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Abstract 

Unbonded flexible pipes are used to convey oil, gas and water from the subsea to 

the topside. Each pipe is constructed of multiple layers each serving a specific 

function. The antiwear layer is typically made up of thermoplastic tapes, preventing 

wear between the metallic layers, as well as reducing friction between layers. 

Flexible pipes are being designed for much deeper harsher environments, the 

impetus for this thesis was to better understand the tribological interactions 

between these layers and develop a robust model for predicting the life of the 

antiwear layer. The key aim of this work is to enhance the knowledge and 

understanding of the interaction between the antiwear layer and surrounding 

metallic structures. Three of the four materials tested in this thesis are commonly 

used as the antiwear layer, these being PA11, PEEK and PEEK+PTFE. The PEEK 

polymers are typically used in high pressure high temperature application. The 

other material tested is PA12 reinforced with carbon fibres, being developed as 

alternative material for the pressure armour layer. Testing has been carried out 

using a mixture of bespoke and standard test equipment evaluating material 

properties and tribological performances of each material. New testing methods 

have been developed and applied to test the material under more representative 

conditions. These test conditions reproduced the three damage mechanisms 

identified for the antiwear layer through the dissection of full-scale tests; 

compressive creep, wear and tensile tests. Of the candidate materials PEEK 

provided the best resistance to creep followed by PEEK+PTFE, PA12 CF and PA11. 

Creep of PEEK, PEEK+PTFE and PA12 CF was only evident at the higher pressures 

and temperatures whereas PA11 showed large deformation at the all pressures and 

temperatures. PEEK was also the most wear resistant of materials with PA12 CF 

having the worst resistance to wear. The wear testing of PA12 CF caused large areas 

of detachment when tested at elevated temperatures. A damage model was 

developed incorporating the key damage mechanisms to predict the life of the layer. 

The model was based on experimental data built up for the individual damage 

mechanisms, creep, wear and tearing/tensile. The damage model can be used as 

part of a design tool when deciding on what material to use as the antiwear layer for 

a specific pipe design. The model was compared with pipes tested in the DTR.  
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1 Introduction 

1.1 General Introduction 

Unbonded flexible pipes are a critical component in offshore oil and gas production. 

Their primary function is to convey fluids ranging from oils, gases and water from 

subsea to the topside. The key applications for flexible pipes are risers, flowlines, 

jumpers and fluid transfer lines. Typically, risers are designed to withstand dynamic 

motions, with flowlines and jumpers operating under more static conditions. Two 

example configurations of risers taken from the American Petroleum Industry (API) 

standards 17B [1] are shown in Figure 1-1, linking the subsea structure to the topside. 

Flexible pipes operate in the harshest environments exposed to large internal and 

external pressures, large temperature gradients as well as highly corrosive 

conditions. None of the layers in a flexible pipe are bonded, meaning relative motion 

is present between each layer. 

 

 

Figure 1-1 A. steep s and B. Lazy s [1] 
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New technology and materials are being used to increase the capabilities of the 

flexible pipe. Currently flexible pipes are operating in depths beyond 2,000m, 

however, new fields are being developed at depths of 3,000m. These fields require 

the next generation of pipe to be tested and qualified under representative 

conditions for depths of 3,000m. Each layer is designed and qualified to industry 

standards; testing is conducted to replicate the operating conditions. Conservative 

models are created and used to predict the life of the product. For every layer each 

material is tested to in-situ conditions. These tests are carried out at high pressures, 

temperatures and in fluids representative of the field. 

 

1.2 Flexible Riser Layers 

For all layers the flexible pipe is designed to perform within the expected field 

©{¨¬ ©{¤{¥«ªD j~{ |£{¯ x£{ § §{ ª«©¬y«¬©{ y¦¤§© ª{ª ¦| £w°{©ª ¦| ¤{«w££ y Û® ©{ªÜB 

flexible polymer tapes, insulating foams and extruded thermoplastics as shown in 

Figure 1-2. This project will be mostly concerned with the Antiwear, Pressure 

Armour and Tensile Armour layers.  

 

Each pipe is bespoke and so designed to cater for the exact field conditions. Design 

conditions vary depending on the pressure, temperature, dynamic conditions and 

bore fluids. This project will focus on further understanding the interactions 

between the antiwear tape and the pressure and tensile armour layers, under large 

contact pressures and highly dynamic conditions. The knowledge gained will be 

used to build a more optimised design method for using the antiwear tape. 
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Figure 1-2 Typical Layer Configuration, API 17B Fourth Edition, 2) outer pressure sheath, 5) 
Outer layer of tensile armour, 6) antiwear layer, 7) inner layer of tensile armour, 8) Back-up 

pressure armour, 9) interlocked pressure armour, 10) Internal pressure sheath and 11) 
Carcass [1] 

 

1.2.1 Carcass 

The purpose of the carcass layer is to prevent the pipe and internal pressure sheath 

from collapsing, 11) in Figure 1-2. It is the innermost layer in a rough bore flexible pipe 

design and is constructed from a helically wound interlocked profile shown in Figure 

1-3, typically manufactured of stainless steel. The carcass layer is designed to 

withstand external pressure as well as additional loading from the tensile armour 

layers and any external crushing loads. 

 

 

Figure 1-3 Interlocking carcass profile [1] 
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1.2.2 Interlocked Pressure Armour 

The primary function of the pressure armour layer is to provide resistance to the 

hoop stresses produced from the internal and external pressures. The pressure 

w©¤¦¬© £w°{©  ª ¤wz{ ¬§ ¦| w ~{£ yw££° ®¦¬¥z  ¥«{©£¦y¢{z Û±{«wÜ-shaped profile as 

depicted in Figure 1-4. The profile is typically wound with a lay angle close to 90 

degrees, resulting in a negligible resistance to both axial and bending loads. 

 

 

Figure 1-4 Z-shape (pressure armour profile) [1] 

 

A new technology currently being developed is the use of composite materials. 

Thermoplastics reinforced with carbon fibres have the potential to replace some of 

the metallic layers currently used. There are many advantages for the use of 

composite material including the high strength to weight, fatigue and corrosion 

resistance. A bonded composite solution is being developed to replace the pressure 

armour, layers of thermoplastic composite tapes are fused to the internal pressure 

sheath, building a composite tube. Limited testing has been conducted investigating 

the tribological behaviour of the composite materials. The overall design of the pipe 

could be simplified if the composite material performs better through the removal 

of layers, composites could be used as an alternative to the current antiwear layer 

polymer tapes. 
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1.2.3 Antiwear Layer 

The purpose of an antiwear layer is to separate the metallic armour layers, 

preventing wear between metallic layers as well as reducing friction, the reduction 

of friction results in lower loads distributed between layers leading to a higher 

fatigue life. Normally the antiwear layer is made from an assortment of 

thermoplastic tapes. Pipe designs are suited to field conditions which decide the 

polymer tape used, for example under low temperature and pressure a Polyamide 

tape is preferred on a cost basis, however, under high temperature and pressure 

Polyether Ether Ketone tapes are required. 

 

1.2.4 Inner and Outer Layer of Tensile Armour 

The main function of the tensile armour layers is to withstand tensile loads as well 

as internal pressure. The tensile loads are produced through axial loads, torsional 

and bending moments. Tensile armour wires are typically made from high strength 

carbon steels with specific grades dependent on the operational environment. The 

layer is typically wrapped with a lay angle of between 20-55 degrees with respect to 

the pipe longitudinal direction. The inner and outer tensile armour layers are 

wrapped in opposite angles to one another to balance the structure of the pipe. 

 

1.2.5 Insulation layers 

Insulation layers are found in the annulus, the space between the internal and outer 

pressure sheaths and are used to increase the thermal insulation properties of the 

pipe [2]. The insulation layers are wrapped onto the pipe and are typically made from 

polypropylene (PP) syntactic foams. The insulation layers are mostly found between 

layers 5) and 2) of Figure 1-2. 
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1.2.6 Outer pressure sheath 

The purpose of the outer pressure sheath is to shield the internal layers from 

seawater, resist abrasion of the seabed and the ancillary equipment to prevent any 

mechanical damage. The outer pressure sheath can consist of multiple layers and is 

made from several qualified thermoplastics normally Poly{«~°£{¥{Üª ¦© f¦£°w¤ z{Üª 

and is extruded over the internal layers. The outer pressure sheath is layer 2) of 

Figure 1-2. 

 

1.3 Problem Statement 

As developments in flexible pipes continue to move towards ultra-deep waters it is 

imperative that materials and designs cater for the harsher service environments. It 

is therefore essential that the structural integrity and interaction of each layer is 

better understood, including secondary layers such as the antiwear layer which 

could lead to potentially catastrophic failures in service if its primary function is 

impaired. The antiwear layer operates under high contact pressures, temperatures 

and dynamic conditions separating steel layers. In the event the antiwear layer fails 

to separate the struc«¬©w£ £w°{©Üª {¯y{ªª ­{ £{­{£ª ¦| ®{w© w¥z zw¤w}{ ® ££ «©w¥ª|{© 

between the steel layers. The pressure and tensile armour layers will be subject to 

large loads affecting the strength and damage of these layers. 

 

Flexible pipes are qualified to the standards set by the API, these are continuously 

adapted to reflect new field conditions and technology developments, however, 

there is no failure criterion set for the antiwear layer. It is therefore up to the 

manufacturer to develop a failure criterion that is based on and covers the main 

failure mechanisms which occur throughout the service life of the pipe to the 

antiwear layer. Confidence in the design of each layer can be gained through closer 

representative testing of field conditions. Testing is essential for the antiwear layer 

as there is a severe shortage of data relating to the integrity of the layer taken out 

of service. The lack of data is a result of the long service life of the product, typically 

up to 25 years, and the expense to remove pipes from service and dissect in order 
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to investigate damage to the antiwear layer. Progress has been made in monitoring 

pipes during service, however, this has focused on the more structural components 

leaving little in service monitoring of the antiwear layer. This has led to a lack of 

qualitative data on the performance of the current materials. 

 

Flexible pipe manufacturers need to stay competitive in the market, this is typically 

achieved through the exploration of alternative materials, or through the expansion 

of current design envelopes, both requiring testing. There are many polymers 

already qualified for use as an antiwear layer, however, due to lack of understanding 

of the layer the use of these polymers has not yet been fully exploited.  

 

Composite materials are being developed to replace the pressure armour layer to 

reduce overall cost of the pipe. Composites are an ideal replacement to metals due 

to their far superior strength to weight ratios. As this technology is still being 

developed the tribological behaviour of this material has yet to be explored, which 

has the potential to remove the need for an antiwear layer. The mechanical 

properties of composite materials can be tailored for specific applications, this can 

be achieved through various reinforcement types, orientations and fraction filled. 

 

The thermoplastics covered in this thesis are commonly used in flexible pipe design, 

yet, have not been fully characterised for their applicability under different 

operating conditions. This work has set out to fully understand the mechanical, 

thermal and tribological performance of each thermoplastic, from the low cost, low 

temperature and pressure to the higher cost, high temperature and pressure 

alternatives. The development of pipe design has led to the use of composite 

materials which have not been fully explored for the potential use as an antiwear 

layer. 
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1.4 Research Aims and Objectives 

The aim of the present project is to develop/enhance a damage model for the 

antiwear layer used in offshore flexible risers. The results from representative 

testing of identified damage mechanisms will be used to build and input into the 

zw¤w}{ ¤¦z{£D j{ª« ¥} w¥z ¤¦z{££ ¥} ® ££ wyy¦¬¥« |¦© «~{ w¥« ®{w© £w°{©Üª ¦§{©w« ¥} 

environment, specifically; interacting loads, operating temperatures and dynamic 

behaviour for service life up to 25 years. The proposed damage model will be 

suitable for assessing the antiwear layer material for the service life for flexible 

pipes. 

 

The aim of this thesis will be achieved through testing new materials, better 

understanding the operating environment of the antiwear layer taken from real 

design data, developing new creep and wear testing methods, all with the objective 

of developing a damage model approach for use in industry during design and 

material development of the antiwear layer. 

 

An enhancement to the original thickness reduction model (TRM) will be made as 

although it was developed to characterise the mechanical and tribological 

performances of various polymers, it falls short in fully representing the operating 

conditions of the antiwear layer. The initial model and data captured was limited in 

fully reflecting the conditions the antiwear layer, in turn this also restricts the use of 

the model by engineers when optimising the design of a pipe through the choice of 

material. The TRM provides a good starting block and does account for some but 

not all of damage mechanisms. 

 

The creep prediction of the antiwear layer will be improved utilising accelerated 

testing in order to accurately extrapolate the test data for a service life of 25 years. 

The accelerated creep modelling can be used in conjunction with pipe design for 

each of the thermoplastics tested. 
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The rationale behind this project is to improve the understanding of the interactions 

between the antiwear layer and neighbouring metallic layers, identifying potential 

failure mechanisms observed following full-scale pipe tests. This subsequently, will 

enable a robust design methodology to be developed for the antiwear layer and 

optimise the choice of material. The main objectives can be summarised as below: 

 

» Review literature on flexible pipe failure modes, focusing on the antiwear 

layer and the interacting layers. Review tribological interactions between 

polymer, composite and metallic materials, also understand influential 

mechanical properties and respective testing methods. 

 

» Identify and categorise all potential damage mechanisms of the antiwear layer 

from available data and the literature. 

 

» Appreciate the operating and interacting conditions throughout the service 

life of a flexible pipe between the antiwear tape and metallic layers. 

Determine in-situ conditions from a variety of pipe designs to provided 

representative testing conditions. 

 

» Develop a testing methodology closely simulating the interacting conditions 

between the antiwear layer and neighbouring metallic layers. Testing 

parameters determined through in-situ conditions of pressure, temperature 

and dynamic movement taken from actual pipe designs. 

 

» Carry out a suite of tests investigating the interactions between the antiwear 

layers and neighbouring metallic layers in flexible pipes for Nylon 11 (P20), 

Nylon 12 reinforced with carbon fibres (PA12 CF), polyetheretherketone 

(PEEK) and polyetheretherketone mixed with polytetraflouroethylene (PEEK 

+ PTFE) polymer tapes. 
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» Y¦©©{£w«{ «~{ ¤w«{© w£Üª ¤{y~w¥ yw£ §©¦§{©« {ª ® «~ «~{ «© x¦£¦} yw£ 

performance, enabling an easier way of developing new materials, 

concentrating on the mechanical properties driving the wear and friction 

mechanisms. 

 

» Develop a damage model approach, accounting for the failure criterion of the 

anitwear layer, predicting the damage and wear of the antiwear tape for a 

range of service conditions, assessing the model against full-scale pipe tests 

 

1.5 Thesis Layout 

The following briefly outlines the structure and the content covered in each chapter 

of this thesis. 

 

Chapter 2 Pipe Service Conditions 

A detailed study of the service conditions of flexible pipes is discussed using real 

pipe design data. The testing environments will be developed in this chapter for all 

mechanical and tribological testing to cover. 

 

Chapter 3 Antiwear Layer Failure Mechanisms  

The function and failure mechanisms of the Antiwear tape are investigated and 

discussed following the dissection of flexible pipes tested in a full-scale dynamic test 

rig.  

 

Chapter 4 Literature Survey 

A literature survey has been undertaken, which is comprised of material about the 

wear and friction of polymer and polymer composites worn against steel surfaces; 

how the industry ¤¦z{£Üª flexible pipes and the role of the antiwear layer; polymer 

and composite creep as well as mechanical and thermal properties of polymers and 
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their composite counterparts. The effect of mechanical and thermal properties on 

wear of polymer and polymer composites has been reviewed along with methods of 

modelling wear. 

 

Chapter 5 Material Characterisation 

The antiwear layer polymers are introduced with the rationale for investigating 

these materials. The material properties tested cover strength as well as those that 

are influential to the tribological behaviour. The test methods used to measure the 

material properties are presented along with results.  

 

Chapter 6 Tribological Testing 

Small-scale tribological tests have been carried out determining the tribological 

performance of the antiwear polymers. The test methods used, and results have 

been presented matching the data with the failure mechanisms identified in chapter 

2 and 4. 

 

Chapter 7 Component Testing 

Component testing has been carried out using a novel bi-axial test rig developed to 

test the antiwear tape under high contact pressures and temperatures. The testing 

was carried out to closer replicate the conditions seen in service. The testing 

method and results are explained and once again linked to the failure mechanisms 

identified in chapter 2 and 4. 

 

Chapter 8 Damage Modelling 

Building on the failure mechanisms and test data, a model was developed for 

predicting the damage to the antiwear layer. The model demonstrates its 

applicability for use in industry as a design tool for the antiwear layer. 
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Chapter 9 Conclusions 

The concluding chapter presents the main findings of the project and there use in 

the flexible pipes industry. Further work is also discussed on the next steps for 

improving the test data and the damage model. 

 

1.6 GE Oil & Gas 

I would like to thank General Electric (GE), Oil & Gas (Newcastle upon Tyne, UK) for 

providing me with a research field, fully funding this PhD and giving me the time away 

from work to conduct all the required testing. GE Oil and Gas in Newcastle 

manufacture, test and develop offshore flexible pipes for the extraction of oil and 

gas. GE have provided physical materials, datasheets, pipe designs, pipe operating 

conditions and testing equipment to conduct my research. Reference to data 

provided by GE is made throughout the thesis.  
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2 Pipe Service Conditions 

2.1 Introduction 

Each pipe is of a bespoke design defined by the service conditions in which it 

operates. The pressure, temperature, bore fluid and dynamic behaviour will all 

influence the antiwear £w°{©ªÜ zw¤w}{ ¤{y~w¥ ª¤ªB wª  z{¥« | {z  ¥ y~w§«{© ID W 

typical pipe is designed to operate for a service life up to 25 years. This chapter will 

explore the conditions in which the antiwear layer functions for five different design 

cases, including the dissected pipes reviewed in chapter 3. A design envelope for the 

antiwear layer will be developed and referred to throughout this report when 

determining relevant testing conditions. 

 

2.2 Pipe Design and Load Cases 

Five pipe designs will be studied, examining the interlayer contact pressures, 

temperatures and dynamic behaviour of the pressure and tensile armour interfaces. 

The operating details of each pipe design can be found in Table 2-1, the pipe designs 

coded with a prefix J are located in the North Sea, deemed to be one of the most 

dynamically demanding regions for flexible pipes. Each pipe design is different in 

terms of diameter, bore fluids, bore pressures, bore temperatures and water depth. 

Exploring such a range of designs will provide a good understanding of the variability 

in service conditions. 

 

The pressures, temperatures and dynamic behaviour to which the antiwear tape is 

subjected to during service has been found through simple analytical and numerical 

analyses. The results of the analysis will be used to determine testing parameters 

applied in later sections of this report. 
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Pipe Design B1036 J1241 J921 J1224 C074 

Internal Diameter (mm) 120.7 152.4 203.3 254.0 406.4 

Outer Diameter (mm) 397.2 247.7 291.7 396.0 524.7 

Service Condition sweet 

dynamic 

dynamic sour 

dynamic 

dynamic sour 

dynamic 

Conveyed fluid oil/gas gas oil/gas/w

ater 

oil/gas dry gas 

Max. Fluid Temperature (C) 93 80 90 135 60 

Water Depth (m) 1678 85 133 85 320 

Design Pressure (MPa) 103.4 27.0 34.5 39.0 22.0 

Antiwear layer material PEEK PA11 PA11 PA11 PA11 

Table 2-1 Real case pipe design specifications 

 

2.2.1 Pipe Interlayer Contact Pressure 

Flexible pipes are exposed to various loads at any given moment, such as internal 

and external pressures and axial, torsional and bending stresses. The magnitude of 

these loads vary throughout the life cycle of the pipe from manufacturing, to being 

tested, from installation offshore to typical operation. All of these loads are 

considered during design to ensure the pipe is structurally sound. It is important to 

understand the compressive stresses at which the antiwear layer operates, for the 

purposes of conducting representative testing but also for design and modelling. A 

simple FEA analysis and analytical approach have been used in this section to 

estimate the compressive stresses between the antiwear layer and interacting 

surface for the five pipe designs discussed previously. 
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When calculating the interlayer contact pressures, two loading conditions have been 

considered in this analysis, a Factory Acceptance Test (FAT) and normal operating 

conditions. A FAT involves pressurising the pipe bore with either water or oil and 

holding the pressure for 24 hours. A FAT is carried out as a check that the pipe is 

properly sealed. The internal pressure is 1.3 to 1.5 times greater than the operating 

pressure, resulting in higher stresses in the pressure armour layer. The second 

loading condition considered is the normal operating condition which invokes lower 

internal pressures; however, the pipe is also subject to axial tensile loads and 

bending moments. 

 

Simple 2-D analysis has been carried out using finite element analysis using Abaqus 

CAE 6.14-2 software, modelling each layer as a simple cylinder. A cylinder was chosen 

for simplicity and symmetry; however, this approach will not account for any 

localised stresses due to the complex nature of the interacting geometries of the 

pressure and tensile armour wires. However, for the purposes of understanding the 

contact stresses between layers this approach is enough and will account for 

differences in material modulus that the thick-walled pressure vessel equations 

disregard. A quarter section was chosen to represent a full pipe as shown in Figure 

2-1 the pipe symmetry enables this, reducing the complexity and size of the analysis. 

A linear elastic plane strain model was used for each pipe design under two load 

conditions, FAT and normal operating conditions. The applied and resultant stresses 

for all analyses were below the yield stress/strain for each material, justifying the 

use of a linear elast y ¤¦z{£D j~{ z{¥ª «°B o¦¬¥}Üª ¤¦z¬£¬ª w¥z f¦ ªª¦¥Üª ratio for 

steel, PA11 and PEEK were used for each model and are outlined in Table 2-2, taken 

from tensile tests carried out in section 5.6. A linear penalty contact method based 

on the Coulomb friction model was used between all interacting layers, the 

coefficient of friction used between PA11 and PEEK layers is also outlined in Table 

2-2, with the values taken from tribological tests carried out in section 6.4D W Û~w©zÜ 

normal contact was used preventing any node into surface penetration. A 

displacement control applied to the faces in the X-axis prevented any movement in 

the Y direction, a similar displacement control applied to the faces in the Y-axis 
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prevented any movement in the X direction. These two sets of boundary conditions 

provide the symmetry conditions replicating a full pipe and is shown in Figure 2-1 

The mesh was constructed using 4-node bilateral plane strain quadrilateral linear 

elements, as they are more accurate than triangle type elements and the geometry 

is not complex enough to require them. Linear type elements were used as the 

geometry was not deemed complex enough to require quadrilateral elements, 

especially for the rectangular antiwear layer. The constructed mesh for each model 

is shown in Figure 2-2. A mesh convergence was carried out, varying the size of the 

mesh xwª{z ¦¥ w |©wy« ¦¥ ¦| {wy~ £w°{©Üª «~ y¢¥{ªªB ª¬y~ wª «B «EHB «EIB «EJ w¥z «ENB «~{ 

mesh convergence curve is shown in Figure 2-3, an element size t/4 was used for all 

analyses as it provided the best balance of accuracy and simulation speed. The total 

number of nodes for B1036, J1241, J921, J1224 and C074 were 725, 1075, 1115, 4850 

and 5025 respectively, the reason for the differences in the number of nodes is due 

to the various pipe diameters. Inactive degrees of freedom identified on 251 nodes. 

A cylindrical axis system was used from the origin of the pipe. A test pressure 

consistent with the FAT and pipe design was applied to the inner most surface of the 

pressure armour acting radially. 
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Figure 2-1 2-D Abaqus Model of pressure armour, tensile armour and antiwear layers 

 

 

Figure 2-2 Mesh of each layer for t/4 
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Material Density 

(kg/m3) 

Y¦¬¥}Üª c¦z¬£¬ª 

(MPa) 

f¦ ªª¦¥Üª ©w« ¦ Coefficient of friction 

Steel 7750[3] 210000[3] 0.300[3] - 

PEEK 1264 2105 0.470[3] 0.27 

PA11 1021 412 0.490 0.23 

Table 2-2 FEA model inputs  

 

 

Figure 2-3 FEA mesh convergence, number of nodes against radial displacement  

 

The radial stress and displacement through each layer of the pipe has been found 

for all pipe designs, a typical result is shown in Figure 2-3. The radial stress and radial 

displacement were recorded at each node starting from the inner diameter to the 

outer diameter. All radial stresses through the thickness of the pipe structure were 

in compression with the maximum compressive stress located at the inner surface 

of the pressure armour layer. The maximum compressive stress in the radial 

direction between the antiwear layers and interacting layers have been recorded 

and captured in Table 2-3. As expected, the contact pressures are highest during the 

FAT conditions, this analysis is only for mechanical loading and does not account for 

thermal stresses. Thermal stresses would alter the mechanical properties of each 

material, more significantly the polymers which would become more ductile, this 
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change in properties would likely lead to larger deformations but lower stresses at 

the layer contacts. 

 

 

Figure 2-4 A. FEA result of the radial stress for pipe design C074 after the application of a 
normal internal pressure 

 

 

Figure 2-5 Radial stress and displacement output through the thickness of pipe structure 
C074 
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The thick-walled pressure vessel theory was also used to calculate the contact 

pressure and radial pressure applied by the contraction of the axially loaded tensile 

armour wires. The hand calculation has been used to verify the contact stresses 

produced by the FEA analyses are of the same order of magnitude. The thick-walled 

assumption has been used as the diameter to wall thickness ratio was less than 20 

in all cases, the cut between thin and thick-walled pressure vessels. The pressure 

acting radially inwards from the tensile armour wires has been calculated using 

Equation (2-1). The radial stresses acting throughout the thickness of the pressure 

vessel have been calculated using Equation (2-2). 
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(2-2) 

 

where P is pressure, t is the thickness of the layer, ƫƙ is the axial stress applied to 

the tensile armour layer and r is the radius with i and o signifying inner and outer 

respectively. 
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  Contact Pressure (MPa) 

Pipe Pipe Layer FEA 

FAT Test 

FEA 

Operating  

Analytical 

FAT Test 

Analytical 

FEA operating 

C074 FLK - FLT 1 11.8 15.9 13.4 11.7 

C074 FLT 1 - FLT 2 5.0 7.3 5.7 5.0 

J1224 FLK - FLT 1 21.3 16.2 27.3 18.2 

J1224 FLT 1 - FLT 2 8.6 6.7 11.4 7.6 

J921 FLK - FLT 1 19.3 14.9 25.1 16.7 

J921 FLT 1 - FLT 2 7.7 6.2 10.1 6.7 

J1241 FLK - FLT 1 11.9 9.8 17.3 11.5 

J1241 FLT 1 - FLT 2 4.6 4.0 6.7 4.4 

B1036 FLK - FLT 1 53.8 46.1 59.6 38.2 

B1036 FLT 1 - FLT 2 18.9 16.8 23.6 15.1 

Table 2-3 Interlayer contact pressures between the pressure (FLK) and tensile armour 
layers (FLT 1 and FLT 2) 

 

The contact stresses acting on the antiwear layer for most cases are estimated 

lower in the FEA analyses, this is likely due to the model accounting for the softer 

§¦£°¤{© ¤{y~w¥ yw£ §©¦§{©« {ªB  ¥ «~ ª ywª{ «~{ ¤¦z¬£¬ªD j~{ £¦®{© o¦¬¥}Üª 

modulus of the polymer leads to more deformation of the material, leading to lower 

stresses. The analytical model however does not account for any changes in 

modulus between the layers and therefore results in the larger stresses. There is 

little difference between the two approaches with the estimated compressive 

stresses being of similar orders of magnitude. 
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2.2.2 Pipe Temperature 

The transported fluid is naturally much hotter than its surroundings, relative to the 

sea temperature which is much cooler. It is essential for certain fluids that the pipe 

is adequately insulated to prevent the waxing of oils, the creation of a gel as crude 

oil drops below the wax appearance temperature (WAT). Hydrates can also build 

up, with the two phenomena mitigated by applying insulation tapes at the outer 

layers. Insulation of the pipe results in an elevated working temperature for the 

antiwear tape, even before considering any temperature increases due to internal 

friction of the pipe layers. The temperature at which the antiwear layer operates 

considerably alters the polymer mechanical properties and tribological 

performance, thus, significantly influencing the damage mechanisms. It is therefore 

necessary that the temperature at which the antiwear layer operates is reviewed 

and implemented in tests, so that any changes to the material properties can be 

accounted for. Testing in later sections utilises the operating temperature range 

estimated for the five pipe designs being explored.  

 

For each pipe design, the reduction in temperature through each of the layers has 

been calculated, using the material thermal properties provide by GE Oil & Gas, 

outlined in Table 2-4. The temperature reduction has been calculated using 

\¦¬© {©Üª £w® ¦| ~{w« y¦¥z¬y« ¦¥B [¨¬w« ¦¥ (2-3), for simplification the transfer of 

heat between layers has been assumed to be entirely conductive. This assumption 

disregards other heat transfer methods, convection and radiation, the inclusion of 

which would likely lead to higher thermal stresses in the antiwear layer. Only 

accounting for conductance could lead to an underestimation of the antiwear layer 

operating temperature. An external temperature of 4°C has been assumed, this is a 

100-year minimum temperature at the seabed in the UK sector of the central North 

Sea [4]. The temperature reduction across each layer is represented in Figure 2-6, 

with the temperatures at the antiwear layers captured in Table 2-4. 
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where ɋ is heat transfer, k is thermal conductivity, A is surface area, Ⱥɝ is the 

temperature difference and t is the surface thickness. 

 

Conduction through a tube is calculated using Equation (2-4) 
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where L is length of surface, Ơi is the inner temperature, Ơo is the outer temperature, 

ri is the inner radius and ro is the outer radius. 
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where R is the resistance of each layer 

 

 ╤═ Ᵽ (2-6) 
 

where U is the overall heat transfer coefficient 
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Material Coefficient of thermal conductivity 

(W/mK) 

Steel 49.500 

Polyamide (PA11) 0.254 

Polyether ether ketone (PEEK) 0.250 

Polyvinylidene fluoride (PVDF) 0.200 

Insulation Layer 0.160 

Table 2-4 GE Oil & Gas material thermal properties 

 

 

Figure 2-6 Temperature at the inner radius of each layer of a flexible pipe 

 

The estimated operating temperature at the inner and outer antiwear layers for all 

five pipe designs are outlined in Table 2-5, the range is from 27ŪC up to 75ŪC. 

Nevertheless, disregarding other forms of heat transfer mean these values should 

be considered as a minimum. 
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Pipe Inner Antiwear Layer 

Temperature 

(°C) 

Outer Antiwear Layer 

Temperature 

(°C) 

 

C074 35 32 

J1224 74 67 

J921 43 34 

J1241 35 27 

B1036 75 75 

Table 2-5 Temperature at antiwear layers 

 

Pipe designs B1036 and J1224 were constructed using a lot of insulation tapes as they 

were designed for the transportation of oil. Relative to the other pipe designs the 

very little change in temperature occurs through the layers beneath the external 

pressure sheath. 

 

2.2.3 Pipe Dynamic Behaviour 

Global analysis has been conducted on the three North Sea risers, J2141, J921 and 

J1224 over their respective design lifetimes by GE Oil & Gas. The outputted 

curvature data of the pipe was supplied and is used in the proceeding section to 

estimate the dynamic sliding of various pipe layers. The analysis was carried out 

using the OrcaFlex software, commonly used in the offshore industry and analyses 

the dynamic behaviour of many offshore marine systems, including, production 

risers, drilling risers, mooring, riser installation, pipelay and recovery as well as many 

other systems. The essential parameters required for a global analysis are, but not 

limited to: pipe geometry, pipe stiffness, wave types (regular or irregular), various 

wave spectrums and seawater properties, each of these parameters were 

appropriately defined by GE Oil & Gas for the three pipe cases and were used to aid 

in the design along with validating the robustness of the respective pipe designs . 
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For the service life of a riser a model of the system is developed, considering riser 

configuration, vessel type, buoyancy modules, pipe properties and hang off angles, 

an example of a model is given in Figure 2-7. A suitable wave spectrum for the field 

is determined considering wave height, time period, head winds and subsea 

currents. The wave spectrum is then applied to the model resulting in drag forces 

acting on the pipe, the bending curvature is then calculated over the service life of 

the pipe. 

 

Global analysis was conducted by GE Oil & Gas for the service life of three of the 

pipe designs, J1241, J921 and J1224. The different curvature ranges and number of 

cycles over the service life of the pipe are shown in Figure 2-8. The three pipe 

designs are for service in the North Sea, known to be one of the most dynamically 

severe environments. Understanding the motion of these pipes will provide a good 

insight to the level of potential slip present between layers during service. 

 

The other two pipe designs, C074 and B1036, both DTR tested were subjected to a 

specified number of cycles and curvature ranges designed to damage or even fail 

the tensile armour layers. The number of curvature ranges is significantly reduced 

as it would be too time consuming to test all the ranges witnessed during service. 

The number of cycles and curvature ranges for these two pipe designs can be found 

in Figure 2-9.  

 

It is possible to estimate the slip between layers based on the bending curvatures of 

the pipe. The slip between layers can be estimated through the extension and 

contraction of the pipe because of bending. As the pipe bends the layer will be 

loaded in tension on the extrados and loaded in compression on the intrados. The 

risk of failure in the tensile armour wires is increased at the extrados as there are 

additional tensile loads due to the bending. As a result of the geometry and construct 

of the helically wound layers, negligible additional loads are transferred. However, 

the layers will begin to ovalize, leading to higher local contact stresses between 
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layers, these would need to be resisted by intermediate layers such as the antiwear 

layer. The antiwear layer, once compressed between interacting layers can be 

subjected to tensile and compressive stresses as the pipe bends, however, wear will 

be driven by the sliding amplitude of the surrounding layers. 

 

 

Figure 2-7 Example of a lazy wave riser configuration modelled using Orcaflex [5] 

 

 

Figure 2-8 Number of cycles at curvature range during pipe service 

 

Topside 

Flexible pipe in 

the lazy wave 

configuration 

Pipe Curvature 

Sea floor 
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Figure 2-9 Number of cycles at curvature range during DTR testing 

 

The binned curvature data presented in Figure 2-8 and Figure 2-9 provided by GE 

Oil & Gas is used later in this section to estimate the slip between interacting layers. 

Knowing the pipe curvature for a certain number of cycles and using the layer 

geometries and manufacturing tolerances, estimates of sliding amplitude and sliding 

distance over the respective pipe service lives can be made. 

 

The nominal pitch of the pressure armour is set during manufacture, during service 

this can extend and contract. The nominal, maximum and minimum pitches for the 

pressure armour are depicted in Figure 2-10. The pipe design ensures the pressure 

armour will not lock, which occurs when full extension or contraction occur. Locking 

of the pressure armour has the potential to lead to a catastrophic failure as the 

stresses would significantly increase. The pitch and amount of movement is subject 

to the nominal pitch, size and geometry of pressure armour, pipe design and the 

dynamic behaviour of the pipe. 
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Figure 2-10 Pressure armour nominal pitch, maximum pitch and minimum pitch 

 

Using the pipe design, it is possible to convert the curvature ranges into a strain, 

using Equation (2-7). 

 

 
Ⱡ

╡▬ ╡▼
Ȣ ◐ Ў╡Ȣ ◐ 

(2-7) 

 

where, ʶ is the strain range, y is the neutral axis, Rp is the primary bend radius and 

Rs is the secondary bend radius. 

 

Using the strain range, it is possible to calculate the displacement range of the 

pressure armour wire for the different pipe curvatures. Equation (2-8) is applied to 

estimate the displacement for the different curvatures. 

 

 Ў♯ ЎⱠ╟▪▫□ (2-8) 
 

where ҟʵ is the displacement range and Pnom is the nominal pitch of the pressure 

armour wire. 
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The total sliding distance for the pressure armour layer over the service life can be 

found in Table 2-6, along with the maximum displacement range and frequency of 

cycles. 

 

For pipe designs J1224, J921 and J1241 the total sliding distance and maximum 

displacement range increases as the pipe diameter and service life increases. As 

expected, the cyclic frequency was similar for the three designs, this will be largely 

due to the field of operation which is the North Sea. 

 

Again, the maximum displacement range for the C074 and B1036 pipe designs was 

largely influenced by pipe diameter. However, the total sliding distance, the sum of 

the displacement slid per cycle (multiple of 4 times the sliding amplitude) for a given 

number of cycles, was greater for the smaller diameter over a similar number of 

cycles. 

 

Pipe Number of 

Cycles 

(#) 

Total Sliding 

Distance 

(m) 

Max. Displacement 

Range 

(mm) 

Frequency 

(Hz) 

Sliding 

Velocity 

(mm/s) 

C074** 2.00+E06 222 0.885 0.233 0.412 

J1224 1.47+E08 2647 0.492 0.186 0.183 

J921* 6.43+E07 2449 0.357 0.204 0.146 

J1241* 5.22+E07 803 0.264 0.165 0.088 

B1036** 2.30+E06 302 0.497 0.156 0.155 

* GF °{w©ªÜ ª{©­ y{ z°¥w¤ y w¥w£°ª ª 

** DTR Tests 

Table 2-6 Pressure armour dynamic behaviour 
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The tensile armour wires will move in a similar manner to the pressure armour layer. 

There will be relative motion between the tensile armour wires and the antiwear 

layer due to the dynamic behaviour of the flexible pipe. Figure 2-11 shows how the 

tensile armour wires are wrapped onto the pipe at a nominal angle ɖ, however, the 

gap between wires is not fully controlled in manufacture as is depicted in image B. A 

nominal pitch between each wire has been estimated from the number of wires, size 

of wires and diameter at which they are laid.  

 

The same approach used to calculate the displacement range of the pressure 

armour wires was applied to the tensile armour wires. Once again, the total sliding 

distance and maximum displacement range for each pipe was found and is 

presented in Table 2-7. As in Table 2-6 the number of cycles and frequency is the 

same as for the pressure armour layer. 

 

 

Figure 2-11 A. Tensile armour laid around the pipe at angle Ŭ and B. Tensile armour wire 
pitch in pipe 
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Pipe Tensile Armour 

Wires 

Total Sliding Distance 

(m) 

Max. Displacement 

Range 

(mm) 

C074** Inner 272 1.170 

C074** Outer 285 1.134 

J1224 Inner 4435 0.431 

J1224 Outer 4533 0.440 

J921* Inner 3502 0.511 

J921* Outer 3634 0.530 

J1241* Inner 918 0.302 

J1241* Outer 940 0.309 

B1036** Inner 308 0.507 

B1036** Outer 320 0.527 

* GF °{w©ªÜ ª{©­ y{ z°¥w¤ y w¥w£°ª ª 

** DTR service 

Table 2-7 Tensile armour dynamic behaviour 

 

2.3 Discussion 

Simple analyses have been carried out for five pipe designs, estimating the interlayer 

contact pressure, temperature and dynamic behaviour of which the antiwear layer 

operates. Table 2-8 outlines the lower and upper bound from the analyses which 

will be used to define mechanical and tribological testing in proceeding sections. 
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Pipe Interlayer Contact 

Pressure 

(MPa) 

Temperature 

(°C) 

 

Maximum 

Displacement 

Range 

(mm) 

Sliding 

Distance 

(m) 

Upper Bound 53.8 75 0.885 4533 

Lower bound 4.0 27 0.264 212 

Table 2-8 Antiwear layer operating conditions 

 

Simple linear 2-D FE analysis has been used to predict the radial contact stresses 

between the antiwear layer and interacting layers. The FEA results compare 

considerably well with the analytical thick-walled pressure vessel equations. The 

results provide a reasonable first estimate, however, improvements of the model 

would provide more accurate radial contact stresses. The complex geometry of the 

helically wound layers would be better modelled in 3-D and nonlinear material 

properties would better replicate the deformation of the antiwear layer during 

operation and FAT testing.  

 

Simple analysis ¬ª ¥} \¦¬© {©Üª bw® ¦| y¦¥z¬y« ¦¥ was used to assess the thermal 

heat transfer from the pipe bore through each layer of the five pipe design cases. 

The simplistic approach disregards the other heat transfer mechanisms, the 

inclusion of which would improve the estimate of heat transfer, however for the 

purpose of this research provides a satisfactory prediction. Due to the bespoke 

nature of flexible pipe designs simple estimates for the operating temperature will 

be adequate. The thermal analysis disregards temperature rises due to friction, 

although the friction between layers will be tested in later sections of this thesis and 

could be used in more extensive thermal analysis of the antiwear layer. 
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A simple approach has been developed estimating the dynamic behaviour of the 

pressure armour and tensile armour layers. Global analysis for the five pipe designs 

is used to provide estimates of pipe curvatures, along with the pipe diameter, layer 

geometry and pitch, estimates of slip amplitude and range were made. The slip 

estimated is for the layers independently, thus, do not account for the slip between 

layers. Slip between layers is not generally accounted for during design, however, 

this simple analytical approach provides an initial means for slip prediction and can 

be improved upon by using 3-D models, showing the slip of the layers ruing bending. 
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3 Damage Mechanisms 

3.1 Introduction 

This chapter is focused on defining the failure mechanisms that occur in the 

antiwear layer throughout service, Figure 3-1 shows how the antiwear layer sits 

between the metallic layers. The identified failure mechanisms will then help define 

the necessary literature review, testing and eventual modelling. As previously 

mentioned, there is not a failure criterion outlined in the API standards for the 

antiwear layer, it is therefore up to the manufacturer to assess the integrity of the 

layer during or after service is complete. However, this is not possible due to the 

complexity of the structure and the cost of recovery. Identification of the antiwear 

layer failure mechanisms will be established based on pipe dissections of full-scale 

qualification testing. 

 

 

Figure 3-1 Typical flexible pipe cross section between the internal pressure sheath and the 
outer tensile layer 
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3.2  Full-scale Dynamic Testing 

To demonstrate that a pipe design is suitable for its field of service typically a full-

scale test is carried out. A full-scale test takes place in a Dynamic Test Rig (DTR), a 

schematic of the rig is shown in Figure 3-2. The sample tested consists of a fully 

manufactured length of pipe, fitted at both ends along with a bend stiffener. End 

fittings house the termination of all internal layers, sealing mechanism and provides 

connection to external structures. A bend stiffener, typically a polymer cone fixed to 

an end fitting is used to reduce and control the bending stresses and curvatures. 

 

The test is designed to assess the structural layers of the pipe under dynamic 

loading. The accumulated fatigue damage to the layers is accelerated to represent 

the pipes service life based on fatigue analysis of the critical layers. The pipe in the 

instance of Figure 3-2 is hung vertically, connected at both ends, the pipe is loaded 

in tension and bent via a rocker arm. The tension and curvature applied to the pipe 

is determined though fatigue analysis of the service field and is usually based around 

failure of the tensile armour layer. The pipe can be filled with oil or water, with its 

temperature monitored throughout testing, the temperature is limited to the 

operational limits of the antiwear tape as friction drives the temperature rise. The 

pipe cases B1036 and C074 described in section 2.2 were both tested in dynamic 

test rigs, Table 3-1 outlines the critical fatigue test parameters. With the test being 

determined by the fatigue life of the tensile armour layers and aimed at representing 

curvature ranges exposed to at sea, the fatigue loading conditions are broken into 

multiple load cases as shown in Table 3-2. The number of cycles for load cases with 

larger bending curvatures is reduced because of the tensile armour layer is being 

subjected to larger bending stresses, leading to larger fatigue damage. A typical 

fatigue test takes the tensile armour layer to a fatigue damage of 0.1 for an increased 

service life, providing greater confidence in the robustness of the pipe design. The 

pipe is then dissected layer by layer inspecting for critical damage for each pipe 

layer.  
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Figure 3-2 Typical set-up for a dynamic fatigue test [1] 

 

 B1036 C074 

DTR Vertical Horizontal 

Pipe Length (m) 14.461 13.825 

FAT Internal Pressure (MPa) 161 33 

Internal Pressure (MPa) 49 22 

Applied Tensile Load (kN) 2000 577 

Total number of cycles (#) 2,500,000 * 2,000,000 

Max. bending angle range (Ū) 5.0 19.4 

* Final 500,000 cycles determined to fail the tensile layers 

Table 3-1 Typical DTR test and pipe parameters 
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Load case Pressure 

(MPa) 

Tension 

(kN) 

Primary 

Bending 

Angle (°) 

Secondary 

Bending 

Angle (°) 

Number of Cycles 

(#) 

8 22 577 1.4 -1.2 297051 

7 22 577 2.5 -1.3 81031 

6 22 577 3.0 -2.0 16603 

5 22 577 3.6 -2.9 3907 

4 22 577 4.2 -3.8 1015 

3 22 577 4.8 -4.7 279 

2 22 577 5.8 -6.1 93 

1 22 577 10.2 -9.2 17 

Table 3-2 DTR load cases for C074 

 

Upon completion of a dynamic fatigue test the pipe is dissected starting from the 

external layer going down to the innermost layer, these layers are then thoroughly 

inspected for evidence of any damage mechanisms. Each layer has its own damage 

criteria to which it is inspected against. Each layer is inspected for scratches, gouges, 

signs of fatigue and excessive plastic deformation, additionally, polymer layers are 

checked for areas of excessive thinning. Antiwear layers are inspected for tearing 

along with local thinning. A dissection and subsequent report are completed for 

every completed DTR test. 

 

3.3 Dissection of the Antiwear Layer 

During the dissection of a sample tested in a DTR a close visual examination of the 

antiwear tape is carried out. The following section will cover dissections of various 

antiwear tapes for different pipe designs showcasing the relevant damage and 

failure mechanisms to the antiwear layer. 
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3.3.1 Creep 

It has been observed on numerous dissections that the polymer tape creeps 

between adjacent pressure armour and tensile armour wires. The internal pressure 

expands the pressure armour outward into the tensile armour wires, which can be 

contracting radially due to longitudinal and external loads. The antiwear layer will be 

compressed under a relatively stable pressure for most of the pipes operating life. 

The antiwear layer deforms plastically due to compression which then creeps under 

the constant load over time. The creep behaviour is demonstrated in section 5.8, 

compressing the antiwear layer between replicating platens under constant load for 

a duration of time. Characterising the creep behaviour of the antiwear layer is a 

requirement of API 17J [2]. Figure 3-3 shows the creep of the antiwear tape into the 

pressure and tensile armour gaps, resulting in lattice like profile [6]. Figure 3-4 

shows the creep of the antiwear layer between the inner and outer tensile armour 

wire gaps [7]. The tape thins in the areas of contact with the metallic layers and 

forces the remaining polymer into any gaps. The thinning of polymer could lead to 

failure of the layer and result in direct contact between metallic layers. Currently 

the design criterion for the Antiwear layer limits the reduction in thickness to under 

50% for the service life of the pipe, although this is an arbitrary value specific to 

manufacturer. 

 

 

Figure 3-3 PA11 antiwear layer creep between the pressure and tensile armour layers [6] 

Creep 

102.6mm 
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Figure 3-4 PA11 Antiwear layer creep between the inner and outer tensile armour layers [7] 

 

3.3.2 Wear Damage 

Wear has been observed as another critical failure mechanism of the antiwear layer. 

There is relative motion between each of the layers as a result of the unbonded 

nature of the flexible pipe. The level of relative motion between the layers will be 

dependent upon the pipe design and the field conditions. 

 

Examples of antiwear layers inclusive of wear related damage are captured in Figure 

3-5 and Figure 3-6 [8] [9]. It was apparent in this test that the damage was so severe 

to the antiwear tape that the underlying and overlying metallic layers worn against 

one another. The failure of the antiwear layer coincides with the 0 and 180º 

indicators, these represent the bending plane of the pipe, the point of maximum 

bending. Another observation to note is that the failure occurred at the base of the 

bend stiffener, the region of largest dynamic behaviour. It is evident from the 

discoloration of the polymer that the antiwear layer in Figure 3-5 has seen a 

significant temperature rise due to frictional heating. The increase in temperature 

will accelerate creep but as the temperature surpasses the Tg and the antiwear tape 

softens the wear rate will likely increase [10]. 

 

 

Creep Thinning 
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Figure 3-5 PEEK antiwear layer creep and wear between the inner and outer tensile armour 
wires [8] 

 

It is apparent from the pipe dissection that the antiwear tape has worn against the 

metallic layers, however, it is difficult to determine the exact wear mechanisms 

taking place. Following the dissection of the pipe in Figure 3-5, a more detailed 

examination was conducted investigating the wear processes using scanning 

electron microscopy (SEM) [9]. During the dissection, tape samples were removed 

from three different locations, the high end, low end and centre of the pipe. This is 

the standard procedure used when inspecting the condition of the antiwear layer. 

The antiwear tape inspected using a Scanning Electron Microscope SEM was 

removed from the section with the most damage, this was located under the bend 

stiffener, the region of maximum bend. Figure 3-6 showcases the variety of surface 

damage present on the polymer tape. There was notable surface damage on all areas 

examined, surface delamination and scratching (Figure 3-6 a), flake like formations 

(Figure 3-6 b and f), wear lamellae (Figure 3-6 c and d), microtears (Figure 3-6 d), 

some roll formation (Figure 3-6 e) and more severely damaged areas showing clear 

evidence of abrasive wear and gouging (Figure 3-6 f). All of the observed wear is 

typical of thermoplastic polymers and matches what was observed in the literature 

comparing with the wear mechanisms identified in Figure 6-3, Figure 6-4 and Figure 

6-5, albeit for various grades of polymers. 

 

Areas of wear and 

discoloration 
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Figure 3-6 SEM micrographs of PVDF Antiwear layer post dynamic fatigue testing [9] 

 

3.3.3 Tearing 

Tearing of the antiwear layer is a result of the combination of the polymer creeping 

into gaps and wear from the adjacent layers. Both damage mechanisms will result in 

a thinning of the material. As the polymer is damaged and thins, the local stress will 

increase and lead to a higher chance of tearing due to tensile and shear loading of 

the layer. The tearing mechanism occurs when the tapes are sufficiently thin and 

there is relative motion between the adjacent layers. Figure 3-7 shows the polymer 

tape to have severely thinned, worn and torn [8]. 
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Figure 3-7 PEEK antiwear layer creep and tearing between the pressure and armour layers 
[8] 

 

3.4 Summary of Damage Mechanisms 

The fundamental function of the antiwear layer is to prevent the structural metallic 

layers from contacting and subsequently wearing against one another, potentially 

leading to a catastrophic failure of a flexible riser. The antiwear tape is subject to 

multiple damage mechanisms during service and these are replicated in full-scale 

fatigue tests. Better understanding the identified damage mechanisms and the 

antiwear layers performance under these mechanisms will form the premise of this 

thesis, providing additional data for the development of a damage model for the 

antiwear layer and demonstrating the optimum material for the layer. An 

acceptance criterion will assess the tapes against each of the failure mechanisms. 

 

It is clear from the dissections that the polymer tape is extruded into the gaps 

between adjacent pressure armour and tensile armour wires. The extent the 

polymer extrudes into these gaps will be subject to the following factors, material 

properties, contact pressures between metallic layers and the temperature within 

the annulus as well as frictional heating of the polymer tape. 

 

Tearing 
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Another noticeable damage mechanism is wearing between the antiwear layers and 

the pressure and tensile armour layers. Severe wear processes are visible from the 

dissection, but upon further investigation using SEM it is clear there are multiple 

wear processes taking place. The tribological behaviour of the polymer will be 

dependent on the following factors, material properties, contact pressure between 

metallic layers, temperature within the annulus, frictional heating of the polymer 

tape and the displacement of pressure and tensile armour layers. 

 

Tearing of the polymer tape will likely be due to a combination of failure 

mechanisms. Thinning of the polymer tape will occur because of creep into gaps 

which will result in higher stresses in the tape. Polymer tearing will be a result of the 

following factors, material properties, contact pressure between metallic layers, 

temperature within the annulus, frictional heating of the polymer tape and the 

displacement of pressure and tensile armour layers. 

 

The three identified critical damage mechanisms to the antiwear layer can be 

described as the following; creep, wear and tearing. The three damage mechanisms 

will be individually explored for each antiwear layer material before developing a 

damage model. 

 

The factors influencing the failure mechanisms described will vary throughout the 

life of the pipe and may not have been replicated in the full-scale dynamic bending 

fatigue test. The full-scale test is an accelerated test of fatigue of the structural 

layers and so may not replicate the complete dynamic behaviour of the pipe in 

service. The maximum temperature is limited during full-scale testing which could 

be lower than those in service, these aspects will be explored in the next chapter. 
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4 Literature Survey 

4.1 Overview 

A literature assessment has been carried out in this chapter relevant to the failure 

modes and design of flexible pipe layers, focusing on the antiwear layer, damage 

mechanisms and fundamentals of tribological and mechanical properties have been 

reviewed. The tribological behaviour of polymer, composite and metallic materials, 

and material properties strongly linked to wear and friction performance. 

Tribological behaviour of polymers and material properties have been reviewed 

aligned with requirements proposed in the API standards and damage mechanisms 

identified in section 3. 

 

4.2 Flexible Pipes  

A brief description of the use of flexible pipes, different types and individual layers 

making up the construct of pipes has been outlined in the earlier section 1.2, Figure 

4-1 sufficiently presents these details [11]. A survey of the literature on flexible pipes 

has been carried out addressing the common failure modes witnessed in flexible 

pipe. Typical methods employed for design and modelling of the failure modes will 

be reviewed, looking for common industry approaches and best practices. Damage 

mechanisms have been highlighted previously in section 3, however, any further 

information found in the literature will be examined. 
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Figure 4-1 Name, material and function of each layer within a typical flexible riser 

 

4.2.1 Flexible Pipe Failure Modes 

Typical flexible pipe failure modes are addressed in the industry guidelines, API 17B 

[1], although these are only limited to the primary structural layers. It is important to 

understand the failure mechanisms of a flexible pipe in order to adequately design 

for the intended service life. Figure 4-6 outlines the most common failure modes for 

standard pipes under static and dynamic conditions. These seven failure modes 

provide most of the research undertaken on flexible pipes as the operating 

requirements are continuously being pushed for deeper and environmentally 

harsher water depths. 

 

Collapse typically effects the inner most layer of the pipe, the carcass for rough bore 

pipes and the internal pressure sheath for smooth bore pipes. Typical collapse of 

the carcass layer is shown in Figure 4-2 [12], the common causes of collapse are; 

excessive pressure, erosion, corrosion, manufacturing defects and damage during 

installation [13]. 
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Figure 4-2 Carcass collapse modes [12] 

 

A pipe burst is typically caused by the rupture of tensile and pressure armour wires 

because of excessive internal pressure [14], pipe burst can also occur to the external 

pressure sheath, as shown in Figure 4-3 [15]. Factors influencing the burst failure 

mode are internal corrosion and erosion, external abrasion, manufacturing defects 

and other defects and failures [13].  

 

 

Figure 4-3 Rupture of the outer sheath [14] 
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Tensile rupture is simply failure of the tensile armour wires due to excessive tensile 

loading, other than excessive loads corrosion or material anomalies reduce overall 

strength of the wires and capacity for carrying loads. Tensile rupture because of 

fatigue is shown in Figure 4-4 [16]. 

 

 

Figure 4-4 Fatigue rupture of tensile armour wires [16] 

 

When the flexible pipe is loaded under considerable compressive loads a 

¤{y~w¥ ª¤ ©{|{©©{z «¦ wª Ûx ©z-yw} ¥}Ü ¦| the tensile armour wires can occur, the 

wires radially buckle, Figure 4-5 shows a typical bird-caging failure [17]. 

 

 

Figure 4-5 Bird-caging effect of a flexible pipe [17] 
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Overbending of the flexible pipe will affect all layers of the pipe, it is most likely to 

occur at the touch down point [13]. Overbending affects many layers and can lead to 

unlocking of carcass and pressure armour layers, rupture of the internal and 

external pressure sheaths, as well as cracking to the outer sheath [14]. 

 

Torsional rupture tends to lead to other failure modes due to the tensional and 

compressive forces acting on the tensile armour wires, the additional tensile loads 

can lead to collapse of the carcass and internal pressure sheaths, with additional 

y¦¤§©{ªª ­{ £¦wzª y¦¥«© x¬« ¥} «¦ Ûx ©z-yw} ¥}Ü ¦| «~{ «ensile wires. 

 

Fatigue failures are a result of cumulated cyclic stresses, fatigue is a challenge for 

deepwater risers and tends to be concentrated at the top of the pipe due to the high 

tensional loads and bending [14]. Although fatigue affects multiple layers it primarily 

influences the tensile armour wires and is driven by the following factors: fatigue 

associated with the wear of the tensile armours, pure fatigue of the tensile armours, 

fatigue associated with the wear of the pressure armours and corrosion fatigue [18]. 

 

The carcass is prone to erosion depending on the transported fluid; however 

erosion alone does not lead to failure of the layer but can lead to removal of 

corrosion protection because of impinging particles, opening the failure mode to 

corrosion. 

 

Corrosion does not cause layer failures however it contributes to other failure 

modes through reduction in strength of materials used [14]. If the outer sheath is 

breached seawater can flow into the annulus, the layers between the internal and 

outer polymer sheaths and oxidise the metallic layers. 
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Other than the nine failure modes outlined in API 17B other modes exist for the 

secondary layers, these failure modes include: hydrogen embrittlement, impacts, 

pigging, ageing, wear and vibrations in gas pipes [19]. As these failure modes are 

secondary to the primary structural layers little research is available in the literature 

and only mentions of the failure modes are made. Wear between the pressure 

armour and tensile armour layers is considered a failure mode and the antiwear 

layer is required to prevent contact and wear between the structural layers. Wear 

and or cracking of the antiwear layer is a consequence of radial contact of armour 

layers and wear, caused by the relevant motions between layers, temperature and 

any manufacturing defects [13]. 

 

 

Figure 4-6 Failure modes for the primary structural layers of flexible pipes as of API 17B [1] 
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The percentage of failures in flexible pipes and their failure modes is shown in Figure 

4-7 [11]. The most common failure in flexible pipes is due to damage of the outer 

sheath and flooding of the annulus layers. 

 

 

Figure 4-7 Flexible pipe failure/damage mechanisms [11] 

 

4.2.2 Flexible Pipe Design Processes 

Flexible pipes are designed to account for each of the failure modes previously 

described for the service life of the pipe according to API 17J [2]. Each pipe is 

designed accounting for the following; loads and load effects, pipe design 

methodology, pipe structure design and system design requirements. Load classes 

take the form of functional, environmental and accidental; these account for the 

ordinary operating conditions, specific external environments and extreme weather 

conditions or operating accidents. Theoretical calculations are used as part of pipe 

design methodology ensuring the use of adequate materials and layer geometries. 

The pipe structure is then assessed against the design criteria presented in the 

standards to ensure a robust design for the service life of the pipe. The system 
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design requirements are specified by the customer operator in order to attach the 

equipment with pre-existing infrastructure. 

 

The design of the antiwear layer should account Ù|¦© both aging and wear, to prevent 

wear between adjacent steel and/or extruded polymer layers for the specified 

ª{©­ y{ £ |{Ú q2]. The ageing of the antiwear layer in pipe structures should account 

|¦© Ù«~{  ¤§wy« ¦| ¦§{©w« ¥} y¦¥z « ¦¥ª >{D}D «{¤§{©w«¬©{ªB §^B ®w«{© y¬«B ¤{«~w¥¦£B 

glycol, and other known exposure profiles) on the long term deterioration of each 

of those layersÚ q2]. 

 

Each material used in flexible pipes are qualified to various standards, Figure 4-8 

outlines the minimum required tests for extruded polymers including the antiwear 

layer. Where required testing outlined in Figure 4-8 should account for 

environmental conditions and temperatures. 
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Figure 4-8 Test procedures for extruded polymer (including antiwear layers and insulation) 
and antibuckling layer materials [2] 

 

Design processes are typically employed to ensure specific layers survive the service 

life of flexible pipe designs. These processes account for the full design from the 

global analysis, local analysis and failure criterions. A developed design process used 

to predict the fatigue life of the tensile armour wires is shown in Figure 4-9 [20]. At 

each step additional factors are accounted for. An example being the tensile armour 

wires are influenced by the friction between layers, reducing the fatigue life. These 

additional factors are accounted for within the local analysis parameters. 
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Figure 4-9 Probabilistic fatigue workflow and associated uncertainties [20] 

 

4.2.3 Flexible Pipe Layer Modelling 

Analytical and numerical models are developed for the failure modes of each layer 

to predict critical loading conditions, a much cheaper alternative to physical testing 

[11]. Although models are regularly developed, they are required to be validated 

through physical testing. Analytical models are developed to model the complex 

geometry of flexible pipe using simple methods, for example the collapse of the 

carcass is analytically modelled based on a general ring buckling model. These 

simple analytical models are used as initial approximations and do not always 

accurately replicate the complex geometry of each layer [11]. Numerical models are 

generally developed to better replicate the complex nature of flexible pipe layers, 

nevertheless, these models still need to be validated with physical tests. Numerical 

models typically rely on computer simulations, often considering nonlinear material 

elastic-plasticity, difficult to achieve using simple analytical approaches. Most of the 

literature on flexible pipes consist of modelling either single layers for the respective 

failure modes or the full pipe in order to understand how each layer interacts with 

one another [11] [21] [22], examples of which are shown in Figure 4-10. 
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Figure 4-10 FEA models of (a) carcass layer for collapse [11], (b) tensile armour layers during 
bird-caging and [21] (c) full pipe structure during bending [22] 

 

Although modelling of the structural layers in flexible pipes is commonly done, it is 

not true of the secondary antiwear layers. Coefficients of friction of the antiwear 

layer is used in the modelling, but physical testing of the layer is not shared. However, 

a Thickness Reduction model (TRM) was developed to better understand the role 

the antiwear layer played in the flexible pipe [9]. Testing of the tribological 

performance and mechanical properties of a range of thermoplastic materials used 

in the antiwear layer was carried out. A thickness reduction model was developed 

accounting for creep and wear of the antiwear layer. Wear mechanisms from testing 

were compared with full-scale tests carried out on flexible pipes as part of the 

qualification process. As a result of the testing wear rates and values for the 

coefficient of friction were gathered specifically for the antiwear layer. 
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Due to the nature of the complex structure in flexible pipes it is a challenge to fully 

understand the interaction of each layer. Many researchers have modelled the 

behaviour of flexible risers validating them with full-scale tests. An understanding of 

the contact and interaction of all layers including the antiwear layer is required to 

more accurately model the full pipe structure. Improving models helps in the design 

of flexible pipes and will provide more confidence in the service performance. 

 

Various models and techniques have been developed to predict loads and stresses 

throughout the layers of the pipe. A constitutive model was developed in [23 ] 

predicting the bending moment of a pipe under various load cases. Analytical models 

were developed in [24] and validated with finite elemental analysis, once again 

predicting the bending moment under the same loading condition. The analyses in 

[25] and [26] used coefficient of frictions ranging between 0.05, 0.10 and 0.15 for all 

layers when predicting the pipe behaviour. As a comparison [27] used a higher 

coefficient of friction of 0.8, this was used when analysing fretting between metal 

layers. However, the coefficient of frictions used were arbitrary values to provide a 

good correlation between the model and test. The friction values are not 

representative of all the interacting layers.  

 

Dynamic fatigue tests of two 4-inch inner diameter pipe structures were carried out 

in [28], subjecting both pipes to combined bending and axial loads. The fatigue life of 

the pipes were predicted using finite element analysis, incorporating friction values 

as part of the model. The cross sections of the pipes were modelled using ª¦|«®w©{Üª 

CAFLEX, AFLEX, PAS and RIFLEX. The different finite element software was used to 

measure the initial static and dynamic stresses due to internal pressure and 

bending, accounting for nonlinear curvature distributions. The friction moment 

measured in the test was used to calibrate the models developed in the CAFLEX 

software, resulting in a coefficient of friction of 0.1 between the antiwear and 

pressure armour layers. The coefficient of friction found was for slip and not stick 

so may be higher. The friction moment found and used to calibrate the model 
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accounts for the full pipe structure, disregarding the local interactions of the layers 

and misrepresenting friction. 

 

4.3 Material Tribology 

Wear was identified as one of the main damage mechanisms occurring in the 

antiwear layer in section 3, it is also a testing requirement outlined in API 17J. 

Understanding wear and friction of polymers is necessary for the development and 

improvement for the design and use of the antiwear layer. Tribological fundamentals 

have been explored in this section along with variables influencing the tribological 

performance of polymers and composites, to typical testing methods and wear 

modelling. 

 

4.3.1 Fundamentals of Friction 

Friction is the tangential resistance to motion, or impending motion, between two 

contacting solid bodies [29]. The friction force was expressed by Amontons in 1699 

with the frictional force being proportional to the normal load, with the 

proportionality defined as the coefficient of friction. 

 

Friction between sliding surfaces results in complex molecular-mechanical 

interactions [30]. These interactions are generally subdivided into two categories 

adhesion and deformation. Figure 4-11 depicts interactions of both types, these 

modes are not only specific to polymers.  
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Figure 4-11 (a) contacting asperities resulting in adhesive friction and (b) contacting 
asperities resulting in deformation friction [29] 

 

Bowden & Tabor [31] developed a theory for adhesive friction explaining that when 

two surfaces contact under load the asperities of the softer material plastically 

yields. Strong adhesive bonds are formed through the formation of junctions of the 

contacting bodies.  

 

Deformation friction occurs at the macroscopic and microscopic scale [29]. At the 

microscopic scale the asperities interlock, relative motion can only occur through 

displacement of the softer asperity. Plough marks or grooves are caused on the 

macroscopic scale. The harder asperity deforms the softer material resulting in 

ploughing. Another cause of ploughing is from any trapped debris between the 

contacting surfaces. 

 

The total frictional force between two surfaces is the combination of adhesive and 

deformation mechanisms, Figure 4-12 highlights the various ways in which interfacial 

bonds are disrupted during sliding [32]. The frictional force is driven by the type of 

motion (sliding and rolling), surface topography and physical and mechanical 

properties. 
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Figure 4-12 Schematic representation of the various ways in which interfacial bonds are 
disrupted during sliding [32], (a) elastic displacement, (b) plastic displacement, (c) 

shearing, (d) shearing of surface films and (e) [32] 

 

4.3.2 Fundamentals of Polymer Wear 

Wear occurs at the surface of interacting bodies and is typically split into three main 

categories adhesive, abrasive and fatigue wear. Additional wear mechanisms more 

specific to the application of the polymer are; erosive and corrosive [33]. These wear 

mechanisms can all occur in polymer and polymer composites depending on the 

testing environment. 

 

Strong adhesive bonds are formed between solid bodies under load as explained by 

Bowden & Tabor [31]. Adhesive wear is a result of the growth and rupture of these 

junctions as surfaces under load undergo relative sliding. Junctions are broken at 

the asperity surface or in the softer material as in Figure 4-13. In most cases the 

softer material either attaches to the harder material or detaches as debris through 

rubbing. 
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Figure 4-13 Principle of adhesive wear, (a) Rupture of asperity in softer material, (b) softer 
material adhering to harder materials [29] 

 

Adhesive wear in polymer contacts generally takes the form of a polymer film 

transferred to the surface of the harder material. The transfer of a polymer film can 

influence the wear and friction behaviour between contacting surfaces. The 

coefficient of friction can be reduced as the surfaces become smoother, however, 

the wear rate can increase if the film is removed. 

 

Adhesive wear of composites largely depends on the ease in which the polymer is 

peeled from the matrix. The strength of the fibre-matrix bond is a critical parameter 

which can be affected by the operating conditions [34]. 

 

Abrasive wear is caused by asperities of a harder material ploughing through a softer 

material as depicted in Figure 4-14. Surface features of abrasive wear include 

scratches, gouges and scoring marks. 

 

 

Figure 4-14 Abrasive Wear where ʵW is the applied load, L is the length of the cut, d is the 
width of the groove and ʻ is the angle of the cone [29] 
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There are two types of abrasive wear, two-body and three-body abrasive wear. The 

latter is caused by the entrapment of debris between surfaces. Harsha & Tewari, 

[35] found that third-body wear is less than-two body. The third-body debris can 

either increase or reduce wear between materials, the wear is reduced through the 

development of thin films on either surface, according to Briscoe & Sinha [36]. This 

wear mechanism is typical between polymer and metals, resulting in mass loss of 

the softer material. 

 

As implied, fatigue wear is caused through continually loading and unloading of the 

material. The stressing of the surface and sub-surface of the material can initiate or 

propagate cracks. The cracks grow over time and eventually transect and become 

removed as debris highlighted in Figure 4-15 [10]. 

 

 

Figure 4-15 Surface fatigue damage [10] 

 

Erosive and corrosive wear are restricted to the environment in which the polymer 

operates [33]. Erosive wear can be caused through impingement or by entrained 

particles in a fluid between contacting surfaces. Corrosive wear is caused by 

chemical reactions with the environment, usually termed oxidative wear [33], 

accelerating the rate of wear. Polymers are relatively chemically inert and do not 

react as much as other materials, however, highly cross-linked materials at high 

temperatures become more susceptible [33]. 
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4.3.3 Effects of Test Condition on Friction and Wear 

As stated previously, the friction force is proportional to the normal force. This 

statement has been shown to hold true for a range of polymers at different loads. 

Simple friction tests were carried out on a variety of polymer samples for a range of 

loads showing the friction coefficient to be independent of the normal force [37] 

[38]. 

 

There are conditions where the friction coefficient is dependent on the normal load. 

At low loads the friction factor would in some cases decrease with increasing load 

[39 ]. It is thought the loads are low enough that the asperities are deforming 

elastically. A similar behaviour was found at relatively low loads for Fibre Reinforced 

Polymers (\hfÜª) [40]. 

 

On the other hand, for polymers at high enough loads, the friction coefficient 

increases with load. This behaviour has been presented for a variety of polymers 

[ 41 ]. This behaviour is often explained as the asperities deforming plastically, 

increasing the area in contact [42]. The coefficient of friction varies with the contact 

load depending on the asperities experiencing elastic or plastic deformation. 

 

Polymers are viscoelastic materials with mechanical properties significantly 

influenced by temperature. Heat can be generated through the friction of contacting 

surfaces. The frictional heating is caused by the deformation of asperities as well as 

the formation and rupture of adhesive bonds. These interactions can lead to the 

generation or absorption of heat. The environment of the polymer application can 

also be at elevated temperatures.  
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Temperature is critical to the mechanical properties of polymers. At lower 

temperatures polymers behave in a brittle manner, at higher temperatures they are 

more ductile. Efforts to link some mechanical properties to the friction 

performance have been made [43] [44]. The polymers tested in sliding resulted in a 

more wear than polymers tested at ambient conditions. The correlation is only true 

if the temperature has no effect on adhesion [ 45 ]. If adhesion is not greatly 

influenced by temperature, then the wear rate will not be affected 

 

Testing of polymer materials in [38] and [45] has shown that the coefficient of friction 

increases with temperature. However, PTFE, a known stable polymer at elevated 

temperature, showed little change.  It has been found, however, that for fibre 

reinf¦©y{z §¦£°¤{©ª >\hfÜª? «~{ y¦{|| y {¥« ¦| |© y« ¦¥ ©{z¬y{z wª «~{ «{¤§{©w«¬©{ 

increased [46]. As the polymer matrix softened the reinforcing fibres would bear 

more of the contact load. 

 

The effect of temperature on friction is complex with several influencing variables 

such as surface roughness, contact geometry, load and sliding speed. Each of these 

factors are in some way linked with temperature through frictional heating. 

Frictional heating at the point of contact is increased if the applied load or sliding 

speeds are increased, also if the surface is rough this will contribute to an increase 

in temperature under sliding. 

 

Coulomb proposed that the friction force is independent of sliding speed. This only 

holds true for polymers if the temperature rise due to sliding speed is negligible. As 

the temperature approaches the glass transition temperature, the temperature at 

which polymers transition from harder to softer properties, the coefficient of 

friction becomes very dependent on temperature, as the material properties 

change. 
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At low velocities where the resultant frictional heating is low the coefficient of 

friction is not affected by sliding speed [39sD j~ ª ®wª w£ª¦ |¦¬¥z  ¥ ª¦¤{ \hfÜª ® «~ 

a constant friction factor for a range of velocities [47]. The sliding speeds tested by 

[48] were enough to affect the coefficient of friction. As the contact temperature 

increased mechanical changes to the polymer take place, changing the wear 

mechanism between the contacting surfaces. 

 

4.3.4 Effects of Fillers on Tribological Performance 

It is well known that the mechanical properties of polymers can be altered by 

changes to the microstructure or additions of fillers. Fillers come in many forms 

such as co-polymers, particulates or fibres. The type of reinforcement can influence 

the wear mechanisms present. 

 

The friction and wear behaviour of a polymer can be altered through the addition of 

fillers. It has been found that the friction coefficient of PEEK could be reduced by 

mixing it with PTFE, a polymer known to have a low friction coefficient [49]. However, 

its lamellae structure increased the wear rate when compared with neat PEEK. The 

already low wear rate of PEEK can be further reduced with the inclusion of glass 

fibres [50]. The integration of varying particles enabled a reduction in the abrasive 

wear rate of PA6 [51]. 

 

The volume of fibre content can also influence wear but reduces the impact of the 

best to worst fibre orientation to a factor of 2 [33]. The impact of fibre volume was 

observed in [52]. It was found that increasing the CF content reduced friction and 

the amount of wear. It was also observed that there is a limit to the fibre content 

with regard to reduction of wear. 
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The optimum strength and stiffness of composites is dependent on the fibre 

orientation. The fibre orientation can also influence the friction and wear 

performance. It was observed for a range of FRPÜª that the lowest wear rates and 

friction occurred when the fibres are normal to the sliding direction [53] [54] [55]. In 

this position the fibres are most resistant to detachment from the polymer matrix. 

 

The friction and wear mechanism will vary depending on the type of fibre used. The 

most common wear mechanism for polymers is the transfer of a polymer film to a 

metallic counterface. Glass fibres can provide disadvantages such as localised 

increases in flash temperature due to the higher friction factor, the abrasive nature 

of glass as debris causes more wear to the composite [33]. The graphitic construct 

of carbon fibres can be used to reduce wear to the composite. It was found that a 

reduction in the coefficient of friction resulted in an increase in wear depending on 

fibre type [56]. 

 

4.3.5 Wear Modelling of Polymers 

It is a common practice in engineering to model physical mechanisms using 

mathematical forms. The mathematical forms are derived from variables associated 

to the mechanism, in this case sliding wear. These models are used to predict the 

wear of materials throughout their product lifecycle. Yet, due to the complex nature 

of tribology, confidence in the wear model is not always robust enough for design 

applications. Any changes to the contact pressure, contact area, temperature, 

lubrication etc. can influence the level of wear. 

 

The volume loss for adhesive and abrasive wear has been demonstrated over a wide 

range of testing parameters [57], related to the applied load and sliding distance as 

shown in Equation (4-1). Through experimentation other factors, mechanical and 

thermal, have been demonstrated to influence wear. These intrinsic properties are 

accounted for in the wear coefficient. To better model wear these additional factors 

need to be accounted, adapted models are discussed in this section. 
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 ╥ ╚╦╕▀ (4-1) 

 

where V is the wear volume, KW is the dimensional wear coefficient, F is the applied 

load and d is the sliding distance. 

 

The most commonly used adhesive wear model was developed by Archard [58] and 

is shown in equation (4-2). The model was developed based on contact mechanics, 

accounting for the contact of asperities and material hardness and can be used for 

any material. However, for each material and test conditions, the wear constant K 

can only be determined through testing. 

 

 
╥

╚▀╕

╗
 

(4-2) 

 

where V is the wear volume, d is sliding distance, F is applied normal force and H is 

the material hardness. 

 

Empirical wear models are generally only applicable within the parameters of the 

test [59], this can sometimes be more accurate than theoretical models but is 

limited to the type of test and conditions. The theoretical models can be 

oversimplified and exclude critical parameters specific to the test, for example, 

surface roughness, temperature, environment and other parameters. However, the 

models are developed accounting for influencing parameters, making the models 

useful for different types of materials. The following are empirical models developed 

to characterise the wear performance of materials; each model will be reviewed for 

its applicability when modelling wear in polymers. 
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Ratner et al [60] [61] developed a general equation for the abrasive wear of polymers, 

the model is expressed in equation (4-3). They examined the importance of 

elongation to break as a factor in the abrasive wear process. They suggest there are 

three stages resulting in wear debris: deformation of the surface in contact, relative 

motion opposed by a frictional force and the disruption of the material at the 

contact points. The amount of work approximately equal to the product of the 

fracture stress and strain [33]. 

 

 ╥

╛

Ⱨ

╗ⱭⱠ
 

(4-3) 

 

where V is the worn volume, H is the indentation hardness, L is the sliding distance, 

ˋ is the fracture strength, ˃  is the coefficient of friction and ʁ  is the ultimate strength. 

 

To provide confidence in the model, the wear of various polymers was recorded and 

provided reasonable agreement as shown in Figure 4-16, however this was for single 

pass tests. The model does not account for changes in material properties during 

sliding as a result of frictional heating hence, such a good correlation with test data 

is found for single pass tests as the temperature rise is minimised. 
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Figure 4-16 Correlation between wear rates during single traversals over rough steel; (1) 
Polymehtylmethacrylate; (2) Polyehtylene (low density); (3) Polystyrene; (4) Acetal 

copolymer; (5) Nylon 6.6; (6) Polypropylene; (7) Epoxy; (8) PTFE; (9) PMMA-Arylonitrile 
copolymer; (10) Polyester; (11) Polytriflourochloroethylene; (12) Polycarbonate; (13) Nylon 

11; (14) Acrylonitrile-butadiene-styrene copolymer; (15) Polyphenylene oxide; (16) 
Polysulfone; (17)Polyvinylchloride; (18) Polyvinylidenechloride [33] 

 

Lancaster [62] expanded on Equation (4-3) assuming that a hard conical asperity 

ploughs a groove in a softer material and is described in Equation (4-4). The abrasive 

wear was once again modelled proportionally to the contact load; however, the 

surface roughness is not accounted for, which was found experimentally to largely 

influence the polymer wear. 

 

 
╥ ▓

╦╛◄╪▪♯
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(4-4) 

 

where k is a constant, W is the normal applied load and ʵ is the angle of slope of the 

asperity cone. 
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Lewis [63] took a slightly different approach correlating dry wear of polymers to 

parameters such as load, sliding velocity and time, as defined in Equation (4-5). The 

¤¦z{£ z¦{ª¥Ü« wyy¦¬¥« |¦© y~w¥}{ª  ¥ ª¬©|wy{ ©¦¬}~¥{ªªB ~w©z¥{ªª w¥z «~{©¤w£ 

applications, but demonstrated the pressure-velocity limits, now commonly used 

for wear predictions. 

 

 ╥ ▓╦ⱨ╣ (4-5) 
 

where ˄ is the sliding speed, k is the wear constant and T is the sliding time. 

 

Rhee [ 64 ], expanded on Equation (4-5) through the addition of exponential 

parameters to the load, velocity and time, as defined in Equation (4-6) this provided 

good agreement polymers worn against steel surfaces. 

 

 ╦ ▓╦╪ⱨ╫╣╬ (4-6) 
 

where W is the mass loss and a, b, c is a set of parameters. 

 

A model predicting the transfer of polymers to rough hard surfaces was proposed 

by Lee [65] and is defined in Equation (4-7). The mode assumed that the removed 

polymer is transferred to metal surfaces in the vicinity of asperities. Experiments 

found that the asperity slopes predicted in the polymer were larger than those of 

the steel surface. The model could not be used for randomly generated surfaces, as 

the model was sensitive to changes in the shear angle. 

 

 ╥

╛
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(4-7) 
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where pi is the penetration depth,  is the polymer shear angle, n is the number of 

asperities and D is the width of the slider. 

 

The wear models described up to now have been for homogenous polymers worn 

against metal surfaces, the following wear models have been developed for 

composite polymers with reinforcing fillers. The matrix and reinforcement 

complement one another during wear, the reinforcement provides high hardness 

and strength whilst the matrix provides self-lubricity [61]. Wear models derived for 

composite materials separate the tribological performances of the polymer matrix 

and fiber reinforcements. 

 

Kruschov [66] introduced a composite wear model using the linear rule of mixtures, 

Equation (4-8). The model was developed on the observations of experiments 

wearing steel composites. The model did not predict the wear rates of other metal 

composites adequately. Part of the problem with the ¤¦z{£Üª prediction was that 

the hard abrasive grits wore away the pores of the composite leading to an increase 

in the mass loss and subsequently wear rate. 

 

 ▓╬ ●□▓□ ●█▓█ (4-8) 

 

where xm and xf is the volume fraction of the matrix and filler and km, kf and kc are 

specific wear rates of matrix, fillers and composites. 

 

Axen and Jacobsen [67], introduced the assumptions of equal wear (EW) and equal 

pressure (EP), the former meaning the matrix and reinforcement wear according 

to their intrinsic wear resistance and the latter meaning the load carried by the 

matrix and reinforcement is proportional to the respective areas. The EW model is 

described in Equation (4-9) and the EP model outlined in Equation (4-10), Figure 

4-17 illustrates the EW and EP wear modes [67]. Once again tests were carried out 
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using metal composites with reinforcing fibres and particulates. The experimental 

wear data was compared with both models with no wear resistance close to the EW 

mode; but quite close to the EP mode indicating the composites did not exploit the 

full benefit of the reinforcement. 
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(4-9) 

 

 ▓╬
╔╟ ●□╫▓□╫ ●█╬▓█╬  (4-10) 

 

where EW is when equal wear is assumed to occur both to the matrix and 

reinforcement, EP is assumed to occur when the matrix and reinforcement carry 

the same normal pressure. Which approach is best used should be determined from 

an understanding of the material structure such as fibre orientation, bonding to the 

matrix along with wear mechanisms. 

 

 

Figure 4-17 EW and EP wear modes, describing the specific wear resistance of a composite 
as a function of amount of reinforcement [66] 
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Dimensional analysis is a common approach used to reduce complex physical forms 

to much simpler forms [ 68 ]. The method works by reducing the number of 

independent variables which specify the problem through the concept of similarity. 

The concept of similarity is that in a problem some physical terms can be deemed 

equivalent even though they are different [68]. The following models have all been 

developed using dimensional analysis. 

 

Kar and Bahadur [69], set out to form an equation accounting for all the pertinent 

parameters that influence the wear process during polymer-metal sliding. Kar and 

Bahadur derived the variable affecting polymer-metal wear are velocity, time, 

pressure, along with the polymer properties; thermal conductivity, specific heat and 

elastic modulus, the final model described in Equation (4-11). The wear equation 

breaks down the wear process in terms of the thermal, adhesion and mechanical 

properties, satisfying the experimental wear data recorded for Polymoxymethylene 

and could also be applied to other polymers. It is also highlighted that the model 

could be altered to account for abrasive wear swapping the elastic modulus 

parameter for hardness or shear strength. 
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(4-11) 

 

where V is the wear volume, P is the load, ˄ is the speed, T is time, ʰ is the roughness, 

E is the material modulus, ʴ is the surface energy, k is the thermal conductivity, Cp is 

the specific heat and x, y, z are all exponents. 
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Following the research presented in [69], Viswamath and Bellow [70], carried out a 

similar approach only this time incorporating a surface roughness parameter and 

including a wear constant. They developed two wear equations (4-12) and (4-13) the 

former for linear relationships and the latter, non-linear relationships. Both models 

were correlated with wear tests of multiple polymers slid against a metal 

counterface, a better correlation was found for the non-linear relationship. 

 

For linear relationship: 
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(4-12) 

 

For non-linear relationship: 
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(4-13) 

 

where P is pressure, ˄ is speed, T is time, Ŭ is the counterface roughness, E is the 

modulus of elasticity, ʴ is the surface energy, K is the thermal conductivity and Cp is 

the specific heat capacity. 

 

Modelling the wear of materials is a complex feat, due to many parameters 

influencing the wear performance of polymers. The different types of wear 

mechanism are influenced by different mechanical properties. Even with these 

challenges, attempts have been made to model the wear of polymers, developed 

over time, incorporating the additional factors influencing the wear performance. 

 

The models developed in [70], Equations (4-12) and (4-13) were the most extensive, 

accounting for most of the factors influencing the wear performance of polymers. 

The models were validated with simple wear testing of various polymers against 
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metal counterfaces, and showed good correlation with the test data, especially the 

non-linear relationship. However, for new polymers extensive testing would still be 

required, in order to find the fitting parameters, but also to validate the applicability 

of the model. For abrasive wear Equation (4-3) would be a suitable model to use, 

demonstrating good correlation with test data and only a few number of inputs  are 

required however, both abrasive and adhesive wear mechanisms were found in 

Section 3.3.2. Therefore, the most suitable method to use to model the tribological 

tests is Equation (4-1), until the extent of both wear mechanisms is fully understood. 

 

Wear models for composite materials were also described and again correlated 

with test data however, the composites tested were metal matrixes not polymers, 

requiring further validation for polymer composites. Nevertheless, a poor 

correlation between the models and test data was found. The cause of the poor 

agreement is due to different damage mechanisms, for instance accelerated 

wearing at pores within the matrix. 

 

The models have highlighted important factors influencing wear performance of 

polymers such as mechanical and thermal which will be reviewed in a later section. 

 

4.4 Material Properties Testing of Polymers 

The API standards outline various material properties required for qualification of 

polymers, some of these material properties overlap with properties that influence 

the tribological behaviour of polymeric materials, outlined in section 4.3.5. The 

following mechanical properties of polymers have been explored; tensile, hardness 

and viscoelastic properties, thermal properties have been investigated. A review of 

testing methods, best practices and limitations of each material property have been 

carried out in the proceeding section. 
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4.4.1 Mechanical Properties of Polymer and Polymer Composites 

Semi-crystalline polymers have a spherulitic structure, each spherulite consists of 

numerous chains-folded, or lamellae, that radiate outward from the centre, as 

depicted in Figure 4-18 [71]. Separating these lamellae are areas of amorphous 

material; adjacent lamellae are connected by tie chains that pass through these 

amorphous regions [72]. 

 

 

Figure 4-18 Semi-crystalline polymer structure showing anorphous and crystalline regions 
[71] 

 

Carbon falls into two allotropic forms, diamond and graphite, as well as more, 

recently other forms such as synthetic have been found [73], carbon fibres take the 

form of graphite. Carbon in graphite form has a crystal structure, made of 

interlocking hexagons in a parallel plane, as depicted in Figure 4-19 [74]. Each carbon 

atom is bonded to three adjacent carbon atoms by strong covalent bonds. The 

hexagonal structure of graphite is made of layers, interlayer bonds of the weak van 

der Waals type. These strong bonds result in the high mechanical strength of carbon 

fibres. 

 



76  

  

 

Figure 4-19 Types of structures in a reinforcement fibre with their size indicated [74] 

 

4.4.2 Tensile Testing 

Tensile testing is one of the most widely used methods for determining the 

mechanical strength of materials. A test specimen is subjected to an increasing load 

or displacement at a constant rate, up to the point of failure. A range of mechanical 

properties are measured for instance, elastic modulus, yield stress/strain, failure 

stress/strain and f¦ ªª¦¥Üª ratio. However, polymers mechanical properties are 

largely sensitive to many factors, including the rate of deformation, temperature and 

environment in which the test is carried out at.  

 

Figure 4-20 shows a range of typical stress-strain responses exhibited by polymers 

when tested in tension [75]. Each curve displays a linear behaviour at low strain 

values, the elastic region in which the modulus, E, of the material is calculated. The 

limit of the elastic region is known as the yield strain, ʶy, where the curves gradient 

decreases to zero. Following the yield point the polymer undergoes plastic 

deformation until failure, ʶb. A brittle polymer displays a stress-strain response like 

A. where the polymer undergoes little plastic deformation, and more ductile 

polymers behave like curves B. C. and D. 
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Figure 4-20 Typical polymer tensile stress strain curves [75] 

 

The mechanical response of any given polymer can be largely influenced by the test 

strain rates, temperatures and environment. The effects of strain rate and 

temperature were demonstrated in [76] and [72], showing the polymer to behave in 

a more brittle manner at high strain-rates and low temperatures, alternatively the 

polymer would behave in a more ductile manner at low strain-rates and high 

temperatures. Other factors that can influence a polymers mechanical property 

such as molecular weight and degree of crystallinity [77]. 

 

There is a large amount of tensile testing in the literature, however, it is specific to 

the application the polymer is needed for. As such the thickness of the polymer 

varies greatly, therefore the standard for tensile testing of polymers was developed 

in ASTM-D638-10 [78]. This is used to standardise testing to make comparing results 

common among users.  

 

The addition of fibres into the polymer matrix can alter the mechanical properties 

of the base polymer extensively, as the tensile loads are distributed to the far 

stronger fibres by the matrix. The main factors influencing the tensile properties of 

polymer composites were characterised as fibre type, fibre quantity, fibre 

orientation, fibre bonding and types of processing [79]. 
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Typically, carbon fibres are used due to their superior strength over other 

reinforcements such as glass or aramids. The quantity of fibres significantly affects 

the tensile properties of the polymer composites, drastically increasing the material 

modulus, although the failure strain is much reduced, closer to that of the fibre. 

Orientation of fibres to the loading direction have been shown to influence the 

tensile strength of polymer composites [ 80 ]. The tensile strength of polymer 

composites decreases non-linearly from the direction of loading and can be closely 

modelled using the Tsai-Hill criterion. Figure 4-21 shows the change in modulus and 

failure strength with loading angle comparing it with the Tsai-Hill criterion. When 

loading occurs parallel to the fibres, the tensile properties of the composite are 

dominated by the fibres, resulting in the largest modulus and failure stresses. When 

loading occurs perpendicular to the fibres the tensile strength behaves more like 

the base polymer. 

 

Good bonding between the fibres and the matrix is crucial for achieving a high 

tensile strength, efficient transfer of load between the polymer and fibres is reliant 

on good bonding. 

 

 

Figure 4-21 Effect of fibre orientation in composites on material modulus and tensile 
strength [80] 
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4.4.3 Indentation Testing 

Indentation testing is commonly used when determining the hardness of a material 

but, can also be used to measure other material properties such as the elastic 

modulus, yield strength, and degree of crystallinity [81]. 

 

The hardness of a material is defined as the resistance of a material to plastic 

deformation under a known applied load. In a typical indentation test a hard tip 

indenter of known mechanical property and geometry is pressed into a test 

specimen, under a measured load and held for a predetermined length of time. The 

residual indentation is then measured, and the hardness is calculated using Equation 

(4-14); 
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(4-14) 

 

where, H is Hardness, Pmax is the maximum indentation load and A is the residual 

impression of the indentation. 

 

There are many advantages to using the indentation technique one of which is the 

ability to map the mechanical properties of a material at a macro, micro and nano-

scale relatively quickly. The scale of indentation testing is subject to the indenter and 

loads applied. There are a variety of indentation methods such as the Rockwell, 

Vickers, Knoop as well as others, each with preferences to certain material groups. 

The Rockwell method is a common method for measuring the hardness of polymers 

with a standard testing technique outlined in ASTM D785-08 [82]. A spheroconical 

indenter with a diamond tip is used to measure the Rockwell hardness as depicted 

in Figure 4-22 [83]. 
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Figure 4-22 Schematic of material indentation [83] 

 

However, when carrying out indentation tests on polymers the visco-elastic nature 

of the polymer needs to be considered. The applied strain rate, loading hold time 

and temperature can all influence the residual indentation, and subsequent 

hardness measurement. The length of time between unloading and taking the 

measurement will allow the polymer to relax also. 

 

When measuring the hardness of a polymer composite there is likely going to be 

more scatter within the data. This is due to resin rich and resin poor areas. The 

hardness of a polymer composite can be considerably higher than for a neat 

polymer, due to the stiff fibres [77]. Changes to the polymer structure as a result of 

the inclusion of fibres will lead to an increase in hardness. However, if there is an 

increase in the level of voids the measured hardness could decrease [84]. The elastic 

recovery of the indentation can be slightly elliptical due to the anisotropic nature of 

the composite.  

 

Indentation testing can be used as a means of measuring the elastic and plastic 

properties of a material at the surface and sub surface level. Surface properties are 

important for tribological analysis as they can differ when compared with the 

materials bulk properties.  
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Figure 4-23 shows a typical indentation load-displacement curve or P-H curve, 

showing the penetration depth, h, with increasing load, P [85]. Through the capture 

of the loading, holding and unloading phases of the indentation test it is possible 

calculate the elastic modulus of the material (E). 

 

 

Figure 4-23 Schematic representation of indentation load-displacement data during one 
cycle of loading and unloading [85] 

 

Methods have been developed in an attempt to standardise the analysis of the elastic 

modulus through indentation testing. Doerner and Nix [86] and Oliver and Pharr [87] 

have produced the most successful methods. Both methods work on the premise 

that both plastic and elastic deformation occur while loading, and only elastic 

deformation recovers on unloading. 

 

The Doerner and Nix method works by fitting a straight line to the initial unloading 

stage of, within 1/3 of the maximum load and extrapolating it to the depth axis. 

However, it was found that many materials did not exhibit a straight line when 

unloading the sample. Therefore, the fitting of a straight line is an oversimplified 

approach and could lead to potentially large errors. 
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Oliver and Pharr proposed that the unloading phase of the curve could be more 

accurately fitted with a power-law relation as outlined in Equation (4-15). 

 

 ╟ ♪ ▐ ▐█
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 (4-15) 

 

where hf is the depth at which the indenter is last in contact with the material, m 

and ʰ are constants, and P is the load during unloading. 

 

Equation (4-15) fits the unloading curve well for the most part except the very last 

portion. However, it is possible to differentiate Equation (4-15) and evaluate the 

initial unloading slope at the maximum load and indentation. 

 

There are limitations with this testing technique and analysis approach as reviewed 

by Van Landinghm et al, [88] [89]. The elastic modulus as measured using the 

indentation technique results in significantly higher modulus values when compared 

to tensile tests or DMA, which measur the bulk material properties. The indentation 

will always result in higher values of E than in the bulk of the material. Polymer 

materials are largely influenced by their visco-elastic behaviours and can suffer from 

creep during the test. Therefore, the response of the polymer to indentation will be 

limited by rate and time-dependant influences of which are not consistent values. 

 

4.4.4 Polymer Rheology 

Creep is defined as the deformation of a visco-elastic material under a constant load, 

with stress-relaxation occurring under a constant strain [90]. Creep is characteristic 

of semi-crystalline polymers due to their viscoelastic nature, displaying both viscous 

and elastic behaviours. Creep is a time dependant behaviour influenced by several 

factors such as polymer type, load, temperature, time and environment [91]. A typical 

creep curve for a constant stress is shown in Figure 4-24 [92] and is typically broken 

into three stages. The primary stage occurs immediately after the load is applied 
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and shows a decreasing creep strain rate, the secondary stage also known as steady-

state creep exhibits a constant creep strain rate, and finally the tertiary stage shows 

an increasing creep rate up to failure of the specimen. 

 

 

Figure 4-24 Typical creep strain vs time curve at constant stress and constant elevated 
temperature showing three distinct deformation regions [92] 

 

Creep of a polymer undergoes its highest rate of deformation around and above the 

glass transition temperature [92]. 

 

It is common to model small polymer deformations with a spring and dashpot 

representing the Hookean elastic body and Newtonian fluid respectively, as shown 

in Figure 4-25 [93]. 

 

 

Figure 4-25 Basic rheological elements: a) Hookean spring, and B) Newtonian dashpot [93] 
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It is possible to model linear viscoelasticity by considering a combination of linear 

elastic springs and linear viscous dashpots, as shown in Figure 4-25. Combining the 

two elements in series and/or in parallel, it is possible to construct rheological 

models as in Figure 4-26 [93]. 

 

 

Figure 4-26 Basic rheological models: a) Maxwell model, and b) Kelvin-Voigt [91] 

 

There are numerous semi-empirical models used when modelling the creep 

behaviour of polymeric samples under load based on the generalized Kelvin-Voight 

model, shown in Equation (4-16) below: 
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(4-16) 

 

where ʶ0 is the compressive strain at the beginning of the holding segment, ‐i is the 

transient strain, t is the time, ti is the relaxation time and ʹ is the dashpot viscosity. 

 

Long-term creep behaviour is commonly obtained though accelerated testing 

programmes; two accelerated creep methods are the Time-Temperature 

Superposition (TTS) and Time-Stress Superposition (TSS) principles. The TTS 

method works on the basis that higher temperatures accelerate the viscoelastic 

phenomena, and the TSS is that the stress is used to accelerate the viscoelastic 

phenomena [94]. Figure 4-27 shows how testing at constant stress under various 

temperatures can be used to predict long term creep behaviour [95]. 
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Figure 4-27 Master curve after numerical fitting [95] 

 

Acceleration by changing the temperature and stress work as energy is supplied to 

overcome the resistance to creep [96], equations have been based on the activation 

energy, such as this Arrhenius equation (4-17). 
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(4-17) 

 

where, ʰT is the horizontal shift factor, E is the activation energy, R is the universal 

gas constant, T0 is the reference temperature, and T is the temperature at which is 

ʰT desired. 

 

4.4.5 Thermal Properties 

There are three essential phases that occur when heating and cooling a polymer, 

glass transition, melting and crystallisation. 
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The glass transition, Tg, occurs in amorphous and semi-crystalline polymers due to 

an increase in chain mobility with increasing temperature. The glass transition is the 

change from a rigid solid into a more rubbery state, this also alter the mechanical 

properties such as modulus as well as other thermal properties like heat capacity 

and thermal expansion [72]. 

 

The melting temperature, Tm, is the change in state from a solid material with 

ordered chains into a viscous fluid with no ordered chains.  

 

Crystallisation is a process which occurs in polymers during cooling through the 

melting temperatures. As the polymer cools crystallisation occurs as nuclei form, in 

which small regions of tangled and random molecules become ordered and aligned 

in the manner of chain-folded layers. 

 

Differential scanning calorimetry (DSC) is a commonly used technique for analysing 

the thermal properties of polymers and polymer composites. DSC is typically used 

to measure the glass transition, Tg, melt temperature, Tm, and crystallinity of 

polymers.  

 

DSC works by heating and/or cooling a sample of known mass and a reference at 

the same temperature and measured the differences in heat flow. The sample and 

reference are contained in small aluminium pans with the reference generally 

empty. Sample quantities are typically small at ~20mg [97], with typical heating rates 

around 10ǾC/min. A computer is used to control and record the heating of the 

sample and reference, as depicted in Figure 4-28 [98]. 
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Figure 4-28 Schematic diagram of a heat flux DSO system. The sample and reference are 
heated at the same rate and the temperature difference is measured [98] 

 

Heating a polymer will cause the mechanical properties to change because of chain 

mobility. Both the glass transition and melting temperatures are endothermic and 

processes, absorbing heat. The DSC process captures these endothermic reactions 

as the rate of heat input is increased in order to maintain the same temperatures 

rate of the reference. 

 

Crystallisation of polymer chains occur at temperatures above the Tg, the chains 

have enough energy to form ordered arrangements and thus undergo 

crystallisation. Polymer crystallisation is an exothermic reaction, heat dissipating. 

Exothermic reactions are captured using DSC as the rate of heat input decreases in 

order to maintain the same temperature rate of the references. Figure 4-29 shows 

the endothermic and exothermic reactions taking place throughout polymer heating 

[97]. 



88  

  

 

Figure 4-29 DSC curve for semi-crystalline polymer showing melting temperatures [97] 

 

The addition of fibres to a polymer matrix will have an influence on the its thermal 

properties as well as mechanical ones.  

 

The thermal properties of composite materials are made up of a combination of the 

base polymer and reinforcing fibres. The base polymers thermal properties are only 

locally affected by the addition of the carbon fibre, because of the different thermal 

conductivities between the materials. 

 

 

 

 

 

 

 

 



89  

  

4.5 Summary of Literature Survey 

As the drive to ultra-deep waters continues, the failure and design of flexible pipes 

structural and secondary layers will change with the need to adapt to the tougher 

operating environments. The failure modes of each layer have been reviewed and 

one common damage mechanism for the pressure and tensile armour layers was 

found to be wear, this is mitigated by the addition of the antiwear layer. The design 

requirements for the anitwear layer are outlined in the industry standards API 17J, 

however, there are no approaches for modelling the damage of the layer in the 

literature. The standards describe individual tests but do not combine these into a 

design methodology. Currently the design of the antiwear layer is based on limited 

compressive creep tests. 

 

The literature survey highlighted the use of analytical and numerical methods for 

modelling different layers, providing the structure commonly used when predicting 

the durability of different layers. Typically, simple analytical models are used to 

model a layer, with the failure modes in mind with more complex problems 

modelled numerically, usually using some form of FEA software. Neither analytical 

or numerical models have been developed for the antiwear layer in-situ, or during 

testing. 

 

As a consequence of the confidentiality in the oil and gas industry little publicly 

available research on the antiwear layer can be found, with even less evaluating the 

mechanical and tribological performance of polymers for use in the antiwear layer. 

Most commonly, references of the antiwear layer are made in the form of modelling 

the full pipe structure, typically requiring a coefficient of friction between the 

metallic layers. The choice of polymer can have an impact on the fatigue life of the 

metallic layers because of the load distribution between layers. The most in-depth 

evaluation of the antiwear layer developed testing methodologies along with a 

thickness reduction model (TRM) [9]. A variety of tribological tests were carried out 

assessing the wear damage of small-scale and component tests with that observed 
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from full-scale testing. A model was developed to predict the reduction in thickness 

of the antiwear layer during service due to wear and creep of the material. However, 

the TRM is limited to the parameters testing was carried out to, more robust 

methods are required to predict the damage mechanisms for the life of the flexible 

pipe.  

 

The antiwear layer will be exposed to wear between interacting layers, this damage 

mechanism needed exploring so that the layer could be tested and designed for the 

service life. A survey of tribological fundamentals was conducted, highlighting 

influential testing characteristics for polymers and composites; load, speed and 

temperature to name a few. A review of different wear models was undertaken for 

polymers and composites subjected to abrasive and adhesive wear modes. Due to 

the complexity of wear in polymers means not one model satisfies all cases. The 

wear models could be applied to the antiwear layer, used for predicting the wear of 

the layer over the service life. 

 

Wear of polymers and composites are complex and is system driven not just any one 

intrinsic property, factors influencing wear, mechanical, thermal and geometrical 

are typically measured to correlate with the wear test data, commonly done in the 

literature. Understanding the factors influencing the wear performance enables  the 

design and development of other materials for the use as the antiwear layer. 

 

Methods of accelerated testing of creep were reviewed, commonly used in most 

industries designing for polymers under loads. There was no literature found 

specifically testing the creep of the antiwear layer, nevertheless, the accelerated 

creep models and tests could be utilised for predicting the creep of the antiwear 

layer for the life of a flexible pipe. 
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5 Material Characterisation 

5.1 Introduction 

The objective of this chapter is to describe the materials to be tested, mechanical 

testing methods applied, and the results ascertained. Typical materials and 

materials under development for use as the antiwear layer will be described with 

the manufacturer properties data outlined. Testing methods used to characterise 

the materials mechanical and thermal properties will be discussed, the results of 

which are also presented and reviewed. Each of the tests carried out are relevant to 

how polymers and composites perform during tribological tests, presented in the 

literature survey.  

 

5.2 Antiwear Layer Materials 

All tapes investigated within this thesis are semi crystalline thermoplastics, each 

with different compositions and molecular structures. An image of each polymer is 

shown in Figure 5-1 where each roll is 101.6mm wide. Two of the tapes, Polyamide 

(PA11) and Polyether ether ketone (PEEK) are homopolymers, with the polymer 

chains made up of the same repeating unit. The third tape a copolymer Polyether 

ether ketone with Polytetrafluorethylene (PEEK+PTFE), is made up of chains from 

two repeating units. All tapes are manufactured by an extrusion process and wound 

onto handleable sized reels. The reels are then wound and wrapped onto the pipe 

under minimal tensile load, resulting in relatively little residual stress. Although 

unknown, residual stress will exist in the tape as a result of the extrusion heating 

and cooling processes. All testing conducted in later sections on the thermoplastic 

tapes will measure the Ùas manufacturedÚ properties of the tape, providing 

representative results to feed into the damage model. During the manufacture of 

the flexible pipe the tape will be subjected to further mechanical and thermal loads 

with interacting layers. The additional effects on the antiwear tape will not be 

accounted for in this thesis, but it should be noted that they can affect the material 

properties and test results. Further research could be attributed to finding out 

changes in the material properties to account for the full manufacturing process.  
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The Polyamide 12 matrix reinforced with carbon fibres (PA12 CF) tape is 

manufactured using a pultrusion process creating a unidirectional composite tape 

bobbin. The composite tape is then wrapped onto the internal pressure sheath 

under load and heated, fusing at the point of contact, this process is repeated and 

layered upon itself creating the required structure. All test samples of PA12 CF in 

this thesis have been manufactured differently to how it is applied on the flexible 

pipe, samples have been pressed under pressure and temperature. The samples 

have been pressed to the ¤w¥¬|wy«¬©{©Üª guidelines. Although there is a difference 

in processing techniques resulting in different mechanical properties, the 

differences will mean that test results measured do not entirely reflect those of the 

flexible pipe. 

 

Although the exact structure and composition of the thermoplastics is unknown, 

mechanical and thermal properties of each tape are provided by the manufacturer, 

with the significant data presented in Table 5-1. 

 

 

Figure 5-1 Antiwear layer polymers, A. PA11, B. PEEK and C. PEEK + PTFE 
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5.2.1 Polyamide 11 (PA11) 

BESNO P20L is a polyamide thermoplastic and is the most frequently used polymer 

as an antiwear layer supplied by Arkema S.A. The semi-crystalline thermoplastics 

properties are well suited to conditions within flexible risers and the cost of it is low 

relative to alternative polymers. PA11 is a semi-crystalline thermoplastic material 

derived from castor oil, its molecular structure, particularly the amide functional 

group, yields outstanding mechanical properties and hydrocarbon resistance [99]. 

Nevertheless, the polymer suffers from low thermal properties along with 

hydrolysis, both factors playing a part in the service life of the material. The polymer 

is qualified for use in flexible pipes by GE Oil & Gas [100], known material data is 

presented in Table 5-1.  

 

5.2.2 Polyether Ether Ketone (PEEK) 

VESTAKEEP L4000G is a Polyether Ether Ketone (PEEK) thermoplastic supplied by 

Evonik Industries AG, it is predominantly used for high pressure high temperature 

applications, however, is one of the most expensive grades of polymers. PEEK is 

another semi-crystalline polymer with excellent heat resistance, sliding friction, 

wear, good chemical and hydrolytic resistance [101]. PEEK is commonly used in 

wearing applications as it has excellent mechanical strength compared to other 

thermoplastics [102]. Yet, the cost of the polymer limits the use of the polymers 

regardless of the superior thermal and mechanical properties. The polymer is 

qualified for use in flexible pipes by GE Oil & Gas [103], known material data is 

presented in Table 5-1. 

 

5.2.3 Polyether Ether Ketone and Polytetraflouroethylene (PEEK + PTFE) 

Ketaspire KT-820 SL10 is a copolymer made up predominantly of PEEK with the 

addition of Polytetraflouroethylene (PTFE), 10% by mass and supplied by Solvay. The 

inclusion of the PTFE is to increase the lubricity of the overall polymer tape. PTFE is 

a commonly used tribo-polymer because of a good combination of thermal, 

mechanical and tribological properties [104]. Studies have shown that the addition 
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of PTFE to PEEK matrices can lower the coefficient of friction under specific sliding 

conditions [105], along with maintaining the mechanical properties of the polymer. 

Once again, the use of PEEK results in higher costs, however, with the reduction in 

friction could lead to lower stresses between layers and increase the life of the 

product. The polymer is qualified for use in flexible pipes by GE Oil & Gas [106], 

known material data is presented in Table 5-1. 

 

5.2.4 Polyamide 12 Reinforced with Carbon Fibres (PA12CF) 

Celstran CFR-TP PA12 CF60-01 is a polymer composite, with a thermoplastic matrix 

made of polyamide 12 and reinforced with carbon fibers, the matrix being a 

polyamide has similar thermal and mechanical properties to PA11. However, the 

polymer has better ageing and hydrolysis resistance when compared to PA11. The 

mechanical properties are strengthened greatly due to the inclusion of carbon 

fibres. The unidirectional tapes are constructed with 60% by mass carbon fibres. 

Although the mechanical strength of the polymer is improved due to the inclusion 

of carbon fibres its use may still be limited if the thermal properties remain relatively 

unchanged. The inclusion of the fibres will have a negligible effect on the §¦£°¤{©Üª 

thermal properties, likely increasing the glass transition temperature. The mobility 

and free volume of the polymer chains will become reduced with the addition of the 

fibres, affecting the cross linking of chains, the molecular structure and molecular 

weight all influencing the glass transition temperature [ 107 ]. The improved 

mechanical strength could provide improved tribological performance relative to 

the base polymer. The composite is still being developed to replace the steel 

pressure armour layer, therefore, the material data presented in Table 5-1 has been 

«w¢{¥ |©¦¤ «~{ ¤w¥¬|wy«¬©{©Üª ¤w«{© w£ zw«wª~{{« [108]. 
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Material Properties BESNO 

P20L 

(PA11) 

Celstran CFR-TP 

PA12 CF60-01 

(PA12 CF) * 

VESTAKEEP 

L4000G 

(PEEK) 

Ketaspire 

KT-820 SL10 

(PEEK+PTFE) 

Youngs Modulus (MPa) 416.0 105400 3439 3280 

Strain at Break (%) 284.0 1.6 141.5 145.7 

Strength at Break (MPa) 59.6 1675.0 110.6 105.5 

Density (kg/m3) 1040 1600 1290 1350 

Melt Temperature (ŪC) 190 [3] 177 334 [3] 327 [3] 

Glass Transition Temperature (ŪC) 46 [3] 46 143 [3] 127 [3] 

* Composite data for fibre 0ñ orientation 

Table 5-1 Antiwear layer material properties 

 

The thickness of each material was measured using a Silverline external micrometre 

with the average of 3 measurements taken for each material summarised in Table 

5-2. 

 

Material Thickness 

(mm) 

Standard Deviation 

(mm) 

PA11 0.78 0.01 

PA12 CF 1.26 0.06 

PEEK 0.46 0.01 

PEEK+PTFE 0.50 0.02 

Table 5-2 Material thickness measurements 
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5.3 Surface Roughness 

The tribological behaviour of interacting materials is largely dependent on their 

surface topography. The friction and wear are determined by the surface 

interactions. It is necessary to understand the surface profiles of the materials in 

contact. 

 

The surfaces of all the contacting faces were measured using a Mitutoyo Surftest 

SJ-301 portable surface roughness tester, accurate to 5µm. Roughness 

measurements Ra, Rz and Rq were measured in the 0° and 90° orientations of the 

antiwear tape, pressure and tensile armour wires. The 0° measurements were taken 

in the direction of extrusion with the 90° measurements being taken perpendicular 

to the extruded direction. For each material and orientation three repeat 

measurements were taken, a sample length of 8mm was measured at a rate of 

1mm/s. When looking at a surface profile three commonly measured parameters 

are Ra, Rz and Rq. Ra is the arithmetical mean deviation of the surface profile over the 

sample length. Rz is the maximum height of the profile taken as the largest profile 

peak and the largest profile valley. Rq is the root mean square value of the profile. 

 

 

Figure 5-2 Cross sections of A. Pressure armour and B. Tensile armour 

 

The roughness measurements from the surface profilometer are presented in Table 

5-3 along with 95% confidence limits for each data set.  

12.0mm 
24.0mm 
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Material Orientation 

(°) 

Ra 

(˃m) 

Rz 

(˃m) 

Rq 

(˃m) 

PA11 0 0.11±0.06 0.79±1.10 0.13±0.08 

PA11 90 0.69±0.07 2.71±0.15 0.77±0.07 

PA12 CF 0 0.33±0.13 2.09±0.41 0.41±0.13 

PA12 CF 90 0.46±014 2.87±0.71 0.57±0.15 

PEEK 0 0.06±0.03 0.46±0.43 0.08±0.03 

PEEK 90 0.03±0.04 0.33±0.33 0.04±0.04 

PEEK + PTFE 0 0.03±0.01 0.31±0.16 0.04±0.01 

PEEK + PTFE 90 0.05±0.00 0.74±0.51 0.08±0.06 

Pressure Armour 0 0.28±0.19 2.86±0.95 0.45±0.31 

Pressure Armour 90 0.45±0.14 3.13±1.49 0.45±0.31 

Tensile Armour 0 0.59±0.27 4.75±3.08 0.86±0.49 

Tensile Armour 90 0.57±0.16 4.29±1.98 0.77±0.26 

Table 5-3 Averaged roughness measurements and 95% conficence limits of the data 

 

The roughness of the thermoplastic materials is low compared to the metal 

components; this is due to the extrusion process used during manufacture. 

Although, PA11 shows an increase in roughness when perpendicular to the extrusion 

direction, this is likely due to the die used. As a result of this care must be taken 

when testing PA11 and effort taken to ensure consistency between tests. The 

addition of the carbon fibre reinforcement resulted in a higher roughness averages 

and peaks when compared to the homogenous PA11. With the high percentage of  

fibres the surface profile is largely determined by the carbon fibres, the fibres in the 

matrix are visibly observable. When tribo-testing the composite material, this could 

have the effect of higher localised contact pressures and subsequently larger 

amounts of wear. The manufacturing process used to produce the pressure and 

tensile armour wires has provided a consistent roughness average in the 0Ū and 90Ū 

direction. 
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5.4 Material Density 

Density measurements were carried out on all materials covered in section 5.2. The 

density is an important parameter for calculating the mass loss of materials under 

sliding. 

 

Density measurements were carried out on all materials in accordance with ASTM 

D792-13 [109]. Samples were cut from different sections of the polymer tapes to 

dimensions of approximately 5 x 5mm. The mass of the samples was measured in air 

using a Mettler Toledo PB153S scales, followed by measuring the samples in water 

at ambient temperature. The density was then calculated using Equation (5-1). A 

repeat of three specimens was carried out. 

 

 
ⱬ

╜═

╜═ ╜╦
 

(5-1) 

 

where ˊ is the material density, MA is the mass in air and MW is the mass in water. 

 

The averaged density measurements can be found in Table 5-4 along with the 95% 

confidence limits for the test data. The order of material density from least to most 

dense is; PA11, PEEK, PEEK + PTFE and finally PA12/CF.  

 

Material Density 

(kg/m3) 

95% Confidence 

Limit 

Material Datasheet 

PA11 1021 ±42 1040 [100] 

PA12/CF 1381 ±87 1600 [108] 

PEEK 1264 ±243 1290 [103] 

PEEK + PTFE 1333 ±48 1350 [106] 

Table 5-4 Averaged density measurements, 95% confidence limits and supplier material 
data 
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The method used for measuring the density is a standard process and is commonly 

used to measure the density of materials. It is apparent from the measurements that 

the addition of either carbon fibres or another polymer will affect the material 

density. In the case of the PA12 and PEEK the density has increased because of the 

addition of the carbon fibres and PTFE, resulting in denser materials. The measured 

densities will be used in later sections when using wear equations or converting the 

mass loss to a volume loss. 

 

5.5 Differential Scanning Calorimetry 

Tribological behaviour in polymers can be largely influenced by temperature. 

Differential Scanning Calorimetry (DSC) is a common method for measuring the 

thermal properties of materials, specifically the glass transition and melt 

temperatures of polymers. DSC has been carried out on the antiwear tape 

candidates discussed in the previous section to ascertain their thermal properties, 

the data has been used along with the operating temperatures described in section 

2 to determine testing conditions and assess the applicability of each material for 

various pipe designs. 

 

Small offcuts of the tapes and composite materials were removed, weighing 

approximately 9 mg. A Perkin Elmer diamond DSC model machine was used to 

determine the glass transition, melt temperature and crystallinity of all materials. 

The samples were heated from 25°C up to 200°C or 360°C, for the PA and PEEK 

based polymers respectively, then cooled back to 25°C. The temperature was 

increased and decreased at a rate of 15°C/minute. All materials were taken above 

their respective melting temperatures. Three tests were carried out for each 

material. The glass transition, Tg and melt temperature, Tm are taken from the heat 

flow vs. temperature curves as shown in Figure 5-3. Both thermal properties are 

indicated as the change in rate of heat flow. 
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Figure 5-3 (a) Typical heat flow vs temperature curve, (b) highlights the Tg of the polymer 
and (c) higlights the Tm and heat of melting area 

 

The crystallinity of purely polymer materials can be calculated using Equation (5-2). 

Equation (5-3) is slightly modified to incorporate the fibre reinforcement [110]. 

 

 
╬►◐▼◄╪■■░▪░◄◐
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where ɲHm is the heat of melting the area indicated in Figure 5-3, ɲHc is the heat of 

cold crystallisation, ɲHm
0 is a reference value and represents the heat of melting if 

the polymer was fully crystalline and %wt filler is the total mass percentage of the 

filler. 
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Figure 5-4 shows the DSC result for all materials from 25°C up to 360°C, a repeat of 

three tests were carried out for each material, where all the data can be found in 

Appendix A. The reference value for each material has been taken from [111]. 

 

The averaged Tg, Tm, ĶHm and crystallinity for each material can be found in Table 

5-5. As expected, the lowest glass transition temperatures 53.1 and 55.5°C and melt 

temperatures 184.6 and 177.3°C were recorded for the polyamides, the crystallinity 

was higher for the composite material, likely because of the addition of carbon 

fibres. The PEEK and PEEK + PTFE tapes showed similar thermal properties and 

negligible change due to the inclusion of PTFE. The average glass transition was 151.0 

and 150.8°C, with the melt temperatures 337.8°C and 336.8°C. The crystallinity was 

higher for PEEK with the addition of PTFE. 

 

 

Figure 5-4 DSC results of A. P20, B. PA12 CF, C. PEEK, D. PEEK+PTFE 
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Material Tg 

(°C) 

Tm 

(°C) 

ɲH0
m [111] 

(J/g) 

ɲHm 

(J/g) 

Crystallinity 

(%) 

Tg [3] 

(°C) 

Tm [3] 

(°C) 

PA11 53.1 184.6 244 38.3 15.7 46 190 

PA12/CF 55.5 177.3 256 19.1 19.5 46 177 

PEEK 151.0 337.8 130 29.9 23.0 143 334 

PEEK + PTFE 150.8 336.8 130 33.6 27.2 127 340 

Table 5-5 Averaged values of thermal properties along with thermal properties taken from 
datasheet 

 

DSC is a commonly used technique for measuring the thermal properties of 

materials and has resulted in consistent measurements for each of the 

thermoplastic materials. The measured Tg and Tm show how differently the PA and 

PEEK thermoplastics will react to increase in temperature. It is clear the PEEK based 

thermoplastics will perform steadier over a temperature range compared to the PA 

materials. The additions of the carbon fibre and PTFE have had only a minor effect 

on the base §¦£°¤{©ªÜ thermal properties. The thermal properties measured are 

used when deciding on which temperatures should be used when conducting 

mechanical tests. The thermal properties are also used later in calculations to 

predict the increase in temperature due to friction.  
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5.6 Tensile Testing 

5.6.1 Introduction 

Ratner-Lancaster demonstrated a strong correlation between tensile properties 

and the abrasive resistance for a variety of polymers [ 112 ]. Another damage 

mechanism identified in section 3 was tearing, which will be strongly influenced by 

the ¤w«{© w£Üª tensile strength. Polymer tensile behaviour is strongly influenced by 

temperature, which will vary throughout the service life of the antiwear layer. 

Because of these factors it is necessary to understand the tensile properties of 

polymers at ambient and elevated temperatures. This section will outline the testing 

methods used and results obtained for all the materials, an assessment of each 

material will be made regarding the tearing/tensile failure mechanism. 

 

5.6.2 Experimental Procedure 

Tensile testing was carried out using the bespoke NENE hydraulic test machine in 

accordance with ASTM D638 and ASTM D3039 for polymers and composites 

respectively. A 200kg Tedea Huntleigh load cell was used with the hydraulic tensile 

machine. The specimen extension was captured using digital image correlation 

(DIC), comprising two Pike F505B cameras, equipped with monochromatic CCD 

sensor and 50mm lens objective. Polymer dog bones were stamped to type V 

dimensions stipulated in ASTM D638 Figure 5-5, a drawing of the stamp used can be 

found in Appendix B, with examples of pressed specimen in Figure 5-6. The 

composite specimen was cut in accordance with ASTM D3039 and were 25x140mm 

and 1.2mm thick, an image is shown in Figure 5-7. Each sample elongated at a rate of 

50mm/min until rupture. This rate was chosen as this represents the upper velocity 

from the data in section 2.2.3. 
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Figure 5-5 Type V ASTM D638 Specimen dimensions in mm  

 

 

Figure 5-6 Stamped Type V tensile samples, from left to right PA11, PEEK and PEEK+PTFE 

 

 

Figure 5-7 Composite tensile sample with a ±45° fibre orientation 

 

Tensile testing was also conducted in a Severn Thermal Solutions model EC2043A 

temperature controlled chamber and controller capable of temperatures of up to 

500°C, using the same test parameters used for ambient testing. Three repeat 

samples were tested under the following temperature conditions; ambient (~20°C), 

60°C and 120°C. The estimated operating temperature for the antiwear layer ranged 

between 27 - 75ǾC, found in section 2.3. A test temperature of 60°C was deemed 
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most relevant for operating conditions of the antiwear layer, 120°C was chosen as 

an extreme as previously explained the simple analysis only accounted for 

conductance, potentially underestimating the actual operating temperature. 

Frictional heating has also been omitted, which could result in higher operating 

temperatures however; real service data for this does not exist, and it could be 

measured or predicted but the latter would require a better understanding of the 

coefficient of friction between the layers. This data is measured in later sections of 

this thesis. As the true temperature is unknown 120ñC has been used as this exceeds 

the maximum fluid temperature for the majority of pipe cases used in section 2.2, it 

will better demonstrate changes in the mechanical properties for the polyether 

ether ketone polymers as they tend to show good thermal stability with a relatively 

high glass transition temperature of approximately 150ŪC. 

 

A few tensile samples were compressed across the centre of the specimens using 

pieces of tensile wire as shown in Figure 5-8. The samples compressed were to 

replicate the antiwear layer after it is compressed between the other layers in the 

Flexible pipe. Three samples were compressed under loads ranging between 10-

20kN and a further three under loads ranging between 20-40kN. The applied loads 

were used to provide a similar level of plastic deformation to that measured in the 

compressive creep tests conducted in section 5.8, matching the deformation in 

service would be more representative but this data is not typically recorded. This 

resulted in thickness reductions presented in Table 5-6 and replicates the thickness 

reduction due to either creep or wear. These samples were loaded in tension to 

failures using the same conditions described within this section under ambient test 

conditions. 
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Figure 5-8 Compressed PA11 tensile samples with average thickness reductions of, A. 19.9% 
and B. 41.4% 

 

Material Compression 1 

(%) 

Compression 2 

(%) 

PA11 16.9, 19.5, 23.4 37.7, 39.0, 47.4 

PA12/CF 2.4, 2.5, 3.4 3.2, 3.7, 6.3 

PEEK 8.3, 10.0, 22.0 32.0, 32.7, 37.3 

PEEK + PTFE 12.0, 13.7, 26.0 32.0, 34.0, 42.0 

Table 5-6 Compression of tensile samples within the gauge length 

 

The results from testing were converted into true stress/strain values using 

equation (5-4) and (5-5), these can be found in Appendix B. The true stress and 

strain of each material has been used in the finite element analysis conducted in 

section 5.8 and later used in section 7. 

 

 Ɑ Ɑ Ⱡ  (5-4) 
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 Ⱡ ■▪ Ⱡ  (5-5) 

 

where ˋÜ is true stress, ʶÜ is true strain, ˋ is engineering stress and ʶ is engineering 

strain. 

 

5.6.3 Results 

An example of images captured using the DIC is shown in Figure 5-9. The engineering 

stress/strain curves for all materials under each temperature condition can be 

found in Appendix B, the test results have been captured in Table 5-7. 

 

 

Figure 5-9 DIC images of PEEK specimen during tensile test pre yield through to failure 

 

Material o¦¬¥}Üª Modulus 

(MPa) 

Yield Strain 

(mm/mm) 

Yield Stress 
(MPa) 

Ultimate 
Tensile Strain 

(mm/mm) 

Ultimate 
tensile Stress 

(MPa) 

PA11 412.4°119.7 20.8°7.2 34.3°3.3 223.1°63.9 50.4°17.2 

PA12/CF 2752.3°366.9 1.4°0.5 37.3°5.6 60.6°11.5 265.9°13.0 

PEEK 2104.9°443.0 5.2°0.8 82.3°8.1 99.1°36.0 79.3°17.0 

PEEK + PTFE 2280.3°553.9 4.9°1.4 76.5°20.0 106.2°25.1 78.9°40.1 

Table 5-7 Tensile properties and 95% confidence limits of the data at ambient conditions 
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The tensile behaviour of each polymer followed the same trends, as temperature 

increased the yield strain reduced but the strain to failure increased, both the yield 

and failure stresses both decreased with an increase in temperature. An example of 

the effect of temperatures on the tensile properties of PEEK+PTFE is shown in 

Figure 5-10, all tensile properties can be found in Appendix B. 

 

 

Figure 5-10 Tensile testing of PEEK+PTFE under temperatures of 20°C, 60°C and 95°C  

 

A reduction in the failure strain was measured for the tensile samples which had 

been compressed in the middle of the gauge length. The reduction in the ultimate 

tensile strain against the compression of the sample is shown in Figure 5-11. The test 

data has been fitted with a linear fit in order to extrapolate the data past that which 

has been tested. The assumption of a linear fit has been made as each sample was 

plastically deformed before being tested in tension. From the previous testing, once 

the elastic phase has been passed the plastic deformation is generally linear. A 

goodness of fit is also present in Figure 5-11 but for PA11, PEEK and PEEK+PTFE it was 

found to be 0.636, 0.432 and 0.814 respectively. The level of fit is low for PA11 and 

PEEK, this could be down to a number of factors associated with the test set up, 

such as misalignment between grips or slip within grips. It could also be as a result 

of material defects within the samples, potentially from the stamping process. There 

are significant variation with the tensile strain for non-compressed samples with 
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failure strains ranging between 196-247%, 84-113% and 96-117% for PA11, PEEK and 

PEEK+PTFE respectively. There is an added factor that could result in variation for 

the compressed samples and this is due to changes in geometry, resulting in 

potential stress raisers. However, upon further observation of the failed samples, 

failure occurred near the transition radius of the dog bone sample away from the 

centre region which was compressed. FE analysis cold be performed in the future 

to quantify stress rises in the tensile samples along with a larger number of test 

sample repeats. 

 

 

Figure 5-11 Reduction in ultimate tensile strain due to compression of the test samples 
gauge length 
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5.6.4 Discussion 

A variety of tensile tests have been conducted with a standard specimen geometry 

consistently used throughout. The material properties have been measured for 

ambient and elevated temperatures providing measured data that is aligned with 

the literature in section 4.4.2 with the polymer behaving in a more ductile manner 

as the temperature is increased. The YoungÜs modulus, yield strain, yield stress, 

ultimate tensile strain and ultimate tensile stress have all been determined. The use 

of DIC has enabled the capture of localised strain, providing a more accurate strain 

at the elastic limit and failure. Each of these properties are used as inputs into FE 

models in later sections, along with correlating wear rates to mechanical properties.  

 

Reduction of thickness in the antiwear layer has been simply represented through 

the compression of the centre of the tensile samples. These were tested in tension 

to evaluate any changes in the stresses/strains to failure. In most cases as the 

thickness reduction increased the ultimate tensile strain reduced. Under larger 

compression loads the plastic deformation increased resulting in larger residual 

strains in the sample. A linear fit was plotted for the compressive and ultimate 

tensile strain. A simplified linear fit was chosen as the material properties do not 

change considerably due to compression from the base material, only the level of 

plastic deformation is affected. However, there will be local changes in the material 

structure and subsequent properties through strain hardening and chains changing 

orientations, as described in section 4.4.2. A simple FE model could be used to more 

accurately replicate the compression of the samples and changes to the residual 

strains. Nevertheless, the simple linear fit models the reduction in strain well and 

with a better understanding of the interacting geometries strains can be predicted 

in which the thickness reduction should not surpass. This is used later with the 

damage model to determine the maximum allowable thickness reduction. 
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5.7 Micro Indentation 

5.7.1 Introduction 

A strong relationship between material hardness and a materials tribological 

performance was observed in the literature. Therefore, it is necessary to 

understand and measure the hardness of each material and record the effect of 

elevated temperature. The methodology used and thus models developed are 

outlined in the proceeding section for all materials. 

 

5.7.2 Experimental Procedure 

The testing was carried out using a Bruker Universal Mechanical Tester (UMT) 

TriboLab model 3 with a diamond Rockwell indenter type A, consisting of a 120° 

diamond spheroconical indenter. Following the indentation each sample was 

inspected and measured using a microscope. A pre-load of 5N was applied before 

the target load was achieved, this was then held 60 seconds before unloading. 

Enough time was allowed for each sample to relax after the load was removed. 

 

A Rockwell superficial test was carried out, measuring the material hardness, this is 

normally conducted on thin materials or too small for regular Rockwell tests. A pre-

load of 5N is initially applied before the major load, 30N was applied and held for 60 

seconds before unloading. The major load applied is enough to ensure plastic 

deformation was achieved. For the polyamide polymers, testing was conducted at 

20°C, 40°C, 60°C and 120°C, ensuring two test temperatures were below and above 

the polymer glass transition temperature. The Polyether ether ketone polymers 

were tested at 20°C, 60°C and 120°C all below the materials glass transition 

temperature. Testing at these temperatures cover the estimated operating 

temperatures outlined in section 2.2.2.  

 

For each temperature the indent was carried out three times. Equation (5-6) shows 

how the hardness was calculated [113]: 
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 ╗╡ ╔ Ⱡ (5-6) 

 

where HR is the Rockwell hardness number, E a constant of 100 units for diamond 

and ball indenters, ʶ is the permanent increase in depth of penetration due to major 

load measured in units of 0.001mm. 

 

The effect of temperature on hardness has been simply modelled using the method 

outlined in [114], Equation (5-7). It distinguishes the hardness at temperatures lower 

and higher than the glass transition temperature measured in section 5.5. 

 

 ╗ ╗ ▄●▬ ♫ ╣ ╣  (5-7) 

 

where H0 is reference hardness, T0 is a reference temperature and ʲ is the so-called 

coefficient of thermal softening. The coefficient of thermal softening for semi-

crystalline polymers has been found to be 1.2-20x10-3 or 22-144x10-3K-1 below and 

above the glass transition temperature respectively [114]. 

 

5.7.3 Results 

The polymer tape was coloured using a permanent marker for better visibility when 

measuring the indent. There were difficulties when it came to measure the indent 

of the composite material. The resultant indent of the composite material was 

elliptical in shape due to the anisotropic nature of the composite material. The 

smaller radius was taken for all composite indents. Figure 5-12 shows the images of 

the indents taken using the Bruker 3-D microscope. 

 

Table 5-8 presents the averaged microhardness for all materials at the range of 

tested temperatures. As expected, the hardness of all materials reduces as 

temperature increases, as polymer chains can move more easily. The measured 
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hardness is much higher for the composite because of the fibre reinforcement. The 

fibre reinforcement reduces the amount of plastic deformation caused by the 

indenter. 

 

 

Figure 5-12 Indent deformations of (a) & (b). PA11 under 30N load at 20°C, (c) & (d) PA11 
under 30N load at 120°C and (e) & (f) PEEK+PTFE under 30N load at 20°C 
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Material Microhardness 

at 20°C 

(HR 30 N) 

Microhardness 

at 40°C 

(HR 30 N) 

Microhardness 

at 60°C 

(HR 30 N) 

Microhardness 

at 120°C 

(HR 30 N) 

PA11 57.5±14.3 48.2±2.9 42.1±5.2 17.5* 

PA12/CF 86.4±5.9 79.4±24.6 71.6±7.5 62.0±18.4 

PEEK 77.8±3.3 - 75.3±1.6 72.0±12.5 

PEEK + PTFE 72.2±0.6 - 64.9±16.4 48.7* 

* A single test was conducted 

Table 5-8 Average hardness Measurements with 95% confidence limits for the data 

 

The effect of temperature on hardness for PA11, PA12 CF, PEEK and PEEK + PTFE are 

shown in Figure 5-13, along with the model of all curves using Equation (5-7). The 

model fits the data sets well for all materials; however, it is apparent there is much 

more variation in the data for the composite material.  As the highest temperature 

does not exceed the glass transition of PEEK a linear reduction in hardness is 

witnessed. The coefficients ʲ were found by fitting the test data in Table 5-8 with 

equation (5-7), the material coefficients for all materials can be found in Appendix 

C. 
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Figure 5-13 Effect of temperature on material hardness of PA11 

 

5.7.4 Discussion 

A model has been developed for each material predicting the effect that 

temperature has on hardness. The model is split into two regions for each material, 

above and below the Tg. There are some errors in the way in which the indentation 

is measured, this  ª ¤¦©{ w§§w©{¥«  ¥ «~{ fWÜª «~w¥ «~{ f[[a xwª{z §¦£°¤{©ªD Wª «~{ 

indentation relaxes the area of the indent changes, the amount of relaxation is 

dependent on the time in which the measurement is taken following the indent. It is 

because of this relaxation period why there is a larger error bar for the PA polymers. 

PEEK relaxes much less when compared to PA and so each measurement is more 

consistent. The model covers material hardness over the range of 20ñC to 120ñC the 

potential operating temperature of the layer. 

 

The model can be used to predict the hardness of the material during tribo-testing 

and can account for the change in temperature due to friction. The model can be 

used in conjunction with other material properties to predict the tribological 

performance of the individual materials. 
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5.8 Compressive Creep 

5.8.1 Introduction 

Compressive creep tests were carried out on all antiwear tapes and composite 

samples at varying loads and temperatures. The creep behaviour is critical as the 

antiwear tape undergoes large compressive pressures at elevated temperatures. A 

bespoke compressive creep rig located at GE was used for all testing. Creep is one 

of the major damage mechanisms which can lead to the failure of the tapes main 

function. As the thickness of tape reduces this can lead to an increase in risk of the 

tape wearing through or tearing due to the dynamic behaviour of the flexible pipe. 

 

5.8.2 Experimental Procedure 

Discs with a radius of 25.0mm were cut from tape samples and compressed 

between two platens simulating the gaps present in the tensile and pressure armour 

layers, as shown in Figure 5-14. The platens were compressed using a pressure 

cylinder which is operated under load control. The compressive displacement and 

subsequent creep were measured using two Low Voltage Displacement 

Transducers (blZjÜª) either side of the test sample. Heat was applied to the sample 

via two heater cartridges one placed in each platen. The temperature is measured 

with a thermocouple positioned closely to the polymer sample; the temperature is 

controlled to within ±5°C of its set point. An image of the test set-up can be found in 

Appendix D. 
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Figure 5-14 Compression creep rig schematic 

 

Tests were carried out at pressures of 10, 30 and 50 MPa, the increasing pressures 

were chosen to accelerate the polymer creep, but also replicates the estimated 

contact pressures between the antiwear layer and pressure and tensile armour 

layers from the FEA analysis in section 2.2.1. Temperatures of 20°C, 60°C and 95°C, 

the elevated temperatures were used to accelerate polymer creep and cover the 

estimated operating temperatures in section 2.2.2. The test temperatures and 

pressures were chosen to replicate operating conditions as described in Table 2-8. 

Each test was conducted in the same manner, the sample was heated until the target 

temperature was reached, following this the sample was compressed to a pre-load 

of 5 MPa. The sample was then loaded to the target test pressure at a rate of 0.2 

MPa/s. The thickness of each sample was measured before and after the test. The 

temperature, pressure and displacement were recorded throughout the test at two 

frequencies. During the initial ramping phase of the test the data is recorded at 1Hz, 

the sample was then held at pressure for 48 hours when the data was recorded at 

0.017Hz 
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5.8.3 Finite Element model 

As a result of the top and bottom platens representing different layers, the contact 

area is relatively complex. The contact is non-uniform across the face of the sample, 

highlighted in Figure 5-15, which demonstrates only the flat surfaces parallel to one 

another which would cause contact.  The pressure applied to the sample is the 

cylinder pressure or alternatively a global pressure and not necessarily the true 

contact pressure. 

 

 

Figure 5-15 Contact area between parallel surfaces of top and bottom platens 

 

A 2-D finite element analysis was used to model the compressive creep test rig using 

Abaqus/CAE 6.14-2 software. The aim of the model was to correlate the applied 

global stress from the test rig, to localised stresses due to the complex geometry of 

the platens. A model of the 2-D simulation is shown in Figure 5-16. The pressure and 

tensile armour platens were modelled as rigid bodiesB ®~{©{ «~{ Ù¥¦z{ª w¥z 

{£{¤{¥«ª ®~¦ª{ ¤¦« ¦¥  ª }¦­{©¥{z x° «~{ ¤¦« ¦¥ ¦| w ª ¥}£{ ¥¦z{ÚB ¦|«{¥ ¬ª{z «¦ 

model relatively stiff parts, which the steel platens are when compared with the 

polymer samples. The antiwear tape was modelled as a deformable body with 

nonlinear elastic-plastic material data, recorded in section 5.6, with the material 

data used outlined in Table 5-9, apart from the plastic deformation which is outlined 

in Appendix BD Û_ª¦«©¦§ y ~w©z{¥ ¥}Ü ®wª ¬ª{z «¦ ¤¦z{£ «~{ §£wª« y x{~w­ ¦¬© ¦| {wy~ 

material, requiring the yield stress and the true stress/strain material data. 
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A 2-node 2-D linear rigid link element was used for the platens, with the nodes 

spaced along the geometry every 0.2mm, resulting in 866 and 875 nodes for the 

pressure armour and tensile armour platens respectively. The element type; 4-node 

bilateral plane strain quadrilateral linear elements was used to construct the mesh 

for the antiwear layer samples. An example of the mesh distribution through the 

antiwear layer can be seen in Figure 5-16, as the thickness between antiwear layer 

materials differ, the element size was determined as a fraction of the material 

thickness. As in section 2.2.1, a mesh convergence assessment was carried out 

varying the size of elements as a fraction of the material thickness, t/2, t/4, t/8 and 

t/16. The mesh convergence curve can be seen in Figure 5-17, the normal stress 

through the thickness for the different element sizes was less than 0.1%. An element 

size of t/4 was used for all analyses and resulted in a total number of nodes for PA11, 

PA12 CF, PEEK and PEEK+PTFE of 1255, 800, 2180 and 1600 respectively.  

 

A penalty contact method based on the Coulomb friction model was used between 

all interacting layers, the coefficient of friction used for each polymer is outlined in 

Table 5-9, with the values taken from tribological tests carried out in section 6.4. A 

Û~w©zÜ ¥¦©¤w£ y¦¥«wy« ®wª ¬sed preventing any nodes penetrating an interacting 

surface. 

 

The bottom platen representing the tensile armour is fixed in the X and Y directions, 

the top platen representing the pressure armour is fixed in the X direction allowing 

displacement in the Y direction. The boundary conditions and coordinate system for 

the model are shown in Figure 5-16. A force applied in the negative Y direction to top 

platen is applied and corresponds to the load applied by the actuator for the global 

pressures of the test rig 10, 30 and 50MPa. 
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Figure 5-16 2-D FE model of the compressive creep test rig showing the mesh used for the 

antiwear layer and boundary and loading conditions 

 

Material Density 

(kg/m3) 

o¦¬¥}Üª 

Modulus 

(MPa) 

Yield Stress 

(MPa) 

f¦ ªª¦¥Üª 

ratio 

Coefficient 

of friction 

PA11 1021 412.4 34.3 0.490 0.229 

PA12 CF 1381 2752.3 37.3 0.350[3] 0.229 

PEEK 1264 2104.9 82.3 0.470[3] 0.271 

PEEK+PTFE 1333 2280.3 76.5 0.370[3] 0.173 

Table 5-9 Compressive creep rig FEA material inputs 
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Figure 5-17 Compressive creep rig FEA mesh convergence, number of nodes against normal 
stress in the Y direction 

 

 

Figure 5-18 Normal stresses in the Y direction for PA11 under a compressive force equivalent 
to 50MPa applied in the compressive creep test rig 
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Under each global stress the local normal stresses and strains in the Y direction 

were found for each material and presented in Figure 5-23. The contact pressure 

was also calculated using the contact area described in Figure 5-15. The resultant 

deformation of the sample in the model can be compared with that measured in the 

test, providing confidence in the model and the true stress applied to the sample. It 

is important to understand the local stresses as the chosen layer geometry will have 

an impact, this way the maximum local stress can be correlated to individual pipe 

designs. The platens used in the creep rig are based on the largest pressure armour 

design. 

 

It is necessary to model the creep response for each material; this will provide a tool 

for predicting creep. The creep deformation for each material and loading condition 

was captured for the duration of the test. The creep behaviour was then modelled 

applying the 'Burger model', as described in [115] and shown in Equation (5-8). The 

Burger model is made up of 4 components, the Maxwell model and the Kelvin-Voigt 

models in series, the latter described in section 4.4.4. Figure 5-19 shows how the 

Burgers model is constructed, highlighting the Maxwell and Kelvin-Voigt 

components of the equation, albeit for creep compliance [ 116 ]. Combining the 

Maxwell and Kelvin-Voigt model provides a higher precision prediction [ 117 ], is 

commonly used to predict the viscoelastic response of polymers. The model has 

been fitted to each test with the accuracy of fit presented in section 5.8.4.  

 

 

Figure 5-19 Rheological creep model [116] 
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(5-8) 

 

where ʶ(t) is the creep strain, t is the holding time, ˋ is the applied stress, E1 and ʹ1 

are the modulus and viscosity of the Maxwell spring and dashpot, E2 and ʹ2 are the 

modulus and viscosity of the Kelvin spring and dashpot. 

 

It is a typical approach to accelerate creep testing through either increasing the 

temperature or the pressure [96]. This is possible as the creep response is a load, 

time and temperature dependant response. From a range of test parameters, it is 

possible to produce master curves through the horizontal shifting of isothermal 

segments as shown in Figure 5-20 [91]. A reference temperature is chosen, in this 

case 23°C, with all the other curves shifted to the right and overlapping. The 

resultant shift of the curves can be modelled using Equation (5-9) in order to 

produce a master curve, as depicted in Figure 5-20. 

 

 

Figure 5-20 Horizontal shifting according to Time-Temperaure superposition [91] 
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The Findley model, equation (5-9) was fitted to each master curve and used to 

account for the shift in the horizontal axis. The Findley model is a much simpler 

empirical model compared to the Burger model discussed previously and does not 

account for material data. 

 

 Ⱡ╬ ◄ Ⱡ □◄▪ (5-9) 

 

where ʶc is the creep strain, ʶ0 is the instantaneous strain, t is the time and m and n 

are material constants as a function of stress and temperature. 

 

The shift factors used to produce the master curves can be plotted to produce an 

Arrhenius curve, enabling the prediction of shift factors for various temperatures at 

the tested loads. An example Arrhenius curve is shown in Figure 5-21 [118], for a high 

density Polyethylene (PE) under various stresses and temperatures. For each 

polymer an Arrhenius curve has been constructed, allowing estimates of shift 

factors between 20°C - 95°C to be made for tested levels of compressive pressure. 

 

 

Figure 5-21 Arrhenius curve for high density Polyethylene for various temperatures under 
tensile creep testing [118] 
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5.8.4 Results 

Images of the four materials following each test can be seen in Figure 5-22. It is 

apparent that PA11 suffered the most deformation under equivalent testing 

conditions. It is possible to see the areas which are in contact, this coincides with 

the FE analysis conducted in the previous section. As the material is compressed 

between the parallel surfaces of the platens the material is forced into the grooves, 

as seen during pipe dissections. 

 

 

Figure 5-22 Compressive creep after 48 hours of testing for A. PA11, B. PA12 CF, C PEEK and 
D. PEEK+PTFE. Applied pressure 10, 30 and 50MPa from top to bottom and 20°C, 60°C and 

95°C from left to right 
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The results of the analyses show that for an applied global pressure the compressive 

pressure at the contact is larger in both cases. The contact pressure is larger when 

only considering the contact area typically 2.4 times larger. Once again, the 

compressive pressure was found to be larger in the FE analysis, this time ranging 

from 1.6 - 2.2 times larger. The reason for the smaller increase from the FE analysis 

is due to the contact area increasing as the sample plastically deforms, this 

nonlinearity is not captured when simply using the initial contact area. The 

difference in contact pressure from the FE to the applied global pressure shows that 

understanding the local contact pressures in the pipe structure are critical for 

accurately predicting the effect of creep to the antiwear layer. 

 

The thickness reduction following the test was measured, however, it was not 

possible to compare this with the model as the material had crept over time. The 

thickness reduction from the test after the initial loading of the sample was 

compared with the model. The thickness reduction from the FE model and the test 

are compared in Figure 5-23. The model predicted reasonably well for PA11 and PA12 

CF providing a close correlation between the measured thickness reduction and the 

model. There was, however, a much greater difference between the measured 

thickness reduction and the FE model for the lower two pressures both for PEEK 

and PEEK+PTFE. The difference reduces considerably at the higher applied 

pressure. The cause of the discrepancies can be attributed to differences in each 

material through thickness and longitudinal mechanical properties. 
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Figure 5-23 Comparison of FEA, analytical approach and test measurements of normal 
stresses and displacement of the compressive creep rig for a) PA11, b) PA12 CF, c) PEEK and 

d) PEEK+PTFE 
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A typical creep response under pressure and elevated temperature is shown in 

Figure 5-24. As expected, the creep behaviour of each material was largely 

influenced by pressure and temperature. Figure 5-25 shows how the increase in 

temperature increases not only the static deformation of the material but also 

creep. The burger model was fitted to each of the averaged responses, providing a 

good fit with R2 in the region of 0.791-0.981. An example of the fit of the model is also 

shown in Figure 5-25. The model can be used to predict the effect of creep of the 

antiwear layer over the 24 hours hold during FAT testing and provide an estimate of 

the thickness reduction. All fitted data can be found in Appendix D. 

 

 

Figure 5-24 Typical creep deformation behaviour of PA11 at a pressure of 30 MPa and 
temperature 60°C over 48 hours 
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Figure 5-25 Averaged creep strain data under 30 MPa compression with derived Burger 
model 

 

The limitation with the Burger model is that it should not be used, with any 

reasonable confidence for durations greater than that tested. The model is fitted to 

the data giving the best fit, however, for times larger than that tested the 

mathematical form causes the prediction to increase at a higher rate than the initial 

phase of creep. This is not realistic of creep in compression as the initial phase 

following the application of load typically has the largest rate of increase. It is then 

necessary to use the TTS theory to provide a model that can be used for predicting 

the thickness reduction due to creep over a service life of 25 years. Figure 5-26 

demonstrates how for the same pressure the curves can be shifted for the different 

temperatures. The curves for different temperatures were shifted to provide the 

best fit with the Findley equation (5-9). A master curve was developed for all 

materials in the form of the Findley model and can be found in Appendix D. 

 

 

 

 



130  

  

For each material an Arrhenius curve was constructed presenting the horizontal 

shift factor used to produce the master curve. Under each pressure the 

temperatures were shifted horizontally to give the best fit with the Findley model 

and produce the materials master curve. The logarithm of the time required to shift 

the curve was plotted against the reciprocal of temperature to produce the 

Arrhenius curve. An example of the Arrhenius curve for PA11 is shown in Figure 5-27. 

The ambient condition was chosen as the relative condition, hence the zero shift 

factor. Using this information, it is possible to predict the shift in time required for 

each master curve at the various temperatures. For each global pressure a linear fit 

to the data was produced, this can be used to shift the master curve for various 

temperatures between 20°C and 95°C. 

 

 

Figure 5-26 P20 Master curve for 10 MPa compression  showing how the data is shifted for 
at the elevated temperatures  
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Figure 5-27 Arrhenius curve for P20 at 10, 30 and 50MPa 

 

Material Temperature 

(°C) 

Shift factor 

Log(at) 

10MPa 

Shift factor 

Log(at) 

30MPa 

Shift factor 

Log(at) 

50MPa 

P20 20 0 0 0 

P20 60 8.36 8.38 8.04 

P20 95 11.50 12.30 13.10 

PA12 CF 20 0 0 0 

PA12 CF 60 5.42 5.81 5.84 

PA12 CF 95 2.60 5.91 11.36 

PEEK 20 0 0 0 

PEEK 60 1.60 1.70 2.40 

PEEK 95 3.00 3.30 3.70 

PEEK+PTFE 20 0 0 0 

PEEK+PTFE 60 2.40 2.70 2.40 

PEEK+PTFE 

 

95 5.00 5.20 4.90 

Table 5-10 Temperature shift factors 
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Material Pressure 

(MPa) 

ʶ0 

 

m n R2 

P20 10 5.80E-02 1.01E-02 9.18E-02 0.969 

P20 30 1.47E+00 -1.39E+00 -1.55E-02 0.977 

P20 50 1.47E+00 -1.21E+00 -2.48E-02 0.992 

PA12 CF 10 4.89E-02 8.13E-03 7.20E-02 0.901 

PA12 CF 30 6.91E-02 2.57E-03 9.69E-02 0.915 

PA12 CF 50 1.07E-01 1.08E-02 6.27E-02 0.989 

PEEK 10 7.96E-02 2.38E-03 1.59E-01 0.772 

PEEK 30 1.44E-01 6.40E-04 2.10E-01 0.845 

PEEK 50 2.18E-01 8.54E-04 1.90E-01 0.857 

PEEK+PTFE 10 6.43E-02 6.96E-03 1.14E-01 0.932 

PEEK+PTFE 30 1.50E-01 2.59E-03 1.40E-01 0.960 

PEEK+PTFE 

 

50 2.05E-01 4.35E-04 2.28E-01 0.974 

Table 5-11 Master curve coefficients for each material at different pressures 

 

 

5.8.5 Discussion 

The applied pressure to the platens does not accurately reflect the local stresses 

that the antiwear layer is subjected to. Both analyses carried out showed the contact 

pressure to be considerably higher locally than the pressure applied through the 

actuator. The compressive pressure considering the actual contact area resulted in 

pressures 2.4 times larger. This is more representative of the compression between 

the platens. Nevertheless, this approach does not consider how the deformation of 

the sample effects the contact area. A simple 2-D FE model was constructed to 

determine the compressive stresses of the platen using tensile material data 

measured in section 5.6.3. The FE model considers any elastic/plastic deformation 

of the antiwear layer, providing a more realistic compressive stress as the area in 
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contact changes. The actual contact pressure between structural layers for each 

pipe design is required to provide an accurate prediction for the reduction in 

thickness due to creep. This in turn needs to be related to the more local 

compressive stresses seen in testing. 

 

The compressive creep for each test was modelled using the Burger model a 

commonly used model when predicting creep of polymer materials. The fit of the 

model to the curve was good in all cases resulting in an R2 ratio ranging between 

0.791-0.981. The model in this capacity is good for predicting creep for durations of 

48 hours or less, with the times greater than this resulting in less accurate 

predictions. This means the burger model can be used to predict creep during the 

FAT as this is typically carried out over 24 hours. As the duration of time is increased 

«¦ «~¦ª{ ¦| HK °{w©ªÜ ª{©­ y{B «~{ prediction increases dramatically in respect to 

creep. Considering this another approach was needed to predict levels of creep for 

the service life of the Flexible pipe.  

 

The TTS method is commonly used to accelerate creep as well as predict for time 

durations much greater than those tested. This method was used as throughout 

testing multiple temperatures and pressures were used over the same duration. 

Test data for the same pressure at different temperatures were shifted in the 

horizontal direction to produce master curves. It is in the shifting of the curves 

which could lead to errors as there is no defined curve that should be matched, 

along with the data not always overlapping. To overcome these more tests at 

intermediate pressures and temperatures would be required to improve on the 

accuracy of the master curve. In this work the shift of the data was fit to the 

empirical Findley model with the aim of standardising the shift of each curves, this 

also enabled the fit to the data of the shift to be quantified. Using this approach, a 

master curve was developed for each antiwear material for the 3 applied pressures, 

each resulting in a good fit between the data and the model with R2 in the range of 

0.772-0.992. The shifting of the data resulted in time durations greater than the 25 

years required. 
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An Arrhenius curve was created for each antiwear material for the various applied 

pressures. These curves can be used to extrapolate shift factors for temperatures 

between 20°C and 95°C. This will enable the creep prediction for different pipe 

designs with different bore temperatures. However, only three temperatures were 

tested in this thesis, with more temperatures helping in provide more data for a 

better fit of the data. A linear fit was applied to all antiwear materials resulting in a 

good fit. 

 

5.9 Summary 

The mechanical, thermal and topographical data has been quantified for each 

material within this section. All data is used in later sections of the thesis either for 

analysing results or being implemented into the eventual antiwear layer damage 

model. 

 

The surface roughness of materials is an important characteristic when it comes to 

tribological performance. For this reason, the pressure armour, tensile armour and 

antiwear layers have all been measured using a profilometer. Obtaining this data will 

enable an evaluation to be made between the tribological performance of the 

antiwear layer and surface roughness. It has also highlighted some differences in 

roughness depending on orientation which has been used to ensure the same 

roughness has been evaluated across tests. 

 

The density of each material has been measured using a commonly used standard 

approach. The density measurements will be used in later sections of the thesis for 

converting mass loss into volume loss and subsequently thickness reduction for 

wear testing. Physical measurements were needed to capture manufacturing 

influences on the density, particularly in the case of the FRP. 
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The hardness and tensile properties were highlighted in the literature review to have 

a strong influence on the tribological performance of a material. The hardness was 

measured using a UMT machine and Rockwell indenter, under various temperature 

and loads. A semi-empirical model has been developed with the test data to be used 

for predictions of the hardness of each polymer under various temperatures. The 

hardness can then be compared and assessed with wear tests in the next chapter 

of this thesis. As tearing of the antiwear layer was identified as one of the main 

damage mechanisms the tensile properties of each material was measured using a 

hydraulic tensile tester. Each test was carried out under the same test parameters 

with the only differences being to the temperature. These mechanical properties 

will be used when assessing the influence of temperature on the tribological 

performance of each material in later chapters. Tensile testing on deformed 

specimens was conducted in an effort to replicate the reduction in thickness of the 

antiwear layer during its service. The effect on tensile properties with the 

compression of the sample was conducted. A reduction in failure strain due to 

compression of the specimen was observed and a simple model was fitted to the 

test data. This model will be used as part of the eventual damage model discussed 

in a later chapter for setting out the allowable thickness reduction of the antiwear 

layer. 

 

The thermal properties of each material have been measured using standard DSC 

equipment. The glass transition, melt temperature and crystallinity have all been 

quantified. Knowledge of these thermal properties and the working temperature of 

the antiwear layer will support in the design of the pipe. The mechanical properties 

of the polymer have been shown to be largely influenced by the temperature with 

changes in the tensile properties and softening of the material. However, the impact 

of temperature on the tribological performance of each material is still to be 

explored in later chapters of this thesis. 
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Polymer creep was identified as one of the main damage mechanisms to occur to 

the antiwear layer. A bespoke test rig was used to assess the creep and thickness 

reduction of each material when compressed between the complex geometries of 

the pressure and tensile armour layers. Using time-temperature superposition it is 

possible to interpolate the data gathered to predict creep of the antiwear layer over 

the service life of the product. Although only a single set of geometries were used 

throughout testing a simple FE analysis was carried out to estimate the true contact 

stresses and strains for each material. Understanding the local stresses and strains 

for the test set-up can be accommodating for other geometries. 
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6 Tribological Testing 

6.1 Introduction 

Wear between the antiwear layer and adjacent steel layers in risers was identified 

as one of the contributing failure mechanisms of the antiwear layer. It is therefore 

critical to test the tribological performance of these materials, ensuring similar wear 

mechanisms are replicated to those captured in section 3 for full pipe structures. 

Characterising the tribological performance of the Polyamide 11 (PA11), polyamide 

12 reinforced with carbon fibres (PA12 CF), Polyether ether ketone (PEEK) and 

polyether ether ketone and polytetrafluoroethylene (PEEK+PTFE) will permit the 

development of reproducible models used to predict damage to the layer. Small-

scale testing has been undertaken for its simplicity of testing and the ability to 

compare the tribological performance of materials easily. Leading to a new testing 

method for determining the tribological performance under more representative 

loading conditions.  

 

6.2 Tribological tests, Friction and Wear Results Reported in 

the Literature 

Wear and friction measurements are typically measured using some sort of tribo-

testing equipment. There is a lot of data that exists in the literature relating to 

polymer/composites and steels [36]. Most of the readily available data is generated 

in laboratory environments using standardised testing parameters. This enables the 

comparison of interacting materials under similar testing conditions. The results 

obtained from laboratory testing do not tend to correlate well with service 

environments and conditions, which leads to testing under operating conditions 

being considered preferable. 

 

There are different scales that can be used when testing the tribological 

performance of materials, which are concerned with different interacting 

geometries displayed in Figure 6-1 [119]; 
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¶ Nano/Meso-Scale Testing × Observes the interactions between surfaces at 

the atomic and nanoscales. 

¶ Small-Scale Testing × Considers interactions between surfaces at the micro 

and macro scales. 

¶ Large-Scale Testing × Typically involves interactions between surfaces of the 

full tribosystem under evaluation. 

 

 

Figure 6-1 Effect of scale on description of tribosystem [119] 
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Attempts have been made to characterise the differences between these scales 

through the loads applied or area of contact, however, this is largely dependent on 

the final application of materials [120]. It is thought that thermal effects can be 

neglected using Nano/Meso-scale tests as the contact pressures are minimal, 

however, this is not fully characteristic of true in-service contact interactions. Small-

scale testing is the more favoured method for tribo-testing as cost, time and sample 

handling is at a minimum. Large-scale tests provide the most realistic tribological 

material performance, this is due to the reduction in stress concentrations near the 

edges of the sample, also allowing the effect of mobility of debris into the sliding 

surface. 

 

There are a variety of methods used for testing wear of materials, all of which have 

the typical premise of sliding surfaces relative to another surface sometimes with a 

rolling element: 

 

¶ Sliding wear testing; unidirectional, rotational sliding 

o Pin-on-disc 

o Pin-on-Plate 

o Block-on-ring 

o Pin-on-Drum 

¶ Rolling wear test 

o Four ball apparatus 

o Twin disc apparatus 

¶ Scratch wear test 

¶ Abrasion wear test; uses the same instrumentation as sliding wear testing, 

although the test is used to measure the abrasive resistance only. 

o Two-body; sample worn against known abrasive material to measure 

the abrasive resistance of the test material. 

o Three-body; additional particulates added between interacting 

surfaces. 

¶ Erosion wear test; sand or particulate blasted against materials surface. 



140  

  

For each testing methodology standardised practices have been developed. Due to 

the large variation of laboratory tests it is up to good engineering judgement which 

test is most applicable to the problem at hand. A schematic of a linear reciprocating 

tribo machine is illustrated in Figure 6-2 [ 121 ], and generally consists of; a 

counterface specimen (sliding surface), test specimen, Load application of test 

specimen, load cells (measure normal force and frictional force) and a motor to 

reciprocate the sliding surface. Linear reciprocation is the most relevant sliding 

condition occurring in flexible pipes 

 

 

Figure 6-2 Schematic view of a typical linear tribo machine [121] 

 

The interaction between sliding surfaces at different scales are complicated to 

replicate as friction and wear performance of materials are strongly influenced by 

the entire system [121], these being the contact conditions, sliding motion and 

velocity material structure and energy dissipation. It has been shown that sliding 

conditions are affected by the visco-elastic deformation [120]. As the material is 

plastically deformed the real contact area increases; influencing the wear and 

frictional behaviour of the material. The visco-elastic behaviour of a polymer is 

largely affected by temperature rises, which can be different at each scale of testing. 

Under larger loads and contact areas the temperature rise is greater which is not 

necessarily achieved when testing at small-scale. 
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More accurate design from small-scale testing could be possible if a good 

correlation with large-scale and field testing was achieved. To effectively 

characterise the tribological performance of a system true representation of the 

material, contact geometries, contact pressures, type of sliding motion, 

environmental conditions, mechanical stiffness, energy dissipation and fixation 

method is required [122]. It is often difficult to replicate these conditions closely 

through small-scale testing; however, it is often used due to the low cost and 

simplicity of the experiment. 

 

In tribological studies it is typical to measure the friction and wear rates of different 

contacting materials. There is a wealth of data published containing the tribological 

performances of a host of materials under various wear test conditions and 

environments [122] [123], the latter sliding tests conducted in dry and wet conditions. 

However, due to the nature of so many testing methods and techniques the results 

should only be used as a guide when comparing materials. When trying to 

understand the friction and wear performance of specific materials it is necessary 

to test under representative conditions for the purpose the material is designed to 

operate in. 

 

The coefficient of friction is normally measured continuously throughout testing and 

split between static and dynamic friction, the former resulting in larger friction 

forces and the more commonly used coefficient of friction. Presentation of wear 

data can take many forms as either mass loss, volume loss or in the form of a wear 

model, as described in section 4.3.5. It is therefore more complicated to compare 

the wear performance of materials between different tests if not all the test method 

used is provided. Friction and wear data have been collected for PA [124] [125] [56], 

PA reinforced with fibres [56], PEEK [124] [126], and PEEK reinforced with PTFE [124] 

[126], all of which is presented in Table 6-1. The table includes the materials tested 

along with a brief statement of the contacting surfaces. Most of the results are taken 

from small-scale testing as this is the quicker and generally simpler route to 

measuring a materials tribological performance.  
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Materials Counterface Test Coefficient 

of friction 

 

Specific Wear 

(mm3/Nm) 

PA66 [124] Steel Ball bearings 0.56 - 0.58 13, 18.8x10-5 

PA-Na* [125] Steel Flat on flat 0.26 - 0.38 N/A 

PA-Mg* [125] Steel Flat on flat 0.14 - 0.32 N/A 

PA66 [56] Steel Rolling-sliding    0.10 - 0.40 N/A 

PA66/Aramid Fibres [56] Steel Rolling-sliding 0.20 - 0.55 N/A 

PA66/Carbon Fibres [56] Steel Rolling-sliding 0.20 - 0.40 N/A 

PA66/Glass Fibres [56] Steel Rolling-sliding 0.10 N/A 

PEEK [124] Steel Ball bearings 0.48 - 0.51 14.10, 14.30x10-5 

PEEK [126] Steel Flat on flat 0.37 10.00x10-6 

PTFE + PEEK [124] Steel Ball bearings 0.17 - 0.19 0.60x10-5 

PEEK + PTFE [126] Steel Flat on flat 0.11 - 0.13 0.07, 0.45, 0.50x10-

6 

*Tested under high compressive forces using a biaxial test arrangement 

Table 6-1 Tribological performance of thermoplastics and composites from the literature 

 

The wear mechanisms that occur during tribological tests can be largely attributed 

to the testing method used. As presented earlier wear mechanisms typically take 

the form of adhesive, abrasive, fatigue and corrosive damage to the interacting 

surfaces. A range of wear damage is evident in Figure 6-3 for Nylon 66 under dry 

reciprocating sliding, against a steel counterface [123]. There is abrasive damage in 

the form of wear grooves which are formed as asperities of the harder material 

plough through the softer material leaving channels. There is also evidence of pitting 

which was proposed to be due to adhesive bonds between the interacting surfaces 

peeling material away from the softer material. Fatigue had eventually led to a crack 

forming perpendicular to the sliding direction. When Nylon is reinforced with 

carbon fibres the traditional wear mechanisms are altered as shown in Figure 6-4 

[56]. Under dry rolling sliding conditions, the addition of fibres can attribute to 
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fracturing of the interacting surface, resulting in delamination and excessive wearing 

of the material. Exposure of fibres can occur, breaking from the matrix and leading 

to third-body debris on the surface, depending on the material of the fibre this can 

have either a positive or negative effect on the wear process, acting as either a 

lubricant or abrasive particle. PEEK is a naturally harder thermoplastic when 

compared to Nylon, resulting in different wear mechanisms, some typical wear 

mechanisms are shown in Figure 6-5 [127]. The wear mechanisms in PEEK and PEEK 

composite under rolling sliding conditions differ with micro-pitting being prevalent 

in the former with the latter suffering predominantly delamination of the surface 

layers. 

 

 

Figure 6-3 Left: Nylon 66 wear in surface after 80km of sliding test. Right: Nylon 66 wear 
pin surface after 20km of sliding showing crack face fracture, pitting, trapped wear debris 

and wear grooves [123] 
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Figure 6-4 Worn surfaces of carbon-fibre reinforced nylon at 1000 rev/min 10% slip and 
300 N load (sliding direction from bottom to top). (a) Fragmenting surface layer and 

substrate; (b) substrate covered in fractured carbon fibres [56] 

 

 

Figure 6-5 Surface damage wear mechanisms; (a) micro-pitting in unfilled PEEK and (b) 
delamination in composites [127] 

 

6.3 Scratch Testing 

Scratch testing is a widely used method when studying abrasive wear mechanisms 

between materials. Scratch testing was carried out on all materials under varying 

loads and temperatures. Scratch testing was chosen as evidence of abrasive wear 

mechanisms were observed in section 3.3.2. 
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Scratch testing was carried out using a Bruker Universal Mechanical Tester (UMT) 

TriboLab model 3 with the same Rockwell A spheroconical indenter used in section 

5.7. Testing and evaluation of the materials was conducted in accordance with 

ASTM-D7027-05 [128], the standard testing methodology for the evaluation of 

polymers being scratched. The scratch test was performed by initially indenting the 

antiwear layer under a pre-load of 5N for 10 seconds then the constant load of either 

10, 20, 30, 40, 50 and 60N. The indenter, still under load is dragged across the 

surface of the specimen, in this case 12mm, a distance to give a steady scratch. The 

indenter was dragged across the specimen at the constant speed, 0.2mm/s, this was 

the average sliding velocity of all five pipe cases in Table 2-6, outlined in section 2.2. 

Each load was tested at temperatures, ambient (~20°C), 60°C and 120°C, the same 

as the tensile and hardness testing of sections 5.6 and 5.7 respectively. After sliding 

the 12mm the load is removed, the resultant deformation leaves a channel in the test 

specimen. The test was repeated three times for each load and temperature 

variation. Each scratch was inspected under a Bruker 3-D microscope, the LSK 

Focus variation model and the surface profile scanned with a Mitutoyo Surftest SJ-

301 portable surface roughness tester. Enough time after each test passed to allow 

the polymer to recover. 

 

The scratch coefficient of friction (SCoF) was measured for each test along with the 

scratch hardness. The SCoF is calculated using Equation (6-1): 

 

 
Ⱨ▼

╕▼

╝
 

(6-1) 

 

where µs is the scratch coefficient of friction, Fs is the scratch friction force and N is 

the normal applied load. The scratch hardness is calculated using Equation (6-2) in 

accordance with [128]: 

 

 
╗▼

▲╟

Ⱬ◌
 

(6-2) 
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where HS is the scratch hardness, N is the normal load, w is the scratch width and q 

is a dimensional parameter (1 < q < 2) that depends on the extent of elastic recovery 

of the polymer during scratching, q=1 for a full elastic recovery and q=2 for no 

recovery. Following each scratch test time was allowed for recovery before any 

measurements were taken, therefore. A q value of 1 has been assumed for all scratch 

hardness calculations. 

 

Examples of scratches captured under the microscope are shown in Figure 6-6. The 

surface of the PA11 samples were covered in marker to better highlight the scratch 

deformation. A typical cross section of a scratch is highlighted in Figure 6-7. The 

width of the scratch is measured as the distance between the peaks either side of 

the scratch using a Mitutoyo Surftest SJ-301 portable surface roughness tester and 

Bruker 3-D microscope, the LSK Focus variation model. 
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Figure 6-6 Scratch of A. PA11 at 20N, B. PA11 at 40N, C. PA12 CF at 20N, D. PA12 CF at 40N, E. 
PEEK+PTFE at 20N and F. PEEK+PTFE at 40N all at ambient temperature 
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Figure 6-7 Cross section of scratch path of PEEK+PTFE at 20N 20°C, (a) scanned face of 
specimen and (b) profile across scratch 

 

The scratch coefficient of friction for each material increased with the load and 

temperature, see Figure 6-8. The SCoF at ambient temperature ranged between 

0.301-0.419 for PA11, 0.228-0.310 for PA12 CF, 0.284-0.331 for PEEK and 0.185-0.324 

for PEEK+PTFE. 

 

 

Figure 6-8 Average scratch coefficient of friction at various temperatures and loads for A. 
PA11, B. PA12 CF, C. PEEK and D. PEEK+PTFE 

 

The effect of temperature on the scratch hardness is displayed in Figure 6-9 with 

the average and standard deviations populated in Table 6-2. 
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Figure 6-9 Average scratch hardness at various temperatures 

 

Material Scratch Hardness 

at 20°C 

(MPa) 

Scratch Hardness 

at 60°C 

(MPa) 

Scratch hardness 

at 120°C 

(MPa) 

PA11 54.3±4.4 35.7±2.2 25.5±18.5 

PA12/CF 199.4±21.4 150.7±14.2 100.6±16.1 

PEEK 190.0±7.4 164.3±5.0 136.7±9.5 

PEEK + PTFE 192.7±38.5 160.3±9.2 140.2±30.4 

Table 6-2 Average Scratch Hardness at various temperatures along with 95% confidence 
limits for the test data 

 

Scratch testing was undertaken as the main wear mechanism identified with the 

antiwear layer was abrasive wear. Each material has been tested to determine the 

scratch coefficient of friction and scratch hardness. 
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For all materials as the load increased so did the SCoF, this can be attributed to the 

deeper penetration of the indenter, thus there is more material to displace as its 

moving. A similar trend was found when elevating the temperature from 20°C up to 

120°C, this time softening the material and resulting in a deeper penetration of the 

indenter. 

 

The scratch hardness, a measurement typically used to determine a materials 

resistance to deformation when abraded was correlated under various loads and 

temperatures. Like the hardness testing carried out in section 5.7 the measured 

area of the indentation was time dependant following the release of the indenter 

leading to possible errors in the measurements. However, the trend was similar to 

the indentation testing with elevated temperature reducing the resistance to 

scratching. The scratch deformation increases as the load and temperature 

increases, the latter resulting in a softening of the polymer. This was more prevalent 

in the PA11 and PA12 CF which had the bigger drop in scratch hardness when the 

temperature was increased. 

 

6.4 Linear Reciprocating Testing 

This section covers small scale tribological testing investigating the friction and wear 

performance of each polymer against tensile armour wires. Small scale testing is 

required due to the lack of data from operational pipes and is quicker and simpler 

to carry out. A schematic of the experimental test set-up is shown in Figure 6-10.  
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Figure 6-10 Pin-on-flat reciprocating schematic, A. PA11, PEEK and PEEK+PTFE polymer and 
B. PA12 CF 

 

Linear reciprocating wear tests were carried out using a Bruker Universal 

Mechanical Tester (UMT) TriboLab model 3, between the antiwear materials and 

pieces of tensile armour wires. Discs of PA12 were stamped from the tape at a radius 

of 3.25mm. It was not possible to stamp out the composite samples as this would 

have caused excessive damage and pull out of the fibres. Therefore, square samples 

of PA12 CF were cut from pressed samples with a length and width of 5.0mm.  

 

Testing was carried out under load control to an applied force of 317N for all 

materials. A contact pressure, 10MPa was targeted to replicate the lower contact 

pressures estimated in section 2.2.1, the pressure was of a high enough magnitude 

to conduct in the biaxial rig later in section 7. The test rig did not operate in a stable 

manner at higher loads, sometimes cutting out. The applied load results in a contact 

pressure of 9.6MPa for the polymer tapes and 12.7MPa for the composite samples. 

A 500N load cell, model DFH-50 G was used accurate to 2.5mN. The test speed was 

kept constant at 1mm/s and travelled at an amplitude of 0.5mm. A total sliding 

distance of 12.6m was achieved for each test. Testing was carried out under ambient 

conditions, as well as at the elevated temperature of 60°C, using a heating chamber 

shown in Figure 6-11. One sample was tested under load for both temperatures to a 

sliding distance of 12.6m, the coefficient of friction and point of stick were measured 

over an average of 10 cycles at regular intervals every 30 minutes. 
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