK by Díez-Pascual et al. [264] 

and only 0.1 wt.% of both nanotubes produced around 1E-3 S/cm. Naffakh et al. [247] 

announced that in PEEK/SWCNTs/inorganic fullerene-like WS2 (IF-WS2) 

nanocomposites, 1 wt.% SWCNTs could produce 7E-4 S/cm, while the conductivity 

decreased with IF-WS2 content due to its lubricant effect. This lubricant effect led to a 

homogeneous dispersion of the nanotubes but somehow negatively influenced the 

formation of the conductive pathway (perhaps a lower coefficient of friction due to the 

IF-WS2 reduced the potential for entanglement of the CNTs, thus reducing potential 

for network formation). 

Other research into the electrical properties of PEEK nanocomposites involved 

addition of other particles or the use of various structuring techniques to enhance 

performance. For example, Li et al. [260] [261] introduced carbonised loofah fibre into 
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PEEK/MWCNTs and PEEK/GNPs nanocomposites and slightly improved the 

conductivity. Multilayer PEEK/MWCNTs films were made by Ahmad et al. [258] and 

produced 38 dB EMI SE at 0.5 THz using 4.72 wt.% nanotubes. A sandwiched PEEK 

nanocomposite was also made by Song et al. [252] using SWCNT paper in the middle 

of the layered structure. The sandwich structure exhibited a resistivity of around 1E2-

1E3 Ω.cm. Mohiuddin et al. [240] estimated the tunnelling distance of the CNTs in the 

PEEK matrix to be around 1.7 nm at the percolation threshold (2.05 vol.% ) and this 

value was almost identical to Li et al.'s work [311] in an epoxy/CNTs system (1.8 nm).  

Carbon-nanoparticle PEEK nanocomposites have also been investigated as materials 

for fuel cells where proton conductivity is the important performance characteristic 

[254]. Amine functionalised CNTs were produced by Kim et al. [226] to optimise fuel 

cell performance in s-PEEK membranes. The results showed that the proton 

conductivity reached about 153 mS/cm with 1.5 wt.% amine-CNTs, which was almost 

as double that for the neat s-PEEK. However, higher volumes of amine-CNTs 

decreased the conductivity value on account of the presence of the SO3H groups. This 

phenomenon has also been observed by Seetharaman et al.'s who applied EGO for 

electrical conductivity enhancement. It is suggested that the sulfonate acid groups (s-

PEEK chains) interact with functionalised nanoparticles, such as the oxygenated 

groups of GO, via hydrogen bonds to enable homogenous dispersion (reorganisation) 

which has also been mentioned in Kumar et al.'s work [259]. It may also however 

hinder the formation of either electrically conductive or proton conductive networks 

by masking molecular chains as well as causing aggregation. Shabani et al. [265] 

reported that 3 wt.% GO in a s-PEEK matrix achieved maximum proton conductivity 

because of good interactions between the sulfonic acid and functionalised groups on 

the s-PEEK and GO. A further increase to 5 wt.% slightly reduced the conductivity 

compared with the 3 wt.% sample due to the confinement effect of the GO nanoplates 

on the s-PEEK chains which may have adversely impacted the proton conductive 

channels in the fuel cell membranes. Graphene and s-PEEK have also been employed 

in making solid-state supercapacitors. Chen et al. [241] reported that well dispersed, 

reduced graphene (RG) and activated carbon in a s-PEEK electrolyte membrane 
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produced a cell element that maintained 93% capacity retention due to the good 

particle-polymer interaction. Also, the cell exhibited a cycle time of over 5000 without 

reduction in capacitance.  

 

2.7.2.2 Effect of processing and test conditions 

This section of the review looks into the effect of processing conditions and test 

conditions (temperature and pressure) that have been investigated so far to examine 

how they influence the electrical properties of PEEK-PCNs.  

The effect of test pressure on the measured electrical conductivity of PEEK/MWCNTs 

nanocomposites was investigated by Mohiuddin et al. [235]. They examined the 

electrical resistance of PEEK/MWCNTs nanocomposites under various pressure and 

found that resistance decreased from 3000 Ω to around 1500 Ω when the test pressure 

increased from 0 to 40 MPa. This was due to closer contact between adjacent 

nanotubes. 

The influence of test temperature is more complex and is now examined. Lim et al. 

[231] reported that the area-specific resistance of 2 wt.% CB/PEEK nanocomposites 

increased from 25.8 mΩ.cm2 to 30.8 mΩ.cm2 when the test temperature increased from 

25 oC to 220 oC. Such a fact was considered to be due to the increased thermal motion 

(atoms + electrons) at high temperatures. Díez-Pascual et al. [250] in a PEEK/SWCNT 

buckypaper nanocomposites study found a different result. They reported that the 

conductivity increased from 2.45 S/cm to 3.25 S/cm when increasing the temperature 

from 273 K to 373 K. The reason for the differences between the studies perhaps due 

to the fact that the PEEK/SWCNT buckypaper nanocomposite has around 24 wt.% of 

SWCNTs in the final PEEK nanocomposite film, while the PEEK/CB sample only 

contains 2 wt.% CB. Because the CB material is at the percolation threshold, any 

increase in thermal motions due to increasing temperature may disrupt the conductive 

network and reduce electrical conductivity. This would not be an issue in the highly 

loaded SWCNT buckypaper. Mohiuddin et al. [262] in a PEEK/MWCNTs study also 

found that when the material was above the percolation threshold (3.5 wt.%) the 

conductivity increased as the test temperature increased from 20-140 oC. 
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Since processing may affect particle orientation in a polymer matrix the produced part 

may have different electrical performance in different directions in the part. In 

injection moulding, very high shear and elongational stresses are applied to the molten 

polymer and the fillers contained within it. This tends to align the fillers in the flow 

direction resulting in anisotropic electrical properties in the part. To date, the electrical 

properties of injection moulded PEEK-PCNs have been reported by King et al. [233], 

Deng et al. [238] and Cao et al. [239]. The electrical percolation threshold values were 

~13 wt.% for PEEK/GNPs (1E16 Ω.cm), 3-5 wt.% for PEEK/CB (1E15 Ω.cm for 3 

wt.%) and ~10 wt.% for the PEEK/PPS/MWCNTs hybrid nanocomposites (5E11 

Ω.cm). The fact that PEEK/CB exhibited the lowest electrical percolation threshold is 

contrary to the results of the studies discussed earlier in this section where CB 

composites had the highest percolation threshold values (see Figure 2.46). This 

difference may be due to the CB particles used in their work. It was stated that the CB 

particles used in King et al.'s work had a high surface area (1200 m2/g) and were also 

highly branched therefore possibly leading to a lower threshold value. The GNPs used 

in the same study had much lower surface area (350 m2/g). The MWCNTs employed 

in Deng et al.'s and Cao et al.'s work (same group as Deng) were the same grade and 

were all blended with PPS but had different PEEK/PPS ratios, thus a double 

percolation as well as the formation of a co-continuous phase may be a reason for the 

differences in results. Different processing might be another reason since the 

MWCNTs were mixed in an internal mixer (batch mixer) in Cao et al.'s work while an 

extruder was used to process the MWCNTs in Deng et al.'s study. It is noted that the 

conductivity values of these injection moulded nanocomposites at their percolation 

threshold (thresholds: CB (3-5 wt.%), MWCNTs (10 wt.%) and GNPs (13 wt.%)) are 

rather low compared with conductivity values for the compression moulded 

nanocomposite samples previously discussed in Figure 2.46. This may be due to 

processing-induced alignment in the injection moulded samples leading to reduced 

conductivity in the through thickness direction compared with compression moulded 

samples. 
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2.7.2.3 PEEK-PCNs based on PEEK (450 G/P) and NC7000 MWCNTs 

PEEK 450G/P and NC7000 industrial-grade MWCNTs are the materials investigated 

in this thesis but few papers with these materials have been identified. Gonçalves et al. 

[236] worked on PEEK 450G and NC7000 MWCNTs to fabricate 3D printed 

nanocomposites and found that the electrical percolation threshold was around 2-3 wt.% 

for the extruded filament. It was also discovered that the PEEK/3 wt.% MWCNTs/3 

wt.% GNPs hybrid printed sample had a conductivity that was 8 orders of magnitude 

lower than the corresponding extruded filament because of the high number of pores 

found in the printed parts. Go et al. [251] also used NC7000 MWCNTs to form PEEK 

nanocomposites via melt spinning and obtained an electrical percolation threshold at 

around 2.6 vol.% for the spun fibres corresponding to a conductivity value of around 

1E-5 S/cm (along the fibre direction). For compression moulded PEEK/NC7000 

MWCNTs nanocomposites, Bangarusampath et al. [255] [256] reported that the 

electrical percolation threshold was around 1-1.5 wt.% with a conductivity of 1E-3 

S/cm. This is the lowest electrical percolation threshold reported for PEEK (not 450 

series)/NC7000 MWCNTs nanocomposites so far via compression moulding.  

 

2.7.3 Mechanical properties of PEEK-PCNs 

This section examines the literature on the mechanical properties of PEEK-PCNs 

under the following headings: 

➢ Tensile performance of PEEK-PCNs  

➢ Impact performance of PEEK-PCNs 

➢ Tribological performance of PEEK-PCNs 

➢ Other mechanical properties of PEEK-PCNs 
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2.7.3.1 Tensile performance of PEEK-PCNs 

 

Fig. 2.48. Summary of tensile properties of PEEK-PCNs from literature. 

 

Additives such as CNTs, CNFs and graphene are the primary carbon nanoparticles 

used to enhance the tensile properties of PEEK-PCNs. Figure 2.48 illustrates some of 

the tensile properties of PEEK-PCNs with various carbon nanofillers. Tensile modulus, 

yield strength, elongation at break as well as break strength are all included and have 

been plotted as a stacked chart to show the relationship between the various properties 

such as modulus and elongation.  
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*Clarification 

Prior to the discussion of Figure 2.48 it is necessary to state issues that were commonly 

found throughout the review of the papers underpinning Table 2.6. 

➢ Some papers referred only to 'CNTs' without stating if they were MWCNTs or 

SWCNTs. These are therefore just shown as CNTs in Table 2.6.  

➢ The terms 'tensile strength' and 'ultimate tensile strength (UTS)' are used in many 

publications without offering stress-strain curves. This indicates that it is not clear 

if:  

 the UTS refers to the break strength in a brittle material without yield;  

 the UTS might also be the yield strength in the case of a ductile composite 

where the material can be further stretched after yield but does not strain 

harden before rupture; 

 the 'UTS' is only an 'ultimate' strength value and is neither the yield strength 

nor the break strength under the condition of a ductile composite undergoing 

strong strain hardening.  

 

According to Figure 2.48, it is clear, as expected, that high modulus is achieved at a 

high particle loading while elongation at break decreases. From the elongation chart, 

it can be seen that there is only one published work where a slight increase in the 

breaking strain is achieved for the nanocomposites while the others are all lower than 

the neat polymer. The reduction in ductility is expected because once stiff particles are 

added into the matrix, they interact or interfere with polymer chains to restrict mobility. 

The exception in Figure 2.48 is for Qiu et al. [296] who investigated sulfonated-

reduced graphene oxide (SRGO) reinforced s-PEEK membranes and found that 1 wt.% 

SRGO interacted with the s-PEEK matrix through hydrogen bonds, mildly increasing 

the modulus from 0.81 GPa to 1.12 GPa and simultaneously increasing the elongation 

from 12.5% to 16.2%. 

The highest tensile modulus for PEEK-PCNs was achieved by Ogasawara et al. [295]. 

Using 15 wt.% MWCNTs they achieved a modulus of 8.3 GPa which was 98% higher 
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than the pure PEEK, while the yield strength remained unchanged. The second highest 

modulus was achieved by Liu et al. [289] using a 3 wt.%/30 wt.% MWCNTs/nano-

hydroxyapatite (n-HA) hybrid system. The results showed that the hybrid 

nanocomposites modulus (7.13 GPa) was 84% higher than the pure matrix but the 

elongation at break drastically decreased from 67% to around 1.7%. The author 

claimed that the nanocomposites still behaved in a ductile manner even at 1.7% 

elongation since the hybrid system exhibited similar fracture surfaces to the binary 

PEEK/MWCNTs. The third placed tensile modulus was achieved with PEEK 

(450G)/15 wt.% CNF nanocomposites. Sandler et al. [268] reported a sharp decrease 

in the breaking strain with modulus and yield strength increase of 40% to around 5.6 

GPa and 50% to around 120 MPa relative to the neat matrix, respectively. They also 

stated that as the CNFs did not cause an increase in crystallinity the increase in 

properties was solely due to the addition of the nanofibres. A different finding was 

reported in their later study which showed that the addition of CNFs increased the 

crystallinity for both as-spun fibres as well as the heat-treated PEEK nanocomposites. 

Panin et al. [277] reported that the integration of 1 wt.% CNTs to a PEEK matrix 

resulted in a decrease in both tensile modulus as well as elongation at break. The UTS 

reduced with CNT inclusion and the elongation reduced from 23% to 5.6%. It appears 

that in this case the CNTs were not well dispersed and acted as stress concentrators.  

3D printed PEEK/CNT and PEEK/GNP nanocomposites were fabricated by Alam et 

al. [267]. The printed parts showed that at 1 wt.% CNTs the modulus was unchanged 

while the yield strength slightly increased and that 3 wt.% GNPs led to a small increase 

in both modulus and yield strength compared to the pure PEEK. The break strength 

values (in Table 2.6 and Figure 2.48) were denoted as UTS in their work and basically 

had the same values as the printed PEEK. The unchanged properties are probably due 

to the poor interlayer bonding in fused filament deposition parts since the strain was 

around 0.03-0.04 mm/mm for all samples. Shang et al. [291] mixed three types of 

MWCNTs (low, medium, and high aspect ratio) with PEEK for mechanical 

reinforcement and discovered that higher aspect ratio slightly benefited the tensile 

modulus and UTS (noted as tensile strength in their work and elongation was unstated) 
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of the nanocomposites. However, the MWCNTs with the highest aspect ratio showed 

a strong tendency to agglomerate because of the van der Waals forces, therefore 

reducing the mechanical properties of the nanocomposites in comparison with using 

medium length MWCNTs (lower aspect ratio). 

It was previously mentioned that a high shear process may cause a reduction of the 

aspect ratio of particles. Lynch-Branzoi et al. [294] conducted a study to examine the 

effect of the number of shear processing cycles on the properties of PEEK/GNP 

nanocomposites. This heavily loaded system containing 35 wt.% of GNP and had a 

tensile modulus of 9 GPa for the sample that had a single shear process applied. This 

modulus increased to around 20 GPa after 10 process cycles, and it was due to the 

increasing number of shear cycles exfoliating the GNP into particles of larger aspect 

ratio which in turn increased the tensile modulus of the nanocomposites. However, the 

elongation at break decreased from over 100% for the pure PEEK to just around 1.4% 

for the nanocomposite. 

Davies et al. [278] studied the effect of temperature on the fused deposition process 

(FDM), the results showed that a lower deposition temperature had a detrimental effect 

on the break strength (noted as tensile strength in work) of pure PEEK possibly due to 

the poor interlayer adhesion in the printed part. However, the presence of MWCNTs 

diminished the effect of extrusion temperature due to the high thermal conductivity of 

the nanotubes which maintained the interlayer temperature leading to good bonding 

and hence tensile strength. Berretta et al. [280] (same group as Davies et al.) observed 

a similar temperature independence for FDM of PEEK/MWCNTs nanocomposites 

with no significant change in the UTS of parts printed between 350-380 oC extrusion 

temperature. Deng et al. [297] also observed the effect of temperature on the tensile 

performances of PEEK nanocomposites. They found that the tensile modulus of 15 

wt.% MWCNTs/PEEK was about 7.55 GPa and it slightly decreased to 6.15 GPa at 

100 oC. A further increase in the temperature to 200 oC resulted in a modulus of around 

1.05 GPa which was still 160% higher than the neat PEEK. The elongation at break at 

the same temperature was comparable to the neat PEEK (quoted as > 20%). 
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Fig. 2.49. SEM images of nano scale tensile test (with permission for reuse granted by the 

publisher) [282]. 

 

The effect of sample dimensions of PEEK/MWCNTs nanocomposites on tensile 

results was examined by Hsu et al. [282] [283]. They demonstrated that when the 

sample thickness reduced from micro-size to nano-size (Figure 2.49), the tensile 

modulus slightly increased and the break strength (noted as tensile strength) was nearly 

tripled due to the lower content of defects.  

The effect of test position on the tensile properties of injection moulded 

PEEK/MWCNTs nanocomposites was carried out by Pavlenko et al. [288]. They 

observed that the micro-hardness of the edge area was around 10-15% lower than that 

of the core region due to different nanotube distribution. Another possible reason could 

be the skin-core effect which has been discussed in section 2.5.  

NC7000 MWCNTs are the nanoparticles used in this PhD thesis but only one 

publication was found that used this type of MWCNT. PEEK hybrid nanocomposites 

were fabricated by Samie et al. [290] using NC7000 MWCNTs and thermoplastic 

vulcanisate (TPV) in PEEK. The purpose of using TPV was to enhance the toughness 

of the moulded parts. It was shown that 10 wt.% TPV slightly increased the elongation 
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at break of pure PEEK from 2% to around 3.5% but it dropped to around 3% when 0.5 

wt.% MWCNTs were loaded into the system. The tensile break strength and impact 

strength were improved by 29% and 59%, respectively, while tensile modulus was not 

reported. Though TPV increased the flexibility of the nanocomposites, it is noted that 

the elongation of all moulded samples was low (3% for the 0.5 wt.% nanocomposites 

and 3.5% for the PEEK/TPV hybrid polymers). These values are higher than the as-

received material which was reported as around 2%. This is to be expected as the grade 

of polymer used was Victrex PEEK 450CA30, which is a 30% carbon fibre reinforced 

PEEK. 

 

2.7.3.2 Impact performance of PEEK-PCNs 

 

Fig. 2.50. Summary of impact properties of PEEK-PCNs from literature. 

 

The impact performance of PEEK-PCNs is much less reported than tensile properties. 

Only four out of the eighty-seven publications in Tables 2.5 and 2.6 reported the impact 

performance of the PEEK-PCNs. These results are shown in Figure 2.50. It can be 

observed that solution mixing of nanocomposites does not benefit the impact strength. 

This is likely due to the enhanced dispersion achieved with solution mixing and 

consequent large restriction on polymer chain mobility and thus ability to absorb 

impact energy. The arc-purified SWCNTs (no. 1) [242] maintain the same impact 
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strength as the pure PEEK while the addition of 1 wt.% SWCNTs lowered the impact 

strength by around 41% compared with the pure PEEK (no. 2) [247]. For the melt 

mixed nanocomposites there is an increase in the impact strength of the PEEK-PCNs 

but this is due to the combined effect of the inclusion of 0.5 wt.% NC7000 MWCNTs 

and 10 wt.% TPV, a rubbery material that would clearly increase the ability to absorb 

impact energy [290].  

Tewatia et al. [285] also conducted a study of multiscale carbon fibre reinforced PEEK 

composites and found that all PEEK/CFs samples showed better impact resistance 

relative to the PEEK/CNFs nanocomposites and attributed this to better CFs-PEEK 

interaction. A mixture of CF and CNF at 20 wt.%/2.5 wt.% CFs/CNFs resulted in the 

highest impact resistance (~850 J/m) which was doubled the value for the pure PEEK 

(~390 J/m). Unfortunately the breaking strain decreased from 120% for the neat PEEK 

to just around 3% for the 20 wt.%/2.5 wt.% CFs/CNFs PEEK samples.  

 

2.7.3.3 Tribological performance of PEEK-PCNs 

 

Fig. 2.51. Summary of tribological properties of PEEK-PCNs from literature. 

 

The wear resistance of PEEK is also an important performance parameter in 

applications such as hip or knee joints. The tribological properties of PEEK 

nanocomposites have been examined by combining different types of carbon 
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nanofillers such as nano-carbon fibres, graphene, MWCNTs, SWCNTs, CNFs, carbon 

nano-onions (CNOs) as well as fullerenes (C60). Figure 2.51 summarised the published 

literature results for friction coefficient and wear rate of PEEK-PCNs. 

It is apparent that the preliminary mixing methods seem to have no influence on either 

friction coefficient or wear rate of the final moulded parts. Since tribological properties 

are sensitive to test conditions such as temperature, humidity and counterfaces, it is 

important to consider such factors in comparing results. For example, the smallest COF 

showed in Figure 2.51 (no.3) was for a sample tested at 150 oC [304]. This value is 

almost 4 times higher than the sample tested at ambient temperature. Theiler et al. [305] 

(no.4) in a PEEK (450G) nanocomposite study reported that the environment had an 

important effect on COF as the value for a 6.8 wt.% MWCNTs/PEEK sample was 

around 0.5 in air while it decreased 10-fold in a H2 atmosphere. McCook et al. [309] 

(no.7) also examined the effect of test environments on the tribological properties of 

PEEK with various carbon nanofillers. They stated that PEEK was sensitive to water 

vapour in an open-air atmosphere, and all the nanocomposites showed similar 

behaviours but were less affected by moisture than that of the pure PEEK.  

Coban et al. [307] investigated the effect of annealing on the tribological performance 

of PEEK/NC7000 MWCNTs nanocomposites and found that the 1 wt.% MWCNT 

samples annealed at 260 oC (4 h) exhibited a lower friction coefficient (COF) than the 

standard cooled samples and both of these samples were 12-15% lower than the neat 

PEEK. The scratch hardness was also improved with the addition of nanotubes and 

heat treatment. They suggested that the decreased COF was attributed to the lubricant 

effect of the MWCNTs and the increased crystallinity. This was also proposed by 

Werner et al. [308] in examining PEEK/CNFs nanocomposites. The CNF inclusion led 

to an increased shear strength of the PEEK-PCNs and thus resistance to wear. However, 

a similar study conducted by Kalin et al. [310] reported opposite results as the 

integration of the NC7000 MWCNTs and GNPs reduced the wear properties of PEEK 

nanocomposites. They found that the addition of MWCNTs slightly decreased the COF 

as in Coban et al.'s work but the hardness decreased by 25% and the wear rate increased 

by 20%. This may have been due to differences in the morphology and size of the 
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nanoparticles which was shown by Wang et al. [302] to be important in a study using 

micro-sized and nano-sized CF. 

 

2.7.3.4 Mechanical properties in miscellaneous studies of PEEK-PCNs  

Feng et al. [266] produced a PEEK nano-sandwich structure using n-HA, GNPs and 

MWCNTs via a laser sintering technique and found that with a 10 wt.%/0.2 wt.%/0.8 

wt.% n-HA/GNPs/MWCNTs ratio, the compressive modulus was improved from 3.06 

GPa for the PEEK/n-HA samples to 4.79 GPa for the hybrid nanocomposites. Tewatia 

et al. [270] characterised the flexural properties of PEEK/graphene nanocomposites 

and reported that 2 wt.% graphenes preserved the flexural modulus and strength of the 

PEEK matrix, while 5 wt.% caused a decrease in flexural stress. This decrease was 

likely due to increased void content as a result of volatiles that are produced in 

chemically exfoliated graphenes in melt processing.  

 

 

Fig. 2.52. SEM micrographs of nanotube pull out test (a) before pullout, (b) after pullout and (c) 

comparison between the nanotube before and after pullout (with permission for reuse granted by 

the publisher) [272].  
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Tsuda et al. [272] measured the interfacial shear strength (IFSS) of a PEEK/MWCNT 

nanocomposite using an atomic force microscopy (AFM) cantilever and observed the 

nanotube pullout from the PEEK matrix (see Figure 2.52). Samples were pre-loaded 

in tension to obtain a fracture surface then fixed on a SEM with an integrated AFM 

cantilever driven by a piezoelectric actuator. The fabrication of films was via extrusion 

but heat treatment was applied to one group of samples using a hot press after the pre-

tensile loading. The results revealed that both treated and non-treated samples had 

similar tensile strengths of around 3 GPa for a single MWCNT pullout. The heat-

pressed sample had a higher IFSS (9.1 MPa) compared to the non-treated test piece 

(5.2 MPa) since the interfacial destruction caused by the pre-tensile loading had healed 

upon heating.  

A simulation of a PEEK/CNT system by Wang et al. [275] reported that with randomly 

distributed CNT particles the elastic modulus of PEEK was increased by around 10% 

to 4.45 GPa for unmodified CNTs. Chemically modified CNTs with amino groups and 

4,4-diaminodiphenylmethane (DDM) generated a higher level of interaction with the 

PEEK molecules due to the rough surface, therefore further increased the modulus and 

also the interfacial shear strength.  

Micro-cellular PEEK/CNF nanocomposites made using chemical foaming agents were 

reported by Werner et al. [300] and Verdejo et al. [301] (same group as Werner et al.). 

The melt strength increased with CNF integration, thereby supporting the stability of 

the foam structures. The compressive modulus was examined for the nanocomposite 

foams and was lower than the solid materials as expected, but the specific elastic 

modulus (MPa/kgm-3) of the PEEK/CNF foams was higher than the solid samples. 

 

2.8 Summary 

This review examined the literature on how thermoplastic polymer nanocomposites 

are prepared and processed to produce electrically conductive materials. Solution 

mixing and in-situ polymerisation are acknowledged as good choices for making 
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conductive polymers where a high particle loading is required but they are not 

commercially important processes. Melt blending is the main commercially viable 

process for the manufacture of plastic components but it presents challenges in terms 

of processability (high viscosity) and control of nanocomposite structuring when 

processing nanoparticles like MWCNTs with high performance polymers like PEEK. 

The choice of conducting reinforcement is an important factor as aspect ratio controls 

melt rheology (and thus processability), electrical percolation and mechanical 

performance. A nanoparticle with a high aspect ratio is usually suitable for producing 

conductive PCNs with a low percolation value but processing conditions must be 

carefully chosen to achieve good dispersion of the nanoparticles. Additionally, the 

particular process selected will have its own unique influence on the orientation of 

nanoparticles. For example, compression moulding can produce parts with little 

orientation and therefore isotropic properties while injection moulding can produce 

parts with high levels of anisotropy.  

The material and processing challenges stated above apply to the manufacture of 

electrically conductive PEEK-PCNs and there is a gap in the literature on processing 

of these materials, particularly for electrical conductivity applications. Previous 

literature on conductive PEEK-PCNs is mainly concerned with solution mixing 

methods while in recent years melt mixing is emerging but is more concerned with 

mechanical properties (see Tables 2.5, 2.6). To the best of the author’s knowledge, 

there was no published work on injection moulded electrically conductive PEEK-

PCNs at the start of this project. Apart from achieving a good dispersion of MWCNTs 

in PEEK, a key challenge is the potential anisotropy inherent in the process so issues 

such as the effect of skin-core morphology on part conductivity require investigation 

as do the influence of processing conditions on structure and performance. 
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Chapter 3. Materials and Methods 

3.1 Introduction 

This section introduces the materials and methods used in this thesis, including the 

polymer matrices and nanoparticles as well as the corresponding preparation, 

processing and testing strategies. Data sheets for the raw materials and specific 

information for the extruder are included in Appendices A-D. A detailed table showing 

sample identification methodology and corresponding test information is presented in 

Appendix E.  

 

3.2 Materials 

This section describes all the materials used in this research. One type of polymer 

(PEEK), but in different grades, was used as the matrix material, and one type of 

nanofiller (multi-walled carbon nanotubes) was integrated into the polymer matrices 

via several mixing methods.  

 

3.2.1 Polyether ether ketone (PEEK) 450G 

High-performance semi-crystalline thermoplastic PEEK granules (VICTREX® 450G) 

were used as the polymer matrix for the masterbatch production method. PEEK 450 

series are popular options in industry as well as in laboratory applications. This grade 

(so also 450P) was thus defined as the matrix for subsequential processing. This 

material, at 23 oC, has, according to its data sheet (Appendix A): 

➢ A tensile modulus of around 4 GPa as per ISO 527 

➢ An Izod impact strength of around 8 kJ/m2 as per ISO 180/A (notched) 

➢ An electrical volume resistivity of around 1016 Ω.cm as per IEC 60093 

This grade of material has a density of 1.3 g/cm3 (ISO 1183), a melting point at around 

343 oC in accordance with ISO 11357 and a melt viscosity of about 350 Pa.s at 400 oC 

according to ISO 11443. Other properties are listed in the technical data sheet in 

Appendix A. 
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3.2.2 Polyether ether ketone (PEEK) 450P 

This grade of PEEK was selected to fabricate PEEK nanocomposites via the direct 

mixing method. It is the same material as PEEK 450G but it is in powder form which 

was preferable for direct mixing. According to the data sheet (Appendix B), this 

material has key features at 23 oC: 

➢ A tensile modulus at around 4 GPa as per the ISO 527 

➢ An Izod impact strength at around 7 kJ/m2 as per the ISO 180/A (notched) 

It has the same characteristics as the PEEK 450G, a density of 1.3 g/cm3 (ISO 1183), 

melting point at about 343 oC (ISO 11357) and a melt viscosity at around 350 Pa.s 

(ISO 11443) at 400 oC. 

 

3.2.3 ESD-PEEK 

ESD-PEEK is a special grade of PEEK which is used in industry to make PEEK parts 

with ESD properties. It was supplied by Denroy Plastics Ltd and used to compare its 

ESD performance against that of the materials developed in this research. No other 

specific information was available for this material and further characterisation of the 

material was not permitted by the supplier; Its key feature is an electrical volume 

resistivity of around 108 Ω.cm at ambient temperature (internal test methods). 

 

3.2.4 Multi-walled carbon nanotubes (MWCNTs) 

NANOCYL® NC7000TM was chosen as the nanofiller to make PEEK-PCNs in this 

thesis. This type of carbon nanotube is multi-walled and is made via catalytic chemical 

vapour deposition (CCVD), a popular method for CNT production. Considering its 

properties and cost efficiency for industrial applications this grade of MWCNTs was 

selected as the reinforcing agent. The key characteristics of NC7000TM MWCNTs are 

listed below: 

➢ Average length: 1.5 μm 

➢ Average diameter: 9.5 nm 

➢ Carbon purity: 90% 

➢ Surface area: 250-300 m2/g 
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➢ Volume resistivity: 10-4 Ω.cm (tested on powder) 

Other technical information on NC7000TM MWCNTs can be found in its technical data 

sheet in Appendix C.  

 

3.3 Preparation and fabrication of PEEK-PCNs 

Two methods were applied to produce PEEK/MWCNTs pellets for subsequent 

injection moulding trials; direct mixing and masterbatch.  

 

3.3.1 Preparation Method A-Direct mixing (DM) of PEEK/MWCNTs 

This method was used to produce PEEK450P/MWCNT pellets directly using a twin-

screw extruder and a one-step melt mixing scheme. 

 

3.3.1.1 Pre-mixing of PEEK/MWCNTs (DM) 

 

Fig. 3.1. Ductless fume cabinet-operational environment for PEEK/MWCNT preparation. 

 

 

Fig. 3.2. Pre-mixing system for PEEK/MWCNTs mixtures; sealed container (left) and SciQuip 

mixer (right). 
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Fig. 3.3. A powder transfer bag containing the PEEK/MWCNTs mixture. 

 

 

Fig. 3.4. A butterfly valve for containment of PEEK/MWCNTs.  

 

A lab room was booked prior to the operation of nanomaterials and during this period 

the room was dedicated to the processing of MWCNTs according to COSHH 

guidelines. A ductless fume hood was used and all operations were carried out within 

this cabinet (Figure 3.1) to reduce the risk of environmental contamination. The fan 
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mode (filtration) was switched 'on' removing MWCNTs from their container and was 

remained 'on' until the mixing process was completed. A detailed workflow is given 

below: 

➢ PEEK 450P and MWCNTs were weighted and prepared in a sealed container  

➢ The PEEK/MWCNT primary mixtures (non-uniform) were pre-mixed using a 

SciQuip mixer (Figure 3.2) 

➢ The pre-mixing process lasted for 30 minutes at 100 rpm (the container was sealed 

during mixing)  

➢ After pre-mixing, the mixture of PEEK/MWCNTs was transferred to an airtight 

and aseptic transfer bag (Figure 3.3) 

➢ The lower end of the transfer bag was connected to the upper side of a containment 

split valve, then the lower side of this butterfly valve was attached to a sealing 

gland (Figure 3.4) 

➢ The whole transfer bag and split valve as shown in Figure 3.4 was further sealed 

by tape at joint sections then stored in a hermetic plastic drum for temporary 

storage until required for processing. 

Mixes with three loadings of MWCNT (1 wt.%, 2 wt.% and 3 wt.%) were prepared 

using the pre-mixing method above. 

 

3.3.1.2 Melt mixing of PEEK/MWCNTs (DM) 

The blends of PEEK/MWCNTs were melt-mixed via a 16 mm parallel co-rotating 

twin-screw extruder (Thermo Scientific™); this machine is equipped with a 40:1 

length to diameter (L/D) ratio screw with 10 temperature zones. As aforementioned in 

the review chapter, this type of mixer is designed to be used in a continuous melt 

blending methodology and is beneficial for industrial applications that demand mass 

production. The screw designs are illustrated in Figure 3.5: 
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Fig. 3.5. Screw designs and temperature setting (TS) for melt-mixed PEEK/MWCNTs.  

 

 

Fig. 3.6. Extruder setup for PEEK/MWCNTs pellet production. 

 

The transfer bag containing the dry blends of PEEK/MWCNTs, together with the 

containment split valve and sealing gland, was mounted on the extruder hopper (Figure 

3.6). Once the expected temperature was reached the valve opened and the blends 

dropped to the hopper by gravity. The temperature zones started from 365 oC at the 

feeding port position (TS1) and increased to 400 oC in the mixing zones then slightly 
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decreased to 395 oC in the last section (TS10) of the screw barrel. Two screw profiles 

were designed for the experimental work as shown in Figure 3.5; only screw design 1 

was used in Method A (direct mixing), where: 

➢ 'C', conveying elements, for transporting solid materials and melts 

➢ 'K', kneading elements for mixing 

➢ 'R', reverse elements providing longer residence time 

The total output (flow) of the extruder is expressed below: 

Total flow = drag flow - pressure flow - leak flow 

Qdrag flow = 
1

2
π2D2NH sin φ cos φ                             Equation 3.1  

Qpressure flow = πDH3 (sin φ)2

12η

dP

dL
                                Equation 3.2  

Qleak flow = 
π2D2δ3

12ηe
tan φ

dP

dL
                                   Equation 3.3 

where D for the diameter of the screw, N for screw speed, H for the depth of the channel, 

φ for the helix angle, η for melt viscosity, dP/dL for the pressure gradient along the 

screw length, e for the width of flight, δ for the clearance of slit (distance between 

the barrel wall and screw). Note that leakage however can be neglected in many cases 

as it is small compared to the other two flows. For a fixed screw design the practical 

variables in melt mixing are:  

➢ Screw speed 

➢ Head pressure 

➢ Melt viscosity 

The melt viscosity and pressure are highly dependent on the screw configuration, 

temperature and feeding condition. Combined with the parameter on the feeding 

section, the alterable processing parameters of the extruder were therefore: 

➢ The temperature of each block (TS1-TS10), shown in Figure 3.5 

➢ Screw speed 30-35 rpm (machine warmed up and initially fed at 35 rpm then 

stabilised at 30 rpm) 

➢ Feeding rate ~3% 

The extrudate left the die with an average diameter of around 1.8 mm. It was naturally 

cooled down and then pelletised by a rotational cutter. The 1 wt.%, 2 wt.% and 3 wt.% 
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MWCNT blends were all extruded via the same screw configuration and parameters. 

The PEEK/MWCNTs pellets were placed in a hermetically sealed plastic bag for 

storage once they reduced to the ambient temperature. The screw barrel was then 

cleaned by feeding through ASACLEAN high-temperature cleaning agent. 

➢ 1 wt.% MWCNTs, screw design 1 low shear (LS) 

➢ 2 wt.% MWCNTs, screw design 1 (LS) 

➢ 3 wt.% MWCNTs, screw design 1 (LS) 

 

3.3.2 Preparation Method B-Masterbatch (MB) of PEEK/MWCNTs 

This method was also used to produce PEEK/MWCNTs pellets directly via twin-screw 

extruder but a two-step melt mixing scheme was utilised whereby a concentrated 

PEEK/MWCNT masterbatch was produced initially and this was then diluted down, 

by adding PEEK material, to give pellets with the required MWCNT loading. The 

reason for doing this is that a masterbatch is much easier to handle in a production 

environment than mixing MWCNT powders directly into the PEEK in the extruder.  

 

3.3.2.1 Pre-mixing of PEEK/MWCNTs (MB) 

Pre-mixing of PEEK 450G and 6 wt.% MWCNTs was performed according to the 

process described in 3.3.1.1. 

 

3.3.2.2 Melt mixing of PEEK/MWCNTs (MB) 

The melt mixing procedure for the PEEK/MWCNT MB was identical to that for the 

DM materials apart from screw speed ~20 rpm and a feeding rate of ~1%. This was 

necessary due to the high viscosity and hence high back pressure of the PEEK with 6 

wt.% MWCNTs. 
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Fig. 3.7. PEEK/MWCNTs MB pellets. 

 

Attempting to run at a higher speed resulted in the machine shutting down as the torque 

overloaded sensor was triggered (torque > 105-110 Nm triggered a system alert). The 

MB pellets (Figure 3.7) were stored in a hermetically sealed plastic bag for subsequent 

extrusion to dilute the MB. 

 

3.3.2.3 Melt mixing of PEEK/MWCNTs (MB)-dilution work 

The dilution of the PEEK/MWCNTs MB was carried out by mixing the MB granules 

and pure PEEK 450G via the same process and parameters as described in 3.3.1.2 to 

produce pellets with 2 wt.% and 3 wt.% MWCNTs. The influence of screw design (see 

Figure 3.5) was also investigated here by producing pellets according to the following 

scheme: 

➢ 2 wt.% MWCNTs, screw design 2 high shear (HS); D for distributive elements 

(filled up) 

➢ 3 wt.% MWCNTs, screw design 1 low shear (LS) 

➢ 3 wt.% MWCNTs, screw design 2 high shear (HS) 
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3.3.3 Injection moulding of PEEK-PCN-DM test pieces 

 

Fig. 3.8. Injection moulding (IM) machine for the manufacture of PEEK-PCN test pieces. 

 

 

Fig. 3.9. Temperature setting for the injection unit.  

 

 

Fig. 3.10. Mould cavity for the manufacture of PEEK-PCN test pieces. 

 

A 35 tonne (clamping unit) Wittmann Battenfeld injection moulding machine was 

chosen to produce the PEEK/MWCNTs nanocomposites (Figure 3.8). This machine is 

equipped with 4 heating sections after the feed hopper (Figure 3.9). The temperature 
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setting for the sections is shown in Figure 3.9. Before injection moulding, all the pellets 

were dried in an oven at around 90 oC overnight.  

 

 

Fig. 3.11. Dimension of the injection moulded test pieces. 

 

The pellets were injected into a dumbbell-shaped mould cavity (Figure 3.10), cooled 

down to solid parts and then ejected from the mould. Two specimens were formed per 

shot. The injected parts had dimensions of ~170 mm overall length, ~20 mm width and 

~4 mm thickness. A model with detailed dimensions was created via SOLIDWORKS 

for a later simulation study (Figure 3.11). The following parameters were input to the 

operating system of the injection moulder prior to sample production: 

➢ Injection pressure: ~2200 bar (peak) 

➢ Holding pressure: 1050 bar for 15 s 

➢ Cooling time: 30 s 

➢ Tool temperature: T1 (195 oC), T2 (165 oC), T3 (100 oC) 

➢ Injection velocity: IV1 (40 ccm/s), IV2 (49 ccm/s) 

➢ Hydraulic oil temperature: ~24 oC (auto-detected) 

➢ Cabinet temperature (clamping unit): ~36 oC (auto-detected) 

 

The 30 s cooling time was pre-calculated (see detailed discussion in the later section 

3.3.6.2 'Simulation analysis of the injection moulding process'). Table 3.1 presents 

details of the conditions under which the test pieces were produced. 
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Compounding 

method 

Material 

formulation 

Processing conditions Notes 

Extruder Injection moulding 

Direct mixing 

(DM) 

Pure PEEK LS SC T1 IV1 T1 = 195 oC 

T2 = 165 oC 

T3 = 100 oC 

IV1 = 40 ccm/s 

IV2 = 49 ccm/s 

SC = 30 s cooling 

time 

LC = 90 s cooling 

time 

LS = Low shear 

screw design 1 

LS SC T1 IV2 

LS SC T2 IV1 

LS SC T2 IV2 

LS SC T3 IV1 

LS SC T3 IV2 

1 wt.% 

MWCNTs 

LS SC T1 IV1 

LS SC T1 IV2 

LS SC T2 IV1 

LS SC T2 IV2 

LS SC T3 IV1 

LS SC T3 IV2 

2 wt.% 

MWCNTs 

LS SC T1 IV1  

LS SC T1 IV2 

LS SC T2 IV1 

LS SC T2 IV2 

LS SC T3 IV1 

LS SC T3 IV2 

3 wt.% 

MWCNTs 

LS SC T1 IV1  

LS SC T1 IV2 

LS SC T2 IV1 

LS SC T2 IV2 

LS SC T3 IV1 

LS SC T3 IV2 

6 wt.% 

MWCNTs 

LS SC T1 IV2  

LS SC T2 IV2 

LS LC T1 IV2 

Tab. 3.1. Processing conditions and nomenclature for DM test pieces. 

 

3.3.4 Injection moulding of PEEK-PCN-MB test pieces 

The equipment and methods to produce MB PEEK-PCN test pieces were the same as 

described as in section 3.3.3. The IM processing parameters were: 

➢ Injection pressure: ~2200 bar (peak) 

➢ Holding pressure: 1050 bar for 15 s 

➢ Cooling time: short cooling (SC) 30 s, long cooling (LC) 90 s 

➢ Tool temperature: T1 (195 oC) 
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➢ Injection velocity: IV2 (49 ccm/s) 

➢ Hydraulic oil temperature: ~24 oC (auto-detected) 

➢ Cabinet temperature (clamping unit): ~36 oC (auto-detected) 

Table 3.2 presents details of the conditions under which the test pieces were produced. 

 

Compounding 

method 

Material 

formulation 

Processing conditions Notes 

Extruder Injection moulding 

Masterbatch 

(MB) 

2 wt.% 

MWCNTs 

HS SC T1 IV2 T1 = 195 oC 

IV2 = 49 ccm/s 

SC = 30 s cooling time 

LC = 90 s cooling time 

LS = Low shear screw 

design 1 

HS = High shear screw 

design 2 

HS LC T1 IV2 

3 wt.% 

MWCNTs 

HS SC T1 IV2 

HS LC T1 IV2 

LS SC T1 IV2 

LS LC T1 IV2 

Tab. 3.2. Processing conditions and nomenclature for MB test pieces. 

 

3.3.5 Injection moulding of ESD-PEEK test pieces 

ESD-PEEK test pieces were injection moulded according to the conditions shown in 

Table 3.3. 

 

Extruder Processing conditions Notes 

LS SC T1 IV1 T1 = 195 oC 

T2 = 165 oC 

T3 = 100 oC 

IV1 = 40 ccm/s 

IV2 = 49 ccm/s 

SC = 30 s cooling time 

LS = Low shear screw design 1 

LS SC T1 IV2 

LS SC T2 IV1 

LS SC T2 IV2 

LS SC T3 IV1 

LS SC T3 IV2 

Tab. 3.3. Processing conditions and nomenclature for ESD-PEEK test pieces. 

 

3.4 Characterisation of PEEK-PCNs 

This section demonstrates the methods used to characterise the materials manufactured 

in this research work. These include measurement of morphology, thermal, mechanical 

and electrical properties. A method to measure energy consumption during melt mixing 
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of the materials is described and details of the use of SOLIDWORKS software to 

determine temperature profiles in the part during moulding are also described. 

 

3.4.1 Energy consumption in the melt mixing process 

The energy consumed during the melt mixing process is a measure of the cost to 

produce the material and is also a reflection of the viscosity of the material at a given 

screw speed and temperature. SME (specific mechanical energy) was used to quantify 

the energy consumption for the various PEEK/MWCNTs formulations.  

SME =  
P

RPMwork
RPMmax

(Twork−T0)

Tmax

ṁ
                                   Equation 3.4 

P is the motor power (kW), RPMwork for the actual screw speed (rpm), RPMmax is the 

maximum design screw speed of the machine (rpm), (Twork - To) is the difference 

between the actual running torque and the torque value with an empty barrel (Nm), 

Tmax is the maximum torque of the extruder (Nm), and ṁ is the throughput of the 

extrudate (kg/h). The following extruder data was taken from the Thermo Scientific 

Twin-Screw-Extrusion Brochure, see Appendix D for details. The drive power P was 

16 kW, the RPMmax was 1100 rpm. The empty barrel torque T0 fluctuated around 6-10 

Nm and was taken as 10 Nm for the calculation. The maximum torque Tmax of the 

machine was 130 Nm. 

For DM PEEK-PCNs, the SME values were calculated for the following materials: 

➢ 1 wt.% MWCNTs screw design 1 

➢ 2 wt.% MWCNTs screw design 1 

➢ 3 wt.% MWCNTs screw design 1 

➢ 6 wt.% MWCNTs screw design 1  

Note that the 6 wt.% MWCNTs/PEEK formulation was the MB material but without 

dilution. These pellets had an identical processing history to the DM materials.  

For MB PEEK-PCNs, the SME values were calculated for the following materials: 

➢ 2 wt.% MWCNTs screw design 2 

➢ 3 wt.% MWCNTs screw design 1 

➢ 3 wt.% MWCNTs screw design 2 
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3.4.2 Melt flow simulation of the injection moulding process 

Computer modelling of the injection moulded parts was conducted using the 

SOLIDWORKS Add-Ins 'SOLIDWORKS Plastics' function in order to simulate the 

injection process as well as the melt cooling behaviour. The simulation analysis was 

used to estimate the actual melt temperature within the tool and from that determine 

cooling time to attain demoulding temperature since there were no sensors in the tool 

to do that. The cooling time value can also be hand calculated (as discussed below). A 

melt injection model was created via the 3D design function in SOLIDWORKS then 

the development of mesh unit and processing setup was accomplished before running 

the program. The following steps were taken. 

 

3.4.2.1 Design of injection, runner and sprue system 

 

Fig. 3.12. Design of injection, runner and sprue location (step 1).  

 

 

Fig. 3.13. Design of injection, runner and sprue location (step 2). 
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The 'SOLIDWORKS Plastics' function (Student Edition) only offers a 'Circle' runner 

system. It was therefore necessary to design it at first then mesh the created 3D injected 

part model to rebuild its geometry. In this case, a 'solid body' runner system was created 

along with the injection moulded part at the initial stage. This defined the channel for 

the runner system. The dumbbell shape sample was mirrored into two parallel parts as 

per the centreline location, then the 2D representation (Figure 3.12) was converted into 

a 3D runner structure (Figure 3.13). The dimensions of the runner system were 

generated from the actual injection mould cavity (Figure 3.10). 

 

3.4.2.2 Mesh type 

 

Fig. 3.14. An overview of the mesh design for the simulated part. 

 

 

Fig. 3.15. A close-up of the mesh design for the simulated part. 
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Fig. 3.16. Mesh details of the simulated part. 

 

Once the 3D injection model and runner system were ready they were given mesh units 

using the 'SOLIDWORKS Plastics' function in the next stage. Tetrahedral hybrid solid 

mesh elements were selected (Figure 3.14). This defined a hybrid mesh system which 

included a surface mesh covered by triangular structures (see Figure 3.15 upper image) 

as well as tetrahedral solid elements within the model structure (see Figure 3.15 lower 

image). For accurate results, a 'Mesh Details' check was needed to ensure that the 

simulated part had satisfactory mesh quality and the meshed part was fully 'waterproof' 

(sealed). After the meshing process, the meshed model had 7076 surface elements and 

26012 solid elements (see Figure 3.16 for details). The dimension of each triangular 

element was about 2.34 mm in length and this set the data collection point in the later 

simulation. 

 

3.4.2.3 Material selection 

 

Fig. 3.17. Material selection for the simulated flow analysis. 
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Victrex PEEK 450G was selected from the material list (see Figure 3.17-

'SOLIDWORKS Plastics' inner resource). There was no database for PEEK/MWCNT 

materials so this was the best option available for this simulation analysis.  

 

3.4.2.4 Simulation setup  

 

Fig. 3.18. Demonstration of the 'Fill Settings' for the simulation program-T1. 

 

The processing setup was the final step before the simulation program could be 

initiated (see Figure 3.18). An analysis sequence was defined before running the 

program; the 'flow + pack + warp' cycle was chosen. The following processing 

parameters were input to the system: 

➢ Tool temperatures selected for 3 separate simulations T1 = 195 oC, T2 = 165 oC, 

T3 = 100 oC 

➢ Melt temperature: 400 oC (420 oC in real environment, see detailed comments in 

the result section later) 

➢ Cooling time: 30 s; see section 3.4.2.5 'Estimation of cooling time' below 

➢ Clamping force: maximum 35 tonnes (as per the actual injection moulding 

machine, see Figure 3.8-SmartPower 35) 

➢ Injection pressure: maximum ~220 MPa (as per the actual value observed during 

processing) 
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3.4.2.5 Estimation of cooling time  

The cooling time for the simulation analysis was examined by first running the 

program on auto-mode based on the setup in section 3.4.2.4, in this case the program 

would sort solutions to achieve the pre-set parameters-for example for the time taken 

to reach the demoulding temperature. This was repeated three times using the tool 

temperatures T1, T2 and T3. It is clear that T2 and T3 would require a shorter cooling 

time to reach the demoulding temperature due to their faster cooling rate (as expected).  

As stated previously, the cooling time for the real injection moulding process was pre-

calculated, this allowed a shorter time per period of shot and a more flexible production 

scheme. The following equation was applied to estimate the required injection 

moulding cooling time [312], the obtained values were examined in comparison with 

the simulated values run in automatic mode for each tool temperature (T1-T3). For 

instance, the calculated T1 cooling time value was compared with the T1 simulated 

value. 

Tc =
t2

π2αeff
ln (

4

π

Tm−Tw

TE−Tw
)                                     Equation 3.5 

α =
λ

ρCp
                                                  Equation 3.6 

Equation 3.5 was based on a plate geometrical sample in which the maximum part 

temperature was considered, where t is the part thickness (mm), αeff is the effective 

thermal diffusivity (mm2/s), Tm is the melt temperature (oC), Tw is the temperature of 

the mould wall (oC), and TE is the demoulding temperature (oC). TE, the demoulding 

temperature, should be lower than the minimum crystallisation temperature of PEEK, 

hence the value was given as 250 oC. αeff was an assumed constant value obtained from 

both the analogue analysis and real trials [313] [314], rather than solved from the 

Fourier differential equation (because λ, ρ and Cp are all dependent on material 

structure and hence stage of the cooling cycle). In line with the information above and 

the obtained values from the previous sections, the parameters for Tc were defined as: 

➢ t: 4 mm 

➢ Tm: 400 oC 

➢ Tw: T1 = 195 oC, T2 = 165 oC, T3 = 100 oC 
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➢ TE: 250 oC 

➢ αeff: ~0.1 mm2/s 

 

3.4.3 Scanning electron microscopy (SEM) 

The morphology of the fracture surface of PEEK and its nanocomposites was 

examined using a HITACHI field emission SEM (FE-SEM SU5000). All the fracture 

surfaces were obtained from the broken specimens produced during Izod impact 

testing (Figure 3.19 a-c). The direction of observation was the YZ surface (Figure 3.19 

d), hence some nanotubes aligned perpendicular to the observation surface were 

expected. The experimental work was implemented by first trimming the broken 

impact test sample to around 5 mm thickness (Figure 3.19 e), afterwards the fracture 

surface was sputter coated with gold at 30 mA vacuum condition. This was repeated 

three times with coating angles of 0o, - 45o, and + 45o to ensure that all the rough 

surface was properly gold coated. The coated samples were then attached to a SEM 

sample stand with a layer of double-sided carbon tape in between (Figure 3.20).  

 

 

Fig. 3.19. Schematic diagram of SEM sample observation. 
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Fig. 3.20. SEM sample stand and a trimmed PEEK-PCNs sample.  

 

Pure MWCNTs were also observed using SEM. Due to health and safety issues, this 

was accomplished by taking the sample stand to the nanomaterials preparation room 

and all the operations proceeded in the ductless fume cabinet (Figure 3.1). A layer of 

double-sided carbon tape was attached to the sample stand, then a thin layer of 

MWCNTs powder was sprayed on it until the tape surface was fully covered. The 

following steps were then taken: 

➢ Applied another layer of tape to the top of the carbon tape (with MWCNTs) 

➢ Peeled off the top layer of tape (both layers of tape had MWCNTs now) 

➢ Applied a new layer of tape onto the first layer of carbon tape (with fewer 

MWCNTs) 

➢ Peeled off the new top layer of tape (both layers of tape had fewer MWCNTs now) 

➢ Continuously repeated until a satisfactory amount of MWCNTs could be observed 

on the base layer carbon tape 

The SEM sample stand with the attached carbon tape and MWCNTs was then sealed 

in a plastic container for transportation and characterisation. For all PEEK, PEEK-

PCNs, and the pure MWCNTs samples, SEM observation was carried out under a 10 

kV operation voltage.  
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3.4.4 Transmission electron microscopy (TEM) 

TEM was used to examine the orientation and aspect ratio of the MWCNTs in the 

PEEK matrix to try and link the structure to the electrical and mechanical behaviour 

of the materials.  

 

3.4.4.1 TEM sample preparation 

TEM samples were first prepared by trimming a small strip from each injection 

moulded PEEK-PCNs bar to embed it into the resin for ultra-microtome cutting work. 

These samples were cut both parallel to the melt flow and perpendicular to the melt 

flow direction, as well as from the surface of the PEEK-PCNs to the core region of the 

corresponding samples. Four types of TEM samples were prepared as described below: 

 

Sample type (I) Observation surface-parallel to the melt flow direction (skin layer) 

 

Fig. 3.21. Preparation of TEM sample type (I)-resin embedding. 
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Fig. 3.22. Resin kit and mould for the ultra-microtome cutting work. 

 

TEM sample type (I) was used to examine the MWCNTs orientation at the skin layer 

of the injection moulded (IM) PEEK-PCNs, the samples were prepared as follows: 

➢ Position: right in the middle of the IM part (P2), see Figure 3.21 (a) 

➢ Trimming: from the YZ surface, see Figure 3.21 step (b) and (c) 

➢ Dimension: 1 mm in length (X), 1 mm in width (Y) and 4 mm in depth (Z); the 

depth (Z) indicates the thickness of the IM bar, see Figure 3.21 step (d) 

➢ Embedding: the trimmed sample was placed in the mould with YZ surface as the 

embedded direction, see Figure 3.21 step (e-g) 

➢ Resin system: ratio of the Agar low viscosity resin/hardener 1/hardener 

2/accelerator = 4.8 g/2.6 g/2.6 g/0.25 ml (Figure 3.22); cured in an oven at 60 oC 

for 24 hours 

Once all the samples were embedded they were ready for the microtoming step to 

make thin samples for TEM.  
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Sample type (II) Observation surface-parallel to the melt flow direction (skin-core 

transition region) 

 

Fig. 3.23. Preparation of TEM sample type (II)-resin embedding. 

 

TEM sample type (II) was used to examine the MWCNT orientation at the skin-core 

transition layer of the IM PEEK-PCNs (Figure 3.23). The selected position, dimension, 

and embedded direction were all the same as demonstrated as in the sample type (I). 

Sample type (II) had a deeper cut position during the ultra-microtome cutting than 

sample type (I), see Figure 3.23 (f).  
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Sample type (III) Observation surface-parallel to the melt flow direction (core region) 

 

Fig. 3.24. Preparation of TEM sample type (III)-resin embedding. 

 

TEM sample type (III) was used to examine the MWCNT orientation at the core region 

of the IM PEEK-PCNs (Figure 3.24).  

 

Sample type (IV) Observation surface-perpendicular to the melt flow direction 

(skin/skin-core transition region) 

 

Fig. 3.25. Surface trimming of the IM PEEK-PCNs-step 1. 
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Fig. 3.26. Preparation of TEM sample type (IV)-surface trimming step 2. 

 

 

Fig. 3.27. Preparation of TEM sample type (IV)-resin embedding. 

 

TEM sample type (IV) was used to examine the surface in a direction perpendicular to 

the melt flow. This type of sample was prepared as follows: 

➢ Surface trimming step 1: the IM bar was fixed in a jig (Figure 3.25) 

➢ Surface trimming step 2: 3 mm was milled from the top side of this IM bar via a 



Chapter 3. Materials and Methods                            186 

CNC milling machine (Figure 3.26) 

➢ Position: right in the middle of the IM part (P2), see Figure 3.27 (a) 

➢ Trimming: from the XY surface, see Figure 3.27 step (b) and (c) 

➢ Dimension: 10 mm in length (X), 1 mm in width (Y) and 1 mm in depth (Z), see 

Figure 3.27 (d) 

➢ Embedding: the trimmed sample was placed in the mould with XY surface as the 

embedded direction, see Figure 3.27 step (e-g) 

➢ Resin system: identical to the other samples 

 

3.4.4.2 TEM sample preparation-ultra-microtome cutting 

 

Fig. 3.28. Leica EM UC7 ultra-microtome for TEM sample preparation. 

 

 

Fig. 3.29. Knife kit for the ultra-microtome cutting work. 

 

Ultra-thin slices of the IM PEEK-PCNs were produced using a Leica EM UC7 ultra-

microtome (Figure 3.28). The thin slices of each sample were first sectioned via a 45o
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angle glass knife followed by a DiATOME (ultra 45o) diamond knife with a 3 mm 

edge length (Figure 3.29). This diamond knife was able to produce ~60 nm thick slice 

per cut with a blade velocity of 3 mm/s. Each type of TEM sample was cut as described 

below. 

 

Sample type (I) Observation surface-parallel to the melt flow direction (skin layer) 

The resin embedded sample was fixed in the jig of the ultra-microtome and the 

following steps were taken: 

➢ Trimmed the XY surface with a glass knife until the tip of the PEEK-PCNs was 

exposed, see Figure 3.21 (f) 

➢ Switched to the diamond knife as described above 

➢ Moved the knife to the XY surface of the sample until they slightly touched  

➢ Cut the XY surface of the sample again until reached the expected depth, ~600 nm 

for observation of the skin material 

➢ Each slice had a thickness of around 60 nm, therefore around 10 slices were 

needed to be trimmed off to reach the desired sample collection depth 

➢ The sectioned slices were floated on the water sink of the diamond knife then were 

collected via copper grids (200 mesh, 3.05 mm diameter) for final TEM 

observation. 

 

Sample type (II) Observation surface-parallel to the melt flow direction (skin-core 

transition region) 

This type of sample was first fixed in a jig (not the ultra-microtome) and about 0.45 

mm was trimmed from the XY surface before placing it in the ultra-microtome jig. 

➢ Trimmed the XY surface with a glass knife until reached the designed observation 

depth ~500 μm, see Figure 3.23 (f) 

➢ Switched to the diamond knife as described above 

➢ Moved the knife to the XY surface of the sample until they slightly touched  

➢ Cut the XY surface of the sample again until satisfied thin slices were produced 

➢ Thickness of the slices: ~60 nm 
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➢ Sample collection: the same as the sample type (I) above  

 

Sample type (III) Observation surface-parallel to the melt flow direction (core region) 

This type of sample had a deeper observation surface compared to type (I) and type 

(II) TEM samples. Similar to the type (II) sample, the type (III) sample was first fixed 

on a jig (not the ultra-microtome) and about 2 mm trimmed from the XY surface before 

placing it in the ultra-microtome. 

➢ Prepared a new tip via a glass cutter before fixing the sample on the ultra-

microtome, see Figure 3.24 (g) 

➢ Trimmed the XY surface with a glass knife until reached the designed depth (~2 

mm), the core region of the IM bar, see Figure 3.24 (f-h) 

➢ Switched to the diamond knife as described above 

➢ Moved the knife to the XY surface of the sample until they slightly touched  

➢ Cut the XY surface of the sample again until satisfied thin slices were produced 

➢ Thickness of the slices: ~60 nm 

➢ Sample collection: the same as the samples above  

 

Sample type (IV) Observation surface-perpendicular to the melt flow direction 

(skin/skin-core transition region) 

The ultra-microtome cutting procedures for sample type (IV) were identical to the 

samples above; the only difference was the cutting direction of the observation surface 

(YZ), see Figure 3.27 (f). 

➢ Trimmed the YZ surface with a glass knife until it was flat enough to be cut via 

the diamond knife 

➢ Switched to the diamond knife as described above 

➢ Moved the knife to the YZ surface of the sample until they slightly touched  

➢ Cut the YZ surface of the sample again until satisfied thin slices were produced 

➢ Thickness of the slices: ~60 nm  

➢ Sample collection: the same as the samples above  
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3.4.4.3 TEM sample observation 

 

Fig. 3.30. Tecnai G2 F30 field emission TEM. 

 

All the TEM samples were observed using a Tecnai G2 F30 (FEI company) field 

emission TEM with a 300 kV high tension electron source. This model (S-TWIN 

version-see Figure 3.30) was able to analyse down to 0.20 nm point, 0.10 nm line, and 

the information limit was 0.14 nm. All the images were captured under the same 

magnification (100 nm scale). 100 images were taken for each type of the sample. Due 

to the large quantities of these images, seven selected samples were observed and thus 

700 TEM images were required to be analysed using methods described in section 

3.4.5 'Image analysis'. The surfaces parallel to the melt flow direction are denoted as 

'PAR', whereas samples observed perpendicular to the melt flow direction are denoted 

as 'PERP' below. 

Sample type (I) Skin layer 

➢ 2 wt.% MWCNTs/PEEK-DM-PAR 

➢ 2 wt.% MWCNTs/PEEK-MB-PAR  

Sample type (II) Skin-core transition layer 

➢ 2 wt.% MWCNTs/PEEK-DM-PAR 

➢ 2 wt.% MWCNTs/PEEK-MB-PAR  
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Sample type (III) Core layer 

➢ 2 wt.% MWCNTs/PEEK-DM-PAR 

➢ 2 wt.% MWCNTs/PEEK-MB-PAR  

Sample type (IV) Skin/skin-core transition layer 

➢ 2 wt.% MWCNTs/PEEK-DM-PERP 

 

3.4.5 Image analysis 

ImageJ, a computer program for image processing, was used to analyse the SEM and 

TEM images. The SEM images of the pure MWCNTs were used for measuring the 

outer diameter of the raw MWCNTs. TEM images were used to measure the diameter 

of the MWCNTs after processing.  

 

3.4.5.1 SEM image analysis 

The SEM image analysis was only applied to the pure MWCNTs and was focused on 

diameter measurement. The length measurement was not possible due to the highly 

entangled nanotubes. The technical data provided by the manufacturer stated the 

diameter and length, therefore the analysis here was just to verify these figures. Four 

images and around 80 diameters were measured for the pure MWCNTs.  

 

 

Fig. 3.31. Demonstration of the MWCNTs diameter measurement from SEM images. 
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The diameter measurement of the pure MWCNTs was measured using the following 

steps: 

➢ Opened the SEM image via the ImageJ software 

➢ Chose 'Straight Line' tool  

➢ Measured the 'standard scale' via the 'Straight Line' tool; see Figure 3.31 step 1 

➢ Set scale, this allowed the length of the 'Straight Line' to be calculated in pixels; 

see Figure 3.31 step 2 

➢ Input the known distance of the 'standard scale', 400 nm in this case 

➢ Set the unit of length in nm 

➢ Clicked 'OK' or ticked the 'global' option then clicked 'OK', with this option all the 

rest images would use the same scale standard 

➢ Then randomly picked up nanotubes via the 'Straight Line' tool again; see Figure 

3.31 step 3 

➢ Data collection 

 

3.4.5.2 TEM image analysis 

Analysis of the TEM images consisted of three parts; (1) the diameter measurement of 

the MWCNTs after injection moulding, (2) the MWCNTs length measurement 

(therefore aspect ratio) and (3), measurement of the head/end section of the MWCNTs. 

The diameter measurement was made from the TEM images of sample type (I), 2 wt.% 

MWCNTs/PEEK-DM-PAR and 2 wt.% MWCNTs/PEEK-MB-PAR. The MWCNT 

length measurement covered the sample type (I-IV) and the corresponding aspect ratio 

values were also calculated. The head/end sections of the MWCNTs, as previously 

stated, were counted for both the sample type (I)-2 wt.% MWCNTs/PEEK-DM-PAR 

and type (IV)-2 wt.% MWCNTs/PEEK-DM-PERP. It should be noted that, for sample 

type (I)-2 wt.% MWCNTs/PEEK-DM-PAR, the head/end sections indicate MWCNTs 

aligned perpendicular to the melt flow direction, whereas for sample type (IV)-2 wt.% 

MWCNTs/PEEK-DM-PERP the head/end parts indicate MWCNTs that are aligned 

along the melt flow direction. The ratio of the MWCNTs count number for the two 

directions above are representative of the intensity of orientation, in other words, the 
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ratio of any sample-PAR versus sample-PERP could be from 0 to +∞ (≠ 0). If the ratio 

≈ 1, the sample is likely to be uniformly orientated.  

 

Diameter measurement of the MWCNTs 

 

Fig. 3.32. Demonstration of the MWCNTs diameter measurement for TEM images. 

 

The methods to measure MWCNT dimensions from TEM images (Figure 3.32) are 

identical to that for the SEM image analysis. Four images from 2 wt.% 

MWCNTs/PEEK-DM-PAR and four images from 2 wt.% MWCNTs/PEEK-MB-PAR 

were selected for this measurement, and an average of 100 diameters was measured 

for each sample.  

 

Length measurement of the MWCNTs 

As stated, the full length of the MWCNTs was not always exposed to the observation 

surface. This did not represent the actual length of the MWCNTs but might represent 

the degree of orientation to some extent. In some cases image pre-processing was 

necessary before starting the measurement. For example, removal of background noise 

or improving the contrast between the observed tubes and background.  
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Fig. 3.33. Demonstration of the original and processed TEM images; sample type (IV)-2 wt.% 

MWCNTs/PEEK-DM-PERP. 

 

Fast Fourier Transform (FFT) was used to remove background noise as follows: 

➢ Opened the image via ImageJ 

➢ Measured the 'standard scale' and then applied the 'Set Scale' function 

➢ Applied the 'FFT' > 'Bandpass Filter' function 

➢ Input the pixel number of the structures that wanted to be filtered out; this 
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depended on the cases-images might have different settings 

➢ Clicked 'OK' to see the processed image, see Figure 3.33 (case 2. FFT processed) 

In some cases further processing was required as follows to obtain better quality; 

➢ Loaded the FFT processed image (connected to the steps above) 

➢ Used the 'Subtract Background' function 

➢ Input the pixel number of the 'Rolling ball radius' [315], this depended on the 

cases-images might have different settings 

➢ Clicked 'OK' to obtain the processed image, see Figure 3.33 (case 3. FFT + 

'Subtract Background') 

➢ The 'Subtract Background' function could be applied multiple times until the 

MWCNTs were clearly visible 

 

 

Fig. 3.34. Demonstration of the length measurement of the processed TEM image; sample type 

(IV)-2 wt.% MWCNTs/PEEK-DM-PERP. 

 

The processed TEM images or even the original images (if applicable) were then 

analysed using the 'Freehand Line' tool to pick up the MWCNTs to be measured. The 

freehand lines were drawn as per the morphological structures of the MWCNTs (see 

Figure 3.34). There were four types and seven samples included in the length 

measurement. 

Sample type (I) Skin layer 

➢ 2 wt.% MWCNTs/PEEK-DM-PAR 
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➢ 2 wt.% MWCNTs/PEEK-MB-PAR  

Sample type (II) Skin-core transition layer 

➢ 2 wt.% MWCNTs/PEEK-DM-PAR 

➢ 2 wt.% MWCNTs/PEEK-MB-PAR  

Sample type (III) Core layer 

➢ 2 wt.% MWCNTs/PEEK-DM-PAR 

➢ 2 wt.% MWCNTs/PEEK-MB-PAR  

Sample type (IV) Skin/skin-core transition layer 

➢ 2 wt.% MWCNTs/PEEK-DM-PERP 

For statistical purposes, 100 images were analysed for each type of sample above and 

each image contained 6-10 randomly measured lengths of MWCNTs. 700 TEM 

images and over 5000 length data points were measured in total. 

 

Measurement of the head/end sections of the MWCNTs 

The numbers of the MWCNTs head/end sections were counted to determine the 

intensity of orientation. Though this method could not fully capture each of the 

head/end section of the MWCNTs due to the image quality (low contrast in some 

cases), it did help in understanding the key features of the injection moulding process-

flow induced orientation. Two sample types were measured: 

Sample type (I) Skin layer 

➢ 2 wt.% MWCNTs/PEEK-DM-PAR 

Sample type (IV) Skin/skin-core transition layer 

➢ 2 wt.% MWCNTs/PEEK-DM-PERP 

 

Fig. 3.35. 'Threshold' and 'Analyse Particles' function in ImageJ. 
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Fig. 3.36. Demonstration of the original and processed TEM images for the head/end sections of 

the MWCNTs; sample type (IV)-2 wt.% MWCNTs/PEEK-DM-PERP. 
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Before counting the head/end sections, the corresponding images needed to be 

processed by the 'Set Scale' and FFT function. The following steps were applied: 

➢ Applied the 'Threshold' function, see Figure 3.35 (left) 

➢ Adjusted the two sliders (in %); one for changing the colour of the particles and 

another one for the background 

➢ Found a proper 'percentage value' until the head/end sections of the MWCNTs 

were highlighted red; this depended on the cases-images might have different 

settings (normally in the range of 0.5-1.3% in this thesis) 

➢ Clicked 'Apply' to see the output, see Figure 3.36 (case 2. FFT + 'Threshold') 

➢ Then employed the 'Analyze Particles' function 

➢ Input the 'Size' of the particles to be measured (From --- nm2 to --- nm2)  

➢ In the previous diameter measurement it was found that the smallest diameter of 

the MWCNTs was around 4-5 nm; thus, the 'Size' to be measured set to '15-

Infinity'; see Figure 3.35 (right) 

➢ Input the 'Circularity' range; '0.30-1.00' for the case above and that this might be 

different in other images 

➢ Used the dropdown list to show 'Outlines', see Figure 3.36 (case 3. FFT + 

'Threshold' + 'Analyze Particles') 

 

The 'Circularity' function was used for filtering out the irregularly shaped structures 

such as the side walls of the MWCNTs (since the head/end cross-sections were of 

interest at this point). Head/end counting measurement was performed on image 

number 1, 5, 15, 16, 20, 30, 31, 35, 45, 46, 50, 60, 61, 65, 75, 76, 80, 90 in each type 

of the sample.  
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3.4.6 Differential scanning calorimetry (DSC) 

 

Fig. 3.37. Selected section for DSC examinations-P2 cross section. 

 

The melting and crystallisation behaviour of the PEEK/MWCNT nanocomposites 

were examined via DSC-Q100 (TA Instruments). The material for this measurement 

was taken from the middle (P2) of the injection moulded bar (see Figure 3.21). To 

avoid any chance of error due to the IM skin-core effect, all the materials were selected 

as close to the core region as possible (see Figure 3.37). Each DSC pan contained 6-8 

mg of material. The tests were run under an inert nitrogen gas atmosphere with a 50.0 

ml/min flow rate. Heat-cool-heat cycles were applied. For MWCNTs/PEEK-DM, the 

first heating cycle eliminated the processing history and thus the first cooling ramp 

was used to examine the effect of the MWCNTs on the crystallisation process (these 

samples were formed under the same IM processing conditions). The second heating 

process was used to determine the effect of the MWCNTs on the % crystallinity. Each 

run started from ambient temperature and increased to 400 oC at 10 oC/min for the first 

heating cycle and this was followed by a cooling process to 50 oC at 10 oC/min and 

again heated to 400 oC at 10 oC/min. Another set of tests (PEEK-PCNs-DM samples 

with different processing conditions) used only a heating cycle to measure final part 

crystallinity and Tm; to identify the influence of the IM processing parameters on 

crystallinity. Samples were heated from ambient to 400 oC with a 10 oC/min heating 

rate, and a 50.0 ml/min flow rate of nitrogen gas applied. For the PEEK-PCNs-MB 

group, only the first heating ramp was examined using the same DSC environments as 

above. An additional group of specimens was chosen to examine the skin-core 

structures on the crystallisation. The degree of crystallinity (Xc) was calculated using 

Equation 3.7: 



Chapter 3. Materials and Methods                            199 

Xc =
∆Hm

(1−Wf)∆Hm
0 × 100%                                    Equation 3.7 

where ΔHm is the heat of fusion of the corresponding sample (J/g), Wf is the weight 

percentage of the fillers (MWCNTs in this case), and ΔH0
m indicates the enthalpy of 

fusion of 100% crystalline PEEK (taken as 130 J/g in this thesis) [316] [317].  

 

3.4.7 Thermogravimetric analysis (TGA) 

A TA Instruments SDT-Q600 TGA was used for examining the thermal stability of 

PEEK and its nanocomposites. For DM-PEEK-PCNs, all the materials were selected 

from the same position as the DSC samples (see Figure 3.37 above) and samples were 

examined under an air atmosphere. Around 10-12 mg of each sample was weighed out 

and placed in a TGA ceramic pan (alumina). The programs were designed as ramp 

tests and the materials were heated up from ambient temperature to 800 oC with a 10 

oC/min heating rate and 50.0 ml/min purge flow. Three repeated were run for each 

group of PEEK-PCNs. Ramp tests were also conducted for the 6 wt.% MB materials, 

~15 mg materials were directly chopped from the extruded MB pellets. The 

environmental conditions were all set the same as in the previous DM-PEEK-PCNs 

groups. The difference was that these MB samples were examined under both the air 

and nitrogen atmospheres for a comparison and that 4 repeated specimens were tested 

under each environmental condition. 

 

3.4.8 Electrical conductivity measurement 

This section gives details of the electrical characterisation of PEEK (including ESD-

PEEK) and PEEK/MWCNT nanocomposites in order to allow the determination of 

the links between material, process, structure and electrical properties. 

 

3.4.8.1 Sample preparation-DM 

The sample preparation methods for examining the skin layer and core layer in the 

through thickness direction (Z) and along the melt flow direction (X) of the DM 

samples are detailed below. 
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3.4.8.1.1 Through thickness (TT) measurement-skin layer 

 

Fig. 3.38. Details of the PEEK-PCNs-DM-TT-Skin sample preparation. 

 

The preparation method of the PEEK-PCNs-DM-TT-Skin was similar to the TEM 

sample type (IV) preparation. This was accomplished by milling down one side of the 

IM sample, with the residual piece being used for the measurements. Three positions, 

P1 for 'near gate', P2 for in the 'middle of gate' and P3 for the 'end of gate', were selected 

for the measurements and three repeated specimens were prepared for each position. 

As a consequence, 9 results were recorded for each group of samples. The samples 

were prepared as follows: 

➢ Surface trimming step 1: the IM bar was fixed on a jig (see Figure 3.25-TEM 

sample preparation) 

➢ Surface trimming step 2: ~2.5 mm was milled from the top side of the sample via 

a CNC milling machine (Figure 3.38); ~1.5 mm remained 

➢ Testing positions: position 1, 2, and 3 (P1, P2, and P3) were cut off from the IM 
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bar and were chosen for the electrical measurements; the distance between each 

specimen was ~40 mm (centre to centre) 

➢ Surface contact: to ensure a good surface contact these specimens (XYZ: 10 × 10 

× 1.5 mm) were coated with silver paint before testing 

 

3.4.8.1.2 Through thickness measurement-core layer 

 

Fig. 3.39. Details of the PEEK-PCNs-DM-TT-Core sample preparation. 

 

This type of sample was designed to be tested in the same positions as in the PEEK-

PCNs-DM-TT-Skin group. Three positions and three repeat specimens for each 

position were tested from the core region of the sample in the through thickness 

direction. The test pieces were prepared as below: 

➢ Surface trimming step 1: the sample was fixed on a jig (see Figure 3.25-TEM 

sample preparation) 

➢ Surface trimming step 2: ~1.25 mm was milled from each side of the sample via 

a CNC milling machine (Figure 3.39); ~1.5 mm remained 

➢ Testing positions: P1, P2, and P3; the same as described above  

➢ Surface contact: silver paint was applied; the same as described above 
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3.4.8.1.3 Along the melt flow (AF) measurement 

 

Fig. 3.40. Cutting tool for the PEEK-PCNs-DM-AF sample preparation. 

 

 

Fig. 3.41. Details of the PEEK-PCNs-DM-AF sample preparation. 

 

This group of samples was prepared using a similar method to that used in the TEM 

sample type (I-III) preparation. In order to characterise the electrical conductivity 

behaviour along the melt flow direction, samples were cut perpendicular to the 

injection direction. So also, silver paint was thus applied to the side surfaces (YZ). 

Three repeat specimens and three test positions were characterised, as above. The 
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following steps were used for the preparation: 

➢ Sample cutting step 1: the sample was fixed on a bench circular saw (Figure 3.40) 

➢ Sample cutting step 2: the specimens (P1-P3) were sectioned from the IM sample 

(Figure 3.41); ~1.5 mm remained 

➢ Testing positions: P1, P2, and P3; the same as described above  

➢ Surface contact: silver paint was applied to specimens (XYZ: 1.5 × 10 × 4.0 mm) 

 

3.4.8.2 Sample preparation-MB 

Similar preparation methods to the PEEK-PCNs-DM were used for making PEEK-

PCNs-MB test pieces. However, due to some technical issues and limited access to 

some equipment, only samples from the core region (TT) and along the melt flow (AF) 

were prepared for characterisation. 

 

3.4.8.2.1 Through thickness measurement-core layer 

 

Fig. 3.42. Details of the PEEK-PCNs-MB-TT-Core sample preparation. 

 

The same testing positions and methods as with the PEEK-PCNs-DM-TT-Core were 

applied. The preparation methods for the samples follow: 

➢ Surface trimming step 1: the sample was fixed on a jig (see Figure 3.25-TEM 
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sample preparation) 

➢ Surface trimming step 2: ~1.5 mm was milled from each side of the sample via a 

CNC milling machine (Figure 3.42); ~1.0 mm remained 

➢ Testing positions: P1, P2, and P3; specimens were hot punched for collection (Z: 

1 mm; diameter: 10 mm)  

➢ Surface contact: silver paint was applied; the same as described above 

 

3.4.8.2.2 Along the melt flow measurement 

 

Fig. 3.43. Demonstration of the PEEK-PCNs-MB-AF sample preparation. 

 

Identical preparation methods were used to those in 3.4.8.1.3 were used to make the 

'Along the melt flow (AF)’ measurements. The only difference was that the thickness 

of this group of samples was controlled at about 1 mm (Figure 3.43), whereas that for 

the PEEK-PCNs-DM-AF group was about 1.5 mm. 

 

3.4.8.3 Sample preparation-ESD-PEEK 

The preparation method for the ESD-PEEK was identical to the DM group in section 

3.4.8.1. 

 

3.4.8.4 Sample preparation-pure PEEK 

Pure PEEK samples were only characterised in the core region at P1, P2 and P3 along 

the sample length. 
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3.4.8.5 Testing methods 

 

Fig. 3.44. Test jigs for the electrical measurement. 

 

 

Fig. 3.45. Test devices for the electrical measurements. KEITHLEY 6517B Electrometer/High 

Resistance Meter (left) and KEITHLEY 2450 SourceMeter (right). 

 

The electrical properties of materials were measured using the test jigs and devices 

shown in Figure 3.44 and Figure 3.45. Test jig A (100 × 100 × 26 mm) was made from 

an insulating Tufnol sheet. A test sample (silver coated) was fixed on the jig at LP1-

LP3 position, then connected to two multi-thread copper wires (one at the top and 

another one at the bottom) which were further connected to the probes of the electrical 

measurement devices. Note that silver paint was highly conductive while the 

measurement taken from the multi-thread copper wires also demonstrated a 

considerably low resistance (< 0.1 Ω); thus these factors were considered to be 

negligible (relative to the specimens). LP1-LP3 positions were used for samples of 

around 10 mm in diameter, while LP4-LP6 could accommodate larger samples of up 

to 20 mm diameter. Pure PEEK, due to its high electrical insulation, was characterised 
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using a KEITHLEY 6517B Electrometer/High Resistance Meter (see Figure 3.45 left). 

All other samples were characterised using a KEITHLEY 2450 SourceMeter (see 

Figure 3.45 right). Both devices had a DC power source (output), and measurements 

were carried out according to IEC 60093, IEC 62631-3-1 and ASTM D4496-13 

standards. Test jig B was a backup tool made out of polymethyl methacrylate (PMMA). 

Results recorded from test jig A were further checked via test jig B for verification. If 

not otherwise stipulated, all the results reported in this thesis were generated using test 

jig A. The resistance of materials was measured from the test devices, and the volume 

resistivity (ρ) was calculated using the following equation: 

ρ =
RA

l
                                                   Equation 3.8 

where R, A, and l is the corresponding resistance, cross section area, and length 

(thickness in this case) of the test pieces. Hence, the conductivity (σ) can be calculated 

by σ = 1/ρ. 

 

3.4.8.6 Theoretical modelling of the electrical performance of PEEK-PCNs 

σ = σ0(p − pc)t                                           Equation 3.9 

Percolation theory (see section 2.5.1 for more detail) was used to examine the electrical 

conductivity behaviour of PEEK-PCNs. Equation 3.9 expresses the relationship 

between the sample conductivity and reinforcement loading where σ is the 

conductivity of the PEEK-PCNs at weight fraction (p) of the MWCNTs, σ0 is a 

constant related to the electrical conductivity of the MWCNTs, p is the weight fraction 

and pc is the critical value at the percolation threshold. The critical exponent t depends 

on the dimension of the conductive network, where 1.6-2.0 is accepted for a 3-

dimensional system and around 1.0-1.3 for a 2-dimensional system.  

 

3.4.9 Tensile testing 

As stated before, one advantage of adding electrically conductive carbon nanofillers 

into the polymer matrix is the increased modulus of the material due to the high 

modulus of the CNTs. A potential drawback is reduced ductility as the loading of 
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nanofiller increases. Tensile testing was therefore used to examine how the elastic 

modulus and elongation of the PEEK-PCNs varied with MWCNT content. 

 

3.4.9.1 Preparation and testing method  

 

Fig. 3.46. Instron 5500R universal testing system used for tensile testing. 

 

An Instron 5500R universal testing system was used for tensile tests (Figure 3.46). 

Two load cells (maximum capacity of 10 kN) were fixed on the test frame via clevis 

pins (one attached to the upper part and another one at the lower part). The test piece 

was gripped between the two load cells after the initial adjustment of the gap between 

them. Two extensometers were used and mounted at the middle of the test piece for 

the measurement, one (no. 1) was for the longitudinal direction (X) and another (no.2) 

was for the transverse direction (Y). Tests were run at 5 mm/min extension rate. The 

two extensometers were detached from the test piece until the elastic deformation 

region was reached (tensile modulus). Five specimens were tested under each 

processing condition and all tests were done in accordance with ASTM D638.  
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3.4.9.2 Modelling the tensile modulus of PEEK-PCNs 

The theoretical modulus enhancement of the PEEK-PCNs was determined so that a 

comparison could be made with actual experimental results. Lower than expected 

results are likely to be indicative of poor dispersion of the nanoparticles, nanoparticles 

of reduced length due to shearing during processing (therefore reduced aspect ratio), 

poor alignment of particles and/or reduced crystallinity of the PEEK matrix. The 

Halpin-Tsai model [152] (see details in section 2.6.1) was used to determine the 

theoretical modulus of the PEEK-PCNs. 

Ec = Em (
1+ζηVf

1−ηVf
)                                         Equation 3.10 

η =
(

Ef
Em

−1)

(
Ef

Em
+ζ)

                                               Equation 3.11 

where Ec presents the elastic modulus of the PCNs. Ef, Vf, and Em are the modulus of 

the reinforced filler, the volume fraction of the filler and the modulus of the matrix, 

respectively. The geometrical factor ζ is related to the length (l) and the diameter (d) 

of the anisotropic filler, where: 

ζ = 2
l

d
 in the case of calculating the longitudinal modulus 

ζ = 2 in the case of calculating the transversal modulus 

In the equations above the moduli are based on the MWCNT being unidirectionally 

oriented in the polymer matrix. For randomly distributed MWCNTs the Halpin-Tsai 

model can be expressed as: 

Ec = Em [
3

8
(

1+ζηLVf

1−ηLVf
) +

5

8
(

1+2ηTVf

1−ηTVf
)]                           Equation 3.12 

ηL =
(

Ef
Em

−1)

(
Ef

Em
+

2l

d
)
                                             Equation 3.13 

ηT =
(

Ef
Em

−1)

(
Ef

Em
+2)

                                              Equation 3.14 

where the efficiency factors ηL and ηT are for the longitudinal and transverse direction, 

respectively. For all calculations, the aspect ratio (l/d) of the NC7000 MWCNTs was 

158 (as per the technical data sheet), and the effective elastic modulus of this type of 

MWCNT was 200 GPa [318].  
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3.4.10 Impact testing 

 

Fig. 3.47. Sample cutting tool and Izod impact tester. 

 

The impact strength of PEEK materials was examined using an Izod impact tester (see 

Figure 3.47 right). Before testing, the injection moulded test pieces were cut to a length 

of 80 mm (see Figure 3.19-Schematic diagram of SEM sample observation). The 

impact test pieces were V notched using a special cutting tool with a 45o angle blade 

(see Figure 3.47 left). Once the test pieces were ready, they were mounted on the 

impact tester with the V notch towards the striker (see Figure 3.19 for details). The 

striking velocity was 2.44 m/s for this device. Five specimens were tested per 

processing parameter, and all the measurements were done according to ISO 

180:2000+A2:2013. The Izod impact strength (αiN) was then calculated from the 

following equation: 

αiN =
Ec

h×bN
× 103                                         Equation 3.15 

where Ec is the absorbed energy (J) obtained from the impact tester, h is the sample 

thickness (4 mm) and bN is the remaining width (full width - notched width) which is 

8 mm in this case. 
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3.5 Summary 

The PEEK-PCNs used in this thesis were made from PEEK 450P/MWCNTs for the 

DM group, and PEEK 450G/MWCNTs for the MB group and were melt mixed 

followed by injection moulding to form the final test pieces. These IM samples were 

further compared to a commercial ESD grade PEEK material to examine how they 

performed in terms of electrical and mechanical properties. The consumed energy in 

the melt mixing process was calculated. The moulded parts were examined via 

SEM/TEM to observe the fracture/skin-core morphologies and image analysis was 

applied to determine MWCNTs orientation and aspect ratio. DSC/TGA was used to 

measure the materials’ crystallisation and thermal stability. Finally, DC electrical 

measurement, tensile and impact testing were used to characterise the electrical and 

mechanical properties of the PEEK materials. The total number of the test specimens 

was around 1300. The DM specimens fabricated for the electrical measurement had 

162 measured points (54 for the TT-skin, 54 for the TT-core, and 54 for the AF) for 

each formulation. In the TEM image analysis, over 5000 MWCNTs were measured in 

the selected 700 images. A detailed table showing the nomenclatures of samples as 

well as the corresponding test scheme is presented in Appendix E. 
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Chapter 4. Injection Moulded PEEK-PCNs-DM 

4.1 Introduction  

The morphologies, thermal, electrical, and mechanical properties of the PEEK-PCNs 

made via the direct mixing route (DM) are discussed in this chapter. The pre-mixed 

materials are first examined in terms of the energy consumption in the extrusion 

compounding process. The morphologies of PEEK-PCNs-DM are then examined in 

order to clearly obverse the state of dispersion, orientation, length (therefore aspect 

ratio) of the MWCNTs. Thermal analysis results on the effect of the MWCNTs and IM 

processing parameters on the crystallisation and thermal stability of the 

nanocomposites are then presented. Finally, the electrical and mechanical properties 

of PEEK-PCNs-DM are presented and discussed. Note that the ESD-PEEK materials 

had no pre-mixing process and have been included in this chapter for comparison 

purposes. 

 

4.2 Energy consumption in melt mixing 

 

Fig. 4.1. SME for the production of melt extruded PEEK/MWCNTs-DM pellets.  
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Figure 4.1 shows the SME values of the PEEK/MWCNTs-DM materials during the 

extrusion process. As a reminder, all these formulations were melt processed via screw 

design 1-low shear (LS). The SME for the pure PEEK is around 0.4 kWh/kg, while it 

increases with the inclusion of the MWCNTs from 0.67 kWh/kg for the 1 wt.% 

MWCNT pellets to 0.95 kWh/kg for the 3 wt.% MWCNT materials. As expected (due 

to the material’s increased viscosity when MWCNTs are added), the material with 6 

wt.% MWCNTs has the highest energy consumption. Its SME value (1.18 kWh/kg) is 

around 24% higher than that of the 3 wt.% MWCNT mixture and is over 180% higher 

than the pure PEEK.  

While high SME values represent greater energy consumption in processing, a high 

SME maybe helpful in breaking filler agglomerates to obtain an improved degree of 

dispersion. This was examined in a study of PCL/MWCNTs nanocomposites using 

twin-screw extrusion [60], reviewed in section 2.2.3. High SME may also lead to 

breakage of fillers and hence a reduction of their aspect ratio. Further discussion on 

the SME is conducted in section 5.2 relating to the MB group.  

 

4.3 Melt flow simulation of the injection moulding process 

Mould temperature (oC) Calculated cooling time (s) Simulated cooling time (s) 

195 25.2 20.5 

165 20.4 17.7 

100 15.1 14.7 

Tab. 4.1. Calculated and simulated injection moulding cooling times for different mould 

temperatures.  

 

The cooling time for various tool temperatures obtained from calculation and 

simulation techniques is provided in Table 4.1. A high tool temperature corresponds to 

a longer cooling time value for both methods as expected. The values from the 

simulation program are all lower than the hand calculation method. This is possibly 

due to the different methodology applied to the estimations. As stated in section 3.4.2.5, 

for the hand calculation the maximum temperature in the moulding was considered, 
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while for the simulation program auto-mode was used for the estimation therefore a 

temperature lower than the centreline temperature was possible (hence shorter time). 

To be on the safe side a 30 s cooling time was chosen for all the actual experimental 

work. This is in agreement with the estimation offered by Biesterfeld Petroplas Ltd (an 

online resource) using the parameters stated in section 3.4.2.5 [319].  

 

Tool 

temperature 

(oC) 

Flow front 

temperature (oC)   

Bulk temperature at end of fill (oC) 

P1 P3 P1 P3 

Skin Skin Skin Core Skin Core 

T1 (195) 400 389 289 384 303 380 

T2 (165) 397 385 288 381 290 379 

T3 (100) 395 385 234 386 269 388 

Tab. 4.2. Temperature distribution predicted by the simulation program at various tool 

temperatures.  

 

 

Fig. 4.2. Simulation results of the flow front temperature under 195 oC, 30 s condition.  
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Fig. 4.3. Simulation results of the bulk temperature at end of fill (core) at P1 position under 195 

oC, 30 s condition.  

 

 

Fig. 4.4. Simulation results of the bulk temperature at end of fill (core) at P3 position under 195 

oC, 30 s condition.  

 

Figure 4.2 shows the flow front temperature during the injection process at 195 oC tool 

temperature. As can be seen the skin temperature measured near the injection gate 
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(roughly the P1 position) is about 11 oC higher than that farthest from the gate (roughly 

the P3 position). As the molten material touches the mould wall it decreases in 

temperature, showing such a temperature distribution profile throughout the moulding. 

It is also found that the flow front temperature in the core region is similar to the skin 

regardless of the measured position. The flow front temperature distribution at 165 oC 

and 100 oC tool temperature is presented in Table 4.2. It can be seen that the 

temperature variation between the P1 and P3 is about 10 oC and 12 oC for T3 and T2, 

respectively. Figures 4.3 and 4.4 present the bulk temperature (core region) at end of 

fill at P1 and P3 with a 195 oC tool temperature, results for other setups are also shown 

in Table 4.2. Differences can be found in the bulk temperature at the end of fill when 

changing the tool temperature. The cooling rate increases as the temperature of the 

mould wall decreases, as presented in the bulk temperature (skin) of T1-T3. While, the 

bulk temperature at the core is less affected, being in the range of 381-386 oC for 

position P1 and 379-388 oC for position P3, respectively. It is noted that for the 100 oC 

tool temperature the core temperature is even higher than it is at the 165 oC and 195 

oC tool temperatures. An excessively low temperature of the mould wall may be the 

reason, as the solidified skin layer is thickened therefore narrowing the flow channel 

and hence increasing the shear rate applied to the melt. This could generate a higher 

level of shear heating than in a higher mould temperature setup [320] [321].  

 

4.4 Structure and morphologies of PEEK-PCNs-DM 

The fracture surface of PEEK-PCNs-DM, the diameter of the MWCNTs before and 

after processing, the MWCNT orientation, length (aspect ratio) measurement and 

head/end section count number, and the injection moulding induced skin-core effect 

are discussed in this section. As a reminder, TEM images were examined for the 

following DM formulations: 

➢ 2 wt.% MWCNTs/PEEK-DM-T1IV2-PAR-Skin layer 

➢ 2 wt.% MWCNTs/PEEK-DM-T1IV2-PAR-Skin-core transition layer 

➢ 2 wt.% MWCNTs/PEEK-DM-T1IV2-PAR-Core layer 
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➢ 2 wt.% MWCNTs/PEEK-DM-T1IV2-PERP-Skin/skin-core transition layer 

 

For additional SEM and TEM images, see the following Appendices: 

➢ Appendix F: SEM Images of Pure MWCNTs 

➢ Appendix G: SEM Images of Pure PEEK 

➢ Appendix H: SEM Images of PEEK-PCNs-DM 

➢ Appendix I: SEM Images of PEEK-PCNs-MB 

➢ Appendix J: TEM Images of PEEK-PCNs-DM 

➢ Appendix K: TEM Images of PEEK-PCNs-MB  

➢ Appendix L: Processed TEM Images for the Count Number of MWCNT 

Head/End Sections 

Note that all the images in Appendices J and K are miniaturised for a preview. For 

high-resolution images see the electronic version in the supporting documentation.  

 

4.4.1 SEM image observation and analysis 

 

Fig. 4.5. SEM image of the pure MWCNTs at 5 μm scale.  
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Fig. 4.6. SEM image of the pure MWCNTs at 400 nm scale.  

 

Figures 4.5 and 4.6 display the SEM images of the neat MWCNTs at different scales. 

As can be seen, these MWCNTs naturally form into bundles and agglomerates due to 

strong intermolecular van der Waals forces. No signs of amorphous carbon can be 

observed from the images. The agglomerate sizes vary from around 1 μm in diameter 

to over 10 μm appearing as round and network-like shapes. Similar MWCNT 

morphologies were also observed by Müller et al. [123]. 

 

 

Fig. 4.7. SEM image analysis of the diameter of MWCNTs before processing. 
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Figure 4.7 presents the measured MWCNT diameter before the mixing process. The 

average value of the diameter is about 12 nm, and the range is between 5.7 nm and 27 

nm. It is clear from Figure 4.7 that the majority of the diameter values are distributed 

around 8.0-13 nm, which is an acceptable match to the specified nominal value of 9.5 

nm provided in the technical datasheet (see Appendix C).  

 

 

Fig. 4.8. SEM image of the fracture surface-pure PEEK. 

 

 

Fig. 4.9. SEM image of the fracture surface-1 wt.% MWCNTs/PEEK-DM-T1IV1. 
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Fig. 4.10. SEM image of the fracture surface-1 wt.% MWCNTs/PEEK-DM-T2IV1. 

 

 

Fig. 4.11. SEM image of the fracture surface-1 wt.% MWCNTs/PEEK-DM-T3IV1. 
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Fig. 4.12. SEM image of the fracture surface-2 wt.% MWCNTs/PEEK-DM-T1IV1. 

 

 

Fig. 4.13. SEM image of the fracture surface-2 wt.% MWCNTs/PEEK-DM-T2IV1. 
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Fig. 4.14. SEM image of the fracture surface-2 wt.% MWCNTs/PEEK-DM-T3IV1. 

 

 

Fig. 4.15. SEM image of the fracture surface-3 wt.% MWCNTs/PEEK-DM-T1IV1. 
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Fig. 4.16. SEM image of the fracture surface-3 wt.% MWCNTs/PEEK-DM-T2IV1. 

 

 

Fig. 4.17. SEM image of the fracture surface-3 wt.% MWCNTs/PEEK-DM-T3IV1. 
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Figure 4.8 shows the morphological structure of the pure PEEK. From the image it can 

be noted that the fracture surface is fairly flat. This shows a typical brittle fracture 

mechanism for materials under high shear-an instant strike from the impact pendulum. 

Figures 4.9-4.11 display the fracture surfaces of the 1 wt.% MWCNTs/PEEK-DM 

under different tool temperatures. There are ‘white spots’ in the images, indicating the 

presence of the head/end sections of the MWCNTs. This is expected due to the 

injection flow induced orientation. The fracture surface of the 1 wt.% 

MWCNTs/PEEK-DM looks similar to the pure PEEK regardless of the injection 

moulding tool temperatures-T1/T2/T3, which indicates the same failure mechanism. 

With an increase of the MWCNT content to 2 wt.%, shown in Figures 4.12-4.14, the 

fracture surface changes and is characterised by a rough surface and ‘fibrous-like’ 

structures emerging from it. The tips of the fibrous-like structure are the head/end 

sections of the MWCNTs. They appear in small bundles and are uniformly distributed 

throughout the PEEK matrix. These tips seem to be well bonded to the matrix and do 

not show evidence of pullout. Note that this group of samples had higher impact 

strength relative to the other samples (discussion in the later section on impact 

properties). 

The 3 wt.% MWCNTs/PEEK-DM are shown in Figures 4.15-4.17. There are more 

clusters and agglomerates in these images, shown circled in red. This 

clustering/agglomeration is important for the formation of 3-dimensional conductive 

network structures. There is no difference in the morphology at different tool 

temperatures. Similar morphologies of the fracture surfaces of PEEK/MWCNTs 

(NC7000) nanocomposites were reported by Bangarusampath et al. [256]. In a 

different matrix system, injection moulded NC7000 MWCNTs/PP nanocomposites 

with analogous structures were also reported by Cesano et al. [322], showing a similar 

degree of orientation with 3 wt.% MWCNT content.  
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4.4.2 TEM image observation and analysis 

 

Fig. 4.18. TEM image analysis of the diameter of MWCNTs after processing. 

 

Figure 4.18 shows the MWCNT diameter measurement, after the injection moulding 

process, obtained from TEM images. The diameter values are mostly distributed in the 

range of 8.0-14 nm (8.0-13 nm for the diameter data measured via SEM before 

processing). The smallest value is at 4.9 nm, while the largest is around 21 nm. The 

average value of the diameter is around 11 nm, which is comparable to the value (12 

nm) of the non-processed MWCNTs measured via the SEM images. The diameter of 

the MWCNTs is therefore unaffected by both the extrusion and injection moulding 

process.  
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Fig. 4.19. ‘FFT + Subtract Background’ processed TEM image of the 2 wt.% MWCNTs/PEEK-

DM-T1IV2-PAR-Skin layer. 

 

 

Fig. 4.20. MWCNT length measurement obtained from TEM images for the 2 wt.% 

MWCNTs/PEEK-DM-T1IV2-PAR-Skin layer. 
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Figure 4.19 shows the processed TEM image of the skin layer of the 2 wt.% 

MWCNTs/PEEK-DM sample. From the image it is clear that some degree of MWCNT 

orientation can be observed along the injection flow direction. It is also clear to see 

that some MWCNTs are aligned perpendicular to or arranged in other directions. A 

high degree of orientation is expected in the skin layer due to the high shear stress at 

the wall and the rapid cooling of the melt freezing in this orientation. There is evidence 

in the TEM of MWCNTs being entangled which could prevent full alignment under 

shear due to the rapid solidification of the melt (too fast to allow disentanglement of 

the MWCNTs). The degree of MWCNT alignment is important to the establishment 

of an electrically conductive network. As stated in section 2.5, when MWCNTs are 

fully aligned along the flow direction the electrical resistivity is very high in the 

through thickness direction due to the lack of contact between each tube, and the 

electrical percolation threshold is independent of the filler aspect ratio [134] [135].  

Figure 4.20 is a statistical diagram (data from 100 TEM images) for the MWCNT 

length measurement of the 2 wt.% MWCNTs/PEEK-DM-T1IV2-PAR-Skin layer. It 

can be seen that the MWCNTs in the length range 400 nm to 700 nm represent around 

85% of the MWCNT lengths. The average length of the MWCNTs in this sample is 

around 553 nm. Hence, the aspect ratio of the MWCNTs in the skin layer is estimated 

at about 50-58 when applying 9.5-11 nm as the diameter range, which is roughly 

around 3 times lower than the nominal value of 158 (1500 nm in length and 9.5 nm in 

diameter). The difference between measured and nominal may be due to either the 

measured length value being taken from only the visible section of the MWCNTs in 

the TEM images (part of the length might be hidden in the matrix) or due to shearing 

of the MWCNTs during processing. This was discussed in sections 2.2 and 2.3 [78]. 
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Fig. 4.21. ‘FFT + Subtract Background’ processed TEM image of the 2 wt.% MWCNTs/PEEK-

DM-T1IV2-PAR-Skin-core transition layer. 

 

 

Fig. 4.22. MWCNT length measurement obtained from TEM images for the 2 wt.% 

MWCNTs/PEEK-DM-T1IV2-PAR-Skin-core transition layer. 
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Figure 4.21 is for the corresponding sample observed at the skin-core transition layer. 

There appears to be a somewhat higher degree of orientation in the flow direction in 

this sample compared to that in the skin region, but this is only one TEM picture which 

can be misleading. The length distribution of the MWCNTs in the skin-core transition 

layer is presented in Figure 4.22 where it can be seen that 350-500 nm is the length 

interval for most of the MWCNTs. The average length of the MWCNTs in this layer 

is around 477 nm, and this gives an aspect ratio around 43-50. This lower aspect ratio 

would indicate a lower degree of orientation of the MWCNTs in this region which is 

in keeping with the lower shear stress compared to that at the mould wall.  

 

 

Fig. 4.23. ‘FFT + Subtract Background’ processed TEM image of the 2 wt.% MWCNTs/PEEK-

DM-T1IV2-PAR-Core layer. 
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Fig. 4.24. MWCNT length measurement from TEM images for the 2 wt.% MWCNTs/PEEK-

DM-T1IV2-PAR-Core layer. 

 

Figure 4.23 shows the morphology of the MWCNTs aligned in the core region. The 

image clearly shows that the MWCNTs are less orientated relative to the skin and skin-

core transition layers. In the core layer the material remains at a higher temperature for 

a longer period than the layers closer to the wall and molecular relaxation can occur 

resulting in the less aligned structure. The length distribution of the MWCNTs in the 

core layer is shown in Figure 4.24. As can be seen the most frequent MWCNT length 

is around 200-500 nm, with an average length of 370 nm and 34-39 for the aspect ratio.  
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Fig. 4.25. ‘FFT + Threshold’ processed TEM image of the 2 wt.% MWCNTs/PEEK-DM-T1IV2-

PERP-Skin/skin-core transition layer. 

 

 

Fig. 4.26. MWCNT length measurement from TEM images for the 2 wt.% MWCNTs/PEEK-

DM-T1IV2-PERP-Skin/skin-core transition layer. 
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Figure 4.25 shows the morphology of the 2 wt.% MWCNTs/PEEK-DM-T1IV2 

observed in a direction perpendicular to the flow direction. The solid red circle in the 

image indicates that the melt flow direction is into the screen/paper. Many head/end 

sections of MWCNTs are visible as marked by a hollow red dot. Note that this type of 

sample was cut through the thickness of the IM test piece from the skin to the skin-

core transition layer (see details in section 3.4.4.1), therefore the core region may have 

different results.  

Figure 4.26 shows that the MWCNTs are mostly around 100-175 nm with an average 

length calculated at about 152 nm. The estimated aspect ratio is thus 14-16. This 

reveals that as expected the majority of the MWCNTs are aligned along the flow 

direction and less of them can be observed from this direction. It is of interest to count 

the number of head/ends in order to examine how it compares to the sample with the 

observation plane parallel to the injection flow direction.  

 

 

Fig. 4.27. MWCNT head/end section identification for counting (TEM image no. 0060) for the 2 

wt.% MWCNTs/PEEK-DM-T1IV2-PERP-Skin/skin-core transition layer. 
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Fig. 4.28. Isolation of MWCNT head/end sections for the 2 wt.% MWCNTs/PEEK-DM-T1IV2-

PERP-Skin/skin-core transition layer. 

 

Figure 4.27 shows a processed TEM image used for the MWCNT head/end count for 

the 2 wt.% MWCNTs/PEEK-DM-T1IV2-PERP-Skin/skin-core transition layer. The 

hollow red dots in Figure 4.27 are picked out and shown in Figure 4.28. It can be seen 

that the head/end sections of the MWCNTs are randomly arranged in the PEEK matrix 

and do not show any positional preference, while small bundles can be found due to 

their entanglement. The flow induced orientation contributed to a strong effect that 

numerous of the MWCNTs aligned as they came into the mould cavity. This count 

number of MWCNT head/end sections in the 2 wt.% MWCNTs/PEEK-DM-T1IV2-

PERP-Skin/skin-core image is 141.  
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Fig. 4.29. MWCNT head/end section identification for counting (TEM image no. 0090) for the 2 

wt.% MWCNTs/PEEK-DM-T1IV2-PAR-Skin layer. 

 

 

Fig. 4.30. Isolation of the MWCNT head/end sections for the 2 wt.% MWCNTs/PEEK-DM-

T1IV2-PAR-Skin layer. 

 

In Figures 4.29 and 4.30 it can be seen that there are far fewer MWCNT head/end 

sections in the PAR-Skin layer (18) compared with the Skin/skin-core layer. This is as 

expected due to the much higher degree of orientation in this layer. One issue 

encountered in analysing this group of images was the alteration of the ‘Threshold’ 

function. It was expected to obtain a lower count number compared to the group 
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analysed in the PERP direction, as discussed, due to the flow induced orientation. 

Without the presence of high volumes of the MWCNT head/end sections, the image 

per se had less contrast relative to the images that were for the PERP direction. It was 

thus necessary to define a higher threshold percentage (see section 3.4.5.2 for the setup) 

to pick up the MWCNT details, and that might result in a higher count number than is 

actually the case. This technique is usually used in analysing agglomeration area ratio 

which was discussed in section 2.3, and also for the determination of pore size in 

foaming processing [56] [323].  

 

TEM 

image 

number 

2 wt.% MWCNTs/PEEK-DM-

T1IV2-PAR-Skin layer 

2 wt.% MWCNTs/PEEK-DM-

T1IV2-PERP-Skin/skin-core 

transition layer 

Count number of the MWCNT head/end sections  

1 17 109 

5 20 90 

15 19 97 

16 16 109 

20 16 85 

30 24 93 

31 23 99 

35 15 114 

45 19 147 

46 20 118 

50 19 113 

60 16 141 

61 18 121 

65 14 98 

75 13 168 

76 21 149 

80 12 134 

90 18 136 

Average 

number 

~18 ~118 

Tab. 4.3. Statistical results of the MWCNT count number for the 2 wt.% MWCNTs/PEEK-DM-

T1IV2 samples observed at the PAR-Skin layer and PERP-Skin/skin-core transition layer. 

 

Table 4.3 shows the MWCNT head/end section counts for the rest of the TEM images. 
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It is clear that every single image analysed in the PERP-Skin/skin-core transition layer 

has a much higher count number than that of the images for the PAR-Skin layer. The 

average count number of the 18 TEM images for the 2 wt.% MWCNTs/PEEK-DM-

T1IV2-PAR-Skin layer is around 18, whereas it is around 118 for the corresponding 

images for the 2 wt.% MWCNTs/PEEK-DM-T1IV2-PERP-Skin/skin-core transition 

layer. This indicates that the number of MWCNTs aligned along the melt flow 

direction is over 6 times higher than those oriented perpendicular (or at another angle) 

to the injection flow direction. This is a good indication of the degree of flow induced 

orientation for anisotropic fillers in the injection moulding process. 

 

4.5 Thermal properties of PEEK-PCNs-DM 

The thermal analysis of the PEEK and PEEK-PCNs is presented in this section. The 

effect of MWCNTs on the crystallisation behaviour of PEEK was investigated for 

samples made at a tool temperature of 165 oC and injection velocity at 40 ccm/s (T2IV1) 

condition. For this study, the thermal history was removed by heating the sample and 

the crystallisation exotherm was then examined. The influence of injection moulding 

parameters on crystallisation behaviour was examined for the 2 wt.% 

MWCNTs/PEEK-DM samples. For these samples the first melting endotherm was 

examined (which is a reflection of the structure of the as-processed sample). The 

thermal stability of PEEK and PEEK-PCNs was examined via TGA. 

 

4.5.1 DSC  

Sample label  Xc
2nd-heating Tc (oC) Tc-onset (oC) 

PEEK 35.60 ± 0.45 299.27 ± 0.24 303.21 ± 0.25 

1 wt.% 

MWCNTs/PEEK-DM 

36.39 ± 0.20 299.33 ± 0.13 303.79 ± 0.29 

2 wt.% 

MWCNTs/PEEK-DM 

34.36 ± 0.07 299.68 ± 1.08 304.67 ± 0.91 

3 wt.% 

MWCNTs/PEEK-DM 

34.83 ± 0.18 299.89 ± 0.64 305.15 ± 0.69 

Notes 

165 oC-40 ccm/s (T2IV1) for all samples 

Tab. 4.4. DSC data for the effect of the MWCNTs on the crystallisation of PEEK-PCNs-DM. 
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Fig. 4.31. Crystallinity (2nd heating ramp) of PEEK and PEEK-PCNs-DM. 

 

 

Fig. 4.32. Crystallisation and onset temperature of PEEK and PEEK-PCNs-DM. 

 

Table 4.4 and Figures 4.31-4.32 show the crystallinity, crystallisation and onset 

temperatures for PEEK and its PCNs-DM. Typical thermograms for the corresponding 

samples can be seen in Appendix M. As can be seen from Figure 4.31 the crystallinity 

of PEEK increases with 1 wt.% MWCNT inclusion while it decreases with the further 

addition, demonstrating multiple nucleation effects. A little MWCNT inclusion 

promotes crystallisation but with higher concentrations may hinder chain movement 

(relocating into lamellae). From Figure 4.32 it is clear that the crystallisation onset 

temperature and Tc increases slightly with the addition of MWCNTs. This is indicative 

of a nucleating influence of the nanoparticles which has been extensively reported in 
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the literature [82] [83] [91] [238] [274] [278] [280] [299]. 

 

Sample label Crystallinity Xc (%) Tm (oC) Tm-onset (oC) 

PEEK-T1IV2 32.23 ± 0.29 341.24 ± 0.81 323.10 ± 0.20 

2 wt.% MWCNTs/PEEK-

DM-T1IV1 

32.26 ± 0.06 340.91 ± 0.25 322.63 ± 0.23 

2 wt.% MWCNTs/PEEK-

DM-T1IV2 

32.66 ± 1.26 341.02 ± 0.28 322.86 ± 0.44 

2 wt.% MWCNTs/PEEK-

DM-T2IV1 

32.09 ± 0.22 341.31 ± 0.87 322.83 ± 0.37 

2 wt.% MWCNTs/PEEK-

DM-T2IV2 

32.21 ± 0.61 341.14 ± 0.79 322.33 ± 0.24 

2 wt.% MWCNTs/PEEK-

DM-T3IV1 

30.94 ± 0.24 340.87 ± 0.67 322.68 ± 0.26 

2 wt.% MWCNTs/PEEK-

DM-T3IV2 

31.57 ± 0.42 341.74 ± 0.25 321.79 ± 0.56 

Notes 

T1 = 195 oC T2 = 165 oC T3 = 100 oC IV1 = 40 ccm/s IV2 = 49 ccm/s 

Tab. 4.5. DSC data for 2 wt.% MWCNTs/PEEK-DM for different injection moulding conditions. 

 

 

Fig. 4.33. Crystallinity of PEEK and 2 wt.% MWCNTs/PEEK-DM for different injection 

moulding conditions. 
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Fig. 4.34. Melting and onset temperature of PEEK and 2 wt.% MWCNTs/PEEK-DM for 

different injection moulding conditions. 

 

Table 4.5 and Figures 4.33-4.34 show the DSC results for the 2 wt.% 

MWCNTs/PEEK-DM under different injection moulding conditions. These results 

show that it is only at the lowest mould temperature of 100 oC that an effect on % 

crystallinity is observed. At this low tool temperature the cooling rate of the polymer 

will be faster which leads to a slight reduction in % crystallinity [324].  

Changes in the injection velocity have little influence on the crystallinity or 

melting/onset temperatures at the higher mould temperatures. There is a slight increase 

in % crystallinity of the 100 oC mould temperature sample made at the higher injection 

velocity which may be due to shear induced crystallisation (higher shear stress at this 

condition due to the higher injection velocity and higher melt viscosity at the lower 

mould temperature) [95] [146] [97].  
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4.5.2 TGA  

Injection moulded test pieces 

Sample label 

(T2IV1 = 165 oC-40 ccm/s) 

T2% (oC) Tmr1 (oC) Tmr2 (oC) T95% (oC) 

PEEK-T2IV1 (air) ~524 ~581 ~644 ~692 

1 wt.% MWCNTs/PEEK-

DM-T2IV1 (air) 

~524 ~581 ~642 ~696 

2 wt.% MWCNTs/PEEK-

DM-T2IV1 (air) 

~541 ~584 ~657 ~698 

3 wt.% MWCNTs/PEEK-

DM-T2IV1 (air) 

~542 ~584 ~656 ~703 

Extruded pellets 

Sample label T2% (oC) Tmr1 (oC) Tmr2 (oC) T95% (oC) 

PEEK (air) ~553 ~587 645-690 ~713 

6 wt.% MWCNTs/PEEK-

MB (air) 

~556 ~579 ~704 ~728 

Sample label T2% (oC) Tmr1 (oC) Char weight at 

end of test (%) 

PEEK (N2) ~552 ~586 ~25 

6 wt.% MWCNTs/PEEK-

MB (N2) 

~559 ~580 ~30 

Tab. 4.6. TGA data for PEEK and PEEK-PCNs-DM/MB in air and N2 atmospheres.  

 

 

Fig. 4.35. Details of the TGA and DTG curves for PEEK and PEEK-PCNs-DM in air 

atmosphere.  
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Fig. 4.36. Details of the TGA and DTG curves for PEEK and PEEK-PCNs-MB in air 

atmosphere.  

 

 

Fig. 4.37. Details of the TGA and DTG curves for PEEK and PEEK-PCNs-MB in N2 

atmosphere.  

 

Table 4.6 and Figure 4.35 show typical results for the TGA and corresponding 

derivative curves (DTG) for the time-dependent mass change of the injection moulded 

PEEK and PEEK-PCNs-DM. From the figure and data, it is clear that the thermal 

stability, in terms of the temperature of the initial 2% mass loss (T2%) and the first and 

second maximum degradation rate (Tmr1 and Tmr2), of the injection moulded PEEK and 

1 wt.% MWCNTs/PEEK-DM behave similarly. The only noticeable difference can be 
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found when the temperature rises above 690 oC to reach 95% mass loss. The 

temperature at 95% mass loss (T95%) of the PEEK-PCNs with 1 wt.% MWCNTs is 

about 4 oC higher than the pure PEEK. With the further addition of MWCNTs, the T2% 

and T95% values are increased by 18 oC and 11 oC for the 3 wt.% MWCNTs/PEEK-

DM, respectively in relation to the pure PEEK samples. This is in keeping with a 

nanocomposite study which shows the thermal stability of PEEK was enhanced with 

the added MWCNTs [291]. This improved thermal stability is widely accepted to be 

due to the enhanced thermal conductivity of the composite system as the MWCNTs 

can effectively transfer thermal energy during heating. A uniformly distributed 

MWCNT network could also be another key factor as it may act as a barrier postponing 

the thermal degradation process [271].  

Table 4.6, Figures 4.36 and 4.37 show the TGA and DTG curves of the extruded PEEK 

and MB pellets in both air and N2 environments. It can be observed that PEEK has a 

similar T2% value regardless of the background atmosphere. While the 6 wt.% MB 

pellets improve the T2% by around 3 oC for those in an air environment and around 7 

oC in the N2 gas relative to the PEEK pellets, respectively. For the Tmr1 (air and N2), it 

is noted that the PEEK pellet is about 6-8 oC higher than that of the MB materials. This 

decreased Tmr1 is probably related to the impurity content in the MWCNTs made via 

the CCVD method, which is specified at about 10% (thus 90% carbon purity) in the 

technical data sheet (see Appendix C). Impurities have been an issue encountered in 

the thermal stability of PEEK-PCNs. For instance, the initial degradation temperature 

of arc-grown SWCNTs/PEEK nanocomposites was found to be lower than pure PEEK, 

while a purification process led to a significant increment [271]. However, a decreased 

Tmr1 does not appear in the PEEK-PCNs-DM samples. This may be due to the lower 

MWCNT concentration in the DM formulation.  

From Figures 4.36 and 4.37, it is also clear that there are two degradation peaks for 

each sample in the DTG curves in air, while there is only one primary peak in the N2 

environment. This is related to the thermal degradation process of PEEK (e.g., 

decarboxylation and decarbonylation at around 650 oC) [271]. While the secondary 

peak in the DTG curves (air) is due to the oxidation process as the formation of 
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carbonaceous products in the primary peak [325]. For Tmr2, the presence of the 

MWCNTs reduces thermally induced movement of the polymer chains and thus 

increases the temperature to around 704 oC for the MB materials. This results in an 

increase of the T95% by around 15 oC compared with PEEK. Similarly, the residual 

carbonaceous char of the MB materials is increased by 5% in the N2 atmosphere.  

It is noted from Table 4.6 that all the values for the MB pellets are higher than the 

injection moulded samples. The 6 wt.% MWCNTs/PEEK-MB materials, apart from 

the Tmr1, are expected to be more thermally stable than the DM materials which contain 

a lower MWCNT loading. However, the difference between the injection moulded 

PEEK and extruded PEEK pellets is highlighted as a 29 oC and 21 oC variation in the 

T2% and T95%, respectively. It is unclear why but speculated that this might be due to 

the different initial sample mass (see section 3.4.7), as these samples were tested at 

different time periods. It is also possible that a different testing environment was 

involved (both in air but with different O2 volumes) [326]. Processing methods may 

also influence the orientation of filler in the PEEK which in turn may influence the so-

called barrier effect. Injection moulding induces higher levels of orientation (polymer 

chains/fillers) than extrusion so the barrier effect is more likely in an extruded pellet 

than in an injection moulded sample. 

 

4.6 Electrical properties of PEEK-PCNs-DM 

The electrical performance of PEEK, PEEK-PCNs-DM/MB and ESD-PEEK is 

examined in this section. This includes the influence of processing and test conditions 

on the electrical conductivity in the through thickness (TT) and also along the injection 

flow (AF) directions. Since the experimental work section is large, the results are 

discussed and sorted into the following sequence: 

➢ Part 1: Overview of the electrical properties of PEEK-PCNs-DM/MB 

➢ Part 2: Discussion of the TT measurement-skin layer 

➢ Part 3: Discussion of the TT measurement-core layer 

➢ Part 4: Discussion of the AF measurement 
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4.6.1 Overview of the electrical properties of PEEK, PEEK-PCNs-DM/MB and 

ESD-PEEK 

 

Fig. 4.38. Summary of the TT-skin layer data for PEEK-PCNs-DM/MB and ESD-PEEK.  

 

 

Fig. 4.39. Summary of the TT-core layer data for PEEK-PCNs-DM/MB and ESD-PEEK.  
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Fig. 4.40. Summary of the AF data for PEEK-PCNs-DM/MB and ESD-PEEK.  

 

Figures 4.38-4.40 present the electrical conductivity results for PEEK-PCNs-DM, 6 

wt.% MWCNTs/PEEK-MB and ESD-PEEK for the TT-skin, TT-core and AF 

measurements, respectively. Each diagram includes the test results under a variety of 

injection moulding processing parameters measured near the gate (P1), middle of gate 

(P2) and end of gate (P3) positions. It is apparent that there is no significant change in 

the conductivity with measurement position relative to the gate. Pure PEEK is 

electrically insulating and its conductivity value fluctuates around 10-16 S/cm and is 

not shown in these figures. From Figures 4.38-4.40, it is clear that the electrical 

conductivity of PEEK-PCNs increases with increasing MWCNT loading. It increases 

from 10-16 S/cm for pure PEEK to around 10-11 S/cm for the 1 wt.% MWCNTs/PEEK-

DM. Increasing the MWCNT content to 2 wt.% leads to another sharp increase in the 

conductivity value. Further addition of MWCNTs does not give a large improvement 

suggesting that the electrical percolation threshold has been achieved somewhere 

around 1 wt.% MWCNT loading.  

This value for the electrical percolation threshold is quite low compared with other 

MWCNTs filled PCNs using similar processing methods, e.g., around 10 wt.% was 

reported in [238]. This result is also comparable to some compression moulded 
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MWCNTs/PEEK-PCNs, where a threshold of 1.0-1.5 wt.% was reported [255] [256]. 

The low threshold achieved here for an injection moulded material may be due to the 

good dispersion achieved in the material in the compounding step which took place 

prior to injection moulding.  

It is also visible from Figures 4.38 and 4.39 that the electrical conductivity of the skin 

layer, apart from the 1 wt.% MWCNTs/PEEK-DM, is about an order of magnitude 

lower than the corresponding core layer. This typically happens in materials made by 

injection moulding due to the skin-core morphology (reviewed in section 2.5). 

Evidence of this skin-core morphology was found in the TEM results which showed a 

higher degree of MWCNT orientation at the skin layer than in the core (see in section 

4.4.2). The higher orientation in the skin layer reduces the conductivity in the TT 

direction relative to the more random, interconnected distribution in the core. For the 

1 wt.% MWCNTs/PEEK-DM, the skin layer is slightly less conductive than the core 

region (the values are within the same order of magnitude). This result is possibly due 

to the fact that this loading is around the percolation threshold and there may not be 

sufficient nanoparticles to form a complete network in the core region, whereas 

tunnelling may be possible between the oriented MWCNTs in the skin. Overall, the 

electrical performance of the 1 wt.% MWCNTs/PEEK-DM falls into the anti-static 

range [327]. The conductivity value of the 3 wt.% MWCNTs/PEEK-DM and 6 wt.% 

MWCNTs/PEEK-MB overall is in the range of 10-4 S/cm to 10-3 S/cm. These results 

meet and exceed the basic requirement for composite materials that are required to be 

electrically static dissipative and thus are classified in the conductive range [327]. The 

electrical properties of the ESD-PEEK in all three measurement directions vary from 

10-7 S/cm to 10-9 S/cm, which is typically in the ESD range. 

 

Fitting parameters TT-skin TT-core AF 

t 0.98 1.13 2.17 

Coefficient of 

determination (R2) 

0.83 0.92 0.99 

Tab. 4.7. Fitted parameter values for the critical exponent t. 

d 
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Since there is generally property anisotropy in injection moulded materials (skin layer, 

core and through thickness versus flow direction), it is interesting to look at the type 

of conductive network existing in each direction and location using percolation theory 

(equation 3.9 in section 3.4.8.6). The value of the critical exponent, t, gives an 

indication of the network with values in the range 1.0-1.3 generally associated with a 

2D network [328] while values of 1.6-2.0 are generally associated with a 3D network 

(larger t values are also reported) [329]. Table 4.7 shows the critical exponent t for the 

MWCNTs/PEEK-DM material calculated using percolation theory. A value of 0.8 wt.% 

was selected as the critical percolation threshold as it is clear in Figures 4.38-4.40 that 

percolation is occurring somewhere below the 1 wt.% MWCNT loading (the 

conductivity of this material is 5-6 orders of magnitude higher than the pure PEEK).   

The results in Table 4.7 give critical exponent values ranging from 0.98 to 1.13 in the 

skin and core, through thickness directions to a value of 2.17 in the flow direction. 

This tells us that in the skin layer the MWCNTs are appearing as a 2D network in the 

TT direction. The increasing value of t in the core layer TT still indicates a 2D network 

but it is moving more towards a 3D network (higher t-value). This makes sense based 

on what we know about the orientation of MWCNTs in the skin (oriented) and core 

(less oriented) layers as revealed by TEM imaging (Figures 4.19 and 4.23). The critical 

exponent of 2.17 in the flow direction is indicative of a 3D network which again is in 

keeping with TEM images (see Figures 4.25 and 4.27) where a 3D structure is more 

prominent. 

 

4.6.2 Electrical properties of PEEK, PEEK-PCNs-DM/MB and ESD-PEEK: TT-

skin layer measurement 

This section examines in more detail the electrical conductivity of the skin layer of 

PEEK-PCNs and ESD-PEEK in the through thickness (TT) direction. The test results 

are summarised in Table 4.8 and presented in Figures 4.41-4.45. Note that for large 

data ranges (roughly 10-fold) the test results are presented as log plots, and the error 

range is basically from 1.6% (3 wt.% MWCNTs) to around 30% (ESD-PEEK) of the 

measured value. 
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Data for PEEK-PCNs and ESD-PEEK for the TT-skin measurement 

MWCNT 

content (wt.%) 

Processing 

parameters 

Electrical conductivity (S/cm) 

P1 P2 P3 

1 T1IV1 2.6E-11 2.6E-11 2.2E-11 

T1IV2 3.4E-11 2.6E-11 3.1E-11 

T2IV1 2.4E-11 2.3E-11 2.5E-11 

T2IV2 2.2E-11 2.4E-11 2.2E-11 

T3IV1 2.1E-11 1.9E-11 2.1E-11 

T3IV2 1.9E-11 2E-11 2.3E-11 

2 T1IV1 3.5E-05 4.8E-05 4.7E-05 

T1IV2 3.2E-05 4E-05 4.1E-05 

T2IV1 3.5E-05 3.9E-05 4E-05 

T2IV2 3.2E-05 4.1E-05 4.3E-05 

T3IV1 3.2E-05 4E-05 3.5E-05 

T3IV2 3.3E-05 3.6E-05 3.7E-05 

3 T1IV1 3.3E-04 4.4E-04 4.5E-04 

T1IV2 3.3E-04 4E-04 4.1E-04 

T2IV1 3.3E-04 3.8E-04 3.8E-04 

T2IV2 3.3E-04 3.9E-04 3.9E-04 

T3IV1 3.3E-04 3.8E-04 3.8E-04 

T3IV2 3.4E-04 3.9E-04 3.9E-04 

6 T1IV2 5.2E-04 5.2E-04 5.5E-04 

T2IV2 4.9E-04 5.5E-04 5.6E-04 

T1IV2-LC 5.4E-04 5.7E-04 5.8E-04 

ESD-PEEK T1IV1 4.9E-09 4.5E-09 4.5E-09 

T1IV2 4.8E-09 5.5E-09 5.6E-09 

T2IV1 4.5E-09 4.7E-09 4.6E-09 

T2IV2 4.2E-09 4.7E-09 4.9E-09 

T3IV1 4E-09 3.9E-09 4.6E-09 

T3IV2 3.6E-09 4.6E-09 4.8E-09 

Notes 

T1 = 195 oC T2 = 165 oC T3 = 100 oC IV1 = 40 ccm/s IV2 = 49 ccm/s 

LC = 90 s  

cooling time  

(all others = 30 s) 

P1:  

near gate 

P2:  

middle of gate 

P3:  

end of gate 

 

Tab. 4.8. Electrical conductivity data for PEEK-PCNs-DM/MB and ESD-PEEK for the TT-skin 

measurement. 
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Fig. 4.41. Summary of the conductivity results for the 1 wt.% MWCNTs/PEEK-DM-TT-skin at 

different test positions and under different processing conditions. 

 

 

Fig. 4.42. Summary of the conductivity results for the 2 wt.% MWCNTs/PEEK-DM-TT-skin at 

different test positions and under different processing conditions. 
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Fig. 4.43. Summary of the conductivity results for the 3 wt.% MWCNTs/PEEK-DM-TT-skin at 

different test positions and under different processing conditions. 

 

 

Fig. 4.44. Summary of the conductivity results for the 6 wt.% MWCNTs/PEEK-MB-TT-skin at 

different test positions and under different processing conditions. 
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Fig. 4.45. Summary of the conductivity results for the ESD-PEEK-TT-skin at different test 

positions and under different processing conditions. 

 

Figure 4.41 shows a summary of the electrical conductivity of 1 wt.% PEEK-PCNs-

DM at different conditions. It can be seen that average conductivity values range from 

1.9 × 10-11 S/cm to 3.4 × 10-11 S/cm and there is no significant effect of either 

processing conditions or test location on the electrical conductivity in the skin layer at 

this MWCNT loading. As stated in section 4.6.1, this is probably due to the low 

MWCNT loading as physical contact of nanotubes is insufficient to support the 

establishment of a percolating network and conduction is likely to be due to tunnelling 

effects. The effect of processing conditions on the conductivity is related to how they 

influence the orientation or connectedness of the MWCNTs, e.g., how would cooling 

rate affect MWCNT orientation. Since there are few MWCNTs in the 1 wt.% PEEK-

PCNs-DM it is unlikely that processing will have any major effect on the 

connectedness of the MWCNTs.   

With the addition of more MWCNTs in the 2 wt.% MWCNTs/PEEK-DM the effect of 

test position and processing on the average values of conductivity are beginning to 

show slight trends, but it must be noted that in most cases the error bars are overlapping 

and it is not possible to draw a definite conclusion. From the data in Table 4.8 and 

Figure 4.42, it can be observed that there is a slight increase of the conductivity average 

for the 2 wt.% MWCNTs/PEEK-DM from P1 to P3. The electrical conductivity 
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average increases from around 3.2 × 10-5 S/cm for P1 to 4.8 × 10-5 S/cm for P3. This 

increase in conductivity is likely to be due to differences in cooling rate and hence 

orientation between P1 and P3. At P1 the melt has a faster cooling rate (driving force 

for cooling is higher) than at P3 where the melt has cooled as it flows along the mould 

channel (and hence has a lower cooling rate due to lower driving force for cooling). 

This leads to a thicker skin layer and more orientation (less chance for relaxation due 

to rapid cooling) at P1 than at P3. More orientation leads to less potential for MWCNT 

interaction in the TT hence a lower conductivity at P1 [136]. In terms of the effect of 

processing conditions on conductivity only the mould temperature is seen to have an 

effect. In changing from T1 to T3 (195 oC to 100 oC) there is a drop in conductivity at 

P2 and P3. This is again attributed to a more rapid cooling rate at a mould temperature 

of 100 oC which would reduce relaxation of MWCNT orientation and reduce 

conductivity relative to the 195 oC mould temperature condition. The fact that there is 

no effect of mould temperature for P1 is because the cooling rate at P1 is already fast 

due to its position.   

The conductivity of the 3 wt.% MWCNTs/PEEK-DM is an order of magnitude higher 

than the 2 wt.% MWCNTs/PEEK-DM samples while the conductivity variation with 

position and processing conditions is similar. It should be distinguished however that 

the effect of tool temperature on the electrical conductivity is reducing relative to the 

2 wt.% MWCNTs/PEEK-DM. Such a fact is likely to be due to a better network 

formation in the 3 wt.% MWCNTs/PEEK-DM as there are more MWCNTs and more 

contact which reduces the influence of factors like relaxation (cooling rate) on 

conductivity. This is well demonstrated in the 6 wt.% MWCNTs/PEEK-MB material 

where conductivity is independent of both position and processing conditions due to 

the robust particle network formed at the high loading. As for the ESD-PEEK, there is 

a wide degree of scatter in the results which makes it difficult to make a statement 

about the effects of test position or processing on conductivity. It does appear that there 

is little effect on the conductivity. It is known that this material is very heavily loaded 

with a conductive filler so it is surprising that there is such variation in the conductivity 

of the samples.  
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4.6.3 Electrical properties of PEEK, PEEK-PCNs-DM/MB and ESD-PEEK: TT-

core layer measurement 

Data for PEEK-PCNs and ESD-PEEK for the TT-core measurement 

MWCNT 

content (wt.%) 

Processing 

parameters 

Electrical conductivity (S/cm) 

P1 P2 P3 

1 T1IV1 5.7E-11 4.3E-11 3.1E-11 

T1IV2 4.5E-11 4.4E-11 7E-11 

T2IV1 3.5E-11 3.5E-11 3.6E-11 

T2IV2 3.3E-11 3.6E-11 3.5E-11 

T3IV1 3.2E-11 2.4E-11 3E-11 

T3IV2 2.4E-11 2.5E-11 3.3E-11 

2 T1IV1 4.5E-04 3.5E-04 3.4E-04 

T1IV2 4.2E-04 3.5E-04 3.2E-04 

T2IV1 5.3E-04 3.9E-04 3.5E-04 

T2IV2 5.8E-04 3.7E-04 3.3E-04 

T3IV1 5E-04 3.6E-04 3.2E-04 

T3IV2 4.6E-04 3.5E-04 3.1E-04 

3 T1IV1 2.5E-03 2.1E-03 1.9E-03 

T1IV2 2.3E-03 1.9E-03 1.8E-03 

T2IV1 2.2E-03 1.8E-03 1.5E-03 

T2IV2 2E-03 1.6E-03 1.6E-03 

T3IV1 1.8E-03 1.7E-03 1.5E-03 

T3IV2 1.7E-03 1.6E-03 1.5E-03 

6 T1IV2 3.2E-03 3.1E-03 2.6E-03 

T2IV2 2.7E-03 2.6E-03 2.3E-03 

T1IV2-LC 3.1E-03 2.8E-03 2.6E-03 

ESD-PEEK T1IV1 4.8E-08 5.3E-08 5.5E-08 

T1IV2 3.4E-08 3.6E-08 5.4E-08 

T2IV1 2.4E-08 3.8E-08 4E-08 

T2IV2 3.2E-08 3.5E-08 2.9E-08 

T3IV1 3.8E-08 3.2E-08 2.4E-08 

T3IV2 2.8E-08 3.3E-08 3.2E-08 

Notes 

T1 = 195 oC T2 = 165 oC T3 = 100 oC IV1 = 40 ccm/s IV2 = 49 ccm/s 

LC = 90 s  

cooling time  

(all others = 30 s) 

P1:  

near gate 

P2:  

middle of gate 

P3:  

end of gate 

 

Tab. 4.9. Electrical conductivity data for PEEK-PCNs-DM/MB and ESD-PEEK for the TT-core 

measurement. 
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Fig. 4.46. Summary of the conductivity results for the 1 wt.% MWCNTs/PEEK-DM-TT-core at 

different test positions and under different processing conditions. 

 

 

Fig. 4.47. Summary of the conductivity results for the 2 wt.% MWCNTs/PEEK-DM-TT-core at 

different test positions and under different processing conditions. 
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Fig. 4.48. Summary of the conductivity results for the 3 wt.% MWCNTs/PEEK-DM-TT-core at 

different test positions and under different processing conditions. 

 

 

Fig. 4.49. Summary of the conductivity results for the 6 wt.% MWCNTs/PEEK-MB-TT-core at 

different test positions and under different processing conditions. 
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Fig. 4.50. Summary of the conductivity results for the ESD-PEEK-TT-core at different test 

positions and under different processing conditions. 

 

Table 4.9 and Figures 4.46-4.50 present the results for the electrical conductivity of 

PEEK-PCNs and ESD-PEEK tested for the through thickness (TT) core measurement. 

As mentioned before, the conductivity values of the core layer samples are roughly an 

order of magnitude greater than that of the corresponding skin layer materials. A higher 

temperature for a longer time period in the core region allows molecular relaxation 

and better network formation and higher conductivity relative to the skin layer. The 

results for the 1 wt.% MWCNTs/PEEK-DM-TT-core are shown in Figure 4.46, and 

the conductivity values are around 10-11 S/cm which are slightly higher compared with 

the skin samples. Changes in tool temperature or injection velocity do not influence 

the electrical conductivity for the same reasons given for the skin layer (insufficient 

particles to form a network).  

Figure 4.47 shows the electrical conductivity results for the 2 wt.% MWCNTs/PEEK-

DM-TT-core. It is clearly visible that the samples tested at position P1 are significantly 

more conductive relative to those at the middle and end gate positions (4.2 × 10-4 S/cm 

to 5.8 × 10-4 S/cm for the near gate samples and 3.1 × 10-4 S/cm to 3.9 × 10-4 S/cm for 
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the middle and end of gate materials). This reduction in electrical conductivity can be 

linked to the higher core temperature close to gate compared to that far from the gate. 

This difference in core temperature is due to the change in depth of the skin layer 

which has an insulating effect and decreases in thickness from P1 to P3. This means 

that the core layer is hotter at P1 than at P3 and is more likely to have a better 

conductive network due to relaxation of flow orientation and a higher conductivity for 

that reason. The TEM image in section 4.4.2 supports this point of view.  

The electrical conductivity of the 3 wt.% MWCNTs/PEEK-DM-TT-core is about an 

order of magnitude higher than the 2 wt.% MWCNTs samples, while is less conductive 

than the 6 wt.% MWCNTs/PEEK-MB materials (Figures 4.48 and 4.49). Although 

there is a lot of variation associated with each sample the trend of reducing average 

conductivity as the position moves from P1 to P3 follows that of the 2 wt.% MWCNTs 

samples. There is also a tendency for the samples made at the 100 oC mould 

temperature to have a lower conductivity than those made at the 195 oC mould 

temperature for reasons stated earlier.  

The electrical conductivity for the 6 wt.% MWCNTs/PEEK-MB shown in Figure 4.49 

is seen to be independent of test position and processing conditions which is due to the 

formation of a robust MWCNT network. The conductivity results for the ESD-PEEK 

are shown in Figure 4.50 and it is clear that the core is more conductive than the skin 

layer as expected (see Figure 4.45). The results are independent of both position and 

processing conditions which are likely due to the formation of a saturated percolating 

network in this highly filled material.  
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4.6.4 Electrical properties of PEEK, PEEK-PCNs-DM/MB and ESD-PEEK: AF 

measurement 

Data for PEEK-PCNs and ESD-PEEK for the AF measurement 

MWCNT 

content (wt.%) 

Processing 

parameters 

Electrical conductivity (S/cm) 

P1 P2 P3 

1 T1IV1 8.2E-11 9.2E-11 1.1E-10 

T1IV2 9.8E-11 9.4E-11 1.1E-10 

T2IV1 1.1E-10 9.2E-11 1.2E-10 

T2IV2 8.5E-11 8.8E-11 8.8E-11 

T3IV1 1.1E-10 1.1E-10 1.3E-10 

T3IV2 8.3E-11 1.1E-10 1.1E-10 

2 T1IV1 2.7E-04 2.7E-04 3.3E-04 

T1IV2 2.7E-04 2.7E-04 3.3E-04 

T2IV1 2.6E-04 2.9E-04 3.1E-04 

T2IV2 2.5E-04 2.9E-04 3.1E-04 

T3IV1 2.4E-04 2.5E-04 2.8E-04 

T3IV2 2.2E-04 2.5E-04 2.7E-04 

3 T1IV1 3.8E-04 4.1E-04 5.6E-04 

T1IV2 3.8E-04 4.1E-04 5.7E-04 

T2IV1 4.4E-04 4.6E-04 5.6E-04 

T2IV2 4.4E-04 4.7E-04 5.6E-04 

T3IV1 3.6E-04 4.4E-04 4.7E-04 

T3IV2 3.8E-04 4.9E-04 5.1E-04 

6 T1IV2 2.3E-03 3.1E-03 3.8E-03 

T2IV2 3.3E-03 4.3E-03 4.7E-03 

T1IV2-LC 1.9E-03 2.1E-03 3E-03 

ESD-PEEK T1IV1 9.2E-08 1.4E-07 1.3E-07 

T1IV2 1.1E-07 1.3E-07 1.4E-07 

T2IV1 1.1E-07 1.2E-07 1.4E-07 

T2IV2 7.9E-08 1E-07 1.3E-07 

T3IV1 7.8E-08 1E-07 9.2E-08 

T3IV2 6.4E-08 7.9E-08 9.8E-08 

Notes 

T1 = 195 oC T2 = 165 oC T3 = 100 oC IV1 = 40 ccm/s IV2 = 49 ccm/s 

LC = 90 s  

cooling time  

(all others = 30 s) 

P1:  

near gate 

P2:  

middle of gate 

P3:  

end of gate 

 

Tab. 4.10. Electrical conductivity data for PEEK-PCNs-DM/MB and ESD-PEEK for the AF 

measurement. 
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Fig. 4.51. Summary of the conductivity results for the 1 wt.% MWCNTs/PEEK-DM-AF at 

different test positions and under different processing conditions. 

 

 

Fig. 4.52. Summary of the conductivity results for the 2 wt.% MWCNTs/PEEK-DM-AF at 

different test positions and under different processing conditions. 
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Fig. 4.53. Summary of the conductivity results for the 3 wt.% MWCNTs/PEEK-DM-AF at 

different test positions and under different processing conditions. 

 

 

Fig. 4.54. Summary of the conductivity results for the 6 wt.% MWCNTs/PEEK-MB-AF at 

different test positions and under different processing conditions. 

 



Chapter 4. Injection Moulded PEEK-PCNs-DM                      260 

 

Fig. 4.55. Summary of the conductivity results for the ESD-PEEK-AF at different test positions 

and under different processing conditions. 

 

Table 4.10 and Figures 4.51-4.55 provide the electrical conductivity results for the 

PEEK-PCNs-DM and ESD-PEEK along the injection direction (AF) (i.e., 

perpendicular to the TT direction). According to the data and Figure 4.51, it is clear 

that the electrical properties of the 1 wt.% MWCNTs/PEEK-DM-AF are unaffected by 

either test position or processing conditions which is similar to the TT results and for 

the same reasons. It is also found that the AF conductivities are higher in the AF 

direction compared with the TT direction (but by less than an order of magnitude). 

Similar results have also been reported in an injection moulded MWCNTs/PS-PCNs 

study where the better performance in the AF direction was attributed to a better 

conductive network along the flow direction [115].  

For the 2 wt.% MWCNTs/PEEK-DM-AF, the P3 samples have a slightly higher 

average conductivity than the P1 and P2 samples with the electrical conductivity 

ranging from 2.2 × 10-4 S/cm to 2.7 × 10-4 S/cm for the near gate position (P1) to 2.7 

× 10-4 S/cm to 3.3 × 10-4 S/cm for the farthest position (P3). This variation with test 

position is similar to the results for the TT skin conductivity and indicates that the skin 

conductivity is dominating the conductive performance in the AF direction (AF 

direction will be a combination of skin and core properties). This makes sense as the 

skin is thicker at P1 and gradually reduces along the length of the sample to P3, so at 
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P3 there is a much bigger core area that has less orientation thus dominating the 

conductivity response and resulting in a higher conductivity value. A study of injection 

moulded MWCNTs/PC-PCNs reports a similar case (see section 2.5.4), where the AF 

electrical conductivity increases with increasing measuring distance from the gate 

location [136]. This slight increase in average conductivity from P1 to P3 also occurs 

for the 2 wt.% MWCNTs/PEEK-DM-AF (Figure 4.52) and 3 wt.% MWCNTs/PEEK-

DM-AF (Figure 4.53) materials. At the 6 wt.% loading of MWCNTs in PEEK-MB-

AF (Figure 4.54) there are sufficient particles to form a robust network which is not 

influenced by test position. For the 2 wt.% MWCNTs/PEEK-DM-AF the mould 

temperature appears to have a slight influence with the lowest mould temperature of 

100 oC resulting in a lower average conductivity compared with the highest mould 

temperature of 195 oC for each position P1 to P3. This is in keeping with previous 

observations as the lower mould temperature leads to faster cooling, less relaxation 

and lower conductivity. For the 3 wt.% MWCNTs/PEEK-DM-AF sample there is no 

clear influence of processing conditions on conductivity.  

For the 6 wt.% MWCNTs/PEEK-MB-AF there does not appear to be any significant 

effect of processing conditions on the conductivity which again may be attributed to 

the presence of a robust network of MWCNTs. For the ESD-PEEK-AF samples there 

is a slight trend for the average AF conductivity to increase from P1 to P3 which may 

be attributed to the reasons given above. There is no clear influence of processing 

conditions on conductivity. The AF conductivity values are higher than the TT values, 

as found for the MWCNT composite materials and attributed to a better conductive 

network along the flow direction [115]. 

 

4.7 Mechanical properties of PEEK-PCNs-DM 

The tensile and impact properties of the injection moulded PEEK-PCNs under various 

processing conditions are presented in this section and those of the ESD-PEEK are 

presented for comparison. The tensile stress-strain curves of PEEK, PEEK-PCNs-

DM/MB, and ESD-PEEK can be found in Appendix N. 
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4.7.1 Tensile properties  

Sample label Young's 

modulus 

(GPa) 

Yield 

strength 

(MPa) 

Elongation at 

break (%) 

Break 

strength 

(MPa) 

PEEK T1IV1 3.52 ± 0.02 92.3 ± 0.3 41.9 ± 3.3 84.9 ± 0.7 

T1IV2 3.44 ± 0.05 93.5 ± 0.7 40.8 ± 7.7 85.0 ± 0.5 

T2IV1 3.52 ± 0.02 91.1 ± 0.1 54.7 ± 3.3 83.4 ± 0.2 

T2IV2 3.47 ± 0.03 91.3 ± 0.2 58.8 ± 6.6 84.3 ± 0.7 

T3IV1 3.51 ± 0.02 91.1 ± 0.2 82.6 ± 9.2 84.6 ± 0.6 

T3IV2 3.51 ± 0.01 89.5 ± 0.1 104 ± 11.7 89.5 ± 1.2 

1 wt.% 

MWCNTs/ 

PEEK-DM 

T1IV1 3.79 ± 0.08 100 ± 1.1 59.3 ± 6.3 95.0 ± 1.0 

T1IV2 3.82 ± 0.10 101 ± 1.5 65.3 ± 1.3 95.6 ± 1.5 

T2IV1 3.59 ± 0.06 95.0 ± 1.7 56.0 ± 0.9 88.5 ± 1.7 

T2IV2 3.61 ± 0.05 96.6 ± 1.0 84.2 ± 11.5 92.9 ± 1.1 

T3IV1 3.52 ± 0.02 93.1 ± 0.4 70.7 ± 6.7 86.6 ± 0.6 

T3IV2 3.57 ± 0.02 94.0 ± 0.5 69.4 ± 7.3 88.2 ± 0.8 

2 wt.% 

MWCNTs/ 

PEEK-DM 

T1IV1 3.87 ± 0.12 92.0 ± 1.0 59.7 ± 12.6 90.0 ± 1.3 

T1IV2 3.96 ± 0.05 93.6 ± 1.0 80.5 ± 10.2 91.2 ± 0.4 

T2IV1 3.72 ± 0.03 92.0 ± 1.8 57.7 ± 13.8 88.5 ± 0.9 

T2IV2 3.76 ± 0.04 93.7 ± 0.3 60.2 ± 14.5 90.6 ± 0.8 

T3IV1 3.58 ± 0.02 90.9 ± 0.1 63.2 ± 3.7 84.8 ± 0.3 

T3IV2 3.70 ± 0.04 90.9 ± 0.1 70.1 ± 2.9 85.1 ± 0.2 

3 wt.% 

MWCNTs/ 

PEEK-DM 

T1IV1 4.03 ± 0.10 94.4 ± 0.3 29.9 ± 14.0 92.8 ± 1.0 

T1IV2 4.05 ± 0.17 93.6 ± 1.0 26.7 ± 11.6 91.5 ± 1.2 

T2IV1 3.80 ± 0.04 91.5 ± 2.8 25.1 ± 11.7 89.6 ± 2.6 

T2IV2 3.78 ± 0.02 92.6 ± 0.7 29.4 ± 13.4 90.5 ± 1.1 

T3IV1 3.74 ± 0.08 87.5 ± 2.5 28.9 ± 15.3 85.6 ± 2.1 

T3IV2 3.82 ± 0.10 88.5 ± 2.4 36.8 ± 13.0 85.4 ± 1.9 

6 wt.% 

MWCNTs/ 

PEEK-MB 

T1IV2 3.85 ± 0.02 91.5 ± 1.8 4.99 ± 0.5 91.5 ± 1.8 

T2IV2 3.83 ± 0.10 89.4 ± 1.2 14.4 ± 5.1 88.6 ± 1.7 

ESD-

PEEK 

T1IV1 9.91 ± 0.08 77.9 ± 2.0 0.850 ± 0.0 77.9 ± 2.0 

T1IV2 9.72 ± 0.13 73.7 ± 2.1 0.870 ± 0.1 73.7 ± 2.1 

T2IV1 10.1 ± 0.08 76.3 ± 2.2 1.01 ± 0.1 76.3 ± 2.2 

T2IV2 10.1 ± 0.19 75.3 ± 1.3 0.790 ± 0.0 75.3 ± 1.3 

T3IV1 9.94 ± 0.14 85.9 ± 1.2 1.22 ± 0.1 85.9 ± 1.2 

T3IV2 8.03 ± 0.45 98.2 ± 4.3 1.84 ± 0.3 98.2 ± 4.3 

Notes 

T1 = 195 oC T2 = 165 oC T3 = 100 oC IV1 = 40 ccm/s IV2 = 49 ccm/s 

Tab. 4.11. Summary of the data for the tensile properties of PEEK, PEEK-PCNs-DM/MB and 

ESD-PEEK.  
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Fig. 4.56. Young's modulus of PEEK, PEEK-PCNs-DM/MB and ESD-PEEK at different 

processing conditions.  

 

Table 4.11 presents a summary of the tensile results for PEEK, PEEK-PCNs and ESD-

PEEK with the Young's modulus of each formulation shown in Figure 4.56. The 

Young's modulus of PEEK is increased slightly with the inclusion of MWCNTs from 

3.44-3.52 GPa for the pure PEEK to 3.52-3.82 GPa for the 1 wt.% MWCNTs/PEEK-

DM and to around 3.74-4.05 GPa for the 3 wt.% MWCNTs/PEEK-DM. This modulus 

value, at 195 oC-49 ccm/s (T1IV2), is about 17.7% higher than that of the pure PEEK 

test pieces at the same processing condition, showing an effective mechanical 

reinforcement. Increasing the MWCNT content to 6 wt.% results in a reduction of the 

Young's modulus to around 3.85 GPa, which is likely caused by increased MWCNT 

agglomerates. ESD-PEEK overall has the highest stiffness with a Young's modulus 

around 8.03-10.1 GPa (discussed later in detail). Previous research where MWCNTs 

were used as reinforcing fillers for injection moulded PEEK reported an improved 

tensile modulus of 7% for a 2 wt.% loading of MWCNTs [288]. This is within the 

range of the results reported here which vary from a 2% to a 15% increase in modulus, 
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at 2 wt.% MWCNT loading, depending on the processing conditions.  

Looking at the effect of processing conditions on Young's modulus it is clear that there 

is not a very large effect. Samples made at the higher mould temperature of 195 oC 

have a slightly higher modulus than those made at 100 oC (around 7.9% for the 1 wt.% 

MWCNTs/PEEK-DM, 9.6% for the 2 wt.% MWCNTs/PEEK-DM, and 7.7% for the 3 

wt.% MWCNTs/PEEK-DM). The higher modulus with higher mould temperature is 

likely to be due to an increase in material crystallinity at higher mould temperature as 

reported in section 4.5. Although the differences in modulus values are small they do 

follow the trend for the crystallinity values where higher mould temperatures and 

injection velocities result in higher crystallinity and higher modulus (the higher 

injection velocity would increase molecular orientation and likelihood of shear 

induced crystallisation).  

 

MWCNT 

content 

(wt.%) 

Experimental 

Young's 

modulus 

(GPa) 

Predicted modulus (GPa) 

Unidirectional alignment Random alignment 

l/d: 158 l/d: 34 l/d: 58 l/d: 158 l/d: 34 l/d: 58 

0 3.44 ± 0.05 3.44 3.44 3.44 3.44 3.44 3.44 

1 3.82 ± 0.10 4.61 4.20 4.37 3.92 3.77 3.83 

2 3.96 ± 0.05 5.79 4.97 5.31 4.41 4.10 4.23 

3 4.05 ± 0.17 7.00 5.75 6.27 4.91 4.44 4.64 

6 3.85 ± 0.02 10.6 8.14 9.19 6.41 5.48 5.87 

Notes:  

1. Experimental data is for the T1IV2 condition 

2. l/d: the aspect ratio of the MWCNTs 

Tab. 4.12. Results for the predicted modulus of PEEK-PCNs-DM/MB using Halpin–Tsai model 

under unidirectional and random alignment. 
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Fig. 4.57. A comparison of the experimental data and predicted modulus of PEEK-PCNs-

DM/MB; left: Halpin–Tsai model (unidirectional orientation), right: Halpin–Tsai model (random 

orientation). 

 

A comparison of the experimental Young's modulus and that predicted using the 

Halpin–Tsai unidirectional (longitudinal) and random models is presented in Table 

4.12 and Figure 4.57. Note that the experimental values are all from the 195 oC-49 

ccm/s moulding samples. The aspect ratio of the as supplied MWCNTs is l/d = 158, 

while the l/d values of 34 and 58 represent the aspect ratio at the core and skin regions 

obtained from the TEM image analysis, respectively.  

It can be seen from Figure 4.57 that the model generally overpredicts the modulus and 

a better fit between experimental data and model prediction is obtained at a lower 

MWCNT loading. The deviation from the model at higher MWCNT loadings is 

usually attributed to agglomeration of the particles which would reduce the effective 

aspect ratio and hence modulus [330] [106]. The model for randomly aligned particles 

is also a closer representation of the experimental data which is reasonable because the 

particles are not fully aligned in the injection moulded materials. As previously shown 

in the TEM analysis, the MWCNTs in the core layer behave more like a randomly 

distributed phase. The crystallinity of the material also contributes to its modulus and 

it was shown that the crystallinity of the PEEK-PCNs decreased as % MWCNT 

loading increased (from 36.39% for 1 wt.% MWCNTs to 34.83% for the 3 wt.% 

loading). This would contribute to the lower than predicted modulus at higher loadings 
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as crystallinity is not taken into account in the Halpin–Tsai model.  

 

 

Fig. 4.58. Yield strength of PEEK, PEEK-PCNs-DM/MB and ESD-PEEK at different processing 

conditions. 

 

 

Fig. 4.59. Elongation of PEEK, PEEK-PCNs-DM/MB and ESD-PEEK at different processing 

conditions. 
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Fig. 4.60. Break strength of PEEK, PEEK-PCNs-DM/MB and ESD-PEEK at different processing 

conditions. 

 

Figures 4.58-4.60 present the yield strength, elongation at break and break strength of 

the PEEK materials. From Figure 4.58 the addition of MWCNTs has little effect on 

the average yield stress apart from the 1 wt.% MWCNTs/PEEK-DM which has a 

slightly higher yield (by 8% at 195 oC-49 ccm/s and 5% at 100 oC-49 ccm/s related to 

pure PEEK, respectively). The 1 wt.% MWCNTs/PEEK-DM has the highest 

crystallinity value of the PEEK/MWCNT materials which would explain this result as 

the more crystalline regions would resist deformation. In terms of processing 

conditions there is a little significant effect of injection speed on yield in the pure 

PEEK and PEEK/MWCNT materials but there does appear to be a reduction in yield 

stress at lower mould temperatures. Lower mould temperatures lead to faster cooling 

rates which in turn generally lead to a lower crystallinity (as shown in Table 4.5) which 

may account for the reduced yield stress.  

For elongation at break the results are more difficult to explain due to the large 

experimental scatter. This is typical of filled materials where the presence of particles 
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can cause this variation in fracture behaviour. The addition of 1-2 wt.% MWCNTs has 

on average increased the elongation at break of the material relative to the pure PEEK 

for the higher mould temperature condition but reduced it for the lower mould 

temperature condition. The inclusion of MWCNTs could increase elongation at break, 

as seen for the high mould temperature materials, by acting as a nucleation agent and 

producing smaller more ductile crystallites and higher elongation (Tc-onset increases as 

MWCNTs are added-see Table 4.4). A lower mould temperature however may lead to 

more molecular and particle orientation in the elongation direction which would 

reduce the potential for elongation and counter the effect of nucleation which may 

explain the results observed here. It is clear that the larger loading of MWCNTs at 3 

wt.% and 6 wt.% reduces elongation at break. This is in keeping with the previous 

SEM observation where numbers of MWCNT bundles and agglomerates appeared in 

the fracture surfaces. These defects (agglomerates) initiate the formation of micro-

cracks leading to failure [297] [299].  

It is noted that there is a big effect of mould temperature on the pure PEEK where the 

lowest mould temperature generates the highest elongation at break (from around 41% 

for the neat PEEK at T1 to around 105% at T3). This is as expected since a lower 

mould temperature will result in lower % crystallinity and fewer molecules trapped in 

crystallites and therefore more free molecules available to elongate. A similar effect of 

mould temperature is observed for the 1 wt.% MWCNTs/PEEK-DM material 

(although there is a lot of scatter) but no conclusion can be drawn about the 2 wt.% 

and 3 wt.% loadings due to the large scatter on the data. For the 6 wt.% 

MWCNTs/PEEK-MB there is a slight increase in elongation at break for the lower 

mould temperature which is explained as previously.  

An increase in break strength of PEEK with the addition of MWCNTs at 1 wt.% 

loading is clear from Figure 4.60 and this is also reported for injection moulded PEEK-

PCNs elsewhere [281] [288] [274]. Further addition of MWCNTs up to 6 wt.% does 

not lead to any further increase in break strength. The ESD-PEEK material has a much 

higher modulus than the PEEK/MWCNTs. This material is highly filled compared to 

the PEEK/MWCNTs material which is the most likely explanation for this. Conversely, 
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and as expected for a highly filled material, the elongation at break is significantly 

smaller than that of the PEEK/MWCNTs. Both yield strength and break strength are 

lower for the ESD-PEEK material apart from those at the low mould temperature, high 

injection speed conditions where they are similar to the PEEK/MWCNTs materials. 

Since the filler details in the ESD-PEEK or its crystallinity is unknown, it is difficult 

to further comment on the underlying reasons for the differences between the materials. 

 

4.7.2 Impact properties 

Sample 

label 

Izod impact strength at different conditions (kJ/m2) 

T1IV1 T1IV2 T2IV1 T2IV2 T3IV1 T3IV2 

PEEK 10.4 ± 0.2 10.4 ± 0.2 10.3 ± 0.3 10.2 ± 0.2 10.1 ± 0.2 10.1 ± 0.2 

1 wt.% 

MWCNTs/ 

PEEK-DM 

10.8 ± 0.2 10.6 ± 0.2 10.6 ± 0.3 10.5 ± 0.2 10.4 ± 0.2 10.4 ± 0.3 

2 wt.% 

MWCNTs/ 

PEEK-DM 

11.9 ± 0.2 11.9 ± 0.2 11.9 ± 0.2 11.8 ± 0.2 11.4 ± 0.2 11.4 ± 0.2 

3 wt.% 

MWCNTs/ 

PEEK-DM 

10.3 ± 0.2 10.2 ± 0.3 10.1 ± 0.2 10.1 ± 0.2 9.9 ± 0.2 9.8 ± 0.2 

6 wt.% 

MWCNTs/ 

PEEK-MB 

--- 9.8 ± 0.2 ---- 9.6 ± 0.2 --- --- 

ESD-PEEK 6.5 ± 0.3 6.6 ± 0.3 6.3 ± 0.3 6.3 ± 0.3 6.4 ± 0.3 6.3 ± 0.2 

Notes 

T1 = 195 oC T2 = 165 oC T3 = 100 oC IV1 = 40 ccm/s IV2 = 49 ccm/s 

Tab. 4.13. Summary of the data for the impact strength of PEEK, PEEK-PCNs-DM/MB and 

ESD-PEEK. 
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Fig. 4.61. Impact strength of PEEK, PEEK-PCNs-DM/MB and ESD-PEEK at different 

processing conditions.  

 

Table 4.13 and Figure 4.61 show the Izod impact strength of the PEEK materials at 

various processing conditions. From Figure 4.61 we can make the following 

observations. The addition of 1 wt.% of MWCNTs does not have any significant effect 

on the impact strength of PEEK. At 2 wt.% MWCNTs the average impact strength 

increases significantly. This is possibly to be due to a combination of reduced 

crystallinity (see Table 4.4) and likely a greater number of small, more ductile 

crystallites (nucleation effect as discussed previously). As the content of MWCNTs 

increases to 3 wt.% and 6 wt.% the potential for agglomeration and stress concentrators 

increases and impact strength decreases. This decrease in impact strength was also 

reported in PEEK/SWCNTs PCNs [247]. The highly filled ESD-PEEK has very 

significantly reduced impact strength relative to the PEEK and PEEK/MWCNT 

materials which is a significant disadvantage in any structural application. In regard to 

the influence of processing conditions on the impact strength of the materials it is not 

possible to comment as error bars are all overlapping. 
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4.8 Summary 

➢ For the extrusion process with a low shear screw design (LS), the results for the 

specific mechanical energy (SME) showed that a higher MWCNT loading 

required higher energy consumption. The highest loading of 6 wt.% MWCNTs 

produced a SME value that was about 180% higher than the pure PEEK and was 

also around 24% greater than the 3 wt.% MWCNTs/PEEK-DM pellets.  

➢ The temperature distribution in the melt during injection moulding was examined 

using simulation programs. The results showed that in the skin layer the 

temperature near the gate (P1) and away from the gate position (P3) was about 80-

95 oC lower than the corresponding core layer for the 195 oC and 165 oC mould 

temperatures. While for the mould temperature at 100 oC, the skin-core 

temperature difference increased to around 150 oC and 120 oC for P1 and P2, 

respectively. It was also observed that when the mould temperature was at 100 oC 

the bulk temperature at the core layer (both P1 and P3) was even higher than when 

the mould temperature was at 165 oC and 195 oC, and this might be due to 

aggressive shear heating caused by an increased melt viscosity.  

➢ The SEM images showed that the MWCNTs were well bonded to the PEEK 

matrix. Clustering/agglomeration was observed in the 3 wt.% MWCNTs/PEEK-

DM samples. 

➢ An in-depth study of the MWCNT length (thus aspect ratio) measurement for the 

2 wt.% MWCNTs/PEEK-DM-T1IV2 samples presented a good picture of the 

injection moulding skin-core morphologies. For the measurements parallel to the 

injection flow direction, the results showed that the skin layer MWCNTs had an 

average aspect ratio of 50-58. The skin-core had an average aspect ratio range of 

43-50 and the core layer had an average aspect ratio around 34-39. For 

measurements perpendicular to the injection flow direction, the 2 wt.% 

MWCNTs/PEEK-DM-T1IV2 measured at the skin/skin-core transition layer 

produced a much lower average aspect ratio of 14-16. 
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➢ DSC thermograms showed that the integration of MWCNTs slightly increased 

crystallisation onset temperature, indicating a nucleating influence. The % 

crystallinity (2nd heating) was however decreased for the 2 wt.% and 3 wt.% 

MWCNTs infusion indicating a confinement effect. In terms of the influence of 

injection moulding conditions on the crystallisation of 2 wt.% MWCNTs/PEEK-

DM it was shown that only at the lowest mould temperature (100 oC) was a slight 

decrease in the % crystallinity was observed. An increase in the injection velocity 

slightly increased the % crystallinity at 100 oC mould temperature, which was 

probably due to shear induced crystallisation caused by the increased shear stress 

(higher speed and lower melt viscosity).  

➢ The thermal stability of the injection moulded PEEK was enhanced by adding 

MWCNT at levels higher than 1 wt.%. Overall the thermal stability of PEEK was 

greatly improved.  

➢ The electrical properties of PEEK-PCNs and ESD-PEEK were examined through 

the sample's thickness direction (TT-skin/core) and along the flow (AF) direction. 

The electrical conductivity in the skin layer was the lowest due to the highly 

oriented structure (faster cooling rate). The core layer material was more thermally 

insulated, resulting in a more random MWCNT distribution and better electrically 

conductivity. The AF measurements were a combination of the skin and core 

properties with the larger core area (relative to the skin) controlling the overall 

electrical performance. 1 wt.% loading of MWCNTs changed PEEK from an 

electrically insulating into anti-static material in all three directions. At 3 wt.% 

and 6 wt.% MWCNT loading, the conductivity was further enhanced to around 

10-4 S/cm to 10-3 S/cm which is the upper bound for ESD applications. Fitting 

experimental data to the electrical percolation equation gave a value of 0.8 wt.% 

MWCNTs for the percolation threshold and a critical exponent t of 1.13 and 2.17 

for the TT-core and AF measurements, respectively.  

➢ The highest Young's modulus in the DM groups was found for the 3 wt.% 

MWCNTs/PEEK-DM (4.05 GPa) which was about 17.7% higher than the pure 

PEEK at the 195 oC-49 ccm/s (T1IV2) condition. Heavily loaded ESD-PEEK as 
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expected produced the highest Young's modulus in the range of 8.03-10.1 GPa. 

The Halpin-Tsai modelling model overpredicted the modulus beyond 2 wt.% 

MWCNT loading indicating that agglomeration occurred at higher loadings 

(and/or MWCNT aspect ratio reduction due to process shearing). The random 

distribution model showed a closer fit to the experimental results. The yield 

strength for 1 wt.% MWCNTs/PEEK-DM was improved by 8% at the 195 oC-49 

ccm/s condition relative to pure PEEK. The elongation at break of PEEK-PCNs 

overall had a large degree of scatter which is typically the case in particle-filled 

PCNs, while the ESD-PEEK exhibited very low ductility.  

➢ The Izod impact strength of PEEK was increased by around 14% by adding 2 wt.% 

MWCNTs into the matrix possibly due to reduced crystallinity/more ductile 

crystallites. Higher loadings of MWCNTs to 3 wt.% and 6 wt.% had a detrimental 

effect on the impact properties of PEEK-PCNs. ESD-PEEK due to its excessive 

filler loading had the lowest impact strength of all materials tested.  
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Chapter 5. Injection Moulded PEEK-PCNs-MB 

5.1 Introduction 

This chapter examines the morphologies, thermal, electrical, and mechanical 

properties of PEEK-PCNs made via the masterbatch (MB) route. The energy 

consumption in the melt compounding process for the PEEK materials is first 

examined. The morphologies of PEEK-PCNs-MB are then analysed and a comparison 

study is carried out to observe the difference in the dispersion, MWCNT orientation as 

well as the length (aspect ratio) of the DM and MB groups. Thermal properties of 

PEEK-PCNs-MB are then examined to assess the effect of extrusion process (shear 

profile) and injection moulding cooling time on the crystallisation behaviour. The 

electrical and mechanical performance of PEEK-PCNs-MB is finally discussed. 

 

5.2 Energy consumption in melt mixing 

 

Fig. 5.1. SME for the production of melt extruded PEEK/MWCNTs-MB pellets. 

 

Figure 5.1 shows the SME results for the MWCNTs/PEEK-MB materials during the 

melt extrusion process. As can be seen pure PEEK with a high shear (HS) screw design 
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has the lowest SME value at around 0.5 kWh/kg in the MB groups, and this value is 

around 25% higher than when processed via the low shear design (see Figure 4.1). 

This is as expected since the high shear screw requires higher torque to achieve the 

same output. The 2 wt.% and 3 wt.% MWCNTs/PEEK-MB extrudates using the high 

shear design increase the SME to around 1.0 kWh/kg and 1.1 kWh/kg, respectively. 

These values are roughly around 19% greater than their corresponding DM 

formulations made using the low shear screw (section 4.2). The SME for the 3 wt.% 

MWCNTs/PEEK-MB made with the low shear screw is 0.94-0.95 kWh/kg which is 

identical to the SME for the 3 wt.% MWCNTs/PEEK-DM made with the low shear 

screw as expected.  

 

5.3 Structure and morphologies of PEEK-PCNs-MB 

The fracture surface of PEEK-PCNs-MB, the MWCNT alignment, length (therefore 

aspect ratio) measurement, and the injection moulding induced skin-core 

morphologies are examined in this section. Corresponding to section 4.4, the TEM 

images were analysed for the following MB materials: 

➢ 2 wt.% MWCNTs/PEEK-MB-T1IV2-PAR-Skin layer 

➢ 2 wt.% MWCNTs/PEEK-MB-T1IV2-PAR-Skin-core transition layer 

➢ 2 wt.% MWCNTs/PEEK-MB-T1IV2-PAR-Core layer 

Note that all the TEM-MB samples mentioned above were processed using a high 

shear screw design for comparison purposes to the DM groups. All the SEM and TEM 

test pieces were fabricated under the 195 oC-49 ccm/s (T1IV2) injection moulding 

condition. For additional SEM and TEM images see Appendix I and K, respectively.  
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5.3.1 SEM image observation and analysis 

 

Fig. 5.2. SEM image of the fracture surface-3 wt.% MWCNTs/PEEK-MB-HS-SC (extruder: high 

shear screw design; injection moulding: 30 s cooling time). 

 

 

Fig. 5.3. SEM image of the fracture surface-3 wt.% MWCNTs/PEEK-MB-LS-SC (extruder: low 

shear screw design; injection moulding: 30 s cooling time). 

 

Figures 5.2 and 5.3 present the fracture surfaces of PEEK-PCNs-MB made via 

different screw designs. It is clear that the fracture surfaces are similar. This suggests 

that the dispersion is the same in both cases or suggests that SEM is insufficiently 
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sensitive to discriminate between the samples where dispersion differences on the 

nanoscale would be less obvious. It can also be observed that both images contain 

numbers of clusters/bundles (marked in red) of MWCNTs which are covered by the 

PEEK matrix. The fracture surfaces of the 3 wt.% MWCNTs/PEEK-MB samples also 

look similar to those of the DM materials (see Figures 4.15-4.17) despite the 

differences in processing conditions. A study of compression moulded 

PEEK/MWCNTs (NC7000) PCNs using MB dilution also reported a similar fracture 

surface [256]. 

 

5.3.2 TEM image observation and analysis 

 

Fig. 5.4. TEM image analysis of the diameter of MWCNTs after processing-MB. 

 

Figure 5.4 shows the TEM statistical results for the MWCNT diameter measurement 

after the injection moulding process. As can be seen the diameter values are distributed 

in the range of 6.0-12 nm, which are compatible with the data obtained from both the 

SEM before processing (8.0-13 nm) and TEM-DM after processing (8.0-14 nm). The 

smallest diameter is measured at around 4.4 nm, while the largest is around 17 nm. 

The average diameter as measured is around 10 nm and is almost identical to the DM 

group which is around 11 nm. This suggests the processing methods such as extrusion, 

injection moulding, as well as the extra dilution process for the MB materials did not 

damage the MWCNT in its radial direction in this study. 
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Fig. 5.5. 'FFT + Subtract Background' processed TEM image of the 2 wt.% MWCNTs/PEEK-

MB-T1IV2-PAR-Skin layer. 

 

 

Fig. 5.6. MWCNT length measurement obtained from TEM images for the 2 wt.% 

MWCNTs/PEEK-MB-T1IV2-PAR-Skin layer. 
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Figure 5.5 is a typical TEM picture of the 2 wt.% MWCNTs/PEEK-MB skin layer 

sample. It is clearly observed that there is some degree of MWCNT orientation along 

the melt flow direction. Some other MWCNTs aligned in a random direction can be 

also observed which is likely due to their entanglement. This degree of orientation 

agrees with the previous TEM observation for the DM materials and is the 

consequence of a fast cooling rate in the skin layer freezing the molten PEEK and thus 

the MWCNT orientation.  

Figure 5.6 shows the length distribution, again a counting of 100 TEM images, for the 

2 wt.% MWCNTs/PEEK-MB-T1IV2-PAR-Skin layer. The MWCNT length is 

concentrated around 200-350 nm and this represents around 80% of the cumulative 

frequency for the MWCNT lengths. The average length value in the skin layer of the 

MB materials is around 289 nm corresponding to an aspect ratio of around 29-30 

(using 9.5-10 nm as the diameter). The estimated aspect ratio of the MWCNTs in the 

2 wt.% MWCNTs/PEEK-MB-T1IV2-PAR-Skin layer is about half that of the relevant 

DM samples (see Figures 4.19 and 4.20) and is about 5 times less than the nominal 

value (158). This is clearly caused by the additional high shear dilution process used 

in the MB manufacturing step since this is the only difference in the processing 

procedure between the MB and DM materials [78]. 
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Fig. 5.7. 'FFT + Subtract Background' processed TEM image of the 2 wt.% MWCNTs/PEEK-

MB-T1IV2-PAR-Skin-core transition layer. 

 

 

Fig. 5.8. MWCNT length measurement obtained from TEM images for the 2 wt.% 

MWCNTs/PEEK-MB-T1IV2-PAR-Skin-core transition layer. 
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Figure 5.7 is the TEM image for the skin-core transition layer. A similar degree of 

MWCNT orientation is observed at this layer which is caused by the shearing of the 

injection flow. Some MWCNTs aligned in other than the injection flow direction are 

also visible. The statistical results for the MWCNT length measurement in the skin-

core transition layer are shown in Figure 5.8. 200-350 nm is the MWCNT length 

interval representing roughly 85% of the cumulative MWCNT length data. This length 

range is the same as for the skin layer sample and it produces an average length value 

at around 282 nm and thus 28-30 for the aspect ratio. The skin-core transition layer 

has less shearing relative to the skin thus the MWCNT orientation and visible length 

should be lower. Such an effect was also encountered in the DM sample measurement 

(Figures 4.21 and 4.22).  

 

 

Fig. 5.9. 'FFT + Subtract Background' processed TEM image of the 2 wt.% MWCNTs/PEEK-

MB-T1IV2-PAR-Core layer. 
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Fig. 5.10. MWCNT length measurement from TEM images for the 2 wt.% MWCNTs/PEEK-

MB-T1IV2-PAR-Core layer. 

 

Figure 5.9 is the TEM image for the 2 wt.% MWCNTs/PEEK-MB-T1IV2-PAR-Core 

layer. A lower degree of MWCNT orientation is obvious in this image compared with 

that in the skin and skin-core transition layers. In the core region the material is 

insulated by the solidified polymer closer to the mould wall and thus cools at a slower 

rate allowing some relaxation of molecular and MWCNT orientation. The results for 

the MWCNT length distribution in the core region are presented in Figure 5.10. From 

this image it is noted that around 90% of the MWCNT lengths are distributed in the 

range of 150-300 nm. This gives an average length of around 217 nm and 22-23 for 

the aspect ratio of the MWCNTs in the core layer.  

 

5.4 Thermal properties of PEEK-PCNs-MB 

The thermal analysis of the PEEK and PEEK-PCNs-MB is discussed in this section. 

The effect of the extruder screw design on the crystallisation of PEEK materials was 

examined for samples fabricated at a tool temperature of 195 oC and injection velocity 

at 49 ccm/s (T1IV2) condition. For this study a loading of 3 wt.% MWCNTs was 

chosen and the first DSC heating ramp was investigated. Two extra groups of samples 

examined the effect of injection moulding cooling time and skin-core structures on the 
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crystallisation of PEEK-PCNs-MB. These are designated as 3 wt.% MWCNTs/PEEK-

MB-LS-LC (low shear-90 s cooling time) and 3 wt.% MWCNTs/PEEK-MB-LS-SC-

skin (low shear-30 s cooling time). For the skin samples the materials were also picked 

from the P2 position (see section 3.4.6). For clarification, see a short reminder of the 

key processing stages of DM/MB below: 

➢ DM = PEEK/MWCNTs pre-mixing + PEEK/MWCNTs extrusion (LS) + injection 

moulding  

➢ MB = PEEK/MWCNTs (6 wt.%) pre-mixing + PEEK/MWCNTs (6 wt.%) 

extrusion (LS) + PEEK/MWCNTs dilution (LS or HS) + injection moulding 

Thus, for the MB materials, the low shear (LS) design here stands for those which 

experienced two melt mixings (with LS), while high shear (HS) means a 6 wt.% 

MWCNTs/PEEK MB production (LS) with a HS dilution process. 

 

5.4.1 DSC 

Sample label Crystallinity Xc 

(%) 

Tm (oC) Tm-onset (oC) 

PEEK-LS-SC 32.23 ± 0.29 341.24 ± 0.81 323.10 ± 0.20 

3 wt.% 

MWCNTs/PEEK-

MB-HS-SC 

35.15 ± 1.01 341.89 ± 0.72 322.27 ± 0.40 

3 wt.% 

MWCNTs/PEEK-

MB-LS-SC 

33.81 ± 0.45 342.11 ± 0.28 323.15 ± 0.50 

3 wt.% 

MWCNTs/PEEK-

MB-LS-LC 

33.91 ± 0.50 341.70 ± 0.24 323.11 ± 1.08 

3 wt.% 

MWCNTs/PEEK-

MB-LS-SC-skin 

29.42 ± 0.90 341.87 ± 0.67 322.79 ± 0.63 

Notes 

LS: low shear screw 

design  

HS: high shear 

screw design 

SC: 30 s cooling 

time 

LC: 90 s cooling 

time 

Skin: selected from the skin layer (P2) 195 oC-49 ccm/s (T1IV2) for all samples 

Tab. 5.1. DSC data for PEEK and 3 wt.% MWCNTs/PEEK-MB for different processing 

conditions. 
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Fig. 5.11. Crystallinity of PEEK and 3 wt.% MWCNTs/PEEK-MB for different processing 

conditions. 

 

 

Fig. 5.12. Melting and onset temperature of PEEK and 3 wt.% MWCNTs/PEEK-MB for different 

processing conditions. 

 

Table 5.1 presents the DSC results for the PEEK and 3 wt.% PEEK-PCNs-MB in 

different processing environments and the data is plotted on bar charts shown in 

Figures 5.11 and 5.12. From Figure 5.11 there is an increase in crystallinity of PEEK 

once MWCNTs are added (compare the LS-SC samples). This indicates a nucleating 

ability of the MWCNTs. For the 3 wt.% MWCNTs/PEEK-MB, the % crystallinity 

increases in going from low to high shear which may be due to shear induced 
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crystallisation and/or a better nucleating ability of the shorter aspect ratio MWCNTs 

in the high shear samples [291]. There is no significant effect of cooling time on % 

crystallinity which is as expected since after 30 s of cooling the material in the mould 

has already cooled down to a temperature that is lower than the minimum 

crystallisation temperature of PEEK. A decrease from 33.81% to 29.42% in the % 

crystallinity is observed for the samples from the skin layer (P2) compared with the 

core sample. This is due to rapid cooling and thus reduced crystallisation experienced 

by the material closest to the cooler mould wall [141]. The melting and onset 

temperature shown in Figure 5.12 are unaffected by the different processing conditions 

as they are unlikely to lead to any significant differences in crystal perfection/lamellar 

thickness.  

 

5.5 Electrical properties of PEEK-PCNs-MB 

The electrical performance of PEEK-PCNs-MB is examined in this section. Note that 

all the samples examined in this section were fabricated at 195 oC-49 ccm/s (T1IV2) 

condition.  

 

5.5.1 Electrical properties of PEEK-PCNs-MB: TT-core layer measurement 

Data for PEEK-PCNs-MB for the TT-core measurement 

MWCNT 

content (wt.%) 

Processing 

parameters 

Electrical conductivity (S/cm) 

P1 P2 P3 

2 HS-SC 8.1E-6 6.3E-6 5.9E-6 

HS-LC 6.1E-6 5.5E-6 4.9E-6 

3 HS-SC 3.7E-5 2.7E-5 2.6E-5 

HS-LC 2.7E-5 2.1E-5 2.2E-5 

LS-SC 1.5E-4 1.2E-4 1.1E-4 

LS-LC 1.1E-4 1.0E-4 1.0E-4 

Notes 

HS: high shear LS: low shear SC = 30 s  

cooling time 

LC = 90 s  

cooling time 

P1:  

near gate 

P2:  

middle of gate 

P3:  

end of gate 

*195 oC-49 ccm/s 

(T1IV2) for all 

samples 

Tab. 5.2. Electrical conductivity data for PEEK-PCNs-MB for the TT-core measurement. 
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Fig. 5.13. Summary of the conductivity results for PEEK-PCNs-MB-TT-core at different test 

positions and under different processing conditions. 

 

The test results for the PEEK-PCNs-MB-TT-core are summarised in Table 5.2 and 

plotted in Figure 5.13. From the bar chart it is noted that there is no influence of 

position (P1, P2, P3) on electrical conductivity and conductivity increases with 

increasing MWCNT content. There is no significant influence of cooling time on 

conductivity but there is a significant effect of shearing on conductivity with the low 

shear materials having a higher conductivity. This is attributed to the low shear 

material having a higher aspect ratio (less particle breakage than at high shear) and 

greater potential for network formation. Compared with the results for the DM 

materials in Chapter 4 we can see that the MB results are on average lower than the 

DM materials (around 10-3 S/cm for the DM at the same conditions (TT-core)). The 

reduced conductivity of the MB samples is attributed to their lower aspect ratio relative 

to the DM samples and hence their lower potential for forming a conductive network.  
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5.5.2 Electrical properties of PEEK-PCNs-MB: AF measurement 

Data for PEEK-PCNs-MB for the AF measurement 

MWCNT 

content (wt.%) 

Processing 

parameters 

Electrical conductivity (S/cm) 

P1 P2 P3 

2 HS-SC 5.6E-6 6.4E-6 9.1E-6 

HS-LC 5.9E-6 6.3E-6 8.5E-6 

3 HS-SC 3.2E-5 3.4E-5 3.8E-5 

HS-LC 3.1E-5 3.0E-5 3.3E-5 

LS-SC 1.4E-4 1.4E-4 1.7E-4 

LS-LC 1.2E-4 1.5E-4 1.6E-4 

Notes 

HS: high shear LS: low shear SC = 30 s  

cooling time 

LC = 90 s  

cooling time 

P1:  

near gate 

P2:  

middle of gate 

P3:  

end of gate 

*195 oC-49 ccm/s 

(T1IV2) for all 

samples 

Tab. 5.3. Electrical conductivity data for PEEK-PCNs-MB for the AF measurement. 

 

 

Fig. 5.14. Summary of the conductivity results for PEEK-PCNs-MB-AF at different test positions 

and under different processing conditions. 

 

Table 5.3 and Figure 5.14 present the electrical conductivity results for the 3 wt.% 

MWCNTs/PEEK-MB along the injection flow (AF) direction. There is no effect of 

sample position on conductivity, and both MWCNT loading and shear influence the 
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conductivity in the same manner as in the TT samples (higher % MWCNT and lower 

shear give higher conductivity values). Comparing these data with those for the TT 

materials it is clear that they are in the same range. Comparing the TT-core data for the 

MB materials with the equivalent DM materials indicates that it is approximately about 

two orders of magnitude lower than the corresponding DM material for the 2 wt.% 

MWCNTs/PEEK-MB-HS (10-6 S/cm) and about an order of magnitude lower for the 

3 wt.% MWCNTs/PEEK-MB-HS (10-5 S/cm). This is in agreement with the fact that 

the DM materials have experienced less shearing in the preparation process and have 

a higher aspect ratio than the MB materials. Compared with the DM materials there is 

no effect of sample position (skin-core effect) on conductivity. This may be due again 

to the lower aspect ratio particles in the MB materials as their ability to relax into lower 

degrees of orientation may be less influenced by thermal gradients than that for higher 

aspect ratio particles.  

 

5.6 Mechanical properties of PEEK-PCNs-MB 

This section discusses the tensile and impact properties of the injection moulded 

PEEK-PCNs-MB under different extrusion screw designs and injection moulding 

cooling times. A comparative study of the MB and DM is also conducted.  

 

5.6.1 Tensile properties  

Sample label Young's 

modulus 

(GPa) 

Yield 

strength 

(MPa) 

Elongation 

at break 

(%) 

Break 

strength 

(MPa) 

2 wt.% 

MWCNTs/ 

PEEK-MB 

HS-SC 3.95 ± 0.06 94.2 ± 0.8 52.9 ± 7.0 89.9 ± 0.8 

HS-LC 3.97 ± 0.08 94.0 ± 1.2 48.9 ± 6.7 89.6 ± 1.4 

3 wt.% 

MWCNTs/ 

PEEK-MB 

HS-SC 4.01 ± 0.07 94.9 ± 0.5 39.5 ± 17.3 90.6 ± 0.4 

HS-LC 4.02 ± 0.06 95.3 ± 1.9 36.2 ± 16.1 91.4 ± 0.7 

LS-SC 4.16 ± 0.04 95.9 ± 0.9 37.6 ± 16.1 92.2 ± 0.4 

LS-LC 4.08 ± 0.08 97.8 ± 2.5 24.2 ± 14.1 94.8 ± 4.1 

Notes 

HS: high shear 

screw design 

LS: low shear 

screw design 

SC: 30 s 

cooling time 

LC: 90 s 

cooling time 

*T1IV2 for 

all samples 

Tab. 5.4. Summary of the data for the tensile properties of PEEK-PCNs-MB.  



Chapter 5. Injection Moulded PEEK-PCNs-MB                      289 

 

 

Fig. 5.15. Young's modulus of PEEK-PCNs-MB at different processing conditions. 

 

Table 5.4 shows a summary of the tensile test results for the PEEK-PCNs-MB. Young's 

modulus is shown in Figure 5.15. The addition of MWCNTs to PEEK increases the 

modulus, relative to the pure PEEK, by 15% for the 2 wt.% loading and by 21% for 

the 3 wt.% loading based on the average values. These results are consistent with the 

data for the 2 wt.% and 3 wt.% MWCNTs/PEEK-DM materials shown in Table 4.11. 

The MB material has a slightly larger average modulus than the DM material (the 3 

wt.% MWCNTs/PEEK-DM produces a Young's modulus of 4.05 GPa). Since the MB 

material has a lower aspect ratio it would be expected to have a lower modulus than 

the DM material. However, for the 3 wt.% MWCNTs/PEEK (both applied low shear-

30 s cooling time condition) the % crystallinity of the MB material is higher than the 

DM material (MB heating1st: 33.81% versus DM heating1st: 32.48%) and this may 

account for the higher MB modulus. 
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MWCNT 

content 

(wt.%) 

Experimental 

Young's 

modulus 

(GPa) 

Predicted modulus (GPa) 

Unidirectional alignment Random alignment 

l/d: 158 l/d: 22 l/d: 30 l/d: 158 l/d: 22 l/d: 30 

0 3.44 ± 0.05 3.44 3.44 3.44 3.44 3.44 3.44 

2  

(HS-SC) 

3.95 ± 0.06 5.79 4.67 4.88 4.41 3.99 4.07 

3 

(HS-SC) 

4.01 ± 0.07 7.00 5.31 5.63 4.91 4.27 4.39 

Notes:  

1. Experimental data is for the T1IV2 condition 

2. HS: high shear 

3. SC: 30 s cooling time 

4. l/d: the aspect ratio of the MWCNTs 

Tab. 5.5. Results for the predicted modulus of PEEK-PCNs-MB using Halpin–Tsai model under 

unidirectional and random alignment. 

 

 

Fig. 5.16. A comparison of the experimental data and predicted modulus of PEEK-PCNs-MB; 

left: Halpin–Tsai model (unidirectional orientation), right: Halpin–Tsai model (random 

orientation). 

 

Table 5.5 presents the predicted Young's modulus for the PEEK-PCNs-MB materials 

using the Halpin-Tsai unidirectional and random distribution models. The Young's 

modulus for MWCNTs with l/d = 158 (as received), l/d = 30 (as processed skin layer) 

and l/d = 22 (as processed core layer) were calculated and plotted for comparison with 
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the experimental data. From Figure 5.16 the moduli are overpredicted for the 

unidirectional model and somewhat closer for the random model at the lower MWCNT 

loading (similarly to what was found in the DM materials). This is as expected as the 

MWCNTs are not completely oriented in the moulded parts (see Figure 5.9-TEM-core 

layer) which was also the observation for the DM samples. The reasonably close 

agreement between the modulus predicted using the aspect ratios calculated from TEM 

images give confidence that those aspect ratios are reasonable values (although % 

crystallinity also affects modulus and is not taken into account in the Halpin-Tsai 

model).  

 

 

Fig. 5.17. Yield strength of PEEK-PCNs-MB at different processing conditions. 
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Fig. 5.18. Elongation at break of PEEK-PCNs-MB at different processing conditions. 

 

 

Fig. 5.19. Break strength of PEEK-PCNs-MB at different processing conditions. 

 

The yield strength, elongation at break and break strength of the PEEK-PCNs-MB are 

shown in Figures 5.17-5.19. From Figure 5.17 it is noted that the yield strength is not 

affected by the processing conditions or increasing from 2 wt.% to 3 wt.% loading of 

MWCNTs. Shearing rate also does not have any significant effect. The yield strength 

values for the MB samples are in good agreement with those for the DM materials. 
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The very large error bars on the elongation at break data for the PEEK-PCNs-MB in 

Figure 5.18 makes it difficult to draw any conclusions apart from the observation that 

average values of elongation at break reduce as loading increases from 2 wt.% to 3 

wt.% loading of MWCNTs. The break strength shown in Figure 5.19 indicates that 

there is little effect in going from 2 wt.% to 3 wt.% loading on break strength and 

processing conditions used had little effect.  

 

5.6.2 Impact properties 

Sample 

label 

Izod impact strength at different conditions (kJ/m2) 

HS-SC HS-LC LS-SC LS-LC 

2 wt.% 

MWCNTs/ 

PEEK-MB 

11.6 ± 0.2 11.5 ± 0.4 --- --- 

3 wt.% 

MWCNTs/ 

PEEK-MB 

10.3 ± 0.3 10.3 ± 0.4 10.3 ± 0.3 10.1 ± 0.4 

Notes 

HS: high shear 

screw design 

LS: low shear 

screw design 

SC: 30 s 

cooling time 

LC: 90 s 

cooling time 

*T1IV2 for all 

samples 

Tab. 5.6. Summary of the data for the impact strength of PEEK-PCNs-MB. 

 

 

Fig. 5.20. Impact strength of PEEK-PCNs-MB at different processing conditions. 
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Table 5.6 and Figure 5.20 illustrate the Izod impact strength of the PEEK-PCNs-MB 

at various processing conditions. From the data and figure the following observations 

can be made. The 2 wt.% MWCNT inclusion increases the impact strength by roughly 

around 11% compared to the unfilled PEEK (data of PEEK: 10.4 kJ/m2 at 195 oC-49 

ccm/s discussed in section 4.7.2). This increase is similar to that achieved with the DM 

material. Increasing the loading to 3 wt.% reduces the impact strength which may be 

due to more clustering/agglomerates (Figures 5.2 and 5.3) which act as stress 

concentrators. This reduction in impact strength was also observed for the relevant DM 

material. There is no significant effect of the processing conditions used here on impact 

strength.  

 

5.7 Summary 

➢ The specific mechanical energy (SME) results for the PEEK-PCNs-MB showed 

that the 2 wt.% and 3 wt.% MWCNTs MB extrudates made with the high shear 

screw design were around 19% greater than the relevant PEEK-PCNs-DM 

formulations. This was caused by the high shear screw configuration and high 

shearing which necessitated a higher torque for the same output.  

➢ The SEM images of the 3 wt.% MWCNTs/PEEK-MB presented similar 

morphologies to the DM materials.  

➢ The TEM analysis of the 2 wt.% MWCNTs/PEEK-MB-T1IV2 with high shear, 

30 s cooling time (HS-SC) was conducted to examine and compare the aspect ratio 

of the MWCNTs to the relevant DM samples. The skin-core morphologies were 

also observed parallel to the injection flow direction. The skin and skin-core 

transition layers showed an average aspect ratio of around 28-30 which is about 

30-52% shorter than in the DM samples. For the MB-core layer the aspect ratio 

was about 22-23 and this is also around 32-44% lower than the DM core materials.  

➢ DSC results revealed that the % crystallinity increased from 32.23% to 35.15% 

for the 3 wt.% MWCNTs/PEEK-MB with a high shear, 30 s cooling time (HS-SC) 

compared with PEEK, showing that the MWCNTs promoted crystallisation. This 
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was however in contrast to the finding in the DM materials where the 3 wt.% 

MWCNTs produced a confinement effect. The differences are likely due to the 

different aspect ratios in the DM and MB materials. A reduction from 33.81% to 

29.42% in the crystallinity value was observed in the 3 wt.% MWCNTs/PEEK-

MB-LS-SC skin layer materials relative to the corresponding core region, 

indicating the existence of a skin-core effect which had also been observed in the 

DM materials. 

➢ The electrical properties of the PEEK-PCN-MB were examined through the 

thickness (TT-core) and along the injection flow (AF) direction. It was found that 

for the TT-core measurement the electrical conductivity of the 3 wt.% 

MWCNTs/PEEK-MB (HS-SC) was about an order of magnitude lower than the 

relevant LS samples so also lower than the 3 wt.% MWCNTs/PEEK-DM samples 

by 2 orders of magnitude. For the AF measurement, the electrical conductivity 

was the same interval as in the TT-core samples. The positional effect from P1 to 

P3 overall was not obvious as it was for the DM materials and is likely due to the 

different aspect ratios between the samples.  

➢ The average Young's modulus of PEEK-PCNs-MB increased by around 15% and 

21% for the 2 wt.% (HS-SC) and 3 wt.% MWCNTs/PEEK-MB (LS-SC) and these 

results were more or less the same as the relevant DM test pieces. The modelling 

study with the Halpin-Tsai random model showed a closer fit of the experimental 

data to the model when aspect ratios from TEM images were used in the 

calculation. There was little effect of the chosen processing conditions or in 

increasing MWCNT loading from 2 wt.% to 3 wt.% on the yield strength or break 

strength.  

➢ The Izod impact strength was enhanced by around 11% relative to the unfilled 

PEEK by integrating 2 wt.% MWCNTs into the PEEK matrix (also found in the 

DM samples). The higher loading of 3 wt.% MWCNTs/PEEK-MB reduced the 

impact strength which was likely due to the presence of agglomerates at higher 

MWCNT loading. 
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Chapter 6. Discussion 

6.1 Introduction  

A discussion of the morphology, thermal, electrical and mechanical properties, and 

processing-driven property modification of PEEK-PCNs-DM/MB was presented in 

Chapter 4 and Chapter 5. Here, a review of the overall performance of PEEK-PCNs 

and a discussion of the two melt processing methods, DM/MB, in terms of industrial 

processability are presented. This also includes the benefits for industry from what was 

produced in the research, e.g. ESD performance and cost and weight reduction versus 

commercial ESD-PEEK. 

 

6.2 Discussion 

Two industrially feasible melt processing methods were implemented using a twin-

screw extruder for melt compounding and an industrial-grade injection moulder to 

fabricate PEEK-PCNs-DM and PEEK-PCNs-MB, respectively. The major distinction 

between these methods is that the PEEK/MWCNT granules for DM were melt 

extruded only once while the PEEK/MWCNT-MB materials were further extruded via 

a dilution process to reach the required MWCNT concentration. In order to clearly 

examine the differences in processing, structure and properties of these PEEK-PCNs-

DM/MB, a comparison of the properties is presented via the radar charts shown in 

Figure 6.1. Note that apart from the electrical conductivity, the other four indices are 

presented as a % ratio, e.g., the Young’s modulus of ESD-PEEK is about 10 GPa, then 

pure PEEK at around 3.5 GPa is presented as 3.5/10 × 100% = 35% (3.5 cells). These 

charts clearly reflect the balance of attributes of each material and also the extent of 

accomplishment relative to the project objectives. A brief summary of the radar charts 

and discussion of the industrial feasibility for the PEEK materials follows the bullet 

points below. 
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Fig. 6.1. Radar charts for a comparison of the comprehensive properties of PEEK materials. 

 

➢ For processability, the SME and simplicity of processing procedures were 

considered. The specific mechanical energy (SME) is increased by adding 

MWCNTs into the PEEK matrix. For the MB materials, the SME value is further 

increased due to the use of the high shear screw configuration. Together with the 
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additional dilution work stage the processability of MB is thus considered to be 

lower than that for the corresponding DM materials. However, benefits that come 

with the MB process are capability for long-term storage and fewer health and 

safety issues as no nanoparticles are exposed to the processing environment (while 

DM does have exposure issues). This method has thus been widely applied in 

industrial production since only one initial formulation is needed. Note that SME 

is up to cases taken from Equation 3.4-section 3.4.1, e.g. values were recorded 

when the actual running torque of the continuously operated extruder dropped to 

a stable range (not measurable) thus no error bars/ranges could be included in 

Figure 4.1. This method can be replicated for industrial applications while 

different values may be obtained depending on the motor power, ratio of 

actual/maximum screw speed and maximum torque allowance, etc. Values can be 

taken as reference notes when different formulations are processed under the same 

temperature, screw configuration and screw/feeding speed.  

➢ The electrical conductivity of PEEK is significantly improved by integrating 

NC7000 MWCNTs as the reinforcing fillers using both the DM and MB 

processing methods. An objective of this research was to try and achieve a 

composite with the same ESD performance as that available in the commercial 

ESD-PEEK grade. We can see that the 2 wt.% MWCNT loading conductivity is 

around the upper bound of the electrostatic dissipative range while the 1 wt.% 

loading is around the lower bound of the anti-static range hence a value in between 

these is likely to give the required interval (future work). Considering the 

experimental errors the difference in conductivity between DM and MB is 

negligible when the filler loading is higher than 3 wt.% MWCNTs. At levels lower 

than 3 wt.% MWCNTs the DM performed better in terms of conductivity than the 

MB counterparts. 

 The processing and positional effect on the electrical conductivity of PEEK-

PCNs was examined in this work. The 1 wt.% MWCNTs/PEEK-DM is 

generally insensitive to processing and position as a robust percolation 

network was not established for this MWCNT loading. The conductivity of 



Chapter 6. Discussion                                 299 

the 2 wt.% MWCNTs/PEEK materials increased (from P1 to P3) for the TT-

skin and AF and decreased for the TT-core. At higher loadings the 

conductivity does not show a positional variation as a robust percolating 

network has been formed. Only the low mould temperature of 100 oC has an 

effect on conductivity while conductivity is generally little influenced by the 

other processing parameters. This insensitivity to processing parameter 

changes is ideal when trying to produce a product of consistent quality.  

➢ The stiffness (Young’s modulus) of the PEEK matrix was gradually improved 

with the addition of NC7000 MWCNTs without significantly reducing its 

elongational performance (for both DM and MB). The ductility reduces as % 

loading of MWCNTs increases. The ductility of the composite materials is much 

higher than the commercial ESD grade material and this is a significant advantage 

for the MWCNT based PEEK material. The yield and break strength of PEEK-

PCNs were also improved at a lower MWCNT loading for the DM materials and 

a higher loading for the MB materials. This is thought to be associated with the 

crystallisation process as well as differences in aspect ratio of particles due to 

shearing. 

➢ The toughness (impact performance) of PEEK-PCNs was strengthened only with 

the 2 wt.% MWCNTs loading. As expected, due to its low elongational behaviour, 

the ESD-PEEK demonstrated poor toughness.  

➢ The thermal stability of the injection moulded PEEK-PCNs-DM and the extruded 

pellets of the 6 wt.% MWCNTs/PEEK-MB was generally improved relative to the 

neat PEEK. This is not shown in the figure above and ESD-PEEK was unavailable 

for testing. The enhanced thermal stability demonstrated by the thermal 

degradation rate and residual char contents demonstrates its potential industrial 

value in high-temperature applications. 

 

Other factors such as cost and weight reduction are not integrated into the figure above, 

but they are key elements in material selection for industrial applications. PEEK is a 

high-end thermoplastic specifically designed for sectors such as the aerospace and 
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biomedical industries, and the raw materials cost relatively more than other 

commercially known plastics. PEEK is the only material with a Tg sufficiently high 

for the industrial application relevant to this project hence it was the selected matrix 

material. NC7000 MWCNTs are an industrial-grade material of great interest for 

laboratory and industrial use due to their high performance in terms of electrical 

conductivity, mechanical properties and cost-efficiency. Because of this, the NC7000 

MWCNTs/PEEK combination was selected as a good potential combination to meet 

the needs of this project. From the project results it is seen that although PEEK-PCNs 

with 1 wt.% and 2 wt.% MWCNTs demonstrated their capability to match the required 

anti-static and ESD properties, to generate an exact property match to the commercial 

ESD-grade PEEK will require a further series of trials between these loadings. It is 

reasonable to predict that a loading of around 1.5 wt.% MWCNTs will work. The cost 

of 1.5 wt.% MWCNTs is regarded as competitive against the commercial ESD-PEEK 

(based on price quotes for NC7000 in 2017-2019).  

The low loading of MWCNTs in the injection moulded PEEK-PCNs also produces 

lighter parts relative to the heavily loaded commercial ESD grade of material. This is 

a considerable benefit in aerospace applications since the lower the weight, the greater 

the fuel economy and the lower the emissions. In the cases of 1 wt.% and 2 wt.% 

MWCNTs/PEEK-PCNs, the density is calculated to be around 1.30-1.31 g/cm3 which 

is over 20% lighter than the commercial ESD-PEEK (~1.65 g/cm3). So, along with the 

properties shown in Figure 6.1 it becomes apparent that the injection moulded PEEK-

PCNs developed in this project have great potential in replacing those heavier 

candidates in aerospace applications.  

 

6.3 Contributions of this research 

Here a list of key contributions to the research field of conductive PEEK-PCNs is 

presented. 

➢ A comprehensive review of PEEK composites for electrical conductivity 

applications has been produced.  
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➢ We have shown that the successful production of electrically conductive PEEK-

PCNs via commercially important processing routes (extrusion and injection 

moulding) is feasible. This is an addition to the literature since injection moulded 

PEEK-MWCNT conductive materials have not been thoroughly reported.  

➢ The results suggest that it will be possible to match the conductivity of ESD-PEEK 

by reducing the MWCNT content to between 1 wt.% and 2 wt.% while at the same 

time achieving an improvement in material toughness. The modulus will not be as 

high as the ESD-PEEK material but that is not an issue. The modulus of the PEEK 

just needs to be maintained. 

➢ An in-depth comparison study of the influence of processing parameters such as 

moulding temperature, cooling time, injection velocity, and also the extrusion 

screw design on the properties of these PEEK-MWCNT materials has been 

conducted and sensitivity of part performance to these conditions has been 

determined. For example, mould temperature can significantly affect the 

properties of the PEEK-PCNs while factors such as injection velocity and cooling 

time are relatively less significant for the range of conditions investigated.  

 

6.4 Limitations of this research 

Here some challenges and limitations of the research are noted. 

➢ The region between the 1 wt.% and 2 wt.% loadings of MWCNTs needs to be 

examined to identify the loading required to match the ESD-PEEK conductivity.  

➢ For the TEM material preparation, the determination of the thickness of the skin-

core transition layer was an experientially based value and might not fully 

represent the actual thickness. This may influence the observation of the MWCNT 

orientation in this region. The skin-core morphologies only at P2 were observed; 

while P1 and P3 have different cooling rates and may present different skin 

thickness and MWCNT orientation. Gradient layers of images for the skin-core 

morphologies are very difficult to capture. This may help identify the thickness of 

the skin-core transition layer, a key factor that controls the electrical properties for 
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the injection flow direction.  

➢ A more detailed crystalline structure examination was expected to be implemented 

via X-ray diffraction (XRD), but unfortunately, this part of the experimental work 

was suspended due to equipment unavailability and COVID-19 issues.  

➢ The PEEK-PCNs-MB work only involved the formulation of 2 wt.% and 3 wt.% 

MWCNTs. These materials were not processed under different mould 

temperatures and injection velocities as the DM materials were. Perhaps one group 

of MB samples should be examined with different injection moulding parameters 

(other than cooling time). This will then offer a better picture of the MB/DM 

performance comparison and also the sensitivity of the MB materials to various 

processing environments. 
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Chapter 7. Conclusions and Suggestions for Future 

Work  

7.1 General conclusions 

PEEK-PCNs-DM and PEEK-PCNs-MB have been successfully fabricated via a dry 

mixing (pre-mixing without chemical solutions) method followed by the twin-screw 

extrusion and injection moulding processes. The energy consumption during melt 

mixing, fracture morphologies, thermal, electrical, and mechanical performance of 

PEEK-PCNs were thoroughly examined. Here a list of the project targets set in the 

introduction chapter is given and compared with what has actually been achieved in 

the project.  

➢ Target 1: Determine the best processing route to fabricate PEEK/MWCNT 

nanocomposites using the injection moulding technique. 

 Level: Target achieved. 

 Comments: The best processing route to produce highly conductive PEEK-

PCNs is via DM but there is not a major difference between DM and MB (MB 

has slightly lower conductivity). In terms of processability, the extra MB 

dilution process increases the energy cost, but for industrial production with 

powerful facilities this is not an issue. This is because 1: power level is 

proportional to throughput, and 2: MB requests fewer steps in the initial 

mechanical dry blending stage, i.e. involves less nanoparticle processing-less 

labour cost. 

 

➢ Target 2: Identify the required MWCNT loading to achieve ESD performance (10-

4 S/cm to 10-11 S/cm). 

 Level: Target partially achieved. 

 Comments: This is accomplished by adding from 1 wt.% to 2 wt.% MWCNTs 

into the PEEK matrix. Though processing conditions can have an effect on 

the final properties, they did not make any difference in the demanded 

property window. Trials on loadings between 1-2 wt.% MWCNTs are 
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required for completeness of the research. 

 

➢ Target 3: The targeted thermal stability of PEEK-PCNs is expected to be enhanced 

(in terms of thermal degradation rate; remaining char). 

 Level: Target achieved. 

 Comments: The thermal stability of both the injection moulded PEEK-PCNs-

DM chopped pieces and the extruded PEEK-PCNs-MB pellets was proven to 

be enhanced. This was examined via TGA and DTG in air and nitrogen 

environments. 

 

➢ Target 4: Young’s modulus is expected to be strengthened from the baseline of 

PEEK (~3.4 GPa) to the newly produced PEEK-PCNs (> 3.4 GPa). The ductility 

of PEEK should be maintained. 

 Level: Target achieved. 

 Comments: The Young’s modulus of PEEK increased as the MWCNT content 

increased until a loading of 3 wt.% MWCNTs. The elongational performance 

of PEEK-PCNs can be maintained up to using 2 wt.% MWCNTs and this is a 

huge benefit over the commercial ESD-PEEK (it did not show any plastic 

deformation). 

 

➢ Target 5: The effect of processing on MWCNT alignment (via SEM/TEM) can be 

clearly observed. 

 Level: Target achieved. 

 Comments: MWCNT dispersion and some agglomeration regions was 

successfully observed via SEM under different processing conditions. By 

applying TEM, the MWCNT length measurement, alignment, MWCNT 

head/end sections and the effect of the injection moulding process-skin/core 

morphologies were statistically examined with good success. 

 

➢ Target 6: At a specified processing condition, a MWCNT loading is identified and 
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the corresponding electrical conductivity of that PEEK nanocomposite can match 

the commercial ESD-PEEK as supplied by industry. 

 Level: Target partially achieved. 

 Comments: Further investigation is required to determine if a MWCNT 

loading in the interval of 1-2 wt.% will produce an exact match to the ESD 

grade of material.  

 

As aforementioned in both the introduction and literature review chapters, melt 

compounded plus injection moulded PEEK-PCNs have not been well investigated in 

the literature and research on how processing can affect properties and on the 

correlation of processing-structure-property is required. This is therefore a key 

contribution of this work in which high-performance electrically conductive PEEK-

PCNs in the ESD property range have been produced. The successful manufacture of 

PEEK-PCNs via DM/MB increases the potential for the use of nanocomposite 

materials in the aerospace industry particularly because of their potential for weight 

and cost reduction.  

 

7.2 Suggestions for future work  

This section introduces suggestions for future work on PEEK-PCNs for electrically 

conductive applications. 

➢ How to reduce SME for PEEK-PCN manufacturing? And how can SME be 

reduced for composites with higher MWCNT loading? 

 Investigations looking at using higher processing temperatures and/or screw 

configurations that reduce shear rate without compromising the dispersion 

should be conducted. Overall energy input should however be considered 

(including electrical heating) and not just the mechanical energy input to the 

process thus, a change in the screw designs may be more reasonable, e.g., 

altering conveying elements with different lobes, longer kneading blocks to 

ensure proper mixing but with a reduced width (thus a wider overflow area; 
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reduced shearing). A wider die may also be considered as this reduces the 

shear stress and pressure build-up, but a reduction in mixing efficiency may 

result with lower back pressure. 

 

➢ What further structural analysis is required for the PEEK-PCNs?  

 The crystallinity of the skin and core has been examined in the injection 

moulded PEEK materials but the skin-core transition layer was not examined 

and this requires investigation so a complete picture can be formed for the 

crystalline structure through the sample thickness. XRD would be preferable 

here as it should be easier to get a more precise location in the sample 

compared with the preparation method for DSC. The positional effect from 

P1 to P3 was discovered to be important in this investigation, so further work 

to quantify the gradient of the % crystallinity through the moulding channel 

(X direction) is required.  

 

➢ How would a wider range of processing parameters influence the morphology 

and properties of the PEEK-PCNs? Can we establish what is the widest 

processing window possible that still allows us to achieve a target 

conductivity level? 

 The current PEEK-PCNs involve two injection velocities and three mould 

temperatures (DM). A wider range of values could be considered with 

reference to industry practice, but the two processing limits (lower and upper 

bounds) should be clarified. For example, the lowest allowable mould 

temperature should be low enough to give fast cooling but also high enough 

to allow dynamic flow for complete injection, while the highest allowable 

mould temperature should be high enough to produce more relaxation/less 

orientation but also low enough to ensure a reasonably short injection cycle. 

The use of rheological characterisation of materials is also proposed for future 

work. This would be done under shear conditions relevant to the process in 

question. Robust process simulations may also help in efficiently identifying 
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optimum processing conditions without the need for many experimental trials. 

The modelling work in this thesis does not integrate MWCNT data, so this 

could be a key point for further work. The influence of parameters such as 

packing pressure and time could also be investigated.  

 

➢ What would be expected in terms of the electrical and mechanical properties 

of the injection moulded PEEK-PCNs if PEEK with different molecular 

weights and/or degree of interaction with the MWCNTs were employed? 

(effect of matrices) 

 It is thought that the effect of matrices is less significant than that of fillers on 

altering the electrical and mechanical properties of PEEK-PCNs but 

molecular weight influences factors such as the shear stress applied to the 

particles and hence orientation. It would be useful to investigate just how 

significant this is using the range of molecular weight PEEKs available 

commercially.  

 If a strong interaction occurs between the PEEK and MWCNTs, the 

MWCNTs may deliver a strong confinement effect that will potentially 

influence the dispersion/relaxation and crystallisation kinetics. Such a change 

can influence the stiffness, ductility of PEEK-PCNs and also the percolating 

network formation, e.g., a strong interaction may hinder the relaxation and 

thus a higher degree of orientation and lower conductivity. Further work could 

examine the use of functionalised MWCNTs to enhance the bond between the 

PEEK and MWCNTs to examine the influence of interaction strength on 

processability and properties.  

 

➢ What would be expected if the same materials (NC7000 MWCNTs/PEEK-

DM) were used with different mould designs (e.g., effect of flow path length) 

and how is this related to the electrical properties of PEEK-PCNs? 

 Assuming that the materials and processing conditions such as mould 

temperature and injection velocity remain unchanged, a change in the mould 
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cavity may influence the cooling process, especially for changing part 

thickness. A thinner part is easier to cool uniformly while a thickener part 

requires a longer time (i.e. doubling the thickness would quadruple the 

cooling time). The non-uniform cooling conditions would then lead to 

differences in crystallinity and MWCNT orientation. 

 For parts with a longer flow path, there will be a higher temperature gradient 

from the gate to the farthest position as the melt travels through the mould 

cavity. If the mould temperature is not high enough to support the melt 

travelling to the end of gate then a higher melt temperature, mould 

temperature and/or pressure will be needed, but overall a longer part would 

be expected to have a more significant positional effect. Thicker geometries 

will be impacted less significantly since the core thickness increases due to 

thermal insulation and energy from the centre which are dominating factors. 

 

➢ How does the skin-core effect influence the overall through thickness 

conductivity?  

 As the current test results suggest, the thickness of the skin layer has a 

detrimental effect on both the through thickness and along the injection flow 

conductivity. More MWCNT orientation along the injection flow would be 

observed as the skin thickness increases thus lowering the overall electrical 

conductivity for both measurement directions. Future work could consider a 

processing alteration to reduce the skin layer, e.g. reducing the cooling rate 

(higher mould temperature). 

 

➢ How can this work be exploited in industry, and in which applications are 

recommended? Anything else can be done in the lab regarding new materials 

and/or methods? 

 The new PEEK-PCNs developed in this work offer a viable and more cost 

and environmentally sustainable alternative to the currently used material in 

the aerospace industry. Additional advantages are achieved in terms of the 



Chapter 7. Conclusions and Suggestions for Future Work                 309 

material ductility relative to current commercially available material. The 

next step in the work would be to run trials with an industrial injection 

moulding partner. In terms of further research new grades of MWCNTs and/or 

applying functionalisation to the current MWCNTs to increase the affinity 

with PEEK molecules could be considered.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Bibliography                                    310 

Bibliography 

[1] A. K. Geim and K. S. Novoselov, “The rise of graphene,” Nature Materials, vol. 6, 

no. 3, pp. 183–191, Mar. 2007, doi: 10.1038/nmat1849. 

[2] S. Iijima, “Helical microtubules of graphitic carbon,” Nature, vol. 354, no. 6348, 

pp. 56–58, Nov. 1991, doi: 10.1038/354056a0. 

[3] L. V. Radushkevich and V. M. Lukyanovich, “The Structure of Carbon Forming in 

Thermal Decomposition of Carbon Monoxide on an Iron Catalyst,” Russian Journal 

of Physical Chemistry, vol. 26, pp. 88–95, 1952. 

[4] H. W. Kroto, J. R. Heath, S. C. O’Brien, R. F. Curl, and R. E. Smalley, “C60: 

Buckminsterfullerene,” Nature, vol. 318, no. 6042, pp. 162–163, Nov. 1985, doi: 

10.1038/318162a0. 

[5] J. W. G. Wilder, L. C. Venema, A. G. Rinzler, R. E. Smalley, and C. Dekker, 

“Electronic structure of atomically resolved carbon nanotubes,” Nature, vol. 391, no. 

6662, pp. 59–62, Jan. 1998, doi: 10.1038/34139. 

[6] S. Das, “A review on Carbon nano-tubes – A new era of nanotechnology,” 

International Journal of Emerging Technology and Advanced Engineering, vol. 3, no. 

3, pp. 774–783, Mar. 2013, [Online]. Available: 

http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.413.7576&rep=rep1&type

=pdf. 

[7] R. Jansen and P. Wallis, “Manufacturing, Characterization and Use of Single 

Walled Carbon Nanotubes,” www.sigmaaldrich.com. 

https://www.sigmaaldrich.com/GB/en/technical-documents/technical-

article/materials-science-and-engineering/microelectronics-and-

nanoelectronics/single-walled-carbon-nanotubes. 

[8] T. W. Ebbesen, H. J. Lezec, H. Hiura, J. W. Bennett, H. F. Ghaemi, and T. Thio, 

“Electrical conductivity of individual carbon nanotubes,” Nature, vol. 382, no. 6586, 

pp. 54–56, Jul. 1996, doi: 10.1038/382054a0. 

[9] M. Filchakova and V. Saik, “Single-walled carbon nanotubes: structure, properties, 

applications, and health & safety,” tuball.com, May 13, 2021. 

10.1038/nmat1849
10.1038/354056a0
10.1038/318162a0
10.1038/34139
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.413.7576&rep=rep1&type=pdf
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.413.7576&rep=rep1&type=pdf
https://www.sigmaaldrich.com/GB/en/technical-documents/technical-article/materials-science-and-engineering/microelectronics-and-nanoelectronics/single-walled-carbon-nanotubes
https://www.sigmaaldrich.com/GB/en/technical-documents/technical-article/materials-science-and-engineering/microelectronics-and-nanoelectronics/single-walled-carbon-nanotubes
https://www.sigmaaldrich.com/GB/en/technical-documents/technical-article/materials-science-and-engineering/microelectronics-and-nanoelectronics/single-walled-carbon-nanotubes
10.1038/382054a0


Bibliography                                    311 

https://tuball.com/articles/single-walled-carbon-nanotubes (accessed Jun. 27, 2021). 

[10] R. Andrews et al., “Continuous production of aligned carbon nanotubes: a step 

closer to commercial realization,” Chemical Physics Letters, vol. 303, no. 5–6, pp. 

467–474, Apr. 1999, doi: 10.1016/s0009-2614(99)00282-1. 

[11] M. H. Rümmeli, P. Ayala, and T. Pichler, “Carbon Nanotubes and Related 

Structures: Production and Formation,” Carbon Nanotubes and Related Structures, pp. 

1–21, Feb. 2010, doi: 10.1002/9783527629930.ch1. 

[12] A. Thess et al., “Crystalline Ropes of Metallic Carbon Nanotubes,” Science, vol. 

273, no. 5274, pp. 483–487, Jul. 1996, doi: 10.1126/science.273.5274.483. 

[13] W. Merchan-Merchan, A. Saveliev, L. A. Kennedy, and A. Fridman, “Formation 

of carbon nanotubes in counter-flow, oxy-methane diffusion flames without catalysts,” 

Chemical Physics Letters, vol. 354, no. 1–2, pp. 20–24, Mar. 2002, doi: 

10.1016/s0009-2614(02)00027-1. 

[14] J. P. Lu, “Elastic Properties of Carbon Nanotubes and Nanoropes,” Physical 

Review Letters, vol. 79, no. 7, pp. 1297–1300, Aug. 1997, doi: 

10.1103/physrevlett.79.1297. 

[15] B. C. Brodie, “XIII. On the atomic weight of graphite,” Philosophical 

Transactions of the Royal Society of London, vol. 149, pp. 249–259, Dec. 1859, doi: 

10.1098/rstl.1859.0013. 

[16] “Press release: Nobel Prize in Physics goes to European Research Council grantee 

Prof. Konstantin Novoselov,” European Research Council, Oct. 2010. Accessed: Jun. 

30, 2021. [Online]. Available: 

https://erc.europa.eu/sites/default/files/press_release/files/erc_pr_2010_nobel_prize_

novoselov_0.pdf. 

[17] K. S. Novoselov et al., “Electric Field Effect in Atomically Thin Carbon Films,” 

Science, vol. 306, no. 5696, pp. 666–669, Oct. 2004, doi: 10.1126/science.1102896. 

[18] “The Nobel Prize in Physics 2010,” NobelPrize.org, Dec. 03, 2013. 

https://www.nobelprize.org/prizes/physics/2010/illustrated-information/ (accessed 

Jun. 27, 2021). 

[19] C. Lee, X. Wei, J. W. Kysar, and J. Hone, “Measurement of the Elastic Properties 

https://tuball.com/articles/single-walled-carbon-nanotubes
10.1016/s0009-2614(99)00282-1
10.1002/9783527629930.ch1
10.1126/science.273.5274.483
10.1016/s0009-2614(02)00027-1
10.1103/physrevlett.79.1297
10.1098/rstl.1859.0013
10.1126/science.1102896
https://www.nobelprize.org/prizes/physics/2010/illustrated-information/


Bibliography                                    312 

and Intrinsic Strength of Monolayer Graphene,” Science, vol. 321, no. 5887, pp. 385–

388, Jul. 2008, doi: 10.1126/science.1157996. 

[20] M. Köhne, “Can graphene-based conductors compete with copper in electrical 

conductivity?,” Bosch Global, Feb. 03, 2021. https://www.bosch.com/stories/can-

graphene-compete-with-copper-in-electrical-conductivity/. 

[21] Md. S. A. Bhuyan, Md. N. Uddin, Md. M. Islam, F. A. Bipasha, and S. S. Hossain, 

“Synthesis of graphene,” International Nano Letters, vol. 6, no. 2, pp. 65–83, Feb. 

2016, doi: 10.1007/s40089-015-0176-1. 

[22] Y. Yan et al., “Synthesis of graphene: Potential carbon precursors and approaches,” 

Nanotechnology Reviews, vol. 9, no. 1, pp. 1284–1314, Jan. 2020, doi: 10.1515/ntrev-

2020-0100. 

[23] V. Z. Mordkovich, A. G. Umnov, and T. Inoshita, “Nanostructure of laser 

pyrolysis carbon blacks: observation of multiwall fullerenes,” International Journal of 

Inorganic Materials, vol. 2, no. 4, pp. 347–353, Sep. 2000, doi: 10.1016/s1466-

6049(00)00031-3. 

[24] “Pigments through the Ages - Prehistory,” Webexhibits.org, 2019. 

http://www.webexhibits.org/pigments/intro/early.html. 

[25] “What is Carbon Black?,” [Online]. Available: 

https://www.thecarycompany.com/media/pdf/specs/orion-what-is-carbon-black.pdf. 

[26] D. Pantea, H. Darmstadt, S. Kaliaguine, and C. Roy, “Electrical conductivity of 

conductive carbon blacks: influence of surface chemistry and topology,” Applied 

Surface Science, vol. 217, no. 1–4, pp. 181–193, Jul. 2003, doi: 10.1016/s0169-

4332(03)00550-6. 

[27] D. Coetzee, M. Venkataraman, J. Militky, and M. Petru, “Influence of 

Nanoparticles on Thermal and Electrical Conductivity of Composites,” Polymers, vol. 

12, no. 4, p. 742, Mar. 2020, doi: 10.3390/polym12040742. 

[28] S. Naghdi, K. Rhee, D. Hui, and S. Park, “A Review of Conductive Metal 

Nanomaterials as Conductive, Transparent, and Flexible Coatings, Thin Films, and 

Conductive Fillers: Different Deposition Methods and Applications,” Coatings, vol. 8, 

no. 8, p. 278, Aug. 2018, doi: 10.3390/coatings8080278. 

10.1126/science.1157996
https://www.bosch.com/stories/can-graphene-compete-with-copper-in-electrical-conductivity/
https://www.bosch.com/stories/can-graphene-compete-with-copper-in-electrical-conductivity/
10.1007/s40089-015-0176-1
10.1515/ntrev-2020-0100
10.1515/ntrev-2020-0100
10.1016/s1466-6049(00)00031-3
10.1016/s1466-6049(00)00031-3
http://www.webexhibits.org/pigments/intro/early.html
https://www.thecarycompany.com/media/pdf/specs/orion-what-is-carbon-black.pdf
10.1016/s0169-4332(03)00550-6
10.1016/s0169-4332(03)00550-6
10.3390/polym12040742
10.3390/coatings8080278


Bibliography                                    313 

[29] “Innovation never stops: Victrex celebrates 40 years of PEEK success, with much 

more to come,” Victrex, Nov. 28, 2018. 

HTTPS://WWW.VICTREX.COM/NEWS/2018/11/40-YEARS-OF-PEEK-

SUCCESS (accessed Jun. 27, 2021). 

[30] M. Embery, “The Elements of Invention (2): Materials make the world go around,” 

Victrex, Apr. 02, 2019. HTTPS://WWW.VICTREX.COM/BLOG/2019/THE-

ELEMENTS-OF-INVENTION-2 (accessed Jun. 27, 2021). 

[31] J. Grasmeder, “A Closer Peek at PEEK – HPP explained (part 2),” Victrex, Sep. 

24, 2019. HTTPS://WWW.VICTREX.COM/BLOG/2017/A-CLOSER-PEEK-AT-

PEEK (accessed Jun. 27, 2021). 

[32] “Polyether ether ketone (PEEK Plastic): Uses, Properties & Material Guide,” 

omnexus.specialchem.com. https://omnexus.specialchem.com/selection-

guide/polyetheretherketone-peek-thermoplastic. 

[33] C. Burger, “Five factors to consider when moulding PEEK,” Victrex, Jan. 17, 2019. 

https://www.victrex.com/blog/2019/five-factors-to-consider-when-moulding-peek. 

[34] M. Holmes, “Aerospace looks to composites for solutions,” Reinforced Plastics, 

vol. 61, no. 4, pp. 237–241, Jul. 2017, doi: 10.1016/j.repl.2017.06.079. 

[35] “PEEK replaces metal on Airbus,” Reinforced Plastics, vol. 39, no. 9, p. 4, Sep. 

1995, doi: 10.1016/0034-3617(95)91560-5. 

[36] “Reinforced PEEK replaces aluminium in Airbus parts,” Reinforced Plastics, vol. 

41, no. 4, p. 8, Apr. 1997, doi: 10.1016/s0034-3617(97)91406-5. 

[37] “Victrex celebrates 40 years of PEEK,” Reinforced Plastics, vol. 63, no. 2, p. 60, 

Mar. 2019, doi: 10.1016/j.repl.2019.01.034. 

[38] “PEEK replaces titanium in surgical head restraint,” Reinforced Plastics, vol. 52, 

no. 8, p. 5, Sep. 2008, doi: 10.1016/s0034-3617(08)70284-4. 

[39] “PEEK performs for power plant probe,” Reinforced Plastics, vol. 48, no. 1, p. 8, 

Jan. 2004, doi: 10.1016/s0034-3617(04)00089-x. 

[40] “3D printing different PEEK blends,” Reinforced Plastics, vol. 65, no. 1, p. 33, 

Jan. 2021, doi: 10.1016/j.repl.2020.12.084. 

[41] “Victrex PEEK enables OneSubsea to develop reliable downhole and subsea 

https://www.victrex.com/NEWS/2018/11/40-YEARS-OF-PEEK-SUCCESS
https://www.victrex.com/NEWS/2018/11/40-YEARS-OF-PEEK-SUCCESS
https://www.victrex.com/BLOG/2019/THE-ELEMENTS-OF-INVENTION-2
https://www.victrex.com/BLOG/2019/THE-ELEMENTS-OF-INVENTION-2
https://www.victrex.com/BLOG/2017/A-CLOSER-PEEK-AT-PEEK
https://www.victrex.com/BLOG/2017/A-CLOSER-PEEK-AT-PEEK
https://omnexus.specialchem.com/selection-guide/polyetheretherketone-peek-thermoplastic
https://omnexus.specialchem.com/selection-guide/polyetheretherketone-peek-thermoplastic
https://www.victrex.com/blog/2019/five-factors-to-consider-when-moulding-peek
10.1016/j.repl.2017.06.079
10.1016/0034-3617(95)91560-5
10.1016/s0034-3617(97)91406-5
10.1016/j.repl.2019.01.034
10.1016/s0034-3617(08)70284-4
10.1016/s0034-3617(04)00089-x
10.1016/j.repl.2020.12.084


Bibliography                                    314 

electrical connectors,” Sealing Technology, vol. 2014, no. 11, p. 1, Nov. 2014, doi: 

10.1016/s1350-4789(14)70399-x. 

[42] A. J. Heeger, “Nobel Lecture: Semiconducting and metallic polymers: The 

fourth generation of polymeric materials,” Reviews of Modern Physics, vol. 73, no. 3, 

pp. 681–700, Sep. 2001, doi: 10.1103/revmodphys.73.681. 

[43] M. Gagné and D. Therriault, “Lightning strike protection of composites,” 

Progress in Aerospace Sciences, vol. 64, pp. 1–16, Jan. 2014, doi: 

10.1016/j.paerosci.2013.07.002. 

[44] N. Kittikunakorn, T. Liu, and F. Zhang, “Twin-screw melt granulation: Current 

progress and challenges,” International Journal of Pharmaceutics, vol. 588, p. 119670, 

Oct. 2020, doi: 10.1016/j.ijpharm.2020.119670. 

[45] H. Bauer, J. Matić, and J. Khinast, “Characteristic parameters and process maps 

for fully-filled twin-screw extruder elements,” Chemical Engineering Science, vol. 

230, p. 116202, Feb. 2021, doi: 10.1016/j.ces.2020.116202. 

[46] Y. Yang and F. Gao, “Adaptive control of the filling velocity of thermoplastics 

injection molding,” Control Engineering Practice, vol. 8, no. 11, pp. 1285–1296, Nov. 

2000, doi: 10.1016/s0967-0661(00)00060-5. 

[47] K. Ke et al., “A comparison of melt and solution mixing on the dispersion of 

carbon nanotubes in a poly(vinylidene fluoride) matrix,” Composites Part B: 

Engineering, vol. 43, no. 3, pp. 1425–1432, Apr. 2012, doi: 

10.1016/j.compositesb.2011.09.007. 

[48] K. Balasubramanian and M. Burghard, “Chemically Functionalized Carbon 

Nanotubes,” Small, vol. 1, no. 2, pp. 180–192, Feb. 2005, doi: 

10.1002/smll.200400118. 

[49] M. A. Hamon et al., “Dissolution of Single-Walled Carbon Nanotubes,” Adv. 

Mater., vol. 11, no. 10, pp. 834–840, Jul. 1999, doi: 10.1002/(SICI)1521-

4095(199907)11:10<834::AID-ADMA834>3.0.CO;2-R. 

[50] J. Kim, S. Kwak, S. M. Hong, J. R. Lee, A. Takahara, and Y. Seo, “Nonisothermal 

Crystallization Behaviors of Nanocomposites Prepared by In Situ Polymerization of 

High-Density Polyethylene on Multiwalled Carbon Nanotubes,” Macromolecules, vol. 

10.1016/s1350-4789(14)70399-x
10.1103/revmodphys.73.681
10.1016/j.paerosci.2013.07.002
10.1016/j.ijpharm.2020.119670
10.1016/j.ces.2020.116202
10.1016/s0967-0661(00)00060-5
10.1016/j.compositesb.2011.09.007
10.1002/smll.200400118
10.1002/(SICI)1521-4095(199907)11:10%3c834::AID-ADMA834%3e3.0.CO;2-R
10.1002/(SICI)1521-4095(199907)11:10%3c834::AID-ADMA834%3e3.0.CO;2-R


Bibliography                                    315 

43, no. 24, pp. 10545–10553, Dec. 2010, doi: 10.1021/ma102036h. 

[51] K. K. K. Koziol, S. Boncel, M. S. P. Shaffer, and A. H. Windle, “Aligned carbon 

nanotube-polystyrene composites prepared by in situ polymerisation of stacked layers,” 

Composites Science and Technology, vol. 71, no. 13, pp. 1606–1611, Sep. 2011, doi: 

10.1016/j.compscitech.2011.07.007. 

[52] R. Haggenmueller, F. Du, J. E. Fischer, and K. I. Winey, “Interfacial in situ 

polymerization of single wall carbon nanotube/nylon 6,6 nanocomposites,” Polymer, 

vol. 47, no. 7, pp. 2381–2388, Mar. 2006, doi: 10.1016/j.polymer.2006.01.087. 

[53] F. de C. Fim, N. R. S. Basso, A. P. Graebin, D. S. Azambuja, and G. B. Galland, 

“Thermal, electrical, and mechanical properties of polyethylene-graphene 

nanocomposites obtained by in situ polymerization,” Journal of Applied Polymer 

Science, vol. 128, no. 5, pp. 2630–2637, Aug. 2012, doi: 10.1002/app.38317. 

[54] A. A. Robaidi, A. Mousa, S. Massadeh, I. A. Rawabdeh, and N. Anagreh, “The 

Potential of Silane Coated Calcium Carbonate on Mechanical Properties of Rigid PVC 

Composites for Pipe Manufacturing,” Materials Sciences and Applications, vol. 02, 

no. 05, pp. 481–485, 2011, doi: 10.4236/msa.2011.25065. 

[55] Ica Manas-Zloczower, Mixing and Compounding of Polymers: Theory and 

Practice. Munich; Cincinnati: Hanser, Cop, 2009. 

[56] G. R. Kasaliwal, S. Pegel, A. Göldel, P. Pötschke, and G. Heinrich, “Analysis of 

agglomerate dispersion mechanisms of multiwalled carbon nanotubes during melt 

mixing in polycarbonate,” Polymer, vol. 51, no. 12, pp. 2708–2720, May 2010, doi: 

10.1016/j.polymer.2010.02.048. 

[57] S. M. Cruz and J. C. Viana, “Melt blending and characterization of carbon 

nanoparticles-filled thermoplastic polyurethane elastomers,” Journal of Elastomers & 

Plastics, vol. 47, no. 7, pp. 647–665, May 2014, doi: 10.1177/0095244314534097. 

[58] E. L. Paul, V. Atiemo-Obeng, and S. M. Kresta, Handbook of Industrial Mixing: 

Science and Practice. Hoboken: Wiley, 2003. 

[59] J. P. Quigley, K. Herrington, and D. G. Baird, “Enhanced electrical properties of 

polycarbonate/carbon nanotube nanocomposites prepared by a supercritical carbon 

dioxide aided melt blending method,” Polymer, vol. 55, no. 23, pp. 6167–6175, Nov. 

10.1021/ma102036h
10.1016/j.compscitech.2011.07.007
10.1016/j.polymer.2006.01.087
10.1002/app.38317
10.4236/msa.2011.25065
10.1016/j.polymer.2010.02.048
10.1177/0095244314534097


Bibliography                                    316 

2014, doi: 10.1016/j.polymer.2014.09.043. 

[60] T. Villmow, B. Kretzschmar, and P. Pötschke, “Influence of screw configuration, 

residence time, and specific mechanical energy in twin-screw extrusion of 

polycaprolactone/multi-walled carbon nanotube composites,” Composites Science and 

Technology, vol. 70, no. 14, pp. 2045–2055, Nov. 2010, doi: 

10.1016/j.compscitech.2010.07.021. 

[61] R. B. R. Calumby and S. V. Canevarolo, “Residence Time Distribution Curves of 

Screw Elements in Twin-Screw Extruder,” International Polymer Processing, vol. 17, 

no. 3, pp. 183–191, Sep. 2002, doi: 10.3139/217.1694. 

[62] M. S. P. Shaffer and A. H. Windle, “Fabrication and Characterization of Carbon 

Nanotube/Poly(vinyl alcohol) Composites,” Advanced Materials, vol. 11, no. 11, pp. 

937–941, Aug. 1999, doi: 10.1002/(sici)1521-4095(199908)11:11<937::aid-

adma937>3.0.co;2-9. 

[63] H. Hu, G. Zhang, L. Xiao, H. Wang, Q. Zhang, and Z. Zhao, “Preparation and 

electrical conductivity of graphene/ultrahigh molecular weight polyethylene 

composites with a segregated structure,” Carbon, vol. 50, no. 12, pp. 4596–4599, Oct. 

2012, doi: 10.1016/j.carbon.2012.05.045. 

[64] Y. Show and H. Itabashi, “Electrically conductive material made from CNT and 

PTFE,” Diamond and Related Materials, vol. 17, no. 4–5, pp. 602–605, Apr. 2008, doi: 

10.1016/j.diamond.2007.10.011. 

[65] Y.-N. Liu, M. Li, Y. Gu, Y. Zhang, Q. Li, and Z. Zhang, “Ultrastrong carbon 

nanotube/ bismaleimide composite film with super-aligned and tightly packing 

structure,” Composites Science and Technology, vol. 117, pp. 176–182, Sep. 2015, doi: 

10.1016/j.compscitech.2015.06.014. 

[66] C. Schilde, M. Schlömann, A. Overbeck, S. Linke, and A. Kwade, “Thermal, 

mechanical and electrical properties of highly loaded CNT-epoxy composites – A 

model for the electric conductivity,” Composites Science and Technology, vol. 117, pp. 

183–190, Sep. 2015, doi: 10.1016/j.compscitech.2015.06.013. 

[67] B. Krause, P. Pötschke, E. Ilin, and M. Predtechenskiy, “Melt mixed SWCNT-

polypropylene composites with very low electrical percolation,” Polymer, vol. 98, pp. 

10.1016/j.polymer.2014.09.043
10.1016/j.compscitech.2010.07.021
10.3139/217.1694
10.1002/(sici)1521-4095(199908)11:11%3c937::aid-adma937%3e3.0.co;2-9
10.1002/(sici)1521-4095(199908)11:11%3c937::aid-adma937%3e3.0.co;2-9
10.1016/j.carbon.2012.05.045
10.1016/j.diamond.2007.10.011
10.1016/j.compscitech.2015.06.014
10.1016/j.compscitech.2015.06.013


Bibliography                                    317 

45–50, Aug. 2016, doi: 10.1016/j.polymer.2016.06.004. 

[68] P. Pötschke et al., “Melt Mixing as Method to Disperse Carbon Nanotubes into 

Thermoplastic Polymers,” Fullerenes, Nanotubes and Carbon Nanostructures, vol. 13, 

no. sup1, pp. 211–224, Apr. 2005, doi: 10.1081/fst-200039267. 

[69] B. Krause, C. Barbier, K. Kunz, and P. Pötschke, “Comparative study of 

singlewalled, multiwalled, and branched carbon nanotubes melt mixed in different 

thermoplastic matrices,” Polymer, vol. 159, pp. 75–85, Dec. 2018, doi: 

10.1016/j.polymer.2018.11.010. 

[70] B. F. Jogi, M. Sawant, M. Kulkarni, and P. K. Brahmankar, “Dispersion and 

Performance Properties of Carbon Nanotubes (CNTs) Based Polymer Composites: A 

Review,” Journal of Encapsulation and Adsorption Sciences, vol. 02, no. 04, pp. 69–

78, 2012, doi: 10.4236/jeas.2012.24010. 

[71] P. Theilmann, D.-J. Yun, P. Asbeck, and S.-H. Park, “Superior electromagnetic 

interference shielding and dielectric properties of carbon nanotube composites through 

the use of high aspect ratio CNTs and three-roll milling,” Organic Electronics, vol. 14, 

no. 6, pp. 1531–1537, Jun. 2013, doi: 10.1016/j.orgel.2013.02.029. 

[72] B. Krause, R. Boldt, L. Häußler, and P. Pötschke, “Ultralow percolation threshold 

in polyamide 6.6/MWCNT composites,” Composites Science and Technology, vol. 

114, pp. 119–125, Jun. 2015, doi: 10.1016/j.compscitech.2015.03.014. 

[73] N. Patil, L. Balzano, G. Portale, and S. Rastogi, “Influence of shear in the 

crystallization of polyethylene in the presence of SWCNTs,” Carbon, vol. 48, no. 14, 

pp. 4116–4128, Nov. 2010, doi: 10.1016/j.carbon.2010.07.022. 

[74] M.-K. Seo, J.-R. Lee, and S.-J. Park, “Crystallization kinetics and interfacial 

behaviors of polypropylene composites reinforced with multi-walled carbon 

nanotubes,” Materials Science and Engineering: A, vol. 404, no. 1–2, pp. 79–84, Sep. 

2005, doi: 10.1016/j.msea.2005.05.065. 

[75] Y. Kazemi et al., “Conductive network formation and destruction in 

polypropylene/carbon nanotube composites via crystal control using supercritical 

carbon dioxide,” Polymer, vol. 129, pp. 179–188, Oct. 2017, doi: 

10.1016/j.polymer.2017.09.056. 

10.1016/j.polymer.2016.06.004
10.1081/fst-200039267
10.1016/j.polymer.2018.11.010
10.4236/jeas.2012.24010
10.1016/j.orgel.2013.02.029
10.1016/j.compscitech.2015.03.014
10.1016/j.carbon.2010.07.022
10.1016/j.msea.2005.05.065
10.1016/j.polymer.2017.09.056


Bibliography                                    318 

[76] J. Iyer Ganapathi, F. T. Fisher, and D. M. Kalyon, “Distributive mixing of carbon 

nanotubes in poly(caprolactone) via solution and melt processing: Viscoelasticity and 

crystallization behavior versus mixing indices,” Journal of Polymer Science Part B: 

Polymer Physics, vol. 54, no. 21, pp. 2254–2268, Aug. 2016, doi: 10.1002/polb.24137. 

[77] Y. Y. Huang, S. V. Ahir, and E. M. Terentjev, “Dispersion rheology of carbon 

nanotubes in a polymer matrix,” Physical Review B, vol. 73, no. 12, p. 125422, Mar. 

2006, doi: 10.1103/physrevb.73.125422. 

[78] P. Pötschke, T. Villmow, and B. Krause, “Melt mixed PCL/MWCNT composites 

prepared at different rotation speeds: Characterization of rheological, thermal, and 

electrical properties, molecular weight, MWCNT macrodispersion, and MWCNT 

length distribution,” Polymer, vol. 54, no. 12, pp. 3071–3078, May 2013, doi: 

10.1016/j.polymer.2013.04.012. 

[79] P. Pötschke, A. R. Bhattacharyya, and A. Janke, “Carbon nanotube-filled 

polycarbonate composites produced by melt mixing and their use in blends with 

polyethylene,” Carbon, vol. 42, no. 5–6, pp. 965–969, 2004, doi: 

10.1016/j.carbon.2003.12.001. 

[80] M. Sennett, E. Welsh, J. B. Wright, W. Z. Li, J. G. Wen, and Z. F. Ren, “Dispersion 

and alignment of carbon nanotubes in polycarbonate,” Applied Physics A: Materials 

Science & Processing, vol. 76, no. , pp. 111–113, Jan. 2003, doi: 10.1007/s00339-002-

1449-x. 

[81] R. Andrews, D. Jacques, M. Minot, and T. Rantell, “Fabrication of Carbon 

Multiwall Nanotube/Polymer Composites by Shear Mixing,” Macromolecular 

Materials and Engineering, vol. 287, no. 6, pp. 395–403, Jun. 2002, doi: 

10.1002/1439-2054(20020601)287:6<395::aid-mame395>3.0.co;2-s. 

[82] J. Wang et al., “Enhancing the electrical conductivity of PP/CNT nanocomposites 

through crystal-induced volume exclusion effect with a slow cooling rate,” Composites 

Part B: Engineering, vol. 183, p. 107663, Feb. 2020, doi: 

10.1016/j.compositesb.2019.107663. 

[83] L. Amoroso, E. L. Heeley, S. N. Ramadas, and T. McNally, “Crystallisation 

behaviour of composites of HDPE and MWCNTs: The effect of nanotube dispersion, 

10.1002/polb.24137
10.1103/physrevb.73.125422
10.1016/j.polymer.2013.04.012
10.1016/j.carbon.2003.12.001
10.1007/s00339-002-1449-x
10.1007/s00339-002-1449-x
10.1002/1439-2054(20020601)287:6%3c395::aid-mame395%3e3.0.co;2-s
10.1016/j.compositesb.2019.107663


Bibliography                                    319 

orientation and polymer deformation,” Polymer, vol. 201, p. 122587, Jun. 2020, doi: 

10.1016/j.polymer.2020.122587. 

[84] T. Yarici, M. Kodal, and G. Ozkoc, “Non-isothermal crystallization kinetics of 

Poly(Butylene succinate) (PBS) nanocomposites with different modified carbon 

nanotubes,” Polymer, vol. 146, pp. 361–377, Jun. 2018, doi: 

10.1016/j.polymer.2018.05.060. 

[85] J. E. K. Schawe, P. Pötschke, and I. Alig, “Nucleation efficiency of fillers in 

polymer crystallization studied by fast scanning calorimetry: Carbon nanotubes in 

polypropylene,” Polymer, vol. 116, pp. 160–172, May 2017, doi: 

10.1016/j.polymer.2017.03.072. 

[86] T. McNally et al., “Polyethylene multiwalled carbon nanotube composites,” 

Polymer, vol. 46, no. 19, pp. 8222–8232, Sep. 2005, doi: 

10.1016/j.polymer.2005.06.094. 

[87] K. Anoop Anand, U. S. Agarwal, and R. Joseph, “Carbon nanotubes induced 

crystallization of poly(ethylene terephthalate),” Polymer, vol. 47, no. 11, pp. 3976–

3980, May 2006, doi: 10.1016/j.polymer.2006.03.079. 

[88] Z. Li, S. Xu, W. Liu, S. He, and C. Zhu, “Preparation and characterization of 

nylon610/functionalized multiwalled carbon nanotubes composites,” Journal of 

Applied Polymer Science, vol. 113, no. 5, pp. 2805–2812, Sep. 2009, doi: 

10.1002/app.30246. 

[89] S. Zhu, Y. Zhao, and Z. Qiu, “Biodegradable poly(butylene succinate-co-butylene 

adipate)/multiwalled carbon nanotube nanocomposites: Preparation, morphology, and 

crystallization behavior,” Journal of Applied Polymer Science, vol. 124, no. 5, pp. 

4268–4273, Nov. 2011, doi: 10.1002/app.35407. 

[90] F. B. Ali and R. Mohan, “Thermal, mechanical, and rheological properties of 

biodegradable polybutylene succinate/carbon nanotubes nanocomposites,” Polymer 

Composites, vol. 31, no. 8, pp. 1309–1314, 2010, doi: 10.1002/pc.20913. 

[91] J. Y. Kim, H. J. Choi, C. S. Kang, and S. H. Kim, “Influence of modified carbon 

nanotube on physical properties and crystallization behavior of poly(ethylene 

terephthalate) nanocomposite,” Polymer Composites, vol. 31, no. 5, pp. 858–869, 2010, 

10.1016/j.polymer.2020.122587
10.1016/j.polymer.2018.05.060
10.1016/j.polymer.2017.03.072
10.1016/j.polymer.2005.06.094
10.1016/j.polymer.2006.03.079
10.1002/app.30246
10.1002/app.35407
10.1002/pc.20913


Bibliography                                    320 

doi: 10.1002/pc.20868. 

[92] B. P. Grady, F. Pompeo, R. L. Shambaugh, and D. E. Resasco, “Nucleation of 

Polypropylene Crystallization by Single-Walled Carbon Nanotubes,” The Journal of 

Physical Chemistry B, vol. 106, no. 23, pp. 5852–5858, Jun. 2002, doi: 

10.1021/jp014622y. 

[93] G. Mago, F. T. Fisher, and D. M. Kalyon, “Effects of Multiwalled Carbon 

Nanotubes on the Shear-Induced Crystallization Behavior of Poly(butylene 

terephthalate),” Macromolecules, vol. 41, no. 21, pp. 8103–8113, Oct. 2008, doi: 

10.1021/ma8008838. 

[94] G. Gorrasi et al., “Effect of temperature and morphology on the electrical 

properties of PET/conductive nanofillers composites,” Composites Part B: 

Engineering, vol. 135, pp. 149–154, Feb. 2018, doi: 

10.1016/j.compositesb.2017.10.020. 

[95] J.-Z. Xu, C. Chen, Y. Wang, H. Tang, Z.-M. Li, and B. S. Hsiao, “Graphene 

Nanosheets and Shear Flow Induced Crystallization in Isotactic Polypropylene 

Nanocomposites,” Macromolecules, vol. 44, no. 8, pp. 2808–2818, Apr. 2011, doi: 

10.1021/ma1028104. 

[96] C. Y. Li, L. Li, W. Cai, S. L. Kodjie, and K. K. Tenneti, “Nanohybrid Shish-

Kebabs: Periodically Functionalized Carbon Nanotubes,” Advanced Materials, vol. 17, 

no. 9, pp. 1198–1202, May 2005, doi: 10.1002/adma.200401977. 

[97] M. C. García-Gutiérrez et al., “Templating of crystallization and shear-induced 

self-assembly of single-wall carbon nanotubes in a polymer-nanocomposite,” Polymer, 

vol. 47, no. 1, pp. 341–345, Jan. 2006, doi: 10.1016/j.polymer.2005.11.018. 

[98] J. Yang, K. Wang, H. Deng, F. Chen, and Q. Fu, “Hierarchical structure of 

injection-molded bars of HDPE/MWCNTs composites with novel nanohybrid shish–

kebab,” Polymer, vol. 51, no. 3, pp. 774–782, Feb. 2010, doi: 

10.1016/j.polymer.2009.11.059. 

[99] W. A. Yee, J. Kong, C. Zhang, T. Liu, M. Kotaki, and X. Lu, “Polymorphism of 

electrospun polyvinylidene difluoride/carbon nanotube (CNT) nanocomposites: 

Synergistic effects of CNT surface chemistry, extensional force and supercritical 

10.1002/pc.20868
10.1021/jp014622y
10.1021/ma8008838
10.1016/j.compositesb.2017.10.020
10.1021/ma1028104
10.1002/adma.200401977
10.1016/j.polymer.2005.11.018
10.1016/j.polymer.2009.11.059


Bibliography                                    321 

carbon dioxide treatment,” Polymer, vol. 53, no. 22, pp. 5097–5102, Oct. 2012, doi: 

10.1016/j.polymer.2012.08.044. 

[100] P. Pötschke, M. Abdel-Goad, I. Alig, S. Dudkin, and D. Lellinger, “Rheological 

and dielectrical characterization of melt mixed polycarbonate-multiwalled carbon 

nanotube composites,” Polymer, vol. 45, no. 26, pp. 8863–8870, Dec. 2004, doi: 

10.1016/j.polymer.2004.10.040. 

[101] C. Penu, G.-H. Hu, A. Fernandez, P. Marchal, and L. Choplin, “Rheological and 

electrical percolation thresholds of carbon nanotube/polymer nanocomposites,” 

Polymer Engineering & Science, vol. 52, no. 10, pp. 2173–2181, Apr. 2012, doi: 

10.1002/pen.23162. 

[102] M. Liebscher, J. Domurath, M. Saphiannikova, M. T. Müller, G. Heinrich, and 

P. Pötschke, “Dispersion of graphite nanoplates in melt mixed PC/SAN polymer 

blends and its influence on rheological and electrical properties,” Polymer, vol. 200, 

p. 122577, Jun. 2020, doi: 10.1016/j.polymer.2020.122577. 

[103] F. Stan, N. V. Stanciu, and C. Fetecau, “Melt rheological properties of ethylene-

vinyl acetate/multi-walled carbon nanotube composites,” Composites Part B: 

Engineering, vol. 110, pp. 20–31, Feb. 2017, doi: 10.1016/j.compositesb.2016.10.071. 

[104] F. Faraguna, P. Pötschke, and J. Pionteck, “Preparation of polystyrene 

nanocomposites with functionalized carbon nanotubes by melt and solution mixing: 

Investigation of dispersion, melt rheology, electrical and thermal properties,” Polymer, 

vol. 132, pp. 325–341, Dec. 2017, doi: 10.1016/j.polymer.2017.11.014. 

[105] J. F. Vega et al., “Influence of Chain Branching and Molecular Weight on Melt 

Rheology and Crystallization of Polyethylene/Carbon Nanotube Nanocomposites,” 

Macromolecules, vol. 47, no. 16, pp. 5668–5681, Aug. 2014, doi: 10.1021/ma501269g. 

[106] D. Xiang, E. Harkin-Jones, D. Linton, and P. Martin, “Structure, mechanical, 

and electrical properties of high-density polyethylene/multi-walled carbon nanotube 

composites processed by compression molding and blown film extrusion,” Journal of 

Applied Polymer Science, vol. 132, no. 42, pp. 42665 (1-12), Jul. 2015, doi: 

10.1002/app.42665. 

[107] S. Pramanik and P. Das, “Metal-Based Nanomaterials and Their Polymer 

10.1016/j.polymer.2012.08.044
10.1016/j.polymer.2004.10.040
10.1002/pen.23162
10.1016/j.polymer.2020.122577
10.1016/j.compositesb.2016.10.071
10.1016/j.polymer.2017.11.014
10.1021/ma501269g
10.1002/app.42665


Bibliography                                    322 

Nanocomposites,” Nanomaterials and Polymer Nanocomposites, pp. 91–121, 2019, 

doi: 10.1016/b978-0-12-814615-6.00003-5. 

[108] H. Liu et al., “Reduction of graphene oxide to highly conductive graphene by 

Lawesson’s reagent and its electrical applications,” Journal of Materials Chemistry C, 

vol. 1, no. 18, p. 3104, 2013, doi: 10.1039/c3tc00067b. 

[109] P. Avouris, “Carbon nanotube electronics,” Chemical Physics, vol. 281, no. 2–3, 

pp. 429–445, Aug. 2002, doi: 10.1016/s0301-0104(02)00376-2. 

[110] M. H. Al-Saleh, W. H. Saadeh, and U. Sundararaj, “EMI shielding effectiveness 

of carbon based nanostructured polymeric materials: A comparative study,” Carbon, 

vol. 60, pp. 146–156, Aug. 2013, doi: 10.1016/j.carbon.2013.04.008. 

[111] B. Herren, P. Larson, M. Saha, and Y. Liu, “Enhanced Electrical Conductivity of 

Carbon Nanotube-Based Elastomer Nanocomposites Prepared by Microwave Curing,” 

Polymers, vol. 11, no. 7, p. 1212, Jul. 2019, doi: 10.3390/polym11071212. 

[112] B. Krause, P. Pötschke, and L. Häußler, “Influence of small scale melt mixing 

conditions on electrical resistivity of carbon nanotube-polyamide composites,” 

Composites Science and Technology, vol. 69, no. 10, pp. 1505–1515, Aug. 2009, doi: 

10.1016/j.compscitech.2008.07.007. 

[113] J.-F. Gao, Z.-M. Li, Q. Meng, and Q. Yang, “CNTs/ UHMWPE composites with 

a two-dimensional conductive network,” Materials Letters, vol. 62, no. 20, pp. 3530–

3532, Jul. 2008, doi: 10.1016/j.matlet.2008.03.053. 

[114] Q. Zhang, D. R. Lippits, and S. Rastogi, “Dispersion and Rheological Aspects 

of SWNTs in Ultrahigh Molecular Weight Polyethylene,” Macromolecules, vol. 39, no. 

2, pp. 658–666, 2006, doi: 10.1021/ma051031n. 

[115] M. Arjmand, T. Apperley, M. Okoniewski, and U. Sundararaj, “Comparative 

study of electromagnetic interference shielding properties of injection molded versus 

compression molded multi-walled carbon nanotube/polystyrene composites,” Carbon, 

vol. 50, no. 14, pp. 5126–5134, Nov. 2012, doi: 10.1016/j.carbon.2012.06.053. 

[116] P. Pötschke et al., “Dispersion of Carbon Nanotubes into Thermoplastic 

Polymers using Melt Mixing,” AIP Conference Proceedings, vol. 723, no. 478, 2004, 

doi: https://doi.org/10.1063/1.1812133. 

10.1016/b978-0-12-814615-6.00003-5
10.1039/c3tc00067b
10.1016/s0301-0104(02)00376-2
10.1016/j.carbon.2013.04.008
10.3390/polym11071212
10.1016/j.compscitech.2008.07.007
10.1016/j.matlet.2008.03.053
10.1021/ma051031n
10.1016/j.carbon.2012.06.053
https://doi.org/10.1063/1.1812133


Bibliography                                    323 

[117] M. Arjmand, M. Mahmoodi, G. A. Gelves, S. Park, and U. Sundararaj, 

“Electrical and electromagnetic interference shielding properties of flow-induced 

oriented carbon nanotubes in polycarbonate,” Carbon, vol. 49, no. 11, pp. 3430–3440, 

Sep. 2011, doi: 10.1016/j.carbon.2011.04.039. 

[118] M. Qu et al., “Electrical conductivity and mechanical properties of melt-spun 

ternary composites comprising PMMA, carbon fibers and carbon black,” Composites 

Science and Technology, vol. 150, pp. 24–31, Sep. 2017, doi: 

10.1016/j.compscitech.2017.07.004. 

[119] Q. Zhang, J. Wang, B.-H. Guo, Z.-X. Guo, and J. Yu, “Electrical conductivity of 

carbon nanotube-filled miscible poly(phenylene oxide)/polystyrene blends prepared 

by melt compounding,” Composites Part B: Engineering, vol. 176, p. 107213, Nov. 

2019, doi: 10.1016/j.compositesb.2019.107213. 

[120] S. Bose, A. R. Bhattacharyya, A. R. Kulkarni, and P. Pötschke, “Electrical, 

rheological and morphological studies in co-continuous blends of polyamide 6 and 

acrylonitrile–butadiene–styrene with multiwall carbon nanotubes prepared by melt 

blending,” Composites Science and Technology, vol. 69, no. 3–4, pp. 365–372, Mar. 

2009, doi: 10.1016/j.compscitech.2008.10.024. 

[121] A. Gupta and V. Choudhary, “Electromagnetic interference shielding behavior 

of poly(trimethylene terephthalate)/multi-walled carbon nanotube composites,” 

Composites Science and Technology, vol. 71, no. 13, pp. 1563–1568, Sep. 2011, doi: 

10.1016/j.compscitech.2011.06.014. 

[122] W.-L. Song et al., “Flexible graphene/polymer composite films in sandwich 

structures for effective electromagnetic interference shielding,” Carbon, vol. 66, pp. 

67–76, Jan. 2014, doi: 10.1016/j.carbon.2013.08.043. 

[123] M. T. Müller, B. Krause, B. Kretzschmar, and P. Pötschke, “Influence of feeding 

conditions in twin-screw extrusion of PP/MWCNT composites on electrical and 

mechanical properties,” Composites Science and Technology, vol. 71, no. 13, pp. 

1535–1542, Sep. 2011, doi: 10.1016/j.compscitech.2011.06.003. 

[124] P. Pötschke, K. Kobashi, T. Villmow, T. Andres, M. C. Paiva, and J. A. Covas, 

“Liquid sensing properties of melt processed polypropylene/poly(ε-caprolactone) 

10.1016/j.carbon.2011.04.039
10.1016/j.compscitech.2017.07.004
10.1016/j.compositesb.2019.107213
10.1016/j.compscitech.2008.10.024
10.1016/j.compscitech.2011.06.014
10.1016/j.carbon.2013.08.043
10.1016/j.compscitech.2011.06.003


Bibliography                                    324 

blends containing multiwalled carbon nanotubes,” Composites Science and 

Technology, vol. 71, no. 12, pp. 1451–1460, Aug. 2011, doi: 

10.1016/j.compscitech.2011.05.019. 

[125] L. Wang, J. Qiu, E. Sakai, and X. Wei, “The relationship between microstructure 

and mechanical properties of carbon nanotubes/polylactic acid nanocomposites 

prepared by twin-screw extrusion,” Composites Part A: Applied Science and 

Manufacturing, vol. 89, pp. 18–25, Oct. 2016, doi: 

10.1016/j.compositesa.2015.12.016. 

[126] P. Pötschke, A. R. Bhattacharyya, and A. Janke, “Morphology and electrical 

resistivity of melt mixed blends of polyethylene and carbon nanotube filled 

polycarbonate,” Polymer, vol. 44, no. 26, pp. 8061–8069, Dec. 2003, doi: 

10.1016/j.polymer.2003.10.003. 

[127] M. Mahmoodi, M. Arjmand, U. Sundararaj, and S. Park, “The electrical 

conductivity and electromagnetic interference shielding of injection molded multi-

walled carbon nanotube/polystyrene composites,” Carbon, vol. 50, no. 4, pp. 1455–

1464, Apr. 2012, doi: 10.1016/j.carbon.2011.11.004. 

[128] R. Socher, B. Krause, M. T. Müller, R. Boldt, and P. Pötschke, “The influence of 

matrix viscosity on MWCNT dispersion and electrical properties in different 

thermoplastic nanocomposites,” Polymer, vol. 53, no. 2, pp. 495–504, Jan. 2012, doi: 

10.1016/j.polymer.2011.12.019. 

[129] G. Hu, C. Zhao, S. Zhang, M. Yang, and Z. Wang, “Low percolation thresholds 

of electrical conductivity and rheology in poly(ethylene terephthalate) through the 

networks of multi-walled carbon nanotubes,” Polymer, vol. 47, no. 1, pp. 480–488, 

Jan. 2006, doi: 10.1016/j.polymer.2005.11.028. 

[130] A. V. Poyekar, A. R. Bhattacharyya, A. S. Panwar, G. P. Simon, and D. S. Sutar, 

“Influence of Noncovalent Modification on Dispersion State of Multiwalled Carbon 

Nanotubes in Melt-Mixed Immiscible Polymer Blends,” ACS Applied Materials & 

Interfaces, vol. 6, no. 14, pp. 11054–11067, Jul. 2014, doi: 10.1021/am501737z. 

[131] P. F. Rios, A. Ophir, S. Kenig, R. Efrati, L. Zonder, and R. Popovitz-Biro, 

“Impact of injection-molding processing parameters on the electrical, mechanical, and 

10.1016/j.compscitech.2011.05.019
10.1016/j.compositesa.2015.12.016
10.1016/j.polymer.2003.10.003
10.1016/j.carbon.2011.11.004
10.1016/j.polymer.2011.12.019
10.1016/j.polymer.2005.11.028
10.1021/am501737z


Bibliography                                    325 

thermal properties of thermoplastic/carbon nanotube nanocomposites,” Journal of 

Applied Polymer Science, vol. 120, no. 1, pp. 70–78, Oct. 2010, doi: 

10.1002/app.32983. 

[132] S. Versavaud, G. Régnier, G. Gouadec, and M. Vincent, “Influence of injection 

molding on the electrical properties of polyamide 12 filled with multi-walled carbon 

nanotubes,” Polymer, vol. 55, no. 26, pp. 6811–6818, Dec. 2014, doi: 

10.1016/j.polymer.2014.10.038. 

[133] S. Pegel, P. Pötschke, T. Villmow, D. Stoyan, and G. Heinrich, “Spatial statistics 

of carbon nanotube polymer composites,” Polymer, vol. 50, no. 9, pp. 2123–2132, Apr. 

2009, doi: 10.1016/j.polymer.2009.02.030. 

[134] S. S. Rahatekar, M. Hamm, M. S. P. Shaffer, and J. A. Elliott, “Mesoscale 

modeling of electrical percolation in fiber-filled systems,” The Journal of Chemical 

Physics, vol. 123, no. 13, p. 134702, Oct. 2005, doi: 10.1063/1.2031147. 

[135] A. Behnam, J. Guo, and A. Ural, “Effects of nanotube alignment and 

measurement direction on percolation resistivity in single-walled carbon nanotube 

films,” Journal of Applied Physics, vol. 102, no. 4, p. 044313, Aug. 2007, doi: 

10.1063/1.2769953. 

[136] T. B. Nguyen Thi, S. Ata, T. Morimoto, T. Okazaki, T. Yamada, and K. Hata, 

“Visualizing electrical network in microinjection-molded CNT polycarbonate 

composite,” Carbon, vol. 153, pp. 136–147, Nov. 2019, doi: 

10.1016/j.carbon.2019.07.019. 

[137] D. Lellinger, D. Xu, A. Ohneiser, T. Skipa, and I. Alig, “Influence of the injection 

moulding conditions on the in-line measured electrical conductivity of polymer-carbon 

nanotube composites,” physica status solidi (b), vol. 245, no. 10, pp. 2268–2271, Aug. 

2008, doi: 10.1002/pssb.200879619. 

[138] B. H. Cipriano et al., “Conductivity enhancement of carbon nanotube and 

nanofiber-based polymer nanocomposites by melt annealing,” Polymer, vol. 49, no. 

22, pp. 4846–4851, Oct. 2008, doi: 10.1016/j.polymer.2008.08.057. 

[139] I. Alig, T. Skipa, M. Engel, D. Lellinger, S. Pegel, and P. Pötschke, “Electrical 

conductivity recovery in carbon nanotube–polymer composites after transient shear,” 

10.1002/app.32983
10.1016/j.polymer.2014.10.038
10.1016/j.polymer.2009.02.030
10.1063/1.2031147
10.1063/1.2769953
10.1016/j.carbon.2019.07.019
10.1002/pssb.200879619
10.1016/j.polymer.2008.08.057


Bibliography                                    326 

physica status solidi (b), vol. 244, no. 11, pp. 4223–4226, Nov. 2007, doi: 

10.1002/pssb.200776138. 

[140] M. Zaidani, M. A. Omar, and S. Kumar, “Coupling of injection molding process 

to mechanical properties of short fiber composites: A through process modeling 

approach,” Journal of Reinforced Plastics and Composites, vol. 34, no. 23, pp. 1963–

1978, Oct. 2015, doi: 10.1177/0731684415609138. 

[141] A. M. Rhoades, J. L. Williams, N. Wonderling, R. Androsch, and J. Guo, 

“Skin/core crystallinity of injection-molded poly (butylene terephthalate) as revealed 

by microfocus X-ray diffraction and fast scanning chip calorimetry,” Journal of 

Thermal Analysis and Calorimetry, vol. 127, pp. 939–946, 2017, doi: 10.1007/s10973-

016-5793-z. 

[142] T. Villmow, S. Pegel, P. Pötschke, and U. Wagenknecht, “Influence of injection 

molding parameters on the electrical resistivity of polycarbonate filled with multi-

walled carbon nanotubes,” Composites Science and Technology, vol. 68, no. 3–4, pp. 

777–789, Mar. 2008, doi: 10.1016/j.compscitech.2007.08.031. 

[143] M. Mičušík et al., “A comparative study on the electrical and mechanical 

behaviour of multi-walled carbon nanotube composites prepared by diluting a 

masterbatch with various types of polypropylenes,” Journal of Applied Polymer 

Science, vol. 113, no. 4, pp. 2536–2551, 2009, doi: 10.1002/app.30418. 

[144] H. Zhang and Z. Zhang, “Impact behaviour of polypropylene filled with multi-

walled carbon nanotubes,” European Polymer Journal, vol. 43, no. 8, pp. 3197–3207, 

Aug. 2007, doi: 10.1016/j.eurpolymj.2007.05.010. 

[145] S. Vidhate, A. Shaito, J. Chung, and N. A. D’Souza, “Crystallization, mechanical, 

and rheological behavior of polyvinylidene fluoride/carbon nanofiber composites,” 

Journal of Applied Polymer Science, vol. 112, no. 1, pp. 254–260, Apr. 2009, doi: 

10.1002/app.29413. 

[146] J. Yang et al., “Direct Formation of Nanohybrid Shish-Kebab in the Injection 

Molded Bar of Polyethylene/Multiwalled Carbon Nanotubes Composite,” 

Macromolecules, vol. 42, no. 18, pp. 7016–7023, Jul. 2009, doi: 10.1021/ma901266u. 

[147] M. H. Al-Saleh, “Electrical and mechanical properties of graphene/carbon 

10.1002/pssb.200776138
10.1177/0731684415609138
10.1007/s10973-016-5793-z
10.1007/s10973-016-5793-z
10.1016/j.compscitech.2007.08.031
10.1002/app.30418
10.1016/j.eurpolymj.2007.05.010
10.1002/app.29413
10.1021/ma901266u


Bibliography                                    327 

nanotube hybrid nanocomposites,” Synthetic Metals, vol. 209, pp. 41–46, Nov. 2015, 

doi: 10.1016/j.synthmet.2015.06.023. 

[148] F. Mai, K. Wang, M. Yao, H. Deng, F. Chen, and Q. Fu, “Superior Reinforcement 

in Melt-Spun Polyethylene/Multiwalled Carbon Nanotube Fiber through Formation of 

a Shish-Kebab Structure,” The Journal of Physical Chemistry B, vol. 114, no. 33, pp. 

10693–10702, Aug. 2010, doi: 10.1021/jp1019944. 

[149] F. Y. Castillo and B. P. Grady, “Filler reaggregation and network formation time 

scale in extruded high-density polyethylene/multiwalled carbon nanotube composites,” 

Polymer Engineering & Science, vol. 52, no. 8, pp. 1761–1774, Mar. 2012, doi: 

10.1002/pen.23124. 

[150] Y. Chen, S. Yang, H. Yang, M. Zhang, Q. Zhang, and Z. Li, “Toughness 

Reinforcement in Carbon Nanotube-Filled High Impact Polypropylene Copolymer 

with β-Nucleating Agent,” Industrial & Engineering Chemistry Research, vol. 55, no. 

32, pp. 8733–8742, Aug. 2016, doi: 10.1021/acs.iecr.6b01226. 

[151] W. Leelapornpisit, M.-T. Ton-That, F. Perrin-Sarazin, K. C. Cole, J. Denault, and 

B. Simard, “Effect of carbon nanotubes on the crystallization and properties of 

polypropylene,” Journal of Polymer Science Part B: Polymer Physics, vol. 43, no. 18, 

pp. 2445–2453, 2005, doi: 10.1002/polb.20527. 

[152] J. C. H. Affdl and J. L. Kardos, “The Halpin-Tsai equations: A review,” Polymer 

Engineering and Science, vol. 16, no. 5, pp. 344–352, May 1976, doi: 

10.1002/pen.760160512. 

[153] A. A. Koval’chuk, V. G. Shevchenko, A. N. Shchegolikhin, P. M. Nedorezova, 

A. N. Klyamkina, and A. M. Aladyshev, “Effect of Carbon Nanotube Functionalization 

on the Structural and Mechanical Properties of Polypropylene/MWCNT Composites,” 

Macromolecules, vol. 41, no. 20, pp. 7536–7542, Oct. 2008, doi: 10.1021/ma801599q. 

[154] M. H. Al-Saleh, “Effect of processing conditions on the dispersion, electrical, 

and mechanical properties of carbon nanotube/polypropylene nanocomposites,” 

Journal of Reinforced Plastics and Composites, vol. 34, no. 9, pp. 742–749, Apr. 2015, 

doi: 10.1177/0731684415579214. 

[155] F. Stan, L. I. Sandu, and C. Fetecau, “Effect of processing parameters and strain 

10.1016/j.synthmet.2015.06.023
10.1021/jp1019944
10.1002/pen.23124
10.1021/acs.iecr.6b01226
10.1002/polb.20527
10.1002/pen.760160512
10.1021/ma801599q
10.1177/0731684415579214


Bibliography                                    328 

rate on mechanical properties of carbon nanotube–filled polypropylene 

nanocomposites,” Composites Part B: Engineering, vol. 59, pp. 109–122, Mar. 2014, 

doi: 10.1016/j.compositesb.2013.11.023. 

[156] A. M. K. Esawi, H. G. Salem, H. M. Hussein, and A. R. Ramadan, “Effect of 

processing technique on the dispersion of carbon nanotubes within polypropylene 

carbon nanotube-composites and its effect on their mechanical properties,” Polymer 

Composites, vol. 31, no. 5, pp. 772–780, 2010, doi: 10.1002/pc.20859. 

[157] M. H. Al-Saleh, “Electrically conductive carbon nanotube/polypropylene 

nanocomposite with improved mechanical properties,” Materials & Design, vol. 85, 

pp. 76–81, Nov. 2015, doi: 10.1016/j.matdes.2015.06.162. 

[158] X. Zhao, Q. Zhang, D. Chen, and P. Lu, “Enhanced Mechanical Properties of 

Graphene-Based Poly(vinyl alcohol) Composites,” Macromolecules, vol. 43, no. 5, pp. 

2357–2363, Mar. 2010, doi: 10.1021/ma902862u. 

[159] N. Deep and P. Mishra, “Evaluation of mechanical properties of functionalized 

carbon nanotube reinforced PMMA polymer nanocomposite,” Karbala International 

Journal of Modern Science, vol. 4, no. 2, pp. 207–215, Jun. 2018, doi: 

10.1016/j.kijoms.2018.02.001. 

[160] M. Tarfaoui, K. Lafdi, and A. El Moumen, “Mechanical properties of carbon 

nanotubes based polymer composites,” Composites Part B: Engineering, vol. 103, pp. 

113–121, Oct. 2016, doi: 10.1016/j.compositesb.2016.08.016. 

[161] M. Yazdi, V. Haddadi Asl, M. Pourmohammadi, and H. Roghani-Mamaqani, 

“Mechanical properties, crystallinity, and self-nucleation of carbon nanotube-

polyurethane nanocomposites,” Polymer Testing, vol. 79, p. 106011, Oct. 2019, doi: 

10.1016/j.polymertesting.2019.106011. 

[162] R. Vivek, K. Joseph, G. P. Simon, and A. R. Bhattacharyya, “Melt-mixed 

composites of multi-walled carbon nanotubes and thermotropic liquid crystalline 

polymer: Morphology, rheology and mechanical properties,” Composites Science and 

Technology, vol. 151, pp. 184–192, Oct. 2017, doi: 

10.1016/j.compscitech.2017.07.024. 

[163] T. Liu, I. Y. Phang, L. Shen, S. Y. Chow, and W.-D. Zhang, “Morphology and 

10.1016/j.compositesb.2013.11.023
10.1002/pc.20859
10.1016/j.matdes.2015.06.162
10.1021/ma902862u
10.1016/j.kijoms.2018.02.001
10.1016/j.compositesb.2016.08.016
10.1016/j.polymertesting.2019.106011
10.1016/j.compscitech.2017.07.024


Bibliography                                    329 

Mechanical Properties of Multiwalled Carbon Nanotubes Reinforced Nylon-6 

Composites,” Macromolecules, vol. 37, no. 19, pp. 7214–7222, Sep. 2004, doi: 

10.1021/ma049132t. 

[164] S. Kang, J. Kim, J. H. Park, I. Jung, and M. Park, “Multiwalled carbon nanotube 

pretreatment to enhance tensile properties, process stability, and filler dispersion of 

polyamide 66 nanocomposites,” Composites Part B: Engineering, vol. 198, p. 108204, 

Oct. 2020, doi: 10.1016/j.compositesb.2020.108204. 

[165] S. K. Peddini, C. P. Bosnyak, N. M. Henderson, C. J. Ellison, and D. R. Paul, 

“Nanocomposites from styrene–butadiene rubber (SBR) and multiwall carbon 

nanotubes (MWCNT) part 2: Mechanical properties,” Polymer, vol. 56, pp. 443–451, 

Jan. 2015, doi: 10.1016/j.polymer.2014.11.006. 

[166] O. M. Istrate, K. R. Paton, U. Khan, A. O’Neill, A. P. Bell, and J. N. Coleman, 

“Reinforcement in melt-processed polymer–graphene composites at extremely low 

graphene loading level,” Carbon, vol. 78, pp. 243–249, Nov. 2014, doi: 

10.1016/j.carbon.2014.06.077. 

[167] B. Fernández-d’Arlas et al., “Study of the mechanical, electrical and 

morphological properties of PU/MWCNT composites obtained by two different 

processing routes,” Composites Science and Technology, vol. 72, no. 2, pp. 235–242, 

Jan. 2012, doi: 10.1016/j.compscitech.2011.11.007. 

[168] C. Chen, M. Bortner, J. P. Quigley, and D. G. Baird, “Using supercritical carbon 

dioxide in preparing carbon nanotube nanocomposite: Improved dispersion and 

mechanical properties,” Polymer Composites, vol. 33, no. 6, pp. 1033–1043, May 2012, 

doi: 10.1002/pc.22222. 

[169] V. Obradović, D. B. Stojanović, I. Živković, V. Radojević, P. S. Uskoković, and 

R. Aleksić, “Dynamic mechanical and impact properties of composites reinforced with 

carbon nanotubes,” Fibers and Polymers, vol. 16, no. 1, pp. 138–145, Jan. 2015, doi: 

10.1007/s12221-015-0138-2. 

[170] J. Bai, R. D. Goodridge, R. J. M. Hague, and M. Song, “Improving the 

mechanical properties of laser-sintered polyamide 12 through incorporation of carbon 

nanotubes,” Polymer Engineering & Science, vol. 53, no. 9, pp. 1937–1946, Jan. 2013, 

10.1021/ma049132t
10.1016/j.compositesb.2020.108204
10.1016/j.polymer.2014.11.006
10.1016/j.carbon.2014.06.077
10.1016/j.compscitech.2011.11.007
10.1002/pc.22222
10.1007/s12221-015-0138-2


Bibliography                                    330 

doi: 10.1002/pen.23459. 

[171] L. M. Famá, V. Pettarin, S. N. Goyanes, and C. R. Bernal, “Starch/multi-walled 

carbon nanotubes composites with improved mechanical properties,” Carbohydrate 

Polymers, vol. 83, no. 3, pp. 1226–1231, Jan. 2011, doi: 

10.1016/j.carbpol.2010.09.027. 

[172] S. H. Yetgin, “Effect of multi walled carbon nanotube on mechanical, thermal 

and rheological properties of polypropylene,” Journal of Materials Research and 

Technology, vol. 8, no. 5, pp. 4725–4735, Sep. 2019, doi: 10.1016/j.jmrt.2019.08.018. 

[173] J. Liang et al., “Molecular-Level Dispersion of Graphene into Poly(vinyl alcohol) 

and Effective Reinforcement of their Nanocomposites,” Advanced Functional 

Materials, vol. 19, no. 14, pp. 2297–2302, Jul. 2009, doi: 10.1002/adfm.200801776. 

[174] J. Du and H.-M. Cheng, “The Fabrication, Properties, and Uses of 

Graphene/Polymer Composites,” Macromolecular Chemistry and Physics, vol. 213, 

no. 10–11, pp. 1060–1077, May 2012, doi: 10.1002/macp.201200029. 

[175] D. Bikiaris, “Microstructure and Properties of Polypropylene/Carbon Nanotube 

Nanocomposites,” Materials, vol. 3, no. 4, pp. 2884–2946, Apr. 2010, doi: 

10.3390/ma3042884. 

[176] M. Terrones et al., “Interphases in Graphene Polymer-based Nanocomposites: 

Achievements and Challenges,” Advanced Materials, vol. 23, no. 44, pp. 5302–5310, 

Sep. 2011, doi: 10.1002/adma.201102036. 

[177] G. E. Padawer and N. Beecher, “On the strength and stiffness of planar 

reinforced plastic resins,” Polymer Engineering and Science, vol. 10, no. 3, pp. 185–

192, May 1970, doi: 10.1002/pen.760100310. 

[178] N. G. Karsli, S. Demirkol, and T. Yilmaz, “Thermal aging and reinforcement 

type effects on the tribological, thermal, thermomechanical, physical and 

morphological properties of poly(ether ether ketone) composites,” Composites Part B: 

Engineering, vol. 88, pp. 253–263, Mar. 2016, doi: 

10.1016/j.compositesb.2015.11.013. 

[179] Z. Rasheva, G. Zhang, and Th. Burkhart, “A correlation between the tribological 

and mechanical properties of short carbon fibers reinforced PEEK materials with 

10.1002/pen.23459
10.1016/j.carbpol.2010.09.027
10.1016/j.jmrt.2019.08.018
10.1002/adfm.200801776
10.1002/macp.201200029
10.3390/ma3042884
10.1002/adma.201102036
10.1002/pen.760100310
10.1016/j.compositesb.2015.11.013


Bibliography                                    331 

different fiber orientations,” Tribology International, vol. 43, no. 8, pp. 1430–1437, 

Aug. 2010, doi: 10.1016/j.triboint.2010.01.020. 

[180] T. Miyazaki, C. Matsunami, and Y. Shirosaki, “Bioactive carbon–PEEK 

composites prepared by chemical surface treatment,” Materials Science and 

Engineering: C, vol. 70, pp. 71–75, Jan. 2017, doi: 10.1016/j.msec.2016.08.058. 

[181] S. Boriani et al., “Carbon-fiber-reinforced PEEK fixation system in the treatment 

of spine tumors: a preliminary report,” European Spine Journal, vol. 27, no. 4, pp. 

874–881, Aug. 2017, doi: 10.1007/s00586-017-5258-5. 

[182] M. Regis, A. Bellare, T. Pascolini, and P. Bracco, “Characterization of thermally 

annealed PEEK and CFR-PEEK composites: Structure-properties relationships,” 

Polymer Degradation and Stability, vol. 136, pp. 121–130, Feb. 2017, doi: 

10.1016/j.polymdegradstab.2016.12.005. 

[183] L. Ye, K. Friedrich, J. Kästel, and Y.-W. Mai, “Consolidation of unidirectional 

CF/PEEK composites from commingled yarn prepreg,” Composites Science and 

Technology, vol. 54, no. 4, pp. 349–358, Jan. 1995, doi: 10.1016/0266-3538(95)00061-

5. 

[184] B. Landry and P. Hubert, “Experimental study of defect formation during 

processing of randomly-oriented strand carbon/PEEK composites,” Composites Part 

A: Applied Science and Manufacturing, vol. 77, pp. 301–309, Oct. 2015, doi: 

10.1016/j.compositesa.2015.05.020. 

[185] A. Saleem, L. Frormann, and A. Iqbal, “High performance thermoplastic 

composites: Study on the mechanical, thermal, and electrical resistivity properties of 

carbon fiber-reinforced polyetheretherketone and polyethersulphone,” Polymer 

Composites, vol. 28, no. 6, pp. 785–796, 2007, doi: 10.1002/pc.20297. 

[186] D. Garcia-Gonzalez, M. Rodriguez-Millan, A. Rusinek, and A. Arias, 

“Investigation of mechanical impact behavior of short carbon-fiber-reinforced PEEK 

composites,” Composite Structures, vol. 133, pp. 1116–1126, Dec. 2015, doi: 

10.1016/j.compstruct.2015.08.028. 

[187] D. Garcia-Gonzalez, M. Rodriguez-Millan, A. Rusinek, and A. Arias, “Low 

temperature effect on impact energy absorption capability of PEEK composites,” 

10.1016/j.triboint.2010.01.020
10.1016/j.msec.2016.08.058
10.1007/s00586-017-5258-5
10.1016/j.polymdegradstab.2016.12.005
10.1016/0266-3538(95)00061-5
10.1016/0266-3538(95)00061-5
10.1016/j.compositesa.2015.05.020
10.1002/pc.20297
10.1016/j.compstruct.2015.08.028


Bibliography                                    332 

Composite Structures, vol. 134, pp. 440–449, Dec. 2015, doi: 

10.1016/j.compstruct.2015.08.090. 

[188] A. J. Comer et al., “Mechanical characterisation of carbon fibre–PEEK 

manufactured by laser-assisted automated-tape-placement and autoclave,” Composites 

Part A: Applied Science and Manufacturing, vol. 69, pp. 10–20, Feb. 2015, doi: 

10.1016/j.compositesa.2014.10.003. 

[189] T. Bergmann, S. Heimbs, and M. Maier, “Mechanical properties and energy 

absorption capability of woven fabric composites under ±45° off-axis tension,” 

Composite Structures, vol. 125, pp. 362–373, Jul. 2015, doi: 

10.1016/j.compstruct.2015.01.040. 

[190] Z. P. Lu and K. Friedrich, “On sliding friction and wear of PEEK and its 

composites,” Wear, vol. 181–183, pp. 624–631, Mar. 1995, doi: 10.1016/0043-

1648(95)90178-7. 

[191] P. Pissis et al., “Strain and Damage Sensing in Polymer Composites and 

Nanocomposites with Conducting Fillers,” Procedia Engineering, vol. 114, pp. 590–

597, 2015, doi: 10.1016/j.proeng.2015.08.109. 

[192] M. Sharma, J. Bijwe, E. Mäder, and K. Kunze, “Strengthening of CF/PEEK 

interface to improve the tribological performance in low amplitude oscillating wear 

mode,” Wear, vol. 301, no. 1–2, pp. 735–739, Apr. 2013, doi: 

10.1016/j.wear.2012.12.006. 

[193] W. J. Evans, D. H. Isaac, and K. S. Saib, “The effect of short carbon fibre 

reinforcement on fatigue crack growth in PEEK,” Composites Part A: Applied Science 

and Manufacturing, vol. 27, no. 7, pp. 547–554, Jan. 1996, doi: 10.1016/1359-

835x(96)00015-2. 

[194] M. Regis, A. Lanzutti, P. Bracco, and L. Fedrizzi, “Wear behavior of medical 

grade PEEK and CFR PEEK under dry and bovine serum conditions,” Wear, vol. 408–

409, pp. 86–95, Aug. 2018, doi: 10.1016/j.wear.2018.05.005. 

[195] T. A. Ezquerra, M. T. Connor, S. Roy, M. Kulescza, J. Fernandes-Nascimento, 

and F. J. Baltá-Calleja, “Alternating-current electrical properties of graphite, carbon-

black and carbon-fiber polymeric composites,” Composites Science and Technology, 

10.1016/j.compstruct.2015.08.090
10.1016/j.compositesa.2014.10.003
10.1016/j.compstruct.2015.01.040
10.1016/0043-1648(95)90178-7
10.1016/0043-1648(95)90178-7
10.1016/j.proeng.2015.08.109
10.1016/j.wear.2012.12.006
10.1016/1359-835x(96)00015-2
10.1016/1359-835x(96)00015-2
10.1016/j.wear.2018.05.005


Bibliography                                    333 

vol. 61, no. 6, pp. 903–909, May 2001, doi: 10.1016/s0266-3538(00)00176-7. 

[196] R. K. Goyal, Y. S. Negi, and A. N. Tiwari, “High performance polymer 

composites on PEEK reinforced with aluminum oxide,” Journal of Applied Polymer 

Science, vol. 100, no. 6, pp. 4623–4631, 2006, doi: 10.1002/app.23083. 

[197] R. K. Goyal, A. N. Tiwari, U. P. Mulik, and Y. S. Negi, “Study on microhardness, 

dynamic mechanical, and tribological properties of PEEK/Al2O3composites,” Journal 

of Applied Polymer Science, vol. 110, no. 6, pp. 3379–3387, Dec. 2008, doi: 

10.1002/app.28925. 

[198] P. Korn, C. Elschner, M. C. Schulz, U. Range, R. Mai, and U. Scheler, “Titanium 

coated peek implants as basis for multimodal imaging in implant research,” 

International Journal of Oral and Maxillofacial Surgery, vol. 44, p. e94, Oct. 2015, 

doi: 10.1016/j.ijom.2015.08.645. 

[199] F. B. Torstrick et al., “Impaction durability of porous polyether-ether-ketone 

(PEEK) and titanium-coated PEEK interbody fusion devices,” The Spine Journal, vol. 

18, no. 5, pp. 857–865, May 2018, doi: 10.1016/j.spinee.2018.01.003. 

[200] P. Cortes and W. J. Cantwell, “The Tensile and Fatigue Properties of Carbon 

Fiber-reinforced PEEK-Titanium Fiber-metal Laminates,” Journal of Reinforced 

Plastics and Composites, vol. 23, no. 15, pp. 1615–1623, Oct. 2004, doi: 

10.1177/0731684404039796. 

[201] F. B. Torstrick et al., “Porous PEEK improves the bone-implant interface 

compared to plasma-sprayed titanium coating on PEEK,” Biomaterials, vol. 185, pp. 

106–116, Dec. 2018, doi: 10.1016/j.biomaterials.2018.09.009. 

[202] E. Tavenner, P. Meredith, B. Wood, M. Curry, and R. Giedd, “Tailored 

conductivity in ion implanted polyetheretherketone,” Synthetic Metals, vol. 145, no. 

2–3, pp. 183–190, Sep. 2004, doi: 10.1016/j.synthmet.2004.05.005. 

[203] Z. Novotná et al., “Tuning Surface Chemistry of Polyetheretherketone by Gold 

Coating and Plasma Treatment,” Nanoscale Research Letters, vol. 12, no. 424, pp. 1–

9, Jun. 2017, doi: 10.1186/s11671-017-2182-x. 

[204] J. Kratochvíl et al., “Antibacterial effect of Cu/C:F nanocomposites deposited 

on PEEK substrates,” Materials Letters, vol. 230, pp. 96–99, Nov. 2018, doi: 

10.1016/s0266-3538(00)00176-7
10.1002/app.23083
10.1002/app.28925
10.1016/j.ijom.2015.08.645
10.1016/j.spinee.2018.01.003
10.1177/0731684404039796
10.1016/j.biomaterials.2018.09.009
10.1016/j.synthmet.2004.05.005
10.1186/s11671-017-2182-x


Bibliography                                    334 

10.1016/j.matlet.2018.07.082. 

[205] I. Shishkovsky, V. Scherbakov, and Y. Morozov, “Layerwise laser-assisted 

sintering and some properties of iron oxide core/PEEK shell magnetic 

nanocomposites,” Microelectronic Engineering, vol. 146, pp. 85–91, Oct. 2015, doi: 

10.1016/j.mee.2015.04.030. 

[206] X. Liu, K. Gan, H. Liu, X. Song, T. Chen, and C. Liu, “Antibacterial properties 

of nano-silver coated PEEK prepared through magnetron sputtering,” Dental 

Materials, vol. 33, no. 9, pp. e348–e360, Sep. 2017, doi: 10.1016/j.dental.2017.06.014. 

[207] L. Q. Cortes, A. Lonjon, E. Dantras, and C. Lacabanne, “High-performance 

thermoplastic composites poly(ether ketone ketone)/silver nanowires: Morphological, 

mechanical and electrical properties,” Journal of Non-Crystalline Solids, vol. 391, pp. 

106–111, May 2014, doi: 10.1016/j.jnoncrysol.2014.03.016. 

[208] L. Rivière, A. Lonjon, E. Dantras, C. Lacabanne, P. Olivier, and N. R. Gleizes, 

“Silver fillers aspect ratio influence on electrical and thermal conductivity in PEEK/Ag 

nanocomposites,” European Polymer Journal, vol. 85, pp. 115–125, Dec. 2016, doi: 

10.1016/j.eurpolymj.2016.08.003. 

[209] M. Zalaznik, M. Kalin, S. Novak, and G. Jakša, “Effect of the type, size and 

concentration of solid lubricants on the tribological properties of the polymer PEEK,” 

Wear, vol. 364–365, pp. 31–39, Oct. 2016, doi: 10.1016/j.wear.2016.06.013. 

[210] A. Golbang, E. Harkin-Jones, M. Wegrzyn, G. Campbell, E. Archer, and A. 

McIlhagger, “Production and characterization of PEEK/IF-WS2 nanocomposites for 

additive manufacturing: Simultaneous improvement in processing characteristics and 

material properties,” Additive Manufacturing, vol. 31, p. 100920, Jan. 2020, doi: 

10.1016/j.addma.2019.100920. 

[211] T. K. Mishra, A. Kumar, V. Verma, K. N. Pandey, and V. Kumar, “PEEK 

composites reinforced with zirconia nanofiller,” Composites Science and Technology, 

vol. 72, no. 13, pp. 1627–1631, Aug. 2012, doi: 10.1016/j.compscitech.2012.06.019. 

[212] C. Peng and X. Li, “The Mechanical Properties of PEEK/CF Composites 

Reinforced With ZrO2 Nanoparticles,” Mechanics of Composite Materials, vol. 49, no. 

6, pp. 679–684, Dec. 2013, doi: 10.1007/s11029-013-9384-9. 

10.1016/j.matlet.2018.07.082
10.1016/j.mee.2015.04.030
10.1016/j.dental.2017.06.014
10.1016/j.jnoncrysol.2014.03.016
10.1016/j.eurpolymj.2016.08.003
10.1016/j.wear.2016.06.013
10.1016/j.addma.2019.100920
10.1016/j.compscitech.2012.06.019
10.1007/s11029-013-9384-9


Bibliography                                    335 

[213] X. Wu, X. Liu, J. Wei, J. Ma, F. Deng, and S. Wei, “Nano-TiO2/PEEK bioactive 

composite as a bone substitute material: in vitro and in vivo studies,” International 

Journal of Nanomedicine, vol. 7, pp. 1215–1225, Mar. 2012, doi: 10.2147/ijn.s28101. 

[214] M. Zhao et al., “Response of Human Osteoblast to n-HA/PEEK—Quantitative 

Proteomic Study of Bio-effects of Nano-Hydroxyapatite Composite,” Scientific 

Reports, vol. 6, no. 22832, Mar. 2016, doi: 10.1038/srep22832. 

[215] Y. S. Jin, C. C. Bian, Z. Q. Zhang, Y. Zhao, and L. Yang, “Preparation and 

characterization of bio-composite PEEK/nHA,” in IOP Conference Series: Materials 

Science and Engineering, 2017, vol. 167, no. 012006, doi: 10.1088/1757-

899X/167/1/012006. 

[216] R. M. Dhajekar, B. F. Jogi, and S. R. Nirantar, “Preparation and Characterization 

of PAEK based Polymer Nanocomposites in the Presence of MMT Clay as Nanofiller 

to Study Tensile and Impact Properties,” in Materials Today: Proceedings, 2018, vol. 

5, no. 2, pp. 6848–6854, doi: 10.1016/j.matpr.2017.11.345. 

[217] K. M. Knauer, G. Brust, M. Carr, R. J. Cardona, J. D. Lichtenhan, and S. E. 

Morgan, “Rheological and crystallization enhancement in polyphenylenesulfide and 

polyetheretherketone POSS nanocomposites,” Journal of Applied Polymer Science, 

vol. 134, no. 7, pp. 44462 (1-11), Oct. 2016, doi: 10.1002/app.44462. 

[218] G. Zhang, B. Wetzel, B. Jim, and W. Oesterle, “Impact of counterface 

topography on the formation mechanisms of nanostructured tribofilm of PEEK hybrid 

nanocomposites,” Tribology International, vol. 83, pp. 156–165, Mar. 2015, doi: 

10.1016/j.triboint.2014.11.015. 

[219] A. Molazemhosseini, H. Tourani, M. R. Naimi-Jamal, and A. Khavandi, 

“Nanoindentation and nanoscratching responses of PEEK based hybrid composites 

reinforced with short carbon fibers and nano-silica,” Polymer Testing, vol. 32, no. 3, 

pp. 525–534, May 2013, doi: 10.1016/j.polymertesting.2013.02.001. 

[220] M. Sattari, A. Molazemhosseini, M. R. Naimi-Jamal, and A. Khavandi, 

“Nonisothermal crystallization behavior and mechanical properties of 

PEEK/SCF/nano-SiO2 composites,” Materials Chemistry and Physics, vol. 147, no. 3, 

pp. 942–953, Oct. 2014, doi: 10.1016/j.matchemphys.2014.06.041. 

10.2147/ijn.s28101
10.1038/srep22832
10.1088/1757-899X/167/1/012006
10.1088/1757-899X/167/1/012006
10.1016/j.matpr.2017.11.345
10.1002/app.44462
10.1016/j.triboint.2014.11.015
10.1016/j.polymertesting.2013.02.001
10.1016/j.matchemphys.2014.06.041


Bibliography                                    336 

[221] M. C. Kuo, J. S. Kuo, M. H. Yang, and J. C. Huang, “On the crystallization 

behavior of the nano-silica filled PEEK composites,” Materials Chemistry and Physics, 

vol. 123, no. 2–3, pp. 471–480, Oct. 2010, doi: 10.1016/j.matchemphys.2010.04.043. 

[222] Y. H. Lai, M. C. Kuo, J. C. Huang, and M. Chen, “On the PEEK composites 

reinforced by surface-modified nano-silica,” Materials Science and Engineering: A, 

vol. 458, no. 1–2, pp. 158–169, Jun. 2007, doi: 10.1016/j.msea.2007.01.085. 

[223] G. Zhang, A. K. Schlarb, S. Tria, and O. Elkedim, “Tensile and tribological 

behaviors of PEEK/nano-SiO2 composites compounded using a ball milling 

technique,” Composites Science and Technology, vol. 68, no. 15–16, pp. 3073–3080, 

Dec. 2008, doi: 10.1016/j.compscitech.2008.06.027. 

[224] A. Molazemhosseini, H. Tourani, A. Khavandi, and B. Eftekhari Yekta, 

“Tribological performance of PEEK based hybrid composites reinforced with short 

carbon fibers and nano-silica,” Wear, vol. 303, no. 1–2, pp. 397–404, Jun. 2013, doi: 

10.1016/j.wear.2013.03.019. 

[225] B. Chen, S. Berretta, K. Evans, K. Smith, and O. Ghita, “A primary study into 

graphene/polyether ether ketone (PEEK) nanocomposite for laser sintering,” Applied 

Surface Science, vol. 428, pp. 1018–1028, Jan. 2018, doi: 

10.1016/j.apsusc.2017.09.226. 

[226] A. R. Kim, M. Vinothkannan, M. H. Song, J.-Y. Lee, H.-K. Lee, and D. J. Yoo, 

“Amine functionalized carbon nanotube (ACNT) filled in sulfonated poly(ether ether 

ketone) membrane: Effects of ACNT in improving polymer electrolyte fuel cell 

performance under reduced relative humidity,” Composites Part B: Engineering, vol. 

188, p. 107890, May 2020, doi: 10.1016/j.compositesb.2020.107890. 

[227] A. C. Martin et al., “Amorphous-to-crystalline transition of 

Polyetheretherketone–carbon nanotube composites via resistive heating,” Composites 

Science and Technology, vol. 89, pp. 110–119, Dec. 2013, doi: 

10.1016/j.compscitech.2013.09.012. 

[228] R. K. Goyal, “Cost-efficient high performance polyetheretherketone/expanded 

graphite nanocomposites with high conductivity for EMI shielding application,” 

Materials Chemistry and Physics, vol. 142, no. 1, pp. 195–198, Oct. 2013, doi: 

10.1016/j.matchemphys.2010.04.043
10.1016/j.msea.2007.01.085
10.1016/j.compscitech.2008.06.027
10.1016/j.wear.2013.03.019
10.1016/j.apsusc.2017.09.226
10.1016/j.compositesb.2020.107890
10.1016/j.compscitech.2013.09.012


Bibliography                                    337 

10.1016/j.matchemphys.2013.07.005. 

[229] L. Yang et al., “Design and preparation of graphene/poly(ether ether ketone) 

composites with excellent electrical conductivity,” Journal of Materials Science, vol. 

49, no. 5, pp. 2372–2382, Dec. 2013, doi: 10.1007/s10853-013-7940-2. 

[230] C. Ishizaki, T. Yabutsuka, and S. Takai, “Development of Apatite Nuclei 

Precipitated Carbon Nanotube-Polyether Ether Ketone Composite with Biological and 

Electrical Properties,” Coatings, vol. 10, no. 2, p. 191, Feb. 2020, doi: 

10.3390/coatings10020191. 

[231] J. W. Lim, M. Kim, Y. H. Yu, and D. G. Lee, “Development of carbon/PEEK 

composite bipolar plates with nano-conductive particles for High-Temperature PEM 

fuel cells (HT-PEMFCs),” Composite Structures, vol. 118, pp. 519–527, Dec. 2014, 

doi: 10.1016/j.compstruct.2014.08.011. 

[232] Z. Wahab et al., “Effect of Nanodiamond (ND) Surface Functionalization on the 

Properties of ND/PEEK Composites,” IEEE Transactions on Components, Packaging 

and Manufacturing Technology, vol. 7, no. 2, pp. 165–177, 2017, doi: 

10.1109/tcpmt.2016.2646671. 

[233] J. A. King et al., “Effects of carbon fillers on the conductivity and tensile 

properties of polyetheretherketone composites,” Polymer Composites, vol. 39, no. S2, 

pp. E807–E816, Nov. 2016, doi: 10.1002/pc.24250. 

[234] V. Tishkova et al., “Electrical conductivity and Raman imaging of double wall 

carbon nanotubes in a polymer matrix,” Composites Science and Technology, vol. 71, 

no. 10, pp. 1326–1330, Jul. 2011, doi: 10.1016/j.compscitech.2011.05.001. 

[235] M. Mohiuddin and S. Van Hoa, “Electrical resistance of CNT-PEEK composites 

under compression at different temperatures,” Nanoscale Research Letters, vol. 6, no. 

419, Jun. 2011, doi: 10.1186/1556-276x-6-419. 

[236] J. Gonçalves et al., “Electrically Conductive Polyetheretherketone 

Nanocomposite Filaments: From Production to Fused Deposition Modeling,” 

Polymers, vol. 10, no. 8, p. 925, Aug. 2018, doi: 10.3390/polym10080925. 

[237] S. Seetharaman, K. Ramya, and K. S. Dhathathreyan, “Electrochemically 

reduced graphene oxide / sulfonated polyether ether ketone composite membrane for 

10.1016/j.matchemphys.2013.07.005
10.1007/s10853-013-7940-2
10.3390/coatings10020191
10.1016/j.compstruct.2014.08.011
10.1109/tcpmt.2016.2646671
10.1002/pc.24250
10.1016/j.compscitech.2011.05.001
10.1186/1556-276x-6-419
10.3390/polym10080925


Bibliography                                    338 

electrochemical applications,” AIP Conference Proceedings, vol. 1538, pp. 257–261, 

2013, doi: 10.1063/1.4810069. 

[238] S. Deng, Z. Lin, L. Cao, J. Xian, and C. Liu, “PPS/recycled PEEK/ carbon 

nanotube composites: Structure, properties and compatibility,” Journal of Applied 

Polymer Science, vol. 132, no. 35, pp. 42497 (1-8), Jun. 2015, doi: 10.1002/app.42497. 

[239] L. Cao, S. Deng, and Z. Lin, “Enhancement of Carbon Nanotube Particle 

Distribution in PPS/PEEK/Carbon Nanotube Ternary Composites with Sausage-Like 

Structure,” Polymers, vol. 8, no. 2, p. 50, Feb. 2016, doi: 10.3390/polym8020050. 

[240] M. Mohiuddin and S. V. Hoa, “Estimation of contact resistance and its effect on 

electrical conductivity of CNT/PEEK composites,” Composites Science and 

Technology, vol. 79, pp. 42–48, Apr. 2013, doi: 10.1016/j.compscitech.2013.02.004. 

[241] Y.-R. Chen et al., “Graphene/activated carbon supercapacitors with sulfonated-

polyetheretherketone as solid-state electrolyte and multifunctional binder,” Solid State 

Sciences, vol. 37, pp. 80–85, Nov. 2014, doi: 10.1016/j.solidstatesciences.2014.08.016. 

[242] A. M. Díez-Pascual et al., “High performance PEEK/carbon nanotube 

composites compatibilized with polysulfones-II. Mechanical and electrical properties,” 

Carbon, vol. 48, no. 12, pp. 3500–3511, Oct. 2010, doi: 10.1016/j.carbon.2010.05.050. 

[243] A. M. Díez-Pascual et al., “High performance PEEK/carbon nanotube 

composites compatibilized with polysulfones-I. Structure and thermal properties,” 

Carbon, vol. 48, no. 12, pp. 3485–3499, Oct. 2010, doi: 10.1016/j.carbon.2010.05.046. 

[244] C. Gao, S. Zhang, Y. Lin, F. Li, S. Guan, and Z. Jiang, “High-performance 

conductive materials based on the selective location of carbon black in poly(ether ether 

ketone)/polyimide matrix,” Composites Part B: Engineering, vol. 79, pp. 124–131, 

Sep. 2015, doi: 10.1016/j.compositesb.2015.03.047. 

[245] A. M. Díez-Pascual et al., “Influence of carbon nanotubes on the thermal, 

electrical and mechanical properties of poly(ether ether ketone)/glass fiber laminates,” 

Carbon, vol. 49, no. 8, pp. 2817–2833, Jul. 2011, doi: 10.1016/j.carbon.2011.03.011. 

[246] F. Boyer, P. A. Olivier, F. Pons, and P. H. Cadaux, “MECHANICAL AND 

ELECTRICAL BEHAVIOR OF A PEEK / CARBON NANOTUBES COMPOSITE,” 

presented at the ECCM15 - 15TH EUROPEAN CONFERENCE ON COMPOSITE 

10.1063/1.4810069
10.1002/app.42497
10.3390/polym8020050
10.1016/j.compscitech.2013.02.004
10.1016/j.solidstatesciences.2014.08.016
10.1016/j.carbon.2010.05.050
10.1016/j.carbon.2010.05.046
10.1016/j.compositesb.2015.03.047
10.1016/j.carbon.2011.03.011


Bibliography                                    339 

MATERIALS, Venice, Italy, Jun. 2012. 

[247] M. Naffakh, A. M. Díez-Pascual, and M. A. Gómez-Fatou, “New hybrid 

nanocomposites containing carbon nanotubes, inorganic fullerene-like WS2 

nanoparticles and poly(ether ether ketone) (PEEK),” Journal of Materials Chemistry, 

vol. 21, no. 20, pp. 7425–7433, 2011, doi: 10.1039/c1jm10441a. 

[248] A. M. Díez-Pascual, G. Martínez, M. T. Martínez, and M. A. Gómez, “Novel 

nanocomposites reinforced with hydroxylated poly(ether ether ketone)-grafted carbon 

nanotubes,” Journal of Materials Chemistry, vol. 20, no. 38, pp. 8247–8256, 2010, doi: 

10.1039/c0jm01531h. 

[249] A. M. Díez-Pascual, J. Guan, B. Simard, and M. A. Gómez-Fatou, 

“Poly(phenylene sulphide) and poly(ether ether ketone) composites reinforced with 

single-walled carbon nanotube buckypaper: I – Structure, thermal stability and 

crystallization behaviour,” Composites Part A: Applied Science and Manufacturing, 

vol. 43, no. 6, pp. 997–1006, Jun. 2012, doi: 10.1016/j.compositesa.2011.11.002. 

[250] A. M. Díez-Pascual, J. Guan, B. Simard, and M. A. Gómez-Fatou, 

“Poly(phenylene sulphide) and poly(ether ether ketone) composites reinforced with 

single-walled carbon nanotube buckypaper: II – Mechanical properties, electrical and 

thermal conductivity,” Composites Part A: Applied Science and Manufacturing, vol. 

43, no. 6, pp. 1007–1015, Jun. 2012, doi: 10.1016/j.compositesa.2011.11.003. 

[251] T. Go, D. Pico, and W. Steinmann, “Polyether Ether Ketone / Carbon Nanotube 

Composite Fibres,” Chemical Engineering Transactions, vol. 60, pp. 31–36, 2017, doi: 

10.3303/CET1760006. 

[252] L. Song, H. Zhang, Z. Zhang, and S. Xie, “Processing and performance 

improvements of SWNT paper reinforced PEEK nanocomposites,” Composites Part 

A: Applied Science and Manufacturing, vol. 38, no. 2, pp. 388–392, Feb. 2007, doi: 

10.1016/j.compositesa.2006.03.007. 

[253] B. Ashrafi et al., “Processing and properties of PEEK/glass fiber laminates: 

Effect of addition of single-walled carbon nanotubes,” Composites Part A: Applied 

Science and Manufacturing, vol. 43, no. 8, pp. 1267–1279, Aug. 2012, doi: 

10.1016/j.compositesa.2012.02.022. 

10.1039/c1jm10441a
10.1039/c0jm01531h
10.1016/j.compositesa.2011.11.002
10.1016/j.compositesa.2011.11.003
10.3303/CET1760006
10.1016/j.compositesa.2006.03.007
10.1016/j.compositesa.2012.02.022


Bibliography                                    340 

[254] J. L. Reyes-Rodriguez, J. Escorihuela, A. García-Bernabé, E. Giménez, O. 

Solorza-Feria, and V. Compañ, “Proton conducting electrospun sulfonated polyether 

ether ketone graphene oxide composite membranes,” RSC Advances, vol. 7, no. 84, pp. 

53481–53491, 2017, doi: 10.1039/c7ra10484g. 

[255] D. S. Bangarusampath, H. Ruckdäschel, V. Altstädt, J. K. W. Sandler, D. Garray, 

and M. S. P. Shaffer, “Rheological and electrical percolation in melt-processed 

poly(ether ether ketone)/multi-wall carbon nanotube composites,” Chemical Physics 

Letters, vol. 482, no. 1–3, pp. 105–109, Nov. 2009, doi: 10.1016/j.cplett.2009.09.064. 

[256] D. S. Bangarusampath, H. Ruckdäschel, V. Altstädt, J. K. W. Sandler, D. Garray, 

and M. S. P. Shaffer, “Rheology and properties of melt-processed poly(ether ether 

ketone)/multi-wall carbon nanotube composites,” Polymer, vol. 50, no. 24, pp. 5803–

5811, Nov. 2009, doi: 10.1016/j.polymer.2009.09.061. 

[257] A. Martínez-Gómez et al., “Searching for effective compatibilizing agents for 

the preparation of poly(ether ether ketone)/graphene nanocomposites with enhanced 

properties,” Composites Part A: Applied Science and Manufacturing, vol. 113, pp. 

180–188, Oct. 2018, doi: 10.1016/j.compositesa.2018.07.027. 

[258] I. Ahmad, S. A. Rakha, L. Yan, X. Zhou, G. Ma, and A. Munir, “Structure and 

Optical Properties of Multilayers Carbon Nanotubes/PEEK Nanocomposites,” 

Advances in Polymer Technology, vol. 33, no. 3, pp. 21415 (1-6), Jan. 2014, doi: 

10.1002/adv.21415. 

[259] R. Kumar, M. Mamlouk, and K. Scott, “Sulfonated polyether ether ketone – 

sulfonated graphene oxide composite membranes for polymer electrolyte fuel cells,” 

RSC Adv., vol. 4, no. 2, pp. 617–623, 2014, doi: 10.1039/c3ra42390e. 

[260] S. Li, J. Li, N. Ma, D. Liu, and G. Sui, “Super-Compression-Resistant 

Multiwalled Carbon Nanotube/Nickel-Coated Carbonized Loofah Fiber/Polyether 

Ether Ketone Composite with Excellent Electromagnetic Shielding Performance,” 

ACS Sustainable Chemistry & Engineering, vol. 7, no. 16, pp. 13970–13980, Jul. 2019, 

doi: 10.1021/acssuschemeng.9b02447. 

[261] S. Li, W. Li, J. Nie, D. Liu, and G. Sui, “Synergistic effect of graphene nanoplate 

and carbonized loofah fiber on the electromagnetic shielding effectiveness of PEEK-

10.1039/c7ra10484g
10.1016/j.cplett.2009.09.064
10.1016/j.polymer.2009.09.061
10.1016/j.compositesa.2018.07.027
10.1002/adv.21415
10.1039/c3ra42390e
10.1021/acssuschemeng.9b02447


Bibliography                                    341 

based composites,” Carbon, vol. 143, pp. 154–161, Mar. 2019, doi: 

10.1016/j.carbon.2018.11.015. 

[262] M. Mohiuddin and S. V. Hoa, “Temperature dependent electrical conductivity of 

CNT–PEEK composites,” Composites Science and Technology, vol. 72, no. 1, pp. 21–

27, Dec. 2011, doi: 10.1016/j.compscitech.2011.08.018. 

[263] M. Guehenec et al., “The effect of twin screw extrusion on structural, electrical, 

and rheological properties in carbon nanotube poly-ether-ether-ketone 

nanocomposites,” Journal of Applied Polymer Science, vol. 129, no. 5, pp. 2527–2535, 

Jan. 2013, doi: 10.1002/app.38964. 

[264] A. M. Díez-Pascual et al., “The influence of a compatibilizer on the thermal and 

dynamic mechanical properties of PEEK/carbon nanotube composites,” 

Nanotechnology, vol. 20, no. 31, p. 315707, Jul. 2009, doi: 10.1088/0957-

4484/20/31/315707. 

[265] M. Shabani, H. Younesi, A. Rahimpour, and M. Rahimnejad, “Upgrading the 

electrochemical performance of graphene oxide-blended sulfonated 

polyetheretherketone composite polymer electrolyte membrane for microbial fuel cell 

application,” Biocatalysis and Agricultural Biotechnology, vol. 22, p. 101369, Nov. 

2019, doi: 10.1016/j.bcab.2019.101369. 

[266] P. Feng et al., “A nano-sandwich construct built with graphene nanosheets and 

carbon nanotubes enhances mechanical properties of hydroxyapatite–

polyetheretherketone scaffolds,” International Journal of Nanomedicine, vol. Volume 

11, pp. 3487–3500, Jul. 2016, doi: 10.2147/ijn.s110920. 

[267] F. Alam, K. M. Varadarajan, J. H. Koo, B. L. Wardle, and S. Kumar, “Additively 

Manufactured Polyetheretherketone (PEEK) with Carbon Nanostructure 

Reinforcement for Biomedical Structural Applications,” Advanced Engineering 

Materials, vol. 22, no. 10, p. 2000483, Jul. 2020, doi: 10.1002/adem.202000483. 

[268] J. Sandler, P. Werner, M. S. P. Shaffer, V. Demchuk, V. Altstädt, and A. H. Windle, 

“Carbon-nanofibre-reinforced poly(ether ether ketone) composites,” Composites Part 

A: Applied Science and Manufacturing, vol. 33, no. 8, pp. 1033–1039, Aug. 2002, doi: 

10.1016/s1359-835x(02)00084-2. 

10.1016/j.carbon.2018.11.015
10.1016/j.compscitech.2011.08.018
10.1002/app.38964
10.1088/0957-4484/20/31/315707
10.1088/0957-4484/20/31/315707
10.1016/j.bcab.2019.101369
10.2147/ijn.s110920
10.1002/adem.202000483
10.1016/s1359-835x(02)00084-2


Bibliography                                    342 

[269] J. Sandler, A. H. Windle, P. Werner, V. Altstädt, M. V. Es, and M. S. P. Shaffer, 

“Carbon-nanofibre-reinforced poly(ether ether ketone) fibres,” Journal of Materials 

Science, vol. 38, pp. 2135–2141, 2003, doi: 10.1023/A:1023715811817. 

[270] A. Tewatia et al., “Characterization of melt-blended graphene – poly(ether ether 

ketone) nanocomposite,” Materials Science and Engineering: B, vol. 216, pp. 41–49, 

Feb. 2017, doi: 10.1016/j.mseb.2016.05.009. 

[271] A. M. Díez-Pascual et al., “Development and characterization of PEEK/carbon 

nanotube composites,” Carbon, vol. 47, no. 13, pp. 3079–3090, Nov. 2009, doi: 

10.1016/j.carbon.2009.07.020. 

[272] T. Tsuda, T. Ogasawara, F. Deng, and N. Takeda, “Direct measurements of 

interfacial shear strength of multi-walled carbon nanotube/PEEK composite using a 

nano-pullout method,” Composites Science and Technology, vol. 71, no. 10, pp. 1295–

1300, Jul. 2011, doi: 10.1016/j.compscitech.2011.04.014. 

[273] J. Yanmei, L. Haihui, W. Ning, H. Lichen, and Z. Xing-Xiang, “Dispersibility 

and chemical bonds between multi-walled carbon nanotubes and poly(ether ether 

ketone) in nanocomposite fibers,” Materials Chemistry and Physics, vol. 135, no. 2–

3, pp. 948–956, Aug. 2012, doi: 10.1016/j.matchemphys.2012.05.083. 

[274] C. Rong et al., “Effect of carbon nanotubes on the mechanical properties and 

crystallization behavior of poly(ether ether ketone),” Composites Science and 

Technology, vol. 70, no. 2, pp. 380–386, Feb. 2010, doi: 

10.1016/j.compscitech.2009.11.024. 

[275] B. Wang, K. Zhang, C. Zhou, M. Ren, Y. Gu, and T. Li, “Engineering the 

mechanical properties of CNT/PEEK nanocomposites,” RSC Advances, vol. 9, no. 23, 

pp. 12836–12845, 2019, doi: 10.1039/c9ra01212e. 

[276] J. Chen, K. Wang, and Y. Zhao, “Enhanced interfacial interactions of carbon 

fiber reinforced PEEK composites by regulating PEI and graphene oxide complex 

sizing at the interface,” Composites Science and Technology, vol. 154, pp. 175–186, 

Jan. 2018, doi: 10.1016/j.compscitech.2017.11.005. 

[277] S. V. Panin, L. A. Kornienko, N. D. Anh, V. O. Alexenko, and L. R. Ivanova, 

“Enhancement of mechanical and tribotechnical properties of polymer composites 

10.1023/A:1023715811817
10.1016/j.mseb.2016.05.009
10.1016/j.carbon.2009.07.020
10.1016/j.compscitech.2011.04.014
10.1016/j.matchemphys.2012.05.083
10.1016/j.compscitech.2009.11.024
10.1039/c9ra01212e
10.1016/j.compscitech.2017.11.005


Bibliography                                    343 

with thermoplastic UHMWPE and PEEK matrices by loading carbon 

nanofibers/nanotubes,” AIP Conference Proceedings, vol. 1915, p. 030015, 2017, doi: 

10.1063/1.5017335. 

[278] R. Davies, Y.-T. Shyng, Y. Wang, and O. Ghita, “EXTRUSION DEPOSITION 

OF CARBON NANOTUBES (CNT)/POLY ETHER ETHER KETONE (PEEK),” 

presented at the 20th International Conference on Composite Materials, Copenhagen, 

2015. 

[279] P. Patel et al., “Flammability properties of PEEK and carbon nanotube 

composites,” Polymer Degradation and Stability, vol. 97, no. 12, pp. 2492–2502, Dec. 

2012, doi: 10.1016/j.polymdegradstab.2012.07.013. 

[280] S. Berretta, R. Davies, Y. T. Shyng, Y. Wang, and O. Ghita, “Fused Deposition 

Modelling of high temperature polymers: Exploring CNT PEEK composites,” 

Polymer Testing, vol. 63, pp. 251–262, Oct. 2017, doi: 

10.1016/j.polymertesting.2017.08.024. 

[281] S. Ata et al., “Improving thermal durability and mechanical properties of 

poly(ether ether ketone) with single-walled carbon nanotubes,” Polymer, vol. 176, pp. 

60–65, Aug. 2019, doi: 10.1016/j.polymer.2019.05.028. 

[282] C. Hsu, K. Scrafford, C. Ni, and F. Deng, “Study of tensile properties of 

multiwalled carbon nanotube/polyether ether ketone polymer composites at the 

nanoscale,” Polymer Engineering & Science, vol. 59, no. 6, pp. 1209–1214, Apr. 2019, 

doi: 10.1002/pen.25103. 

[283] C. Hsu, Q. Zhang, K. Saito, C. Ni, and F. Deng, “MECHANICAL PROPERTIES 

OF MULTI-WALLED CARBON NANOTUBE/PEEK POLYMER COMPOSITES 

AT NANO SCALE,” presented at the 21st International Conference on Composite 

Materials, Xi’an, 2017. 

[284] M. F. Arif, H. Alhashmi, K. M. Varadarajan, J. H. Koo, A. J. Hart, and S. Kumar, 

“Multifunctional performance of carbon nanotubes and graphene nanoplatelets 

reinforced PEEK composites enabled via FFF additive manufacturing,” Composites 

Part B: Engineering, vol. 184, p. 107625, Mar. 2020, doi: 

10.1016/j.compositesb.2019.107625. 

10.1063/1.5017335
10.1016/j.polymdegradstab.2012.07.013
10.1016/j.polymertesting.2017.08.024
10.1016/j.polymer.2019.05.028
10.1002/pen.25103
10.1016/j.compositesb.2019.107625


Bibliography                                    344 

[285] A. Tewatia, J. Hendrix, T. Nosker, and J. Lynch-Branzoi, “Multi-Scale Carbon 

(Micro/Nano) Fiber Reinforcement of Polyetheretherketone Using High Shear Melt-

Processing,” Fibers, vol. 5, no. 3, p. 32, Aug. 2017, doi: 10.3390/fib5030032. 

[286] S. H. Modi et al., “Nanocomposites of poly(ether ether ketone) with carbon 

nanofibers: Effects of dispersion and thermo-oxidative degradation on development of 

linear viscoelasticity and crystallinity,” Polymer, vol. 51, no. 22, pp. 5236–5244, Oct. 

2010, doi: 10.1016/j.polymer.2010.08.060. 

[287] Á. Alvaredo, M. Martín, P. Castell, R. Guzmán de Villoria, and J. Fernández-

Blázquez, “Non-Isothermal Crystallization Behavior of PEEK/Graphene 

Nanoplatelets Composites from Melt and Glass States,” Polymers, vol. 11, no. 1, p. 

124, Jan. 2019, doi: 10.3390/polym11010124. 

[288] E. Pavlenko et al., “Origin of mechanical modifications in poly (ether ether 

ketone)/carbon nanotube composite,” Journal of Applied Physics, vol. 115, no. 23, p. 

234901, Jun. 2014, doi: 10.1063/1.4883299. 

[289] C. Liu, K. Chan, J. Shen, C. Liao, K. Yeung, and S. Tjong, “Polyetheretherketone 

Hybrid Composites with Bioactive Nanohydroxyapatite and Multiwalled Carbon 

Nanotube Fillers,” Polymers, vol. 8, no. 12, p. 425, Dec. 2016, doi: 

10.3390/polym8120425. 

[290] S. Samie, A. Nejati, M. R. Avazfard, and S. Amini, “Preparation and 

characterization of the modified PEEK/CNTs-nanocomposites,” AIP Conference 

Proceedings, vol. 1779, p. 040009, 2016, doi: 10.1063/1.4965500. 

[291] Y. Shang et al., “Preparation of PEEK/MWCNTs composites with excellent 

mechanical and tribological properties,” High Performance Polymers, vol. 31, no. 1, 

pp. 43–50, 2019, doi: 10.1177/0954008317750726. 

[292] A. Alvaredo-Atienza, J. P. Fernández-Blázquez, P. Castell, and R. Guzman de 

Villoria, “Production of graphene nanoplate/polyetheretherketone composites by 

semi-industrial melt-compounding,” Heliyon, vol. 6, no. 4, p. e03740, Apr. 2020, doi: 

10.1016/j.heliyon.2020.e03740. 

[293] V. Altstaedt, P. Werner, and J. Sandler, “Rheological, mechanical and tribological 

properties of carbon-nanofibre reinforced poly (ether ether ketone) composites,” 

10.3390/fib5030032
10.1016/j.polymer.2010.08.060
10.3390/polym11010124
10.1063/1.4883299
10.3390/polym8120425
10.1063/1.4965500
10.1177/0954008317750726
10.1016/j.heliyon.2020.e03740


Bibliography                                    345 

Polímeros, vol. 13, no. 4, pp. 218–222, Dec. 2003, doi: 10.1590/s0104-

14282003000400005. 

[294] J. K. Lynch-Branzoi et al., “Shear exfoliation of graphite into graphene 

nanoflakes directly within polyetheretherketone and a spectroscopic study of this high 

modulus, lightweight nanocomposite,” Composites Part B: Engineering, vol. 188, p. 

107842, May 2020, doi: 10.1016/j.compositesb.2020.107842. 

[295] T. Ogasawara, T. Tsuda, and N. Takeda, “Stress–strain behavior of multi-walled 

carbon nanotube/PEEK composites,” Composites Science and Technology, vol. 71, no. 

2, pp. 73–78, Jan. 2011, doi: 10.1016/j.compscitech.2010.10.001. 

[296] X. Qiu, T. Dong, M. Ueda, X. Zhang, and L. Wang, “Sulfonated reduced 

graphene oxide as a conductive layer in sulfonated poly(ether ether ketone) 

nanocomposite membranes,” Journal of Membrane Science, vol. 524, pp. 663–672, 

Feb. 2017, doi: 10.1016/j.memsci.2016.11.064. 

[297] F. Deng, T. Ogasawara, and N. Takeda, “Tensile properties at different 

temperature and observation of micro deformation of carbon nanotubes–poly(ether 

ether ketone) composites,” Composites Science and Technology, vol. 67, no. 14, pp. 

2959–2964, Nov. 2007, doi: 10.1016/j.compscitech.2007.05.014. 

[298] Z. Cao, L. Qiu, Y. Yang, Y. Chen, and X. Liu, “The surface modifications of 

multi-walled carbon nanotubes for multi-walled carbon nanotube/poly(ether ether 

ketone) composites,” Applied Surface Science, vol. 353, pp. 873–881, Oct. 2015, doi: 

10.1016/j.apsusc.2015.07.025. 

[299] J. A. Puértolas, M. Castro, J. A. Morris, R. Ríos, and A. Ansón-Casaos, 

“Tribological and mechanical properties of graphene nanoplatelet/PEEK composites,” 

Carbon, vol. 141, pp. 107–122, Jan. 2019, doi: 10.1016/j.carbon.2018.09.036. 

[300] P. Werner, R. Verdejo, F. Wöllecke, V. Altstädt, J. K. W. Sandler, and M. S. P. 

Shaffer, “Carbon Nanofibers Allow Foaming of Semicrystalline Poly(ether ether 

ketone),” Advanced Materials, vol. 17, no. 23, pp. 2864–2869, Dec. 2005, doi: 

10.1002/adma.200500709. 

[301] R. Verdejo, P. Werner, J. Sandler, V. Altstädt, and M. S. P. Shaffer, “Morphology 

and properties of injection-moulded carbon-nanofibre poly(etheretherketone) foams,” 

10.1590/s0104-14282003000400005
10.1590/s0104-14282003000400005
10.1016/j.compositesb.2020.107842
10.1016/j.compscitech.2010.10.001
10.1016/j.memsci.2016.11.064
10.1016/j.compscitech.2007.05.014
10.1016/j.apsusc.2015.07.025
10.1016/j.carbon.2018.09.036
10.1002/adma.200500709


Bibliography                                    346 

Journal of Materials Science, vol. 44, no. 6, pp. 1427–1434, Mar. 2009, doi: 

10.1007/s10853-008-3168-y. 

[302] Q. Wang et al., “Comparative study of the effects of nano-sized and micro-sized 

CF and PTFE on the thermal and tribological properties of PEEK composites,” 

Polymers for Advanced Technologies, vol. 29, no. 2, pp. 896–905, 2018, doi: 

10.1002/pat.4200. 

[303] A. Fiołek, S. Zimowski, A. Kopia, A. Łukaszczyk, and T. Moskalewicz, 

“Electrophoretic Co-deposition of Polyetheretherketone and Graphite Particles: 

Microstructure, Electrochemical Corrosion Resistance, and Coating Adhesion to a 

Titanium Alloy,” Materials, vol. 13, no. 15, p. 3251, Jul. 2020, doi: 

10.3390/ma13153251. 

[304] L. Liu et al., “Enhanced tribological performance of PEEK/SCF/PTFE hybrid 

composites by graphene,” RSC Advances, vol. 7, no. 53, pp. 33450–33458, 2017, doi: 

10.1039/c7ra04969b. 

[305] G. Theiler and T. Gradt, “Environmental effects on the sliding behaviour of 

PEEK composites,” Wear, vol. 368–369, pp. 278–286, Dec. 2016, doi: 

10.1016/j.wear.2016.09.019. 

[306] S. V. Panin, L. A. Kornienko, V. O. Alexenko, N. D. Anh, and L. R. Ivanova, 

“Influence of nanofibers/nanotubes on physical–mechanical and tribotechnical 

properties of polymer composites based on thermoplastic UHMWPE and PEEK 

matrixes,” Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol, vol. 60, no. 9, pp. 45–51, 

2017, doi: 10.6060/tcct.2017609.7у. 

[307] O. Coban, M. Ozgur Bora, E. Avcu, and T. Sinmazcelik, “The influence of 

annealing on the crystallization and tribological behavior of MWNT/PEEK 

nanocomposites,” Polymer Composites, vol. 32, no. 11, pp. 1766–1771, Oct. 2011, doi: 

10.1002/pc.21208. 

[308] P. Werner et al., “Tribological behaviour of carbon-nanofibre-reinforced 

poly(ether ether ketone),” Wear, vol. 257, no. 9–10, pp. 1006–1014, Nov. 2004, doi: 

10.1016/j.wear.2004.07.010. 

[309] N. L. McCook, M. A. Hamilton, D. L. Burris, and W. G. Sawyer, “Tribological 

10.1007/s10853-008-3168-y
10.1002/pat.4200
10.3390/ma13153251
10.1039/c7ra04969b
10.1016/j.wear.2016.09.019
10.6060/tcct.2017609.7?
10.1002/pc.21208
10.1016/j.wear.2004.07.010


Bibliography                                    347 

results of PEEK nanocomposites in dry sliding against 440C in various gas 

environments,” Wear, vol. 262, no. 11–12, pp. 1511–1515, May 2007, doi: 

10.1016/j.wear.2007.01.036. 

[310] M. Kalin, M. Zalaznik, and S. Novak, “Wear and friction behaviour of poly-

ether-ether-ketone (PEEK) filled with graphene, WS2 and CNT nanoparticles,” Wear, 

vol. 332–333, pp. 855–862, May 2015, doi: 10.1016/j.wear.2014.12.036. 

[311] C. Li, E. T. Thostenson, and T.-W. Chou, “Dominant role of tunneling resistance 

in the electrical conductivity of carbon nanotube–based composites,” Applied Physics 

Letters, vol. 91, no. 22, p. 223114, Nov. 2007, doi: 10.1063/1.2819690. 

[312] “Estimating cooling times in injection molding Technical Expertise,” BASF 

Corporation Engineering Plastics. [Online]. Available: 

http://www2.basf.us/PLASTICSWEB/displayanyfile?id=0901a5e1801499d3. 

[313] “APPLICATION SHEET: POLYETHERETHERKETONE (PEEK) WITH 

CARBON NANOTUBES (CNT),” NETZSCH-Gerätebau GmbH, 2008. [Online]. 

Available: https://www.netzsch-thermal-

analysis.com/en/searchresults/?q=peek#!/ajaxsearch/en/searchresults/%3Fq=peek. 

[314] C. N. Velisaris and J. C. Seferis, “Heat Transfer Effects on the Processing – 

Structure Relationships of Polyetheretherketone (Peek) Based Composites,” Science 

and Engineering of Composite Materials, vol. 1, no. 1, pp. 13–22, Dec. 1988, doi: 

10.1515/secm.1988.1.1.13. 

[315] “Rolling Ball Background Subtraction,” ImageJ Wiki. 

https://imagej.net/plugins/rolling-ball-background-subtraction (accessed Jan. 22, 

2021). 

[316] D. J. Blundell and B. N. Osborn, “The morphology of poly(aryl-ether-ether-

ketone),” Polymer, vol. 24, no. 8, pp. 953–958, Aug. 1983, doi: 10.1016/0032-

3861(83)90144-1. 

[317] R. L. Blaine, “THERMAL APPLICATIONS NOTE Polymer Heats of Fusion,” 

TA Instruments, 109 Lukens Drive, New Castle DE 19720, USA. Accessed: Jan. 22, 

2021. [Online]. Available: https://www.tainstruments.com/pdf/literature/TN048.pdf. 

[318] M. Morcom, K. Atkinson, and G. P. Simon, “The effect of carbon nanotube 

10.1016/j.wear.2007.01.036
10.1016/j.wear.2014.12.036
10.1063/1.2819690
http://www2.basf.us/PLASTICSWEB/displayanyfile?id=0901a5e1801499d3
10.1515/secm.1988.1.1.13
https://imagej.net/plugins/rolling-ball-background-subtraction
10.1016/0032-3861(83)90144-1
10.1016/0032-3861(83)90144-1
https://www.tainstruments.com/pdf/literature/TN048.pdf


Bibliography                                    348 

properties on the degree of dispersion and reinforcement of high density polyethylene,” 

Polymer, vol. 51, no. 15, pp. 3540–3550, Jul. 2010, doi: 

10.1016/j.polymer.2010.04.053. 

[319] “Cooling Time Calculation,” www.biesterfeld.com. 

https://www.biesterfeld.com/en/gb/service/cooling-time-calculation/ (accessed Jan. 

22, 2021). 

[320] N. Sombatsompop and W. Chaiwattanpipat, “Temperature distributions of 

molten polypropylene during injection molding,” Advances in Polymer Technology, 

vol. 19, no. 2, pp. 79–86, 2000, doi: 10.1002/(sici)1098-2329(200022)19:2<79::aid-

adv1>3.0.co;2-d. 

[321] S. Johnston, D. Kazmer, Z. Fan, and R. Gao, “CAUSES OF MELT 

TEMPERATURE VARIATIONS OBSERVED IN THE NOZZLE DURING 

INJECTION MOLDING,” presented at the Annual Technology Conference, USA, 

2007, [Online]. Available: https://www.researchgate.net/profile/David-

Kazmer/publication/268636377_Causes_of_melt_temperature_variatons_observed_i

n_the_nozzle_during_injection_molding/links/5bfece1ca6fdcc1b8d49ea11/Causes-

of-melt-temperature-variatons-observed-in-the-nozzle-during-injection-molding.pdf. 

[322] F. Cesano et al., “Relationship between morphology and electrical properties in 

PP/MWCNT composites: Processing-induced anisotropic percolation threshold,” 

Materials Chemistry and Physics, vol. 180, pp. 284–290, Sep. 2016, doi: 

10.1016/j.matchemphys.2016.06.009. 

[323] M. Siva, K. Ramamurthy, and R. Dhamodharan, “Development of a green 

foaming agent and its performance evaluation,” Cement and Concrete Composites, vol. 

80, pp. 245–257, Jul. 2017, doi: 10.1016/j.cemconcomp.2017.03.012. 

[324] A. Suplicz, F. Szabo, and J. G. Kovacs, “Injection molding of ceramic filled 

polypropylene: The effect of thermal conductivity and cooling rate on crystallinity,” 

Thermochimica Acta, vol. 574, pp. 145–150, Dec. 2013, doi: 

10.1016/j.tca.2013.10.005. 

[325] P. Patel, T. R. Hull, R. W. McCabe, D. Flath, J. Grasmeder, and M. Percy, 

“Mechanism of thermal decomposition of poly(ether ether ketone) (PEEK) from a 

10.1016/j.polymer.2010.04.053
https://www.biesterfeld.com/en/gb/service/cooling-time-calculation/
10.1002/(sici)1098-2329(200022)19:2%3c79::aid-adv1%3e3.0.co;2-d
10.1002/(sici)1098-2329(200022)19:2%3c79::aid-adv1%3e3.0.co;2-d
https://www.researchgate.net/profile/David-Kazmer/publication/268636377_Causes_of_melt_temperature_variatons_observed_in_the_nozzle_during_injection_molding/links/5bfece1ca6fdcc1b8d49ea11/Causes-of-melt-temperature-variatons-observed-in-the-nozzle-during-injection-molding.pdf
https://www.researchgate.net/profile/David-Kazmer/publication/268636377_Causes_of_melt_temperature_variatons_observed_in_the_nozzle_during_injection_molding/links/5bfece1ca6fdcc1b8d49ea11/Causes-of-melt-temperature-variatons-observed-in-the-nozzle-during-injection-molding.pdf
https://www.researchgate.net/profile/David-Kazmer/publication/268636377_Causes_of_melt_temperature_variatons_observed_in_the_nozzle_during_injection_molding/links/5bfece1ca6fdcc1b8d49ea11/Causes-of-melt-temperature-variatons-observed-in-the-nozzle-during-injection-molding.pdf
https://www.researchgate.net/profile/David-Kazmer/publication/268636377_Causes_of_melt_temperature_variatons_observed_in_the_nozzle_during_injection_molding/links/5bfece1ca6fdcc1b8d49ea11/Causes-of-melt-temperature-variatons-observed-in-the-nozzle-during-injection-molding.pdf
10.1016/j.matchemphys.2016.06.009
10.1016/j.cemconcomp.2017.03.012
10.1016/j.tca.2013.10.005


Bibliography                                    349 

review of decomposition studies,” Polymer Degradation and Stability, vol. 95, no. 5, 

pp. 709–718, May 2010, doi: 10.1016/j.polymdegradstab.2010.01.024. 

[326] A. Ramgobin, G. Fontaine, and S. Bourbigot, “A Case Study of Polyether Ether 

Ketone (I): Investigating the Thermal and Fire Behavior of a High-Performance 

Material,” Polymers, vol. 12, no. 8, p. 1789, Aug. 2020, doi: 10.3390/polym12081789. 

[327] “Difference between Anti-Static, Dissipative, Conductive, and Insulative,” 

www.gotopac.com. https://www.gotopac.com/art-esd-resistivity (accessed Jan. 23, 

2021). 

[328] M. Weber and M. R. Kamal, “Estimation of the volume resistivity of electrically 

conductive composites,” Polymer Composites, vol. 18, no. 6, pp. 711–725, Dec. 1997, 

doi: 10.1002/pc.10324. 

[329] W. Bauhofer and J. Z. Kovacs, “A review and analysis of electrical percolation 

in carbon nanotube polymer composites,” Composites Science and Technology, vol. 

69, no. 10, pp. 1486–1498, Aug. 2009, doi: 10.1016/j.compscitech.2008.06.018. 

[330] M. Loos, “Chapter 5 - Fundamentals of Polymer Matrix Composites Containing 

CNTs,” in Carbon Nanotube Reinforced Composites, Amsterdam, Netherlands: 

Elsevier B.V., 2015, pp. 125–170. 

 

 

 

 

 

 

 

 

 

 

 

 

 

10.1016/j.polymdegradstab.2010.01.024
10.3390/polym12081789
https://www.gotopac.com/art-esd-resistivity
10.1002/pc.10324
10.1016/j.compscitech.2008.06.018


Appendices                                     350 

Appendices 

Appendix A. VICTREX® PEEK 450G Technical Data Sheet 
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Appendix B. VICTREX® PEEK 450P Technical Data Sheet 
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Appendix C. NC7000TM MWCNT Technical Data Sheet 
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Appendix D. Twin-Screw Extruder Information 
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Appendix E. Nomenclature of Sample and Test Scheme 

E1. PEEK-PCNs-DM 

Compounding 

method 

Material 

formulation 

Processing conditions Characterisation Testing Other comments 

Extruder Injection 

moulding 

DSC TGA SEM TEM Tensile Impact Electrical 

TT 

skin 

TT 

core 

AF 

Direct mixing 

(DM) 

Pure PEEK LS SC T1 IV1          T1 = 195 oC 

T2 = 165 oC 

T3 = 100 oC 

IV1 = 40 ccm/s 

IV2 = 49 ccm/s 

LS SC T1 IV2          

LS SC T2 IV1          

LS SC T2 IV2          

LS SC T3 IV1          

LS SC T3 IV2          

1 wt.% 

MWCNTs 

LS SC T1 IV1          All DM samples 

were made via 

screw design 1-low 

shear (LS) and short 

injection cooling 

time (SC); 

SC = 30 s 

LS SC T1 IV2          

LS SC T2 IV1          

LS SC T2 IV2          

LS SC T3 IV1          

LS SC T3 IV2          

2 wt.% 

MWCNTs 

LS SC T1 IV1          TEM images were 

classified as per the 

observation surface 

LS SC T1 IV2          

LS SC T2 IV1          



Appendices                                                                   360 
A

p
p

en
d

ices 
 
 

 
 
 

 
 
 

 
 
 

 
 
 
 

 
 

 
 

 
 
 

 
 

P
ag

e | 
3
6

0
 
 

 
 
 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 
 

 
 

 
 

 
 

 
 
 

 
 
 

 
 
 

 
 
 

 

LS SC T2 IV2          (Parallel and 

perpendicular to the 

flow direction); see 

section 3.4.4 TEM 

LS SC T3 IV1          

LS SC T3 IV2          

3 wt.% 

MWCNTs 

LS SC T1 IV1          All SEM images 

were taken from the 

impact fracture 

surface 

LS SC T1 IV2          

LS SC T2 IV1          

LS SC T2 IV2          

LS SC T3 IV1          

LS SC T3 IV2          

6 wt.% 

MWCNTs 

LS SC T1 IV2          Long injection 

cooling time (LC) = 

90 s 

LS SC T2 IV2          

LS LC T1 IV2          

ESD-PEEK LS SC T1 IV1           Electrical 

properties: 

TT = through 

thickness direction 

AF = along the melt 

flow direction 

LS SC T1 IV2          

LS SC T2 IV1          

LS SC T2 IV2          

LS SC T3 IV1          

LS SC T3 IV2          
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E2. PEEK-PCNs-MB 

Compounding 

method 

Material 

formulation 

Processing conditions Characterisation Testing Other comments 

Extruder Injection 

moulding 

DSC TGA SEM TEM Tensile Impact Electrical 

TT core AF 

Masterbatch 

(MB) 

2 wt.% 

MWCNTs 

HS SC T1 IV2         Extruder screw 

configuration: 

HS = high shear 

LS = low shear 

Injection moulding 

cooling time: 

SC = 30 s 

LC = 90 s 

HS LC T1 IV2         

3 wt.% 

MWCNTs 

HS SC T1 IV2         

HS LC T1 IV2         

LS SC T1 IV2         

LS LC T1 IV2         

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendices                                    362 

Appendix F. Additional SEM Images of Pure MWCNTs 
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Appendix G. Additional SEM Images of Pure PEEK  

 

 

 

 

 



Appendices                                    366 

Appendix H. Additional SEM Images of PEEK-PCNs-DM 

H1. 1 wt.% MWCNTs/PEEK-DM-T1IV1 
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H2. 1 wt.% MWCNTs/PEEK-DM-T2IV1 
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H3. 1 wt.% MWCNTs/PEEK-DM-T3IV1 
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H4. 2 wt.% MWCNTs/PEEK-DM-T1IV1 
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H5. 2 wt.% MWCNTs/PEEK-DM-T2IV1 
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H6. 2 wt.% MWCNTs/PEEK-DM-T3IV1 
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H7. 3 wt.% MWCNTs/PEEK-DM-T1IV1 
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H8. 3 wt.% MWCNTs/PEEK-DM-T2IV1 
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H9. 3 wt.% MWCNTs/PEEK-DM-T3IV1 
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Appendix I. Additional SEM Images of PEEK-PCNs-MB 

I1. 3 wt.% MWCNTs/PEEK-MB-HS-SC 
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I2. 3 wt.% MWCNTs/PEEK-MB-LS-SC 
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Appendix J. Additional TEM Images of PEEK-PCNs-DM 

J1. 2 wt.% MWCNTs/PEEK-DM-T1IV2-PAR-Skin layer 

 



Appendices                                    378 

 

 

 



Appendices                                    379 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendices                                    380 

J2. 2 wt.% MWCNTs/PEEK-DM-T1IV2-PAR-Skin-core transition 

layer 

 



Appendices                                    381 

 

 

 



Appendices                                    382 

J3. 2 wt.% MWCNTs/PEEK-DM-T1IV2-PAR-Core layer 
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J4. 2 wt.% MWCNTs/PEEK-DM-T1IV2-PERP-Skin/skin-core 

transition layer 
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Appendix K. Additional TEM Images of PEEK-PCNs-MB 

K1. 2 wt.% MWCNTs/PEEK-MB-T1IV2-PAR-Skin layer 
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K2. 2 wt.% MWCNTs/PEEK-MB-T1IV2-PAR-Skin-core transition 

layer 
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K3. 2 wt.% MWCNTs/PEEK-MB-T1IV2-PAR-Core layer 
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Appendix L. Processed TEM Images for the Count Number 

of MWCNT Head/End Sections 

L1. 2 wt.% MWCNTs/PEEK-DM-T1IV2-PAR-Skin layer 

Image 0001: 

 

Drawing of 0001: 
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Image 0005: 

 

Drawing of 0005: 
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Image 0015: 

 

Drawing of 0015: 
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Image 0016: 

 

Drawing of 0016: 
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Image 0020: 

 

Drawing of 0020: 
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Image 0030: 

 

Drawing of 0030: 
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Image 0031: 

 

Drawing of 0031: 
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Image 0035: 

 

Drawing of 0035: 
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Image 0045: 

 

Drawing of 0045: 
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Image 0046: 

 

Drawing of 0046: 
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Image 0050: 

 

Drawing of 0050: 
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Image 0060: 

 

Drawing of 0060: 
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Image 0061: 

 

Drawing of 0061: 
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Image 0065: 

 

Drawing of 0065: 
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Image 0075: 

 

Drawing of 0075: 
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Image 0076: 

 

Drawing of 0076: 
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Image 0080: 

 

Drawing of 0080: 
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Image 0090: 

 

Drawing of 0090: 
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L2. 2 wt.% MWCNTs/PEEK-DM-T1IV2-PERP-Skin/skin-core 

transition layer 

Image 0001: 

 

Drawing of 0001: 
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Image 0005: 

 

Drawing of 0005: 
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Image 0015: 

 

Drawing of 0015: 
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Image 0016: 

 

Drawing of 0016: 

 

 

 

 

 



Appendices                                    414 

Image 0020: 

 

Drawing of 0020: 
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Image 0030: 

 

Drawing of 0030: 
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Image 0031: 

 

Drawing of 0031: 
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Image 0045: 
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Image 0046: 
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Image 0050: 
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Image 0060: 

 

Drawing of 0060: 
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Image 0061: 

 

Drawing of 0061: 
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Image 0065: 

 

Drawing of 0065: 
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Image 0075: 

 

Drawing of 0075: 
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Image 0076: 

 

Drawing of 0076: 
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Image 0080: 

 

Drawing of 0080: 
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Image 0090: 

 

Drawing of 0090: 
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Appendix M. DSC Thermograms of PEEK-PCNs-DM 
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Appendix N. Tensile Stress-Strain Curves for PEEK, 2 wt.% 

MWCNTs/PEEK-DM/MB and ESD-PEEK 

N1. PEEK 
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N2. ESD-PEEK 
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N3. 2 wt.% MWCNTs/PEEK-DM 
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N4. 2 wt.% MWCNTs/PEEK-MB 
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Appendix O. Permission for Copyright Content 
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