
 

 

 

THE UNIVERSITY OF HULL 

 

 

 

VISCOELASTICALLY PRESTRESSED 

COMPOSITES: TOWARDS PROCESS 

OPTIMISATION AND APPLICATION TO 

MORPHING STRUCTURES 

 

 

being a Thesis submitted for the Degree of  

Doctor of Philosophy 

in the 

School of Engineering, University of Hull 

by 

Bing Wang 

BSc, BBA, MSc 

 

 

July 2016 



 

 

 

 

 

 

 

 

Dedicated 

to 

my parents 

Mrs Heying Li and Mr Xinfu Wang 

brother Jian Wang and lovely niece 

 

 

 

 

 



 

 

 

ABSTRACT 

This thesis covers research that focuses on facilitating the industrial application of 

viscoelastically prestressed polymeric matrix composites (VPPMCs).  With nylon 6,6 

fibre as the reinforcement and polyester resin as the matrix material, unidirectional 

prestressed composite samples were produced and investigated, to expand the knowledge 

of existing VPPMC technology, and identify the potential application of viscoelastic fibre 

prestressing to morphing (shape-changing) structures. 

To produce a VPPMC, a tensile load is applied to polymeric fibre yarns to induce 

viscoelastically prestress; following load removal, the yarns are cut and moulded into a 

matrix.  Previous research has shown that by using viscoelastic fibre prestressing within 

a composite, mechanical properties, such as tensile strength, flexural modulus and impact 

toughness can be increased by up to 50%.  To further understand the underlying prestress 

mechanisms, the viscoelastic performance of nylon 6,6 fibre was investigated in terms of 

creep, recovery and recovery force measurement.  By using various creep loading 

conditions, the viscoelastic behaviour of the fibre also provided the basis for 

investigations into the optimisation of load-time conditions for producing prestress.  This 

provides the first step towards facilitating the production of VPPMCs for industrial 

application.  Since there are increasing demands for using composites within morphing 

technology, the application of VPPMC principles to morphing structures was studied 

through both experimental and numerical investigations. 

The viscoelastic behaviour of nylon 6,6 fibre showed approximately linear viscoelasticity 

under 24 h creep conditions with up to 590 MPa stress.  This was further verified through 

use of the time-stress superposition principle: instead of a nonlinear relationship as 

predicted by the well-known WLF equation, a linear relationship between the applied 

creep stress and the stress shift factor was found.  By approaching the maximum creep 

potential of the fibre material, impact benefits from the prestressing effect were further 

improved by ~75% (at ~4.0% creep strain level).  Charpy impact testing and recovery 

force measurement demonstrated that there was an optimum level of viscoelastic fibre 
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prestressing to maximise the mechanical benefits.  A viscoelastic deformation mechanism 

based on the three-phase microstructural model and latch-based mechanical model was 

then proposed.   

It was found that the fibre processing time for viscoelastically generated prestress could 

be significantly reduced from 24 h to tens of minutes.  By employing the time-temperature 

superposition principle, the impact benefits from viscoelastically generated prestress 

under the standard 330 MPa, 24 h creep (at ~3.4% creep strain level), was found broadly 

to be the same as subjecting the yarns to 590 MPa for 37 min creep.  Hence, there was no 

deterioration in prestress benefits from VPPMC samples produced under both creep 

conditions to an equivalent of 20,000 years at a constant 20˚C.  Two viscoelastic creep 

strain levels (i.e. ~3.4% and ~4.0%) were evaluated through Charpy impact testing, the 

relationships between applied creep stress and the corresponding fibre processing time 

followed a logarithmic trend.  This suggested that the fibre processing time for prestress 

could be reduced further, subjecting to avoiding fibre damage.  The effects from 

increasing creep time were found to compare with increasing stress in terms of optimum 

VPPMC performance.   

Finally, the principle of viscoelastic fibre prestressing was successfully used to produce 

a bistable composite structure, which could snap from one stable cylindrical shape to 

another when subjected to external loading.  The bistable structure was produced by 

bonding four prestressed strips to the sides of a thin, flexible resin-impregnated fibre-

glass sheet.  Here, bistability was achieved through pairs of strips orientated to give 

opposing cylindrical configurations within the sheet.  Snap-through behaviour of the 

bistable structure was investigated through both experimental and numerical simulation; 

a snap-through mechanism was subsequently proposed based on these observations.   
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Chapter 1 INTRODUCTION 

INTRODUCTION 

 

SUMMARY 

This chapter is prelude to the whole thesis.  The aim and objectives of the work are 

listed, and motivation behind the project is provided.  This is followed by an 

overview of each chapter.  Briefly, the thesis is focused on the investigation into 

facilitating the future industrial application of viscoelastically prestressed polymeric 

matrix composite (VPPMC) technology.  VPPMCs are produced by stretching 

polymeric fibres to induce tensile creep; the stretching load is then released before 

the strained fibres are moulded into a resin matrix.  Following matrix curing, the 

viscoelastically recovering fibres created prestressing effects, which can improve 

mechanical properties.  By considering the first steps towards process optimisation 

of load-time conditions, the fibre stretching period is significantly reduced, thereby 

facilitating the manufacture of VPPMCs.  Moreover, since there is increasing interest 

in shape-adaptive structures using composite materials, the potential application of 

VPPMC technology to morphing structures is also investigated.  This could open 

new opportunities for VPPMCs in industrial applications. 

This work has been driven mainly through the use of comprehensive experimental 

investigations; however, a feasibility study is also carried out on the applicability of 

finite element analysis to model the snap-through behaviour of a bistable morphing 

structure. 
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1.1 INTRODUCTION 

Viscoelastically prestressed polymeric matrix composites (VPPMCs) are produced by 

applying a tensile load to polymeric fibres to induce tensile creep; then the load is released 

and the strained fibres are embedded into a matrix.  Once the matrix has cured, the 

viscoelastically recovering fibres impart compressive stresses to the surrounding matrix 

(balanced by residual tension in the fibres).  The prestress effect can improve mechanical 

properties, especially impact toughness and flexural stiffness [1, 2], and it has been 

successfully demonstrated with nylon 6,6 fibres and UHMWPE fibres [3, 4].  This is a 

novel method for improving mechanical properties, which can avoid the need to increase 

composite mass or sectional thickness.  It also overcomes the potential drawbacks that 

exist in more conventional elastically prestressed polymeric matrix composites, i.e. 

restrictive processing methods and possible longer term deterioration of prestress effects.  

Therefore, there are considerable opportunities for VPPMCs to replace other materials in 

industrial applications that need superior mechanical properties [2, 5].   

Previous studies have demonstrated the basic VPPMC performance characteristics 

relating to tensile, flexural and Charpy impact behaviour [1, 5-7].  Initially, studies were 

based on nylon fibre VPPMCs, though other mechanically superior polymeric fibres have 

been subsequently under investigation, i.e. UHMWPE fibres and nylon commingled with 

aramid fibres [3, 4, 8].  A basic understanding of the prestress mechanisms has been 

obtained but there are growing needs to investigate further the processing of VPPMCs 

and their potential applications.  This can be facilitated by research into process 

optimisation of load-time conditions for viscoelastic fibre prestressing, and their 

application to morphing composites.  This should improve confidence in the ability of 

VPPMCs to perform successfully in future industrial applications.  It is these 

considerations which justify the nature of this research.   
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1.2 AIM AND OBJECTIVES 

The aim of this research is to facilitate the industrial application of VPPMCs.  This is 

expected to be achieved through several objectives.  Briefly, investigation into the 

viscoelastic behaviour of nylon 6,6 fibre can provide an understanding of viscoelastic 

deformation mechanisms within the fibre material, and further promote the identification 

of prestress mechanisms within a VPPMC.  In addition, this also provides the basis for 

research into process optimisation of load-time conditions for VPPMC production.  An 

additional consideration focuses on the potential application of VPPMCs to morphing 

structures.  Therefore, the specific objectives are as follows: 

(i) Viscoelastic behaviour of nylon 6,6 fibre 

Investigate the viscoelastic behaviour of nylon 6,6 fibre under various creep conditions 

and its effect on the mechanical performance of VPPMCs, to offer a further understanding 

of viscoelastic mechanisms within a VPPMC.   

(ii) Towards optimisation of load-time conditions for producing VPPMCs 

Investigate the effect of fibre creep load-time conditions on the mechanical properties of 

VPPMCs to optimise the force output for viscoelastic fibre prestressing; also to facilitate 

opportunities for the future industrial production of VPPMCs. 

(iii) Application to morphing structures 

Investigate the potential application of VPPMCs to morphing structures, i.e. a bistable 

composite structure, which can snap from one stable shape to another under external 

stimulation.  This could be useful for aerofoil applications, e.g. aircraft, wind turbine 

blades.   
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1.3 MOTIVATION 

The concept of the VPPMC was invented by Dr Kevin Fancey at the University of Hull 

in the 1997 [9].  There is a well-developed understanding of prestress mechanisms within 

a VPPMC from the scientific point of view; however, more research needs to be 

considered towards the industrial application of VPPMC technology.  To date, for 

viscoelastic fibre prestressing, all previous research on VPPMCs has utilised a creep 

loading period of 24 h [1-8, 10-12] with ~330 MPa stress.  Though it is a convenient 

period for laboratory research, such a lengthy duration would be less practical for VPPMC 

production in a commercial environment; i.e. it is both time consuming and unlikely to 

be economically viable.  Therefore, this project considers the first steps towards process 

optimisation of load-time conditions to facilitate the production of VPPMCs for industrial 

applications.  Moreover, a feasibility study on the potential application of VPPMCs as 

morphing structures is also conducted; this is expected to open new opportunities for 

VPPMC technology.   

1.4 THESIS OVERVIEW 

This section provides an overview of the main content in each chapter, to offer a quick 

index for finding information of specific interest.  It should be noted that to facilitate 

understanding, each chapter is essentially ‘self-contained’.  Therefore, although Chapter 

2 is a general literature review, more specific review details are provided where 

appropriate in subsequent chapters.  Similarly, for clarity, some chapters (after Chapter 

3) include sections on experimental procedures, where specific testing methods and 

sample preparation details relevant to those chapters are provided.   

Chapter 2-General literature review 

Chapter 2 provides a general review of previously published literature that relates to this 

research.  This includes an introduction on composite materials and mechanical theory of 

composite stiffness, followed by the principles and developments of prestressed 
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composites in terms of elastically and viscoelastically generated prestress.  The main 

reasons for mechanical benefits from fibre prestressing are summarised in a prestress 

mechanisms section, and this is categorised by four aspects.  Viscoelastic mechanisms 

within a polymeric fibre are reviewed in terms of microstructural and mechanical models.  

Finally, the development of morphing composite structures produced by utilising thermal 

residual stresses and elastic fibre prestressing is given. 

Chapter 3-Materials, evaluation principles and experimental procedures 

Chapter 3 gives an overview of the materials and evaluation techniques involved in this 

research.  General information on the fibre and matrix materials used is given, followed 

by a summary of the basic principles and theoretical analysis that is involved in this 

research.  Experimental procedures and evaluation techniques are provided in terms of (i) 

fibre processing and (ii) composite production.   

Chapter 4-Preliminary work and investigations 

Chapter 4 focuses on preliminary studies that were required to support the main research 

project.  In addition to the need to become familiar with the equipment and experimental 

procedures, the following work was required.  First, the stretching rigs used to induce 

viscoelastic creep into the polymeric fibres were re-calibrated to reduce system errors; 

second, newly obtained nylon 6,6 yarn was evaluated and compared to the previously 

used (old) yarn in several aspects to determine possible structural differences; finally, a 

replacement resin for the production of VPPMCs was required and selection was based 

on measurement of the resin exothermic curing characteristics and impact energy 

absorption properties.   

Chapter 5-Viscoelastic behaviour of nylon 6,6 fibre and its effect on VPPMCs 

Chapter 5 investigates the viscoelastic behaviour of nylon 6,6 fibre and its effect on the 

impact behaviour of VPPMCs.  Large creep stresses varying from 330 MPa to 590 MPa 

were applied to the fibre yarns to determine creep strain-time performances, and 

corresponding recovery strain was monitored in situ.  The yield properties of the fibre 
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were determined from creep rupture tests where a stress of 665 MPa was applied.  A latch-

based Weibull model, as previously adopted, enabled prediction of the ‘true’ elastic 

modulus through purely elastic deformation from the creep-recovery data.  The time-

stress superposition principle was applied to predict the long-term performance of the 

material.  Finally, the effect of viscoelastic creep strain level on the impact behaviour of 

VPPMCs was evaluated through Charpy impact testing.   

Chapter 6-Towards optimisation of load-time conditions for producing VPPMCs 

Chapter 6 presents the optimisation of load-time conditions for producing VPPMCs.  This 

is based on the viscoelastic behaviour of nylon 6,6 fibre as discussed in Chapter 5.  The 

Weibull-based model allows prediction of the viscoelastic creep strain at each creep 

condition, which offers opportunities to reduce processing time for fibre stretching.  Since 

prestress benefits within a VPPMC are determined by the viscoelastic recovery of 

polymeric fibres, the prestress levels could be represented by the magnitude of 

viscoelastic creep strain.  Therefore, the same creep strain level could be attained by 

employing higher creep stress over a shorter term, enabling the standard 24 h creep 

condition to be reduced to tens of minutes.  The effectiveness of the basic principle was 

verified through Charpy impact testing, and further consideration was focused on the 

optimisation of load-time conditions for VPPMC production.   

Chapter 7-Morphing (bistable) composites based on viscoelastically generated 

prestress 

Chapter 7 outlines the experimental and numerical investigations into the application of 

VPPMCs to morphing structures.  A novel form of shape-changing bistable structure has 

been successfully developed through the use of viscoelastically generated prestress.  

Bistability was achieved through pairs of deflecting VPPMC strips, which were orientated 

to give opposing cylindrical configurations within a thin, flexible resin-impregnated 

fibreglass sheet.  This arrangement enabled the structure to ‘snap through’ between one 

of the two states from external stimulation.  Snap-through behaviour of the bistable 

structure was investigated both experimentally and through modelling.  The effects of 

loading speed, loading geometry, and sample-age on the snap-through properties were 

presented through experimental evaluation.  A feasibility study of finite element analysis 
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was then carried out to investigate the development of bistability, and the influence of 

modulus ratio on the snap-through characteristics.  Experimental and numerical 

simulation results showed good agreement with the snap-through behaviour of the 

bistable structure.  From this, a possible snap-through mechanism was proposed. 

Chapter 8-Overall findings, future work and conclusions 

Chapter 8 summarises overall findings from the work in this thesis; this is followed by 

potential paths for future work and finally, the conclusions are presented.  
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Chapter 2 GENERAL LITERATURE REVIEW  

GENERAL LITERATURE REVIEW 

 

SUMMARY 

This chapter provides a review of relevant previous research into prestressed 

composites and morphing structures.  Following the basic introduction to composite 

materials and mechanical theory of composite stiffness, the principles and 

developments of prestressed composites in terms of elastically and viscoelastically 

generated prestress are given.  Prestress mechanisms are categorised into four 

aspects, which are considered to form the main reasons for mechanical benefits from 

fibre prestressing.  To promote the understanding of viscoelastic mechanisms within 

a polymeric material, previously developed microstructural and mechanical models 

of semi-crystalline fibres are summarised.  Finally, morphing composite structures 

are reviewed in terms of the development of un-symmetric and symmetric morphing 

structures.   
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2.1 INTRODUCTION 

A composite material is a three-dimensional combination of at least two chemically or 

physically different materials, and usually possesses superior properties over the single 

constituent material [13].  Normally, composite materials are composed of two phases: a 

strong and stiff component is present, termed as reinforcement, which is embedded in a 

softer constituent, named as matrix.  The reinforcement is in the form of fibre, fabric or 

particles; the matrix can be metal, ceramic or polymer material.  There is considerable 

scope for tailoring their structures to suit various conditions.  Therefore, they have been 

used in a wide variety of applications [14].  Polymeric matrix composites (PMCs) which 

are produced with polymeric matrices, i.e. thermosets and thermoplastics, are the most 

established engineering composite materials to date.  Continuous fibre reinforced PMCs 

have been used in the aircraft industry since the 1950s [15], and have seen a rapid growth 

during the last seventy years, especially fibre reinforced thermoset resin composites.  

Fibres can provide strength and stiffness to the composite, while thermoset resins protect 

fibres from chemicals and moisture.  Owing to their advantages of low weight, corrosion 

resistance, high fatigue strength, faster assembly and outstanding damping properties, 

PMCs are becoming an essential part of materials that are extensively used within aircraft 

structures, electronic packaging, automotive industries and medical equipment. 

The PMCs involved in this thesis use thermoset resins as the matrix materials.  PMCs can 

be manufactured using a wide variety of processing techniques, including hand lay-up, 

hot-pressing, vacuum bagging, pressure bagging, resin transfer moulding, filament 

winding, pultrusion, extrusion and autoclave moulding techniques [16, 17].  Here, to 

facilitate the composite manufacture, hand lay-up using open-cast moulding was adopted 

throughout the thesis.  The mechanical performance of composite materials is determined 

by the individual properties of reinforcements and matrix materials that are used, as well 

as the processing methods.  This results in composites having a significant advantage over 

traditional homogeneous engineering materials, in that there can be considerable control 

over the structure during composite production, hence they can be manufactured with the 

desired properties [18].   
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2.2 MICROMECHANICS OF COMPOSITE STIFFNESS 

The properties of composites are greatly dependent on microstructure [18].  It is well-

known that for a two-phase composite with known fibre volume fraction (Vf), the simplest 

model to predict the effective modulus is the rule of mixtures, which is represented by the 

Voigt-Reuss (VR) bounds [19-23].  The Voigt upper bound assumes the fibre 

reinforcement and matrix are arranged in parallel and subject to the same stress; this is 

known as the iso-strain rule of mixtures.  In the Reuss lower bound, the applied stress is 

perpendicular to the fibres and constituents of the composite undergo the same stress; this 

is known as the iso-stress rule of mixtures.  The upper bound 𝐸VR
𝑢  and lower bound 𝐸VR

𝑙  

can be represented through: 

 𝐸VR
𝑢 = 𝐸f𝑉f + 𝐸m𝑉m (2-1) 

 𝐸VR
𝑙 = [

𝑉f

𝐸f
+

𝑉m

𝐸m
]

−1

 (2-2) 

where Ef and Em are the elastic modulus of reinforcement and matrix, separately; Vm is 

the volume fraction of matrix; the superscripts ‘u’ and ‘l’ correspond to the upper and 

lower bounds, respectively.  Hill [24] noted that none of the iso-strain or iso-stress 

assumptions are realistic compared to the real materials.  In the Voigt condition (Equation 

2-1), the tractions at the interfaces are not in equilibrium status, and it is only valid when 

the Poisson’s ratio of the components of the composites are the same; while in the case 

of the Reuss condition (Equation 2-2), the two phases no longer remain bounded, and the 

fact that the phase with the higher elastic modulus usually undergoes higher stress makes 

the Reuss conditions unrealistic [25, 26].   

Since the Voigt-Reuss bounds are too unrealistic to be useful [27], modifications made 

through incorporating additional information and principles have accordingly been 
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proposed [26-34].  One of the best known is the Hashin-Shtrikman (HS) bounds model 

[18, 28, 30] derived to evaluate transversely isotropic composites with arbitrary phase 

geometry.  It gives good estimation when the ratio of modulus values between different 

phases are not too large.  The upper and lower bounds of the bulk modulus K and shear 

modulus G of the composite follow:   

 
𝐾HS

𝑢 = 𝐾f +
𝑉m

1
(𝐾m − 𝐾f)

+
3𝑉f

(3𝐾f + 4𝐺f)

 
(2-3) 

 
𝐾HS

𝑙 = 𝐾m +
𝑉f

1
(𝐾f − 𝐾m)

+
3𝑉2

(3𝐾m + 4𝐺m)

 
(2-4) 

 
𝐺HS

𝑢 = 𝐺f +
𝑉m

1
(𝐺m − 𝐺f)

+
6𝑉f(𝐾f + 2𝐺f)

5𝐺f(3𝐾f + 4𝐺f)

 
(2-5) 

 
𝐺HS

𝑙 = 𝐺m +
𝑉f

1
(𝐺f − 𝐺m)

+
6𝑉m(𝐾2 + 2𝐺m)

5𝐺m(3𝐾m + 4𝐺m)

 
(2-6) 

The HS upper and lower bounds for the effective modulus of the composite can be 

described as: 

 𝐸HS
𝑢 =

9𝐾HS
𝑢 𝐺HS

𝑢

3𝐾HS
𝑢 + 𝐺HS

𝑢  (2-7) 



Chapter 2 

General literature review 

 

13 

 

 𝐸HS
𝑙 =

9𝐾HS
𝑙 𝐺HS

𝑙

3𝐾HS
𝑙 + 𝐺HS

𝑙  (2-8) 

 

Figure 2-1 Bounds on stiffness for a two-phase composite.  HS refers to the 

Hashin-Shtrikman bounds for isotropic composites. 

An example would be glass fibre reinforced polyester resin composite (referred to in 

Chapter 7), with Ef = 72 GPa [35], Em =3.3 GPa [1]; plots for the effective modulus of 

the composite versus volume percentage of glass fibre are presented in Figure 2-1.  The 

HS bounds lie within the Voigt-Reuss bounds with narrower range for the effective 

modulus, which can be calculated from [21]:   

 𝐸HS
𝑢 = 𝐸f

5𝐸m + 3𝑉f(𝐸f − 𝐸m)

5𝐸f − 2𝑉f(𝐸f − 𝐸m)
 (2-9) 
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 𝐸HS
𝑙 = 𝐸m

3𝐸m + 2𝐸f + 3𝑉f(𝐸f − 𝐸m)

3𝐸m + 2𝐸f − 2𝑉f(𝐸f − 𝐸m)
 (2-10) 

where, 𝐸HS
𝑢  and 𝐸HS

𝑙  are the HS upper and lower bounds of the effective modulus, 

respectively.   

2.3 PRESTRESSED COMPOSITES 

Substantial residual stresses can be developed within continuous-fibre reinforced 

composites during the cooldown process of manufacture.  These stresses are generated 

from (i) shrinkage of the polymeric matrix during curing, and (ii) thermal expansion 

mismatch between fibre and matrix material [17, 36, 37].  For (i), the curing process of 

matrix systems usually leads to shrinkage due to the polymerisation reaction, and forms 

cross-linked networks [38]; for (ii), the mismatch in thermal expansion coefficients of the 

constituent fibre and matrix materials could induce internal stresses in the interface 

regions upon cooling down from cure to room temperature.  Although residual stresses 

can occasionally be beneficial, they are usually detrimental [14].  Depending on the fibre 

and matrix combinations, as well as the laminate stacking sequences, the accumulation 

of residual stresses can lead to fibre waviness [39], laminate warping, buckling or matrix 

cracking [40, 41], which can significantly affect the mechanical performance of 

composite products [42], or even lead to premature fracture of a composite structure [36].  

Therefore, there are significant demands on reducing the residual stresses within a PMC.  

The relevant techniques include: heat treatment after the curing process [43]; addition of 

nanoparticles to the matrix to reduce the mismatch in mechanical properties of the 

constituents [44, 45]; exploiting partial relaxation of residual stresses, which is possible 

due to the viscoelastic behaviour of polymeric matrix materials [46].   

Prestressed composites were first developed to reduce or completely eliminate the 

residual stresses from manufacture.  Zhigun [47] and Tuttle [48] were amongst the earliest 
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investigators to utilise the prestressing principle, which is adapted from prestressed 

concrete.  As a well-known concept, prestressed concrete can be produced by applying 

tension to steel rods, embedded in liquid concrete.  On solidification of the concrete, the 

tensile load is released.  Owing to the attempted contraction of the reinforcing rods, a 

compressive prestress is generated within the concrete matrix, and corresponding tensile 

prestress within the rods, hence the overall mechanical properties of the reinforced 

concrete are improved.  To date however, it has been demonstrated by many investigators 

that this concept can offer advantages when used in continuous fibre reinforced PMCs.  

For typical polymeric fibres, prestress can cause (instantaneous) elastic creep strain and 

(delayed) viscoelastic creep strain, followed by elastic recovery and viscoelastic recovery.  

Thus, the prestressing principle can be used to produce either elastically prestressed or 

viscoelastically prestressed PMCs.  It has been demonstrated that both fibre prestressing 

methods can be used to enhance the mechanical properties of PMCs without the need to 

increase mass or product dimensions.  Although the application of prestressing to 

structural materials such as concrete is a well-known concept, an awareness of possible 

benefits from making fibre-reinforced PMCs with some residual level of (compressive) 

prestress seems to be comparatively recent [49].   

2.4 ELASTICALLY PRESTRESSED COMPOSITES 

2.4.1 Elastic fibre prestressing 

As stated earlier, elastically prestressed PMCs (EPPMCs) are based on prestressed 

concrete principles [48].  Figure 2-2 schematically illustrates the general procedures to 

produce an EPPMC and generated prestress effects.  A tensile load is applied to fibres 

and maintained throughout the curing cycle; the prestress load is removed after the matrix 

is solidified and (if heating is required for curing) cooled down to room temperature.  

Owing to contraction of the fibres from elastic strain, compressive stresses can be induced 

in the matrix.  Since residual thermal stresses generated during the curing process would 

induce tensile stresses in the matrix, together with compressive stresses in the fibres, the 
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compressive stresses generated from elastic fibre prestressing could significantly change 

the residual stresses within an EPPMC.   

 

Figure 2-2 Schematic representation showing the utilisation of elastic fibre 

prestressing to produce EPPMCs: (a) applying tension to polymeric 

fibre; (b) stresses generated following the matrix curing process, as 

the fibre remains in tension; (c) releasing of the tensile load, and 

compressive stresses induced within a EPPMC. 

2.4.2 Development of EPPMCs 

In the past few decades, researchers have investigated the theoretical and experimental 

aspects of prestressed composites.  To the best of the author’s knowledge, elastic fibre 

prestressing was first applied to PMCs by Zhigun [47] in 1968.  He applied prestress on 

oriented glass fibre-reinforced composite laminates (GFRP), in which plain-weave glass 

was used as the reinforcement and phenol-formaldehyde resin as the matrix.  Mechanical 

benefits in terms of the elastic modulus were observed, and this was mainly attributed to 

the reduction from risks of distortion within the woven fabric through prestressing.  From 

1973 to 1984, developments in prestressed composites were mainly focused on reducing 

the weak fibres, leading to improved mechanical properties.  Mills and Dauksys [50] 

adopted fibre prestressing to boron/epoxy composites, and found that the pre-breaking of 

the weaker proportion of boron fibres could increase the average fibre strength, 

concurrent with a reduced standard deviation.  By embedding these previously stretched 
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Liquid matrix (a) 

Fibre/matrix interface Cured matrix 

Tensile residual stress Compressive residual stress 

Fibre 

prestressing 

(b) 

(c) 

Compressive stress 

Fibre material 



Chapter 2 

General literature review 

 

17 

 

(prestressed) boron fibres into an epoxy matrix, the composite strength was increased by 

~20% with 50% Vf.  Brown [51] conducted the prestressing on graphite fibres.  Again, 

breakage in weak filaments was considered to increase the tensile strength by 32%, angle 

ply tension by 15%, and unidirectional short beam shear by 5%; a reduction in dispersion 

was also obtained compared to their composites with untreated fibres.  Similar effects 

were also observed by Chi and Chou [52] through their study on prestressed carbon fibre-

reinforced composites (CFRPs).   

Though mechanical benefits were observed through weak fibre breakage as demonstrated 

above, there was a lack of understanding the basic mechanisms from the effects of fibre 

prestressing.  In 1983, Manders and Chou [53] proposed a theoretical analysis based on a 

‘Chain-of-Bundles’ model in which a composite was represented by a chain of short 

bundles loaded in series [54].  The mechanical benefits from fibre prestressing could be 

explained by the reinforcing fibres having a distribution of strengths, i.e. a statistical 

strength distribution of filaments.  When a PMC is under load, stresses concentrated on 

weaker yarns lead to initial fibre breakage.  This releases the stored energy within a single 

yarn, which causes a stress wave to propagate outwards, and in turn gives rise to an 

oscillatory overstress on neighbouring fibres [55].  Further accumulation of groups of 

adjacent fibre breaks would ultimately generate fracture of composites.  Therefore, fibre 

prestressing offered an opportunity to increase the strength of a composite by pre-fracture 

of the weak fibres [53].  This was considered to be the main reason for strength 

enhancement by fibre prestressing.  Since prestressing of fibre materials would also 

weaken the fibre properties when overstressed, an optimum level of prestress was 

required to obtain the appropriate prestress benefits.  This was subsequently observed in 

Refs [6, 17, 56-62]. 

In 1988, interest in elastically generated prestress within PMCs, as previously 

demonstrated by Zhigun [47] returned.  Tuttle [48] found that fibre prestressing could be 

utilised to reduce or eliminate the tensile residual stresses within a PMC laminate; 

appropriately controlled pretension of fibres could induce compressive stresses into a 

matrix, impeding the propagation of cracks, hence enhancing the mechanical properties 

of the composites.  Tuttle proposed a micromechanics model to predict the effect of fibre 

prestress on residual stresses in composites [48].  The model was based on the rule of 
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mixtures and classical lamination theory; the assumptions were: (i) perfect bonding 

between fibre and matrix; (ii) constituents are isotropic materials with linear elasticity; 

(iii) properties of composites are independent of temperature.  Therefore, the final 

residual strain in the matrix ϵm in the fibre direction could be represented by:  

 𝜖m =
−𝜎f

𝑃𝑉f

𝐸11
+ 𝛥𝑇 ∙ 𝛼11 (2-11) 

where, 𝜎f
𝑃 is the applied fibre prestress level; ΔT is the temperature difference during the 

cooling down process; E11 and α11 are the Young’s modulus and thermal expansion 

coefficient of the composite in the fibre direction, respectively.  The model successfully 

predicted that residual thermal stresses could be significantly reduced or completely 

eliminated by applying fibre prestressing.  Experimental investigations verified this 

prediction: by employing a multi-ply unidirectional graphite/epoxy composite laminate 

with [0/±45/90] lay-up, a fibre prestress under 1.4 GPa was found to reduce the residual 

tensile stresses to negligible levels.   

Hadi and Ashton [63] further developed Tuttle’s model to predict the tensile strength (𝜎C
𝑃) 

of a unidirectional EPPMC, which follows: 

 𝜎C
𝑃 = 𝜎f𝑉f + 𝜎m(1 − 𝑉f) + 𝜎f

𝑃𝑉f (2-12) 

where σf and σm are the fibre and matrix tensile strength respectively, valid when σf > 𝜎f
𝑃.  

Hence, fibre prestressing increased the tensile strength and elastic modulus.  This increase 

was a function of prestress level and 𝑉f.  It gave good agreement with experimental work 

when a unidirectional E-glass fibre reinforced epoxy composite was investigated.  

Improvements of up to ~45% in tensile modulus and up to ~20% in tensile strength were 

observed.   
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Schulte and Marissen [64] studied the influence of prestressing on hybrid 

carbon/aramid/epoxy cross-ply [0/90/90/0] laminates, with fibre prestressing on 0° plies.  

Upon load release when cooled to room temperature, compressive residual stresses were 

stored in the 0° plies and tensile residual stresses in the 90° plies.  Interaction between 

plies resulted in compressive stresses in 90° plies, and development of transverse cracks 

when subjected to tensile loading was delayed and shifted to higher strain and load values, 

hence improving the first-ply failure stress (the stress required to cause matrix cracking 

in the 90˚plies) by 60%.   

The effect of elastic fibre prestressing on the first-ply failure problem was also 

investigated by Rose and Whitney [65].  They examined the benefits of prestressing 

through theoretical and experimental techniques.  A theoretical model was constructed, 

based on the concentric cylinder model [66] and classical lamination theory.  The model 

predicted that application of sufficient prestressing would suppress the first-ply failure 

completely.  Experimental analysis was based on graphite/epoxy composites, and 

indicated that prestressed composite samples possessed superior capability to withstand 

first-ply failure compared to its conventional specimens, and first-ply failure strength was 

increased by 50%.  Sui et al [67, 68] evaluated the effect of elastic prestress on vinylon-

reinforced aluminium laminate (VIRALL).  Vinylon fibre was prestressed and 

subsequently bonded on aluminium sheets with epoxy resin adhesive, and preload was 

maintained throughout the curing process.  Prestressing was considered to modify or 

recreate the internal ply stress states of VIRALL, and induced a tensile strengthening 

effect to the vinylon fibres; hence prestressed VIRALL had superior properties in terms 

of initial modulus, elastic limit, yield strength, failure strength and fatigue properties.   

In 1996, Tuttle et al [40] introduced a new concept, in that elastic fibre prestressing could 

be used to generate morphing structures.  By considering the prestressing effects, they 

modified the un-symmetric laminate theory developed by Hyer [69].  Though it predicted 

that curvatures in laminates could be reduced with increasing prestress level, it 

theoretically predicted that fibre prestressing could be adopted to produce morphing 

structures for the first time.  Morphing structures utilising fibre prestressing were 

subsequently demonstrated in Refs [70-73].  Hence this opened up a new vision for fibre 

prestressing.  This is further discussed in Section 2.8.2.  In addition, Tuttle [40] employed 
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a hydraulic system to apply fibre prestressing to produce [0P/90]T laminates, and found 

that thermal warpage of un-symmetric laminates was reduced through prestressing; 

tensile testing results also indicated a reduction in residual tensile stresses.   

To promote environmentally friendly composite production with superior mechanical 

properties, employing elastic fibre prestressing on nature fibres was conducted by 

Bekampienė et al [74] in 2011.  They applied fibre prestressing to glass and cotton plain-

weave woven fabrics separately, with unsaturated polyester resin as the matrix material.  

A single-layer laminate was produced through a pressure forming technique with pre-

tensioned fabrics.  Mechanical improvements to the cotton fabric reinforced composites 

are highlighted here: tensile strength at break was increased by 12% in the warp direction, 

58% in the weft direction and 39% in the bias direction.  Širvaitienė et al [75] investigated 

the prestress effects on flax and cotton fibre reinforced biodegradable poly(lactic acid) 

composites.  Improvements in tensile strength and flexural stress were observed, and an 

optimum prestress level was found for maximum prestress benefits to be obtained.  

Similar improvements in tensile strength and modulus through fibre prestressing were 

also reported by Zaidi et al [76], through their studies on prestressed flax fibre reinforced 

composites.  These mechanical benefits (from natural fibre prestressing) were mainly 

attributed to the improvement in fibre orientation and bulk integrity, causing fibre 

straightening, and inducing compressive stresses in the matrix.   

Various methods of elastic fibre prestressing have been developed and these have been 

found to improve mechanical properties mainly by counteracting the thermal residual 

stresses.  Thus EPPMCs possess superior mechanical performance compared with non-

prestressed counterparts.  This has been demonstrated by many through tests on tensile 

strength and stiffness, impact toughness, and flexural stiffness.  Table 2-1 summarises 

previous studies on elastic fibre prestressing since 1968; this is arranged in chronological 

order.  The composite constituents, prestress method (Section 2.4.3) and main effects 

from elastic fibre prestressing are included.   
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Table 2-1 Summary of research into elastic fibre prestressing. 

Year Investigator 
Composite 

constituents 

Prestress 

method 
Prestress effects 

1968 Zhigun [47] 

Woven glass fibre 

(49% Vf) 

Phenol-formaldehyde 

resin 

Applied by 

tightening 

nuts on 

tension rods 

Improved elastic modulus by up 

to ~30%; prestressing reduced the 

fabric distortion. 

1973 
Mills and 

Dauksys [50] 

Boron fibre (50% Vf) 

Epoxy prepreg tape 

Prebending 

the prepreg 

tape 

Increased tensile strength in both 

fibre material and its composites. 

Prestressing induced weak fibre 

breakage. 

1976 Brown [51] 
Graphite  

Epoxy prepreg tape 

Prebending 

the prepreg 

tape 

Increased tensile strength and 

reduced strength dispersion. 

Prestressing induced weak fibre 

breakage. 

1983 
Manders and 

Chou [53] 
Theoretical analysis N/A 

Proposed mechanisms of 

mechanical benefits from fibre 

prestressing. 

1983 
Chi and Chou 

[52] 

Carbon multifilament 

yarn 

Epoxy resin 

Prebending 

the fibres 

Increased tensile strength up to 

20%; reduced failure probability 

of manufacturing. 

1988 Tuttle [48] 

Graphite fibre (66% 

Vf) 

Epoxy resin 

& 

Theoretical analysis 

Not 

provided 

Reduction or elimination of the 

tensile residual stresses, or even 

induced compressive stresses into 

matrix; experimental studies 

verified this prediction. 

1990 Jorge et al [59] 

E-glass fibre(56% Vf) 

Unsaturated polyester 

resin 

Dead 

weight 

Increased tensile strength and 

modulus up to a given prestress 

level; beyond this level, these 

properties became stabilised.  

1992 
Schulte and 

Marissen [64] 

Hybrid cross-ply lay-

up with carbon and 

aramid fibre 

Epoxy resin  

V-slot 

notched bar 

Induced compressive stresses into 

the laminate which delayed the 

formation of transverse cracks, 

these being shifted to higher 

strain and load values; increased 

first ply failure strength by 60%. 

1992 
Scherf and 

Wagner [77] 

Single Carbon fibre 

(9.9 μm in diameter) 

Epoxy resin 

Dead 

weight 
Increased interfacial shear stress. 

1993 
Rose and 

Whitney [65] 

Graphite fibre 

Epoxy resin 

Filament 

winding 

Improved first ply failure 

problem. 

1995 Sui et al [67] 

Vinylon fibre bonded 

on aluminium, with 

epoxy resin as 

adhesive 

Not 

provided 

Modified or recreated the internal 

ply stress states; induced tensile 

strengthening effect to the 

vinylon fibres, hence prestressed 

VIRALL had superior properties 

in initial modulus, elastic limit, 

yield strength, and strength at 

failure. 
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1996 Sui et al [68] 

Vinylon fibre bonded 

on aluminium, with 

epoxy resin as 

adhesive 

Not 

provided 

Fatigue strength was increased 

with increasing prestrain. 

1996 Tuttle et al [40] 

Graphite fibre (60% 

Vf) 

Epoxy resin 

& 

Theoretical analysis 

Hydraulic 

cylinder 

(hot 

pressing) 

Reduced thermal warpage of 

composite; predicted the 

feasibility of creating morphing 

structures. 

1997 
Motahhari and 

Cameron [78] 

E-glass fibre (40% Vf) 

Epoxy resin 

Horizontal 

tensiometer 

machine 

Prestressing had two opposite 

effects on composites: (i) 

improved strength by impeding 

crack propagation; (ii) higher 

residual shear stresses weakened 

the bonding in interface region, 

thus reduced the strength at the 

same time.   

1998 
Hadi and 

Ashton [63] 

E-glass fibre (30, 45 

and 60% Vf) 

Epoxy resin 

Filament 

winding 

Increased tensile strength and 

modulus; the increase was a 

function of prestress level and Vf. 

1998 
Zhao and 

Cameron [58] 

Glass fibre (40% Vf) 

Polypropylene resin 

Fibre-

stretching 

frame 

Prestress increased tensile, 

flexural and interlaminal shear 

properties; an optimum prestress 

level existed to maximise the 

prestress benefits. 

1998 
Motahhari and 

Cameron [56] 

E-glass fibre (40% Vf) 

Epoxy resin 

Horizontal 

tensiometer 

machine 

Increased impact strength by up 

to 33%; an optimum prestress 

level (~30 MPa) existed to 

maximise the flexural properties; 

beyond this level, prestress 

benefits started to decrease. 

1999 
Motahhari and 

Cameron [57] 

E-glass fibre (40% Vf) 

Epoxy resin 

Horizontal 

tensometer 

machine 

Increased flexural strength and 

modulus by up to 33%; an 

optimum prestress level (~60 

MPa) existed to maximise the 

impact strength; beyond this 

level, prestress benefits started to 

decrease. 

2000 
Dvorak and 

Suvorov [79] 

S-glass fibre (50% Vf) 

Epoxy resin 

Not 

provided 

Reduced tensile residual stresses 

in the matrix; increased resistance 

to first-ply failure; minimised 

fibre waviness. 

2001 
Suvorov and 

Dvorak [80] 

Carbon fibre (61% Vf) 

Kevlar (60% Vf) 

Epoxy resin 

Al2O3 ceramic 

Not 

provided 

Induced compressive stresses to 

enhance dynamic compressive 

strength of laminate/ceramic 

plate; optimal design was carried 

out through theoretical analysis; 

stress relaxation effect due to 

temperature changes and matrix 

creep was minor. 
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2001 
Suvorov and 

Dvorak [81] 

S-glass fibre (50% Vf) 

Epoxy resin 

Not 

provided 

Optimised fibre prestress 

distribution in individual plies of 

the laminate created residual 

stresses that suppress both 

damage development in the 

interior of the laminate and inter-

laminar delamination at the free 

edges. 

2004 Jevons [82] 
E-glass fibre (56% Vf) 

Epoxy resin 

Biaxial 

loading 

frame 

Increased resistance to 

delamination by up to 25% when 

subjected to low-velocity impacts 

however, prestressing had no 

discernible effect on high-

velocity impact performance. 

2006 
Krishnamurthy 

[17] 

E-glass fibre (58% Vf) 

Epoxy resin 

Flat-bed 

loading 

frame 

Improved fibre alignment, hence 

improved mechanical properties; 

an optimum level of prestressing 

existed for maximum benefits. 

2006 
Cao and 

Cameron [60] 

E-glass fibre (20% and 

30% Vf) 

Silica particle  

Epoxy resin  

 

Hounsfield 

tensiometer 

Improved flexural properties and 

shear modulus of composites 

(without silica particles); an 

optimum prestressing level 

existed to maximise the 

mechanical benefits; addition of 

silica particles enhanced the 

fibre-matrix bonding, and 

promoted prestress benefits. 

2006 
Cao and 

Cameron [83] 

E-glass fibre (20% and 

29% Vf) 

Silica particle 

Epoxy resin 

Hounsfield 

tensiometer 

Improved impact properties of 

composites (without silica 

particles); an optimum 

prestressing level existed for 

impact benefits and a more 

significant improvement was 

observed with silica particle 

modified prestressed composites. 

2010 
Schlichting et al 

[84] 

S-glass fibre (12% Vf) 

Quixfil and adoro 

resin 

Dead 

weight 

Increased deflection for initial 

bending failure and flexural 

strength of composites, with 

limited effects on the flexural 

modulus. 

2011 
Bekampienė et 

al [74] 

E-glass fibre fabrics 

(27% Vf)  

Cotton fibre fabrics 

(32% Vf) 

Unsaturated polyester 

resin 

Pressure 

forming 

With cotton reinforced 

composites, tensile strength at 

break was increased by 12% in 

warp direction, 58% in weft 

direction and 39% in bias 

direction; for E-glass fibre 

reinforced composites, 

improvement in tensile strength at 

break was 135% in bias direction. 

2013 Jie et al [85] 
Finite element 

analysis 
N/A 

Prestressed composite was 

advantageous in stress 

distribution and lower principal 

stress value during a three-point 

bending test. 
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2013 
Širvaitienė et al 

[75] 

Flax (68 tex) and 

cotton (70 tex) twisted 

yarn  

Biodegradable 

polylactic acid resin 

Not 

provided 

Prestressing increased fibre 

orientation and bulk integrity, 

hence enhanced tensile and 

flexural strength. 

2013 
Graczykowski 

et al [86] 

E-glass fabric (48% 

Wf) 

Epoxy resin 

Applied by 

loading 

screw on 

the plane 

stand 

Increased maximum flexural 

deflection by 25% compared to 

non-prestressed counterparts. 

2014 Nishi et al [87] 
Carbon fibre (50% Vf) 

Epoxy resin 

Dead 

weight 

Improved impact energy by 30% 

at optimum (17.6 MPa) prestress 

level. 

2015 
Hassan and 

Abdullah [61] 

Carbon fibre (50% Vf) 

Epoxy resin 

Horizontal 

tensiometer 

Improved tensile strength and 

tensile modulus by up to 114.9% 

and 85.1% respectively compared 

to non-prestressed conterparts; an 

optimum value of prestress level 

was observed to maximise the 

prestress benefits. 

2015 Zaidi et al [76] 

Flex fibre spun yarn 

(46%-49% Vf) 

Unsaturated polyester 

resin 

Screw 

tensioning 

frame 

Increased fibre packing density, 

caused fibre straightening, and 

reduction in fibre obliquity, hence 

enhanced mechanical properties 

of composite samples. 

2015 
Mostafa et al 

[88] 

E-glass fabric (~11% 

Vf) 

Unsaturated polyester 

resin 

Biaxial 

loading 

frame 

Increased flexural strength by 

~15% and modulus by ~16% at 

the optimum prestress level of 50 

MPa; prestress benefits reduced 

with increasing fabric orientation 

angle towards the bias direction; 

prestress benefits decreased with 

time due to localised matrix 

creep. 

2016 
Graczykowski 

et al [89] 

E-glass fabric (~23% 

Vf) 

Epoxy resin 

Applied by 

loading 

screw on 

the plane 

stand 

Prestressed composite had lower 

Vf due to fibre stretching; 

numerical simulation showed 

prestressed composites would 

benefit from stress and strain 

distribution in particular plies, 

resulting in improved mechanical 

properties. 

2016 
Mostafa et al 

[90] 

E-glass fabric (~11% 

Vf) 

Unsaturated polyester 

resin 

Biaxial 

loading 

frame 

Increased fatigue life by up to 

43% compared with non-

prestressed counterparts; prestress 

benefits decreased with 

increasing off-axis fabric 

orientation angle from 0 to 45˚ 

relative to warp direction. 
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2016 
Krishnamurthy 

et al [91] 

E-glass fibre 

Epoxy resin 

Flat-bed 

loading 

frame 

Embedded sensors to monitor the 

residual strain within composites; 

by applying prestress level of 108 

MPa to a unidirectional [0]16 

laminate, the residual strain was 

measured to be reduced to a 

negligible level. 

2016 
Mostafa et al 

[62] 

E-glass fabric (~11% 

Vf) 

Unsaturated polyester 

resin 

Biaxial 

loading 

frame 

Enhanced elastic modulus and 

critical stress at first matrix 

fracture of the composite by 10-

20%; an optimum prestress level 

for these benefits was obtained. 

2.4.3 Elastic fibre prestressing methods 

In order to employ elastic fibre prestressing, suitable equipment is needed to provide 

preloading to the polymeric fibres during the curing process of a matrix.  Since the 

prestressing method is critical to the mechanical performance of an EPPMC, researchers 

have developed various prestressing methods for different tasks, mainly focused on 

providing prestressing on fabrics or continuous fibres.   

 

Figure 2-3 Elastic fibre prestressing method adopted by Zhigun [47]. 

As stated in Section 2.4.2, it is believed that Zhigun [47] did the first attempt at prestress 

on oriented GFRP laminate, in which plain-weave glass fabric was used as the 

reinforcement and phenol-formaldehyde resin as the matrix.  A bespoke prestressing 
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apparatus was developed and Figure 2-3 schematically shows the basic arrangement.  

Prestressing was achieved by tightening nuts on the ends of the tension rods, and two 

layers were allowed to be stretched simultaneously.  A dynamometer was used to monitor 

the prestress level.  Mechanical benefits in terms of elastic modulus were observed.  This 

was mainly attributed to the reduction of risks of distortion within the fabric woven 

through prestressing.  Subsequent elastic fibre prestressing methods have been developed 

mainly by utilising: dead-weight; V-slot notched bar; filament winding; hydraulic 

cylinder; pressure forming; horizontal tensiometer; flat-bed loading frame and biaxial 

loading frame.  Since the development of the existing prestressing methods and their 

advantages and limitations have been discussed in details, in Refs [17, 92, 93], they are 

not elaborated here.  However, the corresponding fibre prestressing methods, listed with 

the available studies as shown in Table 2-1, provide a suitable outline into the 

development of elastic fibre prestressing methods. 

2.5 VISCOELASTICALLY PRESTRESSED 

COMPOSITES 

2.5.1 Viscoelastic fibre prestressing 

Viscoelastically prestressed PMCs (VPPMCs) are produced by applying tension to 

polymeric fibres, then the tensile load is released before moulding the fibres into a 

polymeric matrix.  As discussed in Section 2.4.1, the contraction of fibres is produced 

through the locked elastic strain within EPPMCs; however, for VPPMCs, the 

compressive stresses are generated from viscoelastic recovery of polymeric fibres.  Figure 

2-4 schematically shows the general principles for producing a VPPMC and the resulting 

prestress effects.  Following tensile load release, fibres start to shrink due to viscoelastic 

recovery.  When embedded into a matrix, tensile residual stresses generated from the 

curing process are counterbalanced by viscoelastic recovery of fibres, hence compressive 

stresses are induced into the matrix as shown in Figure 2-4 (c).  Research on VPPMCs 

indicate that this viscoelastic fibre prestressing can improve mechanical properties, 

especially impact toughness, flexural stiffness and tensile strength.  Investigations into 
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VPPMCs to date have involved nylon 6,6 fibres [1, 2, 5-8, 10-12], ultra-high molecular 

weight polyethylene fibre (UHMWPE) [3, 4] and bamboo slivers [94].   

 

Figure 2-4 Schematic representation of utilising the viscoelastic fibre 

prestressing principle for a PMC: (a) applying tension to polymeric 

fibre; (b) moulding process followed tensile load removal; (c) 

residual stresses within a VPPMC. 

2.5.2 Development of VPPMCs 

Exploiting viscoelastic fibre prestressing in a PMC is comparatively recent [95].  Fancey 

was the first investigator into VPPMCs, in 2000 [11, 12].  By employing photo-elasticity 

principles, Figure 2-5 shows the visual evidence of viscoelastically induced stresses 

within a VPPMC.  Nylon 6,6 monofilament was stretched first, and then an appropriate 

length was cut and embedded into polyester resin, which was transparent after being 

cured.  ‘Test’ and ‘control’ samples were made simultaneously to ensure there were no 

differences other than from fibre prestressing.  In contrast with the (non-prestressed) 

control sample, evidence of residual stresses surrounding the filament in the test sample 

can be clearly seen as the white region in Figure 2-5.   

To produce a VPPMC, the reinforcement material needs to have appropriate viscoelastic 

behaviour.  Nylon 6,6 fibre, as a low cost and high strength polymeric fibre, was the first 

material adopted to examine the feasibility of viscoelastically generated prestress in 

PMCs [11, 12].  Viscoelastic performance of the fibre was investigated in terms of creep 
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and recovery [11].  It was found that the viscoelastic recovery of nylon 6,6 fibre exhibited 

long-term behaviour, even when subjected to creep over a short-period (24 h).  Later, 

Fancey [96, 97] presented a latch-based Weibull model to represent the viscoelastic 

behaviour of polymeric fibres.  It was well fitted to describe the creep and recovery 

performance of nylon 6,6 fibre.  Furthermore, the time-temperature superposition 

principle was used to investigate the long-term viscoelastic recovery of nylon 6,6 fibres 

previously subjected to 24 h creep.  It indicated that viscous flow effects were predicted 

to be less than 10-4% after exposure to a period equivalent to 100 years at 20℃.  Hence, 

the viscoelastic prestressing mechanism would not be limited by the eventual onset of 

viscous flow [10].   

 

Figure 2-5 Polariscope image of nylon 6,6 monofilament embedded in 

polyester resin samples [11]. 

In order to evaluate the effect of viscoelastic fibre prestressing in PMCs, mechanical 

properties, i.e. tensile strength, bending stiffness and impact toughness, were evaluated 

to compare the test (prestressed) with control (non-prestress) samples.  By adopting nylon 

6,6 fibre, an increase in impact energy absorption was observed for VPPMC samples by 

up to 25% (compared to their control counterparts) [2, 11, 12].  Accelerated aging showed 

there was no deterioration in increased impact energy absorption after ~25 years at a 

constant 50℃ ambient temperature [98].  Pang and Fancey [6] performed tensile tests on 

individual nylon 6,6 fibre and reinforced VPPMCs.  They found viscoelastically induced 

prestressing could increase the tensile strength, modulus and toughness by 15%, 30%, 

40% respectively, and the effects being Vf-dependent.  Flexural properties were evaluated 

Control 

Test 
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through three-point bending tests.  With an L/h ratio of ~30, nylon-based VPPMCs (8-

16% Vf) gave an increase of ~50% in both elastic modulus and short-term creep flexural 

modulus due to prestress effects; also, accelerated aging of samples to an equivalent of 

100 years at 20℃, demonstrated no significant change in increased flexural modulus from 

the prestressed samples [1]. 

When the previously stretched fibres are embedded into a polymeric resin, a certain 

amount of viscoelastic strain within the fibres will be locked inside the matrix.  Thus a 

recovery force will be generated as the fibres attempt to contract.  In 2008, recovery force 

measurement apparatus was first developed by Pang et al [99].  Results indicated that by 

subjecting nylon 6,6 yarn to a 320 MPa, 24 h tensile creep stress, recovery forces at a 

fixed strain gave a contraction stress up to 10.9 MPa over a 2700 h period.  The force-

time behaviour could be fitted to a four parameter Weibull-model.  This provided further 

evidence of prestress benefits from viscoelastic fibre prestressing.   

Research into the influence of fibre prestressing on UHMWPE fibre-based VPPMCs was 

carried out by Fazal and Fancey [3, 4].  By applying a 1.3 GPa creep stress for 24 hours, 

the UHMWPE fibre gave a creep strain of 5.4%.  After releasing the creep load, 

compressive stresses generated from viscoelastic recovery started to grow within 8 h to a 

maximum value of 23 MPa, and then decreased with time.  Equilibrium was reached after 

~3000 h and gave 13 MPa of stress [3, 4].  When the prestressed UHMWPE fibres were 

embedded into polyester resin, test samples with 3.6% Vf (compared with unstressed 

counterparts) showed a 40% increase in flexural stiffness; while 7.2% Vf samples gave 

23% increase [4].  In Charpy impact testing, prestressed samples demonstrated a ~20% 

increase in absorbed impact energy [3]. 

Cui et al [94] adopted the viscoelastic fibre prestressing technique to bamboo slivers to 

reinforce parallel strand lumber (PSL).  They found the viscoelastic deformation induced 

prestress could enhance the flexural properties of PSL, in which modulus of rupture and 

modulus of elasticity of pre-tensioned samples were increased by 7.84% and 11.76%, 

respectively.  Table 2-2 summarises previous studies on VPPMC research in 

chronological order. 
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Table 2-2 Summary of research into viscoelastic fibre prestressing. 

Year Investigator Composite constituents 
Prestress 

method 
Prestress effects 

2000 Fancey [12] 
Nylon 6,6 fibre (3-4% Vf) 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

There was no deterioration in 

prestress benefits up to 3552 h in 

real time. 

2000 Fancey [11] 
Nylon 6,6 fibre (3-4% Vf) 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

Evidence of viscoelastic recovery-

induced compressive stresses; 

increased impact energy absorption 

by up to 25% compared to 

equivalent non-prestressed 

counterparts. 

2001 Fancey [96] Nylon 6,6 fibre 

Vertical 

stretching 

rig 

Creep and recovery behaviour of 

nylon 6,6 fibre were well fitted to a 

Weibull-based time-dependent 

latch element model. 

2005 Fancey [2] 
Nylon 6,6 fibre (3-4% Vf) 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

Accelerated aging indicated that 

there was no deterioration in 

impact performance of VPPMCs 

up to ~10 years at 20℃. 

2006 
Pang and 

Fancey [10] 

Nylon 6,6 fibre (3-4% Vf) 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

Prestressed nylon 6,6 fibre was 

subjected to accelerated aging for 

an equivalent of 100 years at 20℃, 

the viscoelastic recovery was still 

active; this corresponded with 

results from long-term impact 

performance in that no 

deterioration was observed.   

2008 
Pang and 

Fancey [6] 

Nylon 6,6 fibre (16, 28, 

41, 53% Vf) 

Epoxy resin 

Vertical 

stretching 

rig 

Increases in tensile strength, 

modulus and energy absorbed by 

up to 15%, 30% and 40% 

respectively; optimum Vf level for 

nylon-based VPPMCs in tensile 

testing was 35-40%. 

2008 
Pang et al 

[99] 
Nylon 6,6 fibre 

Vertical 

stretching 

rig 

A recovery force measurement rig 

was developed to monitor the force 

generated within a viscoelastically 

recovering polymeric fibre. 

2009 
Pang and 

Fancey [1] 

Nylon 6,6 fibre (8, 12, 

16% Vf) 

Epoxy resin 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

Elastic and short-term flexural 

modulus were increased by up to 

~50%; there was no deterioration in 

flexural benefits from viscoelastic 

fibre prestressing when subjected 

to accelerated aging to 100 years at 

20℃. 

2010 Fancey [5] 
Nylon 6,6 fibre (2-3% Vf) 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

Increase in impact energy 

absorption by ~30%; no significant 

decrease in impact benefits was 

detected through accelerated aging 

to 20 years at 40℃. 
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2012 
Cui et al 

[94] 

Bamboo slivers mixed 

with poplar veneer strands 

at weight ratio of 1:4 (75% 

Vf) 

Phenol formaldehyde resin 

Not 

provided 

Reinforced modulus of rupture and 

modulus of elasticity by 7.84% and 

11.76 respectively; flexural 

toughness was increased by 

27.55%. 

2013 
Fazal and 

Fancey [7] 

Nylon 6,6 fibre (3.3, 10.0, 

16.6% Vf) 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

Prestress benefits in impact 

properties depended mainly on 

shear stress-induced fibre-matrix 

debonding; i.e. the prestress benefit 

decreased with increasing Charpy 

test span. 

2013 
Fazal and 

Fancey [4] 

UHMWPE fibre (3.6 and 

7.2% Vf) 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

Increase in flexural modulus by up 

to 40%, and benefits showed no 

deterioration over ~2000 h in real 

time. 

2014 
Fazal and 

Fancey [8] 

Hybrid nylon 6,6 and 

Kevlar fibres (3.3% Vf in 

nylon and 1.2% Vf in 

Kevlar) 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

Absorbed impact energy was 

increased by up to 33% for nylon 

and Kevlar hybrid composite 

sample, and flexural modulus was 

increased by ~40%. 

2014 
Fazal and 

Fancey [3] 

UHMWPE fibre (3.6 and 

7.2% Vf) 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

Increase in impact absorbed energy 

by up to 40%; debonding at the 

skin-core interface within the fibres 

was observed as a significant 

energy absorbing factor. 

2015 
Fancey and 

Fazal [98] 

Nylon 6,6 fibre (2.2% Vf) 

Unsaturated polyester resin 

Vertical 

stretching 

rig 

Increase in impact energy was 

~40%; time-temperature boundary 

was extended to ~25 years at 50℃, 

and no deterioration in impact 

benefits was observed. 

2.6 PRESTRESS MECHANISMS 

Research into EPPMCs and VPPMCs has demonstrated enhanced mechanical 

performance of composites in tensile, flexural, and impact properties as discussed in 

Sections 2.4 and 2.5.  These investigations have led to proposed prestress mechanisms 

within a prestressed composite.  This section summarises these mechanisms.  The 

mechanical benefits from fibre prestressing effects being mainly attributed to  [5, 6]: (i) 

impeding crack propagation; (ii) attenuating dynamic overstress effects; (iii) effective and 

collective responses to external loads; (iv) promoting energy absorption through residual 

shear stresses. 
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(i) Impeding crack propagation 

For both EPPMCs and VPPMCs, fibre prestressing is considered to impart compressive 

stresses into the composites.  When the prestressed composite samples are subjected to 

mechanical testing, i.e. tensile [6] or flexural [57] or impact tests [11, 12, 56], the 

compressive stresses impede crack propagation, which results in delaying or preventing 

the formation of cracks within the samples, hence improving the mechanical properties.   

(ii) Attenuating dynamic overstress effects 

This mechanism was first proposed in Ref [53], and further considered by Pang and 

Fancey [5, 6].  Reinforcing fibres have a distribution of strengths.  When a non-

prestressed composite sample is under loading, stresses would concentrate on weaker 

fibres and further lead to fibre breakage.  This premature fibre breakage would release 

stored energy, generating a stress wave to propagate outwards.  Accumulation of the 

dynamic stresses results in overstressing of neighbouring fibres, which can promote 

fracture within the composite.  By subjecting the fibre to either elastic or viscoelastic 

prestressing, the induced compressive stresses may decrease stress wave propagation 

within the composite.  Hence, dynamic overstress effects could be attenuated, reducing 

the probability of collective fibre failure, and improving the mechanical properties. 

(iii) Effective and collective responses to external loads 

Fibre prestressing (either elastic or viscoelastic) results in taut and straightened fibre yarns 

within a prestressed composite.  Hence, responses from fibre yarns can be expected to be 

more effective and more collective when subjected to external loads.  This could 

contribute to improve the flexural modulus [57], tensile strength, and reduce sample 

displacement during the fibre fracture process [6].   

(iv) Promoting energy absorption through residual shear stresses 
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Impact tests on elastically and viscoelastically prestressed composites both showed the 

impact toughness was increased through de-bonding within the fibre-matrix interfaces [2, 

5, 7, 12, 56].  Residual stresses generated from prestressing are expected to make the 

fibre-matrix interface vulnerable to external loads.  Subjected to impact loads, fibre-

matrix debonding occurs in preference to breaking the fibres.  Fancey [5, 12] found that 

the prestress could reduce the shear stresses responsible for initial debonding.  Hence, 

debonding tends to be promoted over transverse fibre fracture. 

Though elastic fibre prestressing can provide similar mechanical property improvements 

to those offered by viscoelastic fibre prestressing, there are notable advantages to 

VPPMCs over EPPMCs [2, 6].  Since fibre prestressing and moulding processes are 

decoupled for VPPMC production, there is total flexibility in terms of product geometry 

[7]; however, to produce an EPPMC, the tension load needs to be maintained throughout 

the matrix curing process, which could restrict product geometry [2].  Also, equipment 

designs for simultaneously stretching and moulding can be technically challenging [17, 

71].  A further advantage is longevity aspect.  Although viscoelastic activity is 

temperature sensitive, by subjecting the nylon-based VPPMC samples to accelerated 

aging (time-temperature superposition), impact results have demonstrated that there is no 

deterioration in increased energy absorption over a duration equivalent to ~25 years at 

50°C [98].  Therefore, any potential prestress deterioration through localised matrix creep 

would be offset by activity from longer term viscoelastic recovery mechanisms within the 

polymeric fibres [2].  For EPPMCs however, elastically generated prestress would 

deteriorate with time due to localised matrix creep as proposed by Fancey [2, 49], and 

subsequently observed by Mostafa [88] through natural aging experiments.   

2.7 SEMI-CRYSTALLINE FIBRE 

MICROSTRUCTURES 

To produce VPPMCs with superior mechanical performance, fibre materials need to have 

appropriate viscoelastic properties.  Since most of the research into VPPMCs has 

involved using semi-crystalline fibres, i.e. nylon 6,6 and UHMWPE fibres (Section 
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2.5.1), it is vital to look into the microstructures of these types of fibre materials.  This 

section summarises the development of understanding semi-crystalline fibre 

microstructures, aiming to provide further insight into fibre microstructural deformation 

mechanisms. 

 

Figure 2-6 Schematic representation of highly ordered crystal and amorphous 

structures: (a) highly ordered crystal; (b) tangled amorphous; (c) 

lamellae; (d) spherulitic semi-crystalline structure. 

Semi-crystalline polymeric fibres are increasingly used in a wide range of structural 

applications subjected to thermal and mechanical loadings, thus it is essential to consider 

their microstructures.  Crystals are developed when molecules are arranged in a highly 

ordered microscopic structure or pattern as illustrated in Figure 2-6 (a).  Comparatively, 

if there is no order, the polymer chains form a large tangled mass and are commonly 

defined as being amorphous, as shown in Figure 2-6 (b).  The ordered chains within a 

crystal are not only folded as in Figure 2-6 (a), but also stacked to form lamellae as 

represented in Figure 2-6 (c).  However, only a few polymers can form purely crystalline 

(b) (a) 

(d) (c) 
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materials; most polymeric fibres are semi-crystalline polymers that consist of both 

crystalline and amorphous domains.   

With synthetic fibres, the initial material used to produce fibres consists of broad, thin 

crystalline lamellae as shown in Figure 2-6 (c), surrounded by amorphous layers.  The 

lamellae are developed from a central nucleus and are radially oriented, leading to the 

formation of spherulitic structures [100, 101] as exemplified in Figure 2-6 (d).  The 

drawing process could induce plastic deformation and structural changes in both 

crystallographic texture and morphology: Hiss et al [101] employed a video-controlled 

tensile testing machine to study the uniaxial drawing of polyethylene and ethylene-

vinylacetate copolymers, simultaneously.  The related texture changes were revealed 

through wide-angle X-ray diffraction (XRD) patterns.  Butler et al [102] investigated the 

plastic deformation of unoriented linear polyethylenes (PE) using the simultaneous small-

angle XRD (SAXD) and wide-angle XRD (WAXD) techniques.  They observed that the 

uniaxial tension during the cold-drawing process of high-density PE (HDPE), high 

molecular weight-HDPE (HMW-HDPE) and UHMWPE would gradually destroy the 

lamellae and form microfibrils.  A similar transition in fibre morphology was also 

reported by Bartczak et al [103].  They explored the deformational properties of linear 

HDPE in simple shear to large strains.  By using SAXD, WAXD and transmission 

electron microscopy, they found that the crystallographic deformation was active 

throughout the strain history; further deformation in bands could destroy the crystalline 

lamellae and form microfibrils at certain strain rate.   

Many studies have been carried out to investigate the interdependence of structure and 

properties from both academic and technological view-points [104-110].  Several 

microstructural models have been proposed to describe the morphological architecture of 

semi-crystalline fibres; however, two microfibrillar models have been commonly 

recognised to offer interpretations to link structure and properties: the two-phase 

microfibrillar model by Peterlin [105, 106, 108] and the three-phase ‘Swiss-cheese’ 

model by Prevorsek [104, 107].  The widely spread opinion is that the three-phase ‘Swiss-

cheese’ model is applicable in all cases of PA6 fibre, i.e. either in the case of high-tenacity 

PA6 or standard melt-spun processed PA6, in which, oriented amorphous interfibrillar 

phase controls the stiffness and tenacity [104, 111].   
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2.7.1 Two-phase microfibrillar model 

The microfibrillar model [105, 106, 108, 112] as illustrated in Figure 2-7 is a well-defined 

two-phase model, where crystallite and amorphous phases are arranged in series.  It is 

been used to describe and explain certain properties and modifications of polymeric fibres 

during mechanical processing or in manufacture.  Plastic deformation of semi-crystalline 

polymeric fibres undergoes three stages during the cold-drawing process [108]: (i) plastic 

deformation of the parallel lamellae structure of raw materials before the onset of necking; 

(ii) formation of micro-fibrils through micro-necking; (iii) plastic deformation of the fibre 

structure.  Most raw materials required to produce semi-crystalline fibres consist of stacks 

of parallel lamellae.  The rotation and sliding of lamellae cause phase changes and 

twinning of the crystal lattice.  Microfibrils of 100-300 Å in width are formed during 

drawing, which stack into small bundles of long, thin fibrils.  The chains bridging the 

gaps are partially unfolded as shown in Figure 2-7.  These are connected with microfibrils 

in the axial direction and develop into intrafibrillar tie molecules which are mostly located 

on the outside of microfibrils and are fully stretched and taut.  In accordance with 

intrafibrillar tie molecules, the intermicrofibrillar tie molecules between microfibrils form 

a layer to connect adjacent microfibrils.  Therefore, crystallites are connected by 

intramicrofibrillar tie molecules and form microfibrils; intermicrofibrillar tie molecules 

link the microfibrils, thus transforming the raw material into a continuous fibre structure.   

The microfibrillar model is well suited to explain the cold-drawing and necking process, 

e.g. for PE and polypropylene (PP), and it also applies (with some limitations) to hot 

drawing without a neck [108].  Appropriate explanations have been developed for the 

more-than-linear increase of elastic modulus with draw ratio, and it can be concluded that 

the best parameter for characterisation of the fibrous structure is the fraction, orientation, 

and tautness of (both intra and inter) tie molecules [105]. 
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Figure 2-7 Schematic representation of the microfibrillar model for the fibre 

structure: A is interfibrillar tie molecule; B is intrafibrillar tie 

molecule; the fibre axis is vertical.  Redrawn from [108]. 

2.7.2 Three-phase ‘Swiss-cheese’ model 

Unlike the microfibrillar model described above, the ‘Swiss-cheese’ model [104, 107] is 

based on three phases, i.e. the crystalline phase, isotropic amorphous phase and oriented 

amorphous interfibrillar phase as represented in Figure 2-8.  It is mainly established to 

explain the properties of polyamide (PA) and polyethylene terephthalate (PET) fibres 

[104].  Similar to the microfibrillar model, the cold-drawing process would also transfer 

the initial structure into a microfibrillar structure; however, intrafibrillar tie molecules are 

distributed more or less uniformly inside microfibrils.  Crystalline microfibrils are 

surrounded by amorphous domains, and comparatively larger amounts of interfibrillar tie 

molecules in the amorphous region are stretched during the drawing process, to become 

oriented taut-tie molecules (TTMs) and these form the third phase; i.e. the oriented 

amorphous regions which control the mechanical properties of polymeric fibres [104, 

111].   
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Figure 2-8 Schematic representation of ‘Swiss-cheese’ model of the fibre 

structure.  Crystallites are periodically arranged to form 

microfibrils and are surrounded by the amorphous phase.  

Redrawn from [107]. 

The two-phase microfibrillar model (Section 2.7.1) was developed from the 

investigations of drawing PE and PP [108], and not suited to PA and PET fibres; however, 

the Swiss-cheese model is well developed to be capable of these [107].  The major 

difference between the Swiss-cheese model and the microfibrillar model is the 

interpretation regarding the role played by the microfibril structure and the matrix in 

determining the fibre mechanical properties.  Certainly the microstructure is not limited 

to current models and there is a need for further development. 

2.7.3 Viscoelastic deformation 

As stated above, the mechanical properties of semi-crystalline polymeric fibres depend 

not only on their chemical composition, but also on the fibre forming process.  For a semi-
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crystalline polymer, the instantaneous response to an external mechanical loading, as well 

as its load-bearing ability, is mainly determined by the crystallised chains; while time-

dependent effects such as the development of viscoelastic strains are caused by the 

amorphous regions [113].  The time-dependent viscoelastic behaviour can be represented 

by a simple mechanical spring-dashpot model as schematically shown in Figure 2-9; 

however, deformation behaviour of the real fibre material may consist of a number of 

spring-dashpot elements connected in series with a broad distribution of spring stiffnesses 

and dashpot viscosities [97, 114].   

 

Figure 2-9 Schematic representation of a mechanical spring-dashpot model: 

(a) deformation under tensile loading; (b) recovery following load 

removal. 

When subject to a tensile stress (below the ultimate tensile stress), as shown in Figure 2-9 

(a), the spring with stiffness E1 represents elastic deformation that occurs in the crystalline 

regions, and recovers instantaneously following load removal in Figure 2-9 (b).  The 

stability of the crystallites under mechanical loading is determined by intermolecular 

forces and degrees of orientation [110].  The spring with stiffness E2 together with the 

dashpot with viscosity η1 connected in parallel, represent the time-dependent deformation 

behaviour.  The deformation of this unit is usually accompanied with extensive molecular 

rearrangement [114].  The dashpot designated η2 represents viscous flow, which is non-
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recoverable after load removal; this may be due to the displacements (jumps) of molecules 

under loading [97].   

2.8 MORPHING STRUCTURES 

Since VPPMC technology offers the capability for producing morphing structures, this 

section reviews the development of morphing composites.  Morphing technology have 

received increasing interest in recent years in aircraft aerofoils [115-117], automobile 

structures [118], and wind turbine blades [119].  Morphing structures can provide several 

benefits over conventional mechanical approaches in terms of cost, aerodynamic 

efficiency, complexity, weight and shape adaptivity.  Morphing structures generated from 

utilising the deformation of PMCs have been developed since the 1980s [69, 120, 121].  

Similar to smart materials, they are able to change shape due to external stimulation, i.e. 

piezoelectric patches [122], piezocomposite actuators [123] or pressure [71, 124].   

To date, morphing composite structures have been generally produced through: (i) 

thermally induced un-symmetric laminates and (ii) elastic fibre prestress-induced 

symmetric laminates.  For (i) extensive research has been carried out by many 

investigators (Section 2.8.1), and it was found that the residual stresses generated from 

thermal expansion mismatch could be expected.  For (ii), the method for utilising prestress 

has received progressive interest.   

2.8.1 Un-symmetric morphing structures 

It is known that un-symmetric laminates exhibit twisted or deformed shapes.  This 

deformation is due to the mismatch in thermal expansion coefficients of the reinforcement 

fibre (αf) and matrix materials (αm).  Substantial thermal residual stresses can be 

developed within continuous-fibre reinforced polymeric matrix composite laminates 

during cool-down from curing process (Section 2.3).  These effects can lead to laminate 

warping, buckling or matrix cracking, depending on the fibre and matrix combination and 

laminate stacking sequence used [40].  For many years, these deformed shapes were 
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regarded as undesirable, and were often compensated by adding extra layers to make the 

laminate symmetrical [121, 125].  More recently (since the 1980s), these properties have 

been exploited to create the deflections for morphing structures [69, 121, 126, 127]. 

Thermal residual stresses within un-symmetric laminates have been widely studied during 

the past few decades [69, 120, 121, 125-133].  Here, geometrical non-linearity and 

residual stresses can be exploited to generate large out-of-plane displacements to give 

bistable or multistable behaviour [118, 120, 121].  It is well-known that the response of 

composite laminates can be analysed using classical lamination theory (CLT), which is 

based on several assumptions: 

(i) The displacements are continuous throughout the laminates; 

(ii) The Kirchhoff hypothesis is assumed to be valid; 

(iii) The strain-displacement relationship is linear; 

(iv) The material is linearly elastic; 

(v) The through-the-thickness stresses are small in comparison to the in-plane 

stresses. 

CLT theory integrates constitutive equations through the thickness of the laminate to give 

overall properties defined by in-plane, coupling, and flexural stiffness matrices.  It is 

capable of accurately predicting static deflections, natural vibration frequencies and mode 

shapes, buckling loads and mode shapes, and thermal expansion coefficients of laminates.  

However, there are situations when CLT fails to present the correct materials behaviour.  

As for all un-symmetric laminates, CLT predicts their room temperature shapes to be an 

unstable saddle shape [23, 69, 121] as shown in Figure 2-10 (b); while Hyer [121] 

observed from experiments that some un-symmetric laminates exhibited two stable room-

temperature configurations which were both cylindrical and possessed a ‘snap-through’ 

phenomenon; i.e. a loading force could make it ‘snap’ from one stable cylindrical shape 

to another.  Hyer [69] pointed out that there are two limitations to the CLT which result 

in its failure to predict the correct answer: 

(i) Inability to predict the response of thicker laminates; 

(ii) Inability to explain the behaviour of laminates near edges. 
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For (i), Whitney et al [134, 135] performed corrections to the CLT and satisfactory results 

were then obtained for thicker laminates; Hyer [121] found that 100 × 100 mm and 150 

× 150 mm [02/902]T graphite/epoxy laminates produced cylindrical shapes at room 

temperature.   

 

Figure 2-10 Basic shapes of laminates: (a) reference state at stress-free 

temperature; (b) a saddle shape at room temperature; (c) a 

cylindrical shape with curvature in y-direction; (d) alternative 

cylindrical shape with curvature in x-direction. 

For (ii), which is known as the free-edge effect, has been observed and investigated by 

many researchers during the past few decades.  There have been numerous studies to 

analyse the highly concentrated inter-laminar stresses near and at the free edges of 

composite laminates both experimentally and numerically.  Since these have been fully 

reviewed by Mittelstedt and Becker [136, 137], Kant and Swaminathan [138], it is not 

elaborated in this section.   

(a) (b) 

(c) (d) z 

z 

y 

y 

x 

x 

z 

z 

y 

y 

x 

x 



Chapter 2 

General literature review 

 

43 

 

Hyer [69] made the first attempt to model the un-symmetric laminate behaviour.  Since a 

uncured prepreg laminate is flat at the elevated curing temperature as illustrated in Figure 

2-10 (a), it was assumed that during the cooling process, the out-of-plane deflection 

developed only from the differences in thermal expansion of the individual lamina.  Upon 

cooling, the laminate deformed into either a saddle shape or a cylindrical shape as shown 

in Figure 2-10 (b), (c) and (d).  The actual shape depended on the minimum of the total 

potential energy.  Since geometric non-linearity was essential for out-of-plane deflection 

development, the following strain-displacement relationships were extended from the 

CLT: 
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where, 𝜀𝑥
0 , 𝜀𝑦

0 , 𝜀𝑥𝑦
0  are midplane strains; 𝑢0 , 𝑣0  and w are the laminate mid-plane 

displacements in the x-, y- and z-directions, respectively. 

Then the approximate solution for the laminate midplane displacements were obtained 

based on two assumptions: (i) the midplane elongation strains do not vary significantly 

from the linear prediction, i.e. 𝜀𝑥
0 and 𝜀𝑦

0 are independent of x and y, respectively; (ii) the 

mid-plane shear strain is negligible, i.e. 𝜀𝑥𝑦
0 = 0.  Thus: 

 𝑢0(𝑥, 𝑦) = 𝑐𝑥 −
𝑎2𝑥3

6
−

𝑎𝑏𝑥𝑦4

4
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 𝑣0(𝑥, 𝑦) = 𝑑𝑦 −
𝑏2𝑦3

6
−

𝑎𝑏𝑥2𝑦

4
 (2-17) 

 𝑤(𝑥, 𝑦) =
1

2
(𝑎𝑥2 + 𝑏𝑦2) (2-18) 

in which, a, b, c, and d are constants. 

From Equations 2-16 to 2-18, the saddle shape, as in Figure 2-10 (b), can be obtained 

when 𝑎 = −𝑏, conforming to the CLT; and either of the two cylindrical shapes can be 

produced as 𝑎 ≠ 0 and 𝑏 = 0, in Figure 2-10 (c), or 𝑎 = 0 and 𝑏 ≠ 0 in Figure 2-10 (d).  

This theory successfully predicted the disappearance of the saddle shape, and the two 

stable equilibrium states observed from graphite-epoxy thin [0n/90n]T un-symmetric 

laminates [69, 120, 121], but clearly there needs to be more experimental work.  However, 

since the above theory is based on one-term Rayleigh-Ritz solution, it is over-constrained.  

Thus Hyer [120] developed it further by considering more stacking sequences on four-

ply un-symmetric laminates. 

It was also noticed by investigators that there is a size effect in un-symmetric laminates, 

as described by Hyer [121].  The thickness-to-length ratio and width-to-length ratios of 

the laminate govern whether the laminate would be cured into a saddle shape or a 

cylindrical shape.  Figure 2-11 shows the edge length to thickness ratio effect on the 

room-temperature shapes of un-symmetric laminates.  As the ratio moves along segment 

AB, the room-temperature shapes of the laminates are predicted to form a saddle, and the 

curvatures become smaller.  When it reaches the critical value rc, there is a bifurcation 

point B.  Beyond this point, the laminates follow three possible shapes, as denoted by BC, 

BD and BE.  BC represents a continuation of the saddle shape which is unstable; BD and 

BE correspond to a stable cylindrical shape in x- and y-direction, respectively.   
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Figure 2-11 Size effect on the room-temperature shapes of un-symmetric 

laminates. 

As demonstrated in Figure 2-11, the amount of curvature gives a non-linear function with 

the aspect ratio.  A similar trend was also demonstrated by Hufenbach et al [132].  They 

considered the effect of edge length on the curvature of CFRP and GFRP based 

multistable un-symmetric laminates.  An optimisation procedure was developed to 

determine the stable stationary points of the strain energy.  The bifurcation point 

analogous to point B in Figure 2-11 was also demonstrated, this being a critical edge 

length to indicate the possibility of bistability for a given laminate. 

Gigliotti et al [133] investigated the bifurcation point of thin [0/90] unsymmetric 

composite laminates using the finite element analysis method.  The length-to-width aspect 

ratio was found to be crucial in determining the existence and stability of the cylindrical 

shapes.  Their observations were based on the following non-dimensional quantities: 
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 𝑎∗ =
𝑎𝐿2

𝑡
 ,              𝑏∗ =

𝑏𝐿2

𝑡
 ,              𝐿∗ =

𝛼𝛥𝑇𝐿2

𝑡2
 (2-19) 

where, a* and b* are the non-dimensional curvatures; L is the edge length of the square 

laminates; L* is the non-dimensional edge length; t is the single ply thickness; α is the 

difference between the transverse and longitudinal coefficients of thermal expansion.  

Then the following relationships regarding to the bifurcation point were established 

through the predictions from ABAQUS and Rayleigh-Ritz models: 

 

                                       constant = 𝐿𝐴
∗ (𝑡0/𝑡90)3                              (i) 

                                       constant = 𝐿∗/(𝐴𝑅tr)                                (ii) 

(2-20) 

where, 𝐿𝐴
∗  is the minimum edge length for a square laminate with aspect ratio of t0/t90 to 

behave with bistability; ARtr is the aspect ratio at the bifurcation point.  Equation 2-20 (i) 

shows that the critical edge length for bistability of square laminate decreases as the ratio 

of ply thicknesses increases.  Equation 2-20 (ii) allows the establishment of transition 

from saddle to stable cylindrical shapes from known reference values.  Experimental 

investigation in Ref [133] was also conducted on rectangular laminates with an aspect 

ratio of 10, and good agreement with numerical simulations was found. 

2.8.2 Symmetric morphing structures 

As discussed above, morphing structures generated from thermal residual stress within 

the composite have been mainly [0n/90n] un-symmetric laminates since the 1980s; 

however, the technique to produce symmetric laminates are comparatively new and have 

been developed since 2004.  Here, Potter et al realised the morphing laminates do not 

necessarily need to be un-symmetric [71, 131].  By inserting narrower 90˚ carbon fibre 
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prepreg into 0˚ unidirectional glass fibre prepreg, a multistable structure was derived with 

symmetric layup across the mid-plane.  The interaction from different thermal expansion 

responses during the curing process generated out-of-plane distortion, and the laminate 

exhibited four stable states with the snap-through phenomenon.  As investigated by Tuttle 

[48], prestressing fibres could generate compressive stresses within the composite and 

induce out-of-plane deflections.  This was investigated further by Potter et al [131] and 

Daynes et al [70, 71].  They reported that independent control of elastic prestress levels 

from different directions of unidirectional fibre layers could produce bistable or multi-

stable structures.  To adopt elastic fibre prestressing into the production of symmetric 

bistable laminates, they applied prestrain to selected fibres from outside 0˚ fibre layer for 

both CFRP and GFRP [0/90/90/0] laminates prior to resin curing.  It was found that 

bistability could be achieved by careful manipulation of fibre prestressing along the 

width.  Numerical analysis showed that the lowest critical buckling prestress occurred 

when the width ratio b1/b was in the region of 0.5-0.8 for 0.15% prestrained CFRP and 

0.40% prestrained GFRP laminates, which correlated well with experimental results [70]. 

Later, Daynes et al [71] applied the prestressing to selected fibre plies prior to resin curing 

and produced prestressed symmetric laminates.  The layup of laminates included 

[0P/90/90P/0]T and [0P/90/90/90P/90P/0]T, with superscript P referring to prestressing in 

fibres.  Bistability was derived from geometrically un-symmetric fibre prestressing.  

Finite element results indicated that abilities for larger load-carrying capability and 

tailored snap-through loads and curvatures could be achieved.  Lachenal et al [72] 

investigated the application of prestressed composites on twisting structures.  A bistable 

twisting I-beam was produced by combining two prestressed CFRP flanges on GFRP web 

geometry.  Prestress was achieved by flattening the curved flanges.  It could snap-through 

from one stable shape to another when an external moment was applied, and demonstrated 

a non-linear torsional stiffness relationship with twist angle.  Similar structures were 

reported in Ref [73], to produce a multistable twisting structure.   

Morphing structures utilising elastic fibre prestressing offer benefits over those exploiting 

residual thermal stresses.  These include: (i) since residual stresses are induced by thermal 

curing of the matrix, thermal stresses generated in morphing structures can be highly 

susceptible to hygrothermal variability [132, 133, 139-141], while this has very limited 
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effects on elastically prestressed morphing composites [70, 71]; (ii) residual thermal 

stresses generated in laminates possess low snap-through loads [130], but snap-through 

loads and curvatures of prestressed symmetric laminates can be designed from 

independent control of prestress levels within unidirectional composites, which make it 

possible for them to sustain significant external loading [71].   
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Chapter 3 MATERIALS, EVALUATION PRINCIPLES AND EXPERIMENTAL PROCEDURES 

MATERIALS, EVALUATION PRINCIPLES 

AND EXPERIMENTAL PROCEDURES 

 

SUMMARY 

This chapter presents an overview of materials and evaluation techniques involved 

in this research.  General information on the fibre and matrix materials used in this 

work is given.  To facilitate understanding of the thesis, a summary of the basic 

principles and theoretical analysis involved in later chapters is also provided.  

Experimental procedures and evaluation techniques are provided in terms of (i) fibre 

processing and (ii) composite production.  For (i), the fibres were subjected to 

annealing first, and their viscoelastic characteristics were evaluated through 

measurement of creep, recovery, and recovery force.  Additionally, details on fibre 

analysis methods using scanning electron microscopy and X-ray diffraction are 

given, to provide information at the microstructural level.  For (ii), composite 

production procedures are described, followed by mechanical evaluation methods; 

i.e. Charpy impact testing and the three-point bending test; optical microscopy was 

used to evaluate the fibre distribution within a composite.   
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3.1 MATERIALS 

3.1.1 Nylon 6,6 fibre 

Nylon (polyamide) 6,6 is synthesised through the polycondensation of hexamethylene 

diamine and adipic acid.  This was pioneered by Carothers in the early 1930s [142].  The 

formula and repeating unit are shown in Figure 3-1.  The repeat distance for nylon 6,6 

along the fibre axis gives approximiately 17.2 Å [143].  Inter-chain hydrogen bonds 

between the C=O groups of one molecule and the N-H groups of the adjacent chain gives 

nylon 6,6 a relatively high melting temperature of 265˚C [144].  It also has a high water 

absorption capacity, which can significantly affect other physical and mechanical 

properties.  Today it has attained considerable commercial importance, particular in fibre 

form, and has already been used in a wide range of industrial applications. 

 

Figure 3-1 Formula to produce nylon 6,6 and its repeating unit. 

Nylon 6,6 fibre is a semi-crystalline multi-filament polymeric fibre with crystalline 

domains, isotropic amorphous regions, and oriented amorphous regions [111].  The 

filaments are melt spun through spinnerets and orientation occurs during the cold-drawing 

process.  The drawn filaments have a density of 1.14 g/cm3, a moderately high degree of 

elasticity, and a high moisture absorption capability (8 wt% equilibrium) [142, 145].  The 

crystal structure results from the conformation of the macromolecules and their lateral 

packing.  Appropriate distances are maintained due to the intermolecular forces, i.e. 

hydrogen and van der Waals bonds [146].  The amide group in the repeating unit provides 

intermolecular hydrogen bonding between polyamide chains as illustrated in Figure 3-2.  

Adjacent molecule chains are then linked to form sheets.  Simple stacking of these sheets 

control the size and shape of the crystal unit cell, which are connected through van der 
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Waals interactions.  This ensures the nylon 6,6 has high strength, low friction coefficient, 

and good chemical and abrasion resistance.  Details of the crystalline structure within 

nylon 6,6 fibre are discussed further in Section 3.2.4. 

 

Figure 3-2 Schematic representation of micro-structures of nylon 6,6 fibre and 

intermolecular hydrogen bonding formed between carbonyl 

oxygen and amide hydrogen within the polyamide chains. 

In this study, a continuous untwisted multifilament nylon 6,6 yarn supplied by an 

industrial supplier, i.e. Ogden Fibres Ltd, UK, was used.  Nylon fibre used in previous 

work, was supplied by Goodfellow Cambridge Ltd., UK [1, 2, 5-7, 10, 98, 99].  Though 

they were both specified to be 94 tex yarn, with 140 filaments of 26 µm filament diameter, 

the evaluation of the new fibre, compared to the previously used material was required to 

determine possible differences in physical and mechanical properties.  This is presented 

in Chapter 4, using various techniques outlined in Section 3.4. 

3.1.2 Unsaturated polyester resin 

Polyester resins are one of the most versatile synthetic copolymers [147].  They have 

received significant attention since they were synthesised by Carothers [148] through his 

study on step-growth polymerizations in 1929.  Today, thermosetting polyester products 

have been widely used for commercial and industrial purposes.  The term ‘polyester resin’ 

is applied to the condensation reaction products of diacids and diols; i.e. the esterification 

reaction between COOH and OH groups to form the carboxylate ester functional group.  
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The choice of raw material available to formulate polyester resins is vast and determines 

the final cured properties of the material.  Thus polyester resins can be tailored to suit a 

wide variety of structural applications [149].  This versatility depends upon the structure 

of diacids, diols, cross-linking agents, initiators and other additives.  These can influence 

resin properties such as weather resistance and ultraviolet (UV) aging.  From this point 

of view, polyester resins can be characterised as either ‘saturated polyester resin’, 

synthesised from saturated monomers or ‘unsaturated polyester resin’.  The latter has an 

unsaturated component in the macromolecules which enables further reaction. 

Unsaturated polyester resin (UPS) is one of the most commonly used thermosetting 

resins.  It is generally used as solutions with additives, such as poly-functional monomers 

or oligomers, and cross-linking agents (e.g. styrene) to reduce viscosity of the resin to 

facilitate the moulding process.  The styrene also performs a vital function, as it serves as 

a co-monomer, capable of reacting with the polymer chains.  The curing process of the 

liquid UPS is induced through addition of suitable initiators (also known as catalysts) 

which are generally organic peroxides, such as benzoyl peroxide (BPO) or methyl ethyl 

ketone peroxide (MEKP).  These compounds can decompose into free radicals under 

appropriate conditions (heating, UV radiation).  At the initial curing stage, the free 

radicals start to act on the unsaturated bonds of monomer molecular chains, which in turn 

produce more radicals.  The reaction at the initial stage occurs slowly, the resin system 

maintains low viscosity, allowing good flow and impregnation for the moulding process.  

Further reaction between monomers release heat, which accelerates the movement of free 

radicals, propagating a chain reaction of the resin system.  Meanwhile, the branching and 

cross-linking reactions between styrene and polyester chains produce a three-dimensional 

network of covalently bonded chains, which are insoluble and infusible [38].  Depending 

on the stability and structure of the unsaturated bonds of the raw materials, the resin can 

be cured within a time frame ranging from less than a minute to the order of an hour. 

Figure 3-3 schematically represents the cross-linking between styrene and the strictly 

alternating polyester chains.  Cross-linking imparts the resin rigidity, high strength, 

solvent resistance, good thermal and oxidative stability.  The cured resin properties are 

directly related to the cross-link density (vc) and the chain molecular weight between 

cross-links (Mc) [38].  A higher vc value results in a greater matrix rigidity or higher elastic 
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modulus, while an increase in the Mc value would provide better impact resistance, and 

superior fracture toughness. 

 

Figure 3-3 Schematic representation of cross-linking reaction within a resin 

curing system.  A and B are repeating units within an unsaturated 

polyester resin; S is a cross-linking agent, e.g. styrene. 

As UPS has been the most common resin used in VPPMC studies, the matrix materials 

involved in this research also fall into this category.  Due to resin supply problems, an 

alternative resin had to be selected for the future investigations.  This is covered in 

Chapter 4.   

3.2 FIBRE EVALUATION PRINCIPLES 

To better understand prestress characteristics within a prestressed composite, the 

viscoelastic behaviour of annealed polymeric fibre was investigated through 

measurement of creep strain, recovery strain, and viscoelastic recovery force.  Detailed 

investigations on creep and recovery behaviour of nylon 6,6 fibres under various creep 

conditions are presented in Chapters 5 and 6.  The loading period varied from tens of 

minutes to 24 h for different objectives.  This section summarises the basic principles and 

theoretical analysis of the adopted evaluation methods.   
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3.2.1 Annealing effect on nylon 6,6 fibre 

Thermomechanical history can influence the ability of polymeric materials to undergo 

plastic deformation.  Annealing effects on polymers, such as nylon, have been previously 

reported [105, 144, 150-156].  The annealing process can perfect the crystal structure, 

increase boundary definition between crystals and amorphous regions [152], increase the 

number of regular chain folds [150, 151], and cause molecular relaxation in amorphous 

regions [105] which often leads to sample shrinkage.  At a microstructural level, it has 

been recognised that for polymeric materials, there is chain rearrangement due to 

hydrogen bond rupture, which is subject to elevated thermal effects, and relaxation of the 

load bearing TTMs (Section 2.7.2).  More significantly, chain motion in amorphous 

regions produce chain folding or recrystallization, leading to further increases in 

crystallinity.  Owing to the contribution from shrinkage to chain relaxation, molecular 

level changes are maximized when the fibre is free, and minimized when the fibre is 

constrained [144, 151]. 

For nylon 6,6, it is known that heating causes recrystallization in localized areas within 

the fibre [105, 150, 151].  Dismore and Statton [150] proposed a model to interpret the 

annealing effect on this fibre material.  As shown in Figure 3-4 (a), the oriented molecules 

in a drawn fibre are highly extended and essentially parallel to each other, with 

comparatively few chain folds.  These molecules are connected with a distribution of 

intermolecular bond energies through hydrogen or van der Waals bonding.  When subject 

to heating, the intermolecular bonds, with relatively low energy, break or ‘melt’.  This 

makes the molecular chains free to move and become randomised.  The molecular 

mobility enables chain folding, as illustrated in Figure 3-4 (b), leading to an increase in 

crystallinity.  The remaining un-melted intermolecular bonds maintain fibre orientation.  

Chain folding after annealing results in fewer TTMs to carry loads which in turn, may 

cause premature breakage of fibres [150].  Matsuoka [154] found the excess entropy 

would decrease when a polymeric solid is annealed; i.e. the potential energy of the 

structure is reduced further.  They also suggested that a well-annealed sample tended to 

be stiffer and more brittle.  Research on annealing of drawn nylon 6,6 fibre from 

Dumbleton and Buchanan [153] agreed generally with the findings Dismore and Statton 

[150] as represented in Figure 3-4.  The main difference was the observation of 
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disorientation at higher annealing temperatures, which may be caused by the relaxation 

of molecular chains in non-crystalline regions within the fibre.  Similar conclusions were 

also obtained by Statton [151] through SAXD and WAXD.  Higher temperature annealing 

of drawn nylon 6,6 fibre would cause increases in local ordering, number of regular chain 

folds, fraction of movable molecular chains, and recrystallization in localised areas. 

 

Figure 3-4 Schematic representation of annealing effect on molecular 

structure in oriented nylon 6,6 fibre: (a) oriented molecules; (b) 

molecular chain folding after annealing.  The dots represent a 

polymer repeat period or some of the hydrogen bond positions.  

Redrawn from [150]. 

As pointed out by Peterlin [105], the relaxation of molecules, especially the oriented 

TTMs, may be detrimental to the mechanical properties of polymers.  Since crystal and 

isotropic amorphous regions are connected through oriented amorphous chains, the 

slackened TTM chains are unable to efficiently transmit axial forces between crystallites 

through the intervening amorphous layers, which in turn could reduce the elastic modulus 

of some polymers, i.e. PE [157].  Therefore, the balance of molecular relaxation and 

recrystallization on material properties should be considered during annealing.  Babatope 

and Isaac [144] suggested that for nylon 6,6, the optimisation of chain packing and 

reduced randomisation in the amorphous phase was reached at an annealing temperature 

of 150˚C.  Above this temperature, a non-uniform weakening due to thermal fluctuation 

and chain degradation occurred.  Their experiments on annealing of unconstrained nylon 

(a) (b) 
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have shown that up to the annealing temperature of 150˚C, tensile modulus, and to a lesser 

extent, the yield strength, increase with annealing time. 

Investigations into the viscoelastic recovery of nylon 6,6 yarn have shown that a higher 

residual strain is observed in the annealed yarn, compared to the non-annealed fibre in 

terms of both creep and recovery [2, 11].  The ability to store more mechanical energy 

through viscoelasticity from fibre stretching is an important issue.  Therefore, by 

considering the above points, unconstrained annealing of nylon 6,6 fibre at 150°C for 0.5 

h was conducted in this research, to obtain long-term viscoelastic recovery and remove 

manufacturing-induced residual stresses [5, 10, 144]. 

3.2.2 Creep and recovery 

When a polymeric fibre is subjected to a creep load, the material will undergo both elastic 

and plastic deformation.  Conventionally, the viscoelastic component of creep and 

recovery can be represented by a number of Voigt elements connected in series [18].  

Figure 3-5 schematically shows the strain-time characteristics of a polymeric creep-

recovery cycle, with time-dependent components represented by functions based on the 

Weibull or Kohlrausch-Williams-Watts function [96].  For creep, ctot(t) is the total strain 

at time t, under an applied constant stress and it can be represented by: 

 𝜀ctot(𝑡) = 𝜀i + 𝜀c [1 − exp (− (
𝑡

𝜂c
)

𝛽c

)] (3-1) 

here, i is the instantaneous strain from initial application of the stress which is 

independent of time; c function is the time dependent creep strain where ηc is the 

characteristic life and βc is the shape parameter.  Following removal of the creep load, the 

elastic deformation is (effectively) recovered, as represented by e in Figure 3-5, and the 

remaining recovery strain rvis(t) is: 
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 𝜀rvis(𝑡) = 𝜀r [exp (− (
𝑡

𝜂r
)

𝛽r

)] +𝜀f (3-2) 

The r function is the time dependent recovery strain with ηr and βr being the Weibull 

parameters analogous to those in Equation 3-1.  The (non-recoverable) strain from viscous 

flow is represented by f in Figure 3-5. 

 

Figure 3-5 Schematic of the polymeric fibre creep-recovery strain cycle. 

3.2.3 Recovery force 

The viscoelastic recovery, following creep load removal, should be capable of producing 

a force.  By fixing the yarn at a constant strain, the continuing contraction effect from the 

fibres will generate a force [99].  Figure 3-6 shows schematically, the recovery force-time 

characteristics generated from a creep-recovery test cycle.  As discussed in Section 3.2.2, 

the elastic recovery is recovered instantaneously after creep load removal.  Since 

viscoelastic recovery is time dependent, the stress generated from viscoelastic recovery 

follows [99]: 
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 𝜎(𝑡) = 𝜎v [exp (− (
𝛥𝑡

𝜂
)

𝛽

) − exp (− (
𝑡

𝜂
)

𝛽

)] (3-3) 

where, the σv function represents time-dependent viscoelastically generated stress, as 

determined by the characteristic life η and shape β parameters; Δt is the time delay 

between releasing the load and the start of force measurement, as shown in Figure 3-6.  It 

should be noted that the yarn is in a loose state during Δt. 

 

Figure 3-6 Schematic representation of the polymeric fibre recovery force-

time characteristics generated from a creep-recovery cycle. 

3.2.4 X-ray diffraction 

3.2.4.1 Brief history and principle 

In 1895, Wilhelm Röntgen discovered X-rays.  At a time when Röntgen was investigating 

the range of cathode rays in air from different types of evacuated glass tubes, he noticed 

that while the rays were being produced, a screen coated in fluorescent barium 

platinocyanide would glow.  As the screen was too far from the tube to be affected by the 

cathode rays, he assumed there were unknown rays being emitted from the walls of the 
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tube which resulted in them being named as X-rays.  In 1912, Max von Laue proposed 

the hypothesis that crystalline substances act as 3D diffraction gratings for X-rays, based 

on following assumptions: (i) the atomic lattice of a crystal is regular and periodic; (ii) 

X-rays are electromagnetic radiation; (iii) the interatomic distances of a crystal are the 

same order of magnitude as X-rays.  Laue’s prediction was confirmed by Walter Friedrich 

and Paul Knipping.  They successfully photographed the X-ray diffraction pattern of 

crystalline CuSO4⋅5H2O.  After the discovery of the diffraction of X-rays by crystals in 

1912, William L. Bragg [158, 159] developed Bragg’s law, which relates the wavelength 

of X-rays to the glancing angle of reflection.  The birth of X-ray diffraction (XRD), was 

in 1913; William H. Bragg built the first X-ray spectrometer, which was used to study X-

ray spectral distributions. 

 

Figure 3-7 Schematic representation of experimental set-up for X-ray 

diffraction. 

The commonly used source of X-rays in an XRD instrument is the X-ray tube as 

illustrated in Figure 3-7.  A bias voltage of 30-50 kV is applied between the filament and 

metallic target in an evacuated X-ray tube, causing electrons emitted from the filament to 

collide with the metallic target at a high speed and radiate X-rays.  The wavelengths of 

the X-rays are about 0.5-2.5 Å, and depends on the metallic target material.  The most 

commonly used metal is copper, which can emit strong X-rays with a wavelength of 1.54 

Å.  A crystalline solid can be considered as a series of planes with an equal inter-planar 

distance d, as shown in Figure 3-8.  Diffraction occurs when the X-ray beam (with a 

wavelength of λ) strikes the surface of a crystal.  As the X-ray beam line (Y, Z) hits the 
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surface of the crystal at an angle θ, some of the beam is diffracted away at the same angle 

(Y΄), some travels into the crystal and interacts with the second plane (Z΄), and the 

remainder travels deeper into the crystal.  This process is repeated at many planes in the 

solid material.  The diffracted X-rays (Y΄, Z΄) travel different path lengths, so that when 

they meet in the detector (Figure 3-7), there will be constructive and destructive 

interference.  The constructive interference only occurs if the path length difference 

(EF+EH) is equal to an integer number n of X-ray wavelengths; in this case: 

 2𝑑 sin 𝜃 = 𝑛𝜆 (3-4) 

The above equation is known as Bragg’s law [160, 161].  With semi-crystalline materials, 

the X-rays will be scattered in certain directions when they hit the lattice planes, and form 

high intensity diffraction peaks.  For amorphous regions, X-rays will be scattered in many 

directions and develop into a continuum distributed over a wide range of detector 

positions.  Moreover, the internal stress in a crystal and its composition variation can shift 

diffraction peaks due to changes in inter-planar distances [161].  Therefore, the resulting 

diffraction patterns can be used to characterise the crystal structure, crystal size, degree 

of crystallinity, orientation, internal stress and composition. 

 

Figure 3-8 Incident X-ray striking a periodic crystalline solid, as represented 

by a series of planes with an equal inter-planar distance d. 
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3.2.4.2 Phase identification of nylon 6,6 fibre 

Semicrystalline nylon has a spherulitic structure at room temperature, as proposed by 

Bunn and Garner [143].  Two forms of α and β triclinic crystals are oriented in nylon 6,6, 

and their dimensions are listed in Table 3-1.  The α form of unit cell contains one well-

extended chemical repeat unit; while the β form has a two-molecule triclinic cell.  Figure 

3-9 shows the schematic representation of the triclinic unit cell and the two crystal forms.  

The main difference between the two crystals is that successive layers within the α-form 

crystal are displaced in the same direction by a fixed distance; whereas in the β form, 

adjacent layers are displaced alternately up and down by the same distance.  The α-

crystals give reflections from (hk0) planes, and the spots from β-crystals have (usually 

with small proportion) low intensities corresponding to (00l) crystalline planes [162].  In 

addition to the equilibrium of α and β crystals phases, a pseudohexagonal γ phase was 

also observed by Brill [163], which occurs at elevated temperature.  As a nylon 6,6 sample 

is heated, the α and β crystal unit cells gradually merge and transfer into the γ phase, 

which occurs at the Brill transition temperature.  The Brill transition in nylon 6,6 has been 

intensively investigated in Refs [164-169].  The transformation between the phases may 

occur upon drawing of nylon, annealing [151], hydration [170], and under mechanical 

stresses [171].  Therefore, a particular nylon 6,6 XRD pattern may reveal partial levels of 

the α, β, γ phases, depending on the conformation and packing of the polymer chains 

during crystallization [172]. 

 

Figure 3-9 Schematic representation of crystal phase structures for: (a) basic 

triclinic unit cell; (b) α-crystal; (c) β-crystal.  Solid lines in (b) and 

(c) represent sheets of molecules seen from an edgewise view. 
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Table 3-1 Crystal phase unit cells and dimensions for nylon 6,6 fibre.  Note c 

is along the fibre axis.  Data from [143]. 

Phase Unit cell a (Å) b (Å) c (Å) α (˚) β (˚) γ (˚) 

α-crystal Triclinic 4.9 5.4 17.2 48.5 77 63.5 

β-crystal Triclinic 4.95 5.4 22.4 49 76.5 63.2 

3.2.4.3 Crystallinity 

A typical semi-crystalline nylon 6,6 material is usually regarded as a two-phase structural 

model, which consists of crystalline regions embedded in an amorphous matrix [173, 

174].  The molecules within the crystalline regions are arranged periodically in three-

dimensional space which can produce constructive interference from X-ray diffraction 

according to the Bragg’s law [160, 161]; thus a sharp peak would occur.  The amorphous 

regions however, are isotropic with no periodicity, and this generates a broad amorphous 

halo in the pattern.  Therefore, the XRD scan of semi-crystalline nylon consists of a broad 

amorphous halo, superimposed with sharp peaks from the crystalline regions [172].  

Diffraction patterns can be fitted to the sum of a base line and a number of bell-shaped 

curves.  The general profile fitting formula follows [175, 176]: 

 𝐼 = 𝐵 + ∑ 𝑓i(2𝜃)

𝑛

i=1

 (3-5) 

where, I is the intensity; θ is the diffraction angle; B is the background function which 

can be linear [175] or polynomial [176]; the f(2θ) function represents the symmetrical 

bell-shaped curve, and n is the number of bell-shaped curves.  For the f(2θ) function, 

Gaussian [176, 177], Lorentzian (Cauchy) [178], Logistic [175], and Pearson VII [111, 

179, 180] have been commonly used, and can be represented by: 
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Gaussian 𝑓(2𝜃) = 𝐼02−4𝑧2
 (3-6) 

Lorentzian (Cauchy) 𝑓(2𝜃) =
𝐼0

1 + 4𝑧2
 (3-7) 

Logistic 𝑓(2𝜃) =
4𝐼0(17 − 12√2)𝑧

[1 + (17 − 12√2)
𝑧
]

2 (3-8) 

Pearson VII 𝑓(2𝜃) =
𝐼0

[1 + 4𝑧2(21/𝑚 − 1)]𝑚
 (3-9) 

where, z = (2θ - X0)/FWHM; I0 and X0 represent the intensity and position of the peak 

centre; FWHM is the full-width at half-maximum; m is the shape factor in the Pearson 

VII function, and yields the Lorentzian function when m = 1. 

 

Figure 3-10 Example of profile analysis of an equatorial diffraction pattern 

from nylon 6,6 fibre used in this work. 
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The crystal structures of nylon 6,6 have been intensively studied and well understood 

through WAXD [111, 162, 181-184].  Figure 3-10 shows an example of profile analysis 

of an equatorial diffraction pattern of semi-crystalline nylon 6,6 fibre used in this 

research, and there is no detectable proportion of β crystals.  As represented in Figure 

3-11, for the triclinic Bravais cell structure, three reflexions appear when Bragg planes 

pass through the axes of nearest neighbour chains [174], and the spacing given from a 

(100) reflection is 4.39 Å, the (010) reflection corresponds to 3.73 Å, and the (110) 

reflection gives 3.66 Å [168].  Usually the latter two reflections join together.  Therefore, 

a unique X-ray fingerprint for nylon 6,6 is obtained.  The ideal α-crystal has two strong 

equatorial diffraction peaks: the (100) peak at 2θ value of ~20.3˚, with a distance of ~4.4 

Å, corresponds to the inter-chain distance within the hydrogen-bonded sheet; the joint 

(010, 110) peak at 2θ of ~23.3˚, with a distance of ~3.7 Å, represents the inter-sheet 

distance [185, 186].  The normalized area of the crystalline peaks, as shown in Figure 

3-10, can be used to obtain an absolute degree of crystallinity of the polymer.  A relative 

measure of crystallinity, in the form of a crystallinity index (CI), is commonly obtained 

from [146]: 

 𝐶𝐼 % =
𝐴c × 100

𝐴c + 𝐴𝑎
 (3-10) 

where, Ac is the integrated area underneath the crystalline peaks and Aa is the integrated 

area of the amorphous halo. 
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Figure 3-11 Schematic representation of the α-form molecular unit cell 

structure in nylon 6,6 fibre, showing the associated diffractional 

crystalline planes. 

3.2.4.4 Apparent crystallite size 

The width of the crystalline peak is inversely related to the size of the crystals.  The 

crystalline reflections of fibres are broadened additionally by the considerable defects and 

disorder in the crystal lattice after drawing.  Therefore, the ‘apparent crystallite size’ 

ACShkl, rather than the actual crystallite size, is yielded from profile analysis of equatorial 

scans using the Scherrer equation [146, 172]: 

 𝐴𝐶𝑆ℎ𝑘𝑙 =
0.9𝜆

𝛥𝜃ℎ𝑘𝑙 cos 𝜃ℎ𝑘𝑙
 (3-11) 

(010) 

(100) 

Hydrogen 

bonds 

Molecular 

chains 

(110) 

Diffraction 

plane 

Diffraction 

plane 



Chapter 3 

Materials, evaluation principles and experimental procedures 

 

66 

 

where, λ is the wavelength of the X-rays, in angstroms; θhkl is the peak position of the 

(hkl) crystalline plane, in radians; 𝛥𝜃ℎ𝑘𝑙 is the full-width-half-maximum (FWHM) of the 

(hkl) crystalline peak, in radians. 

3.2.4.5 Index of crystalline perfection 

Profile analysis of the equatorial pattern can also be used to calculate the index of 

crystalline perfection (ICP), which is based on the shift in crystalline peak position 

compared to the crystalline features of well-crystallized nylon 6,6 fibre, as first proposed 

by Bunn and Garner [143].  It is routinely used to monitor small changes in the unit cell 

volume in chain-axis projection and follows [150]: 

 𝐼𝐶𝑃(%) =
𝑑(100)/𝑑(010,110) − 1

0.189
× 100 (3-12) 

where, d(100) is the inter-planar spacing of the (100) planes; d(010, 110) is the inter-planar 

spacing of the (010, 100) planes; 0.189 is the numerator calculated from a well-

crystallized nylon 6,6 structure given by Bunn and Garner [143] with d(100)=4.4 Å and 

d(010, 110)=3.7 Å (Section 3.2.4.3); this being regarded as ‘perfect’. 

Since each reflection represents an average lattice spacing, the ICP is also a measure of 

the density of the chains in the equatorial plane [187].  The α phase defined in Section 

3.2.4.2 is the major phase in nylon 6,6 material; Haberkorn and Simak [188] refined the 

α unit cell into αI and αII phases with slightly varied crystallographic parameters as shown 

in Table 3-2.  The αI phase is more highly ordered than the αII phase, with densities of 

1.213 and 1.173 g/cm3 respectively [169].  The density of completely amorphous nylon 

6,6 is 1.069 g/cm3 [189]. 
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Table 3-2 Refined α-crystal phase unit cells and dimensions for nylon 6,6 

fibre at room temperature.  Note c is along the fibre axis.  Data from 

[188]. 

Phase Unit cell a (Å) b (Å) c (Å) α (˚) β (˚) γ (˚) 

αI-crystal Triclinic 4.97 5.47 17.29 48.35 76.6 62.5 

αII-crystal Triclinic 4.95 5.45 17.12 51.8 79.9 63.3 

A key part of this research involved fibre annealing, followed by stretching, to induce 

viscoelastic creep and recovery.  There has been significant research into annealing 

effects on nylon fibre (Section 3.2.1); however, investigations into microstructural 

changes from creep after fibre annealing is rare.  Therefore, a microstructural study of 

fibre creep effects is an important requirement.  In addition to inter-planar distance, it is 

reported that the internal stress in a crystal could shift X-ray diffraction peaks [161].  Thus 

WAXD was utilised in this work to address this issue.  The equatorial scans can provide 

various parameters relating to the crystalline domains.   

3.3 MECHANICAL EVALUATION OF COMPOSITES - 

PRINCIPLES 

As stated earlier, the mechanical performance of VPPMCs was mainly evaluated in terms 

of Charpy impact testing and three-point bending tests.  Prestress effects were determined 

by comparing the test (prestressed) and control (non-prestressed) sample means.  Hence, 

the mechanical improvements from fibre prestressing can be calculated from:   

 Increase (%) =
𝑀T − 𝑀C

𝑀C
× 100 (3-13) 

where, MT and MC represent mechanical properties of test and control sample means, 

respectively.  Below provides the evaluation principles of Charpy impact testing and the 

three-point bending test. 
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3.3.1 Charpy impact testing 

Charpy impact testing has been used for many years to determine the impact toughness 

of various materials.  Figure 3-12 shows the principle of the Charpy impact test.  Sample 

support consists of two rigidly mounted anvils, with adjustable span.  The specimen is 

placed on the supports along the longitudinal axis with no constraint as shown in Figure 

3-12 (b), and the striking face of the sample is parallel to the striking edge of the pendulum 

hammer.  The pendulum is raised to a height h0 and allowed to fall.  As the pendulum 

swings, the energy absorbed by the specimen reduces the final maximum height of the 

pendulum to a value of hi, thus the total absorbed energy, Γ, of the sample from fracture 

follows [190]: 

 𝛤 = 𝑚𝑔(ℎ0 − ℎi) (3-14) 

where, m is the mass of the pendulum; g is the gravitational acceleration.  Furthermore, 

the Charpy impact strength (kJ/m2) of a un-notched specimen with width b (mm), and 

thickness h (mm), can be determined from [191]: 

 Impact strength =
𝛤

ℎ ∙ 𝑏
× 103 (3-15) 
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Figure 3-12 Schematic representation of the principle for flatwise Charpy 

impact testing: (a) basic set-up of a impact tester; (b) sample 

arrangement during impact test. 

3.3.2 Three-point bending test 

The three-point bending test is a common material test method to determine the flexural 

modulus.  Rectangular beam specimens without notches are generally used, and Figure 

3-13 shows the basic principle.  The sample is positioned on two supports with no other 

constraints, and a freely suspended mass is applied at the centre.  By measuring the 

deflection δ(t) at the midpoint, the time-dependent flexural modulus can be determined 

from elementary beam theory [192]: 

 𝐸(𝑡) =
𝐹𝐿3

48𝛿(𝑡)𝐼
 (3-16) 

where, E(t) is the elastic modulus determined from deflection δ(t) at the centre of the 

beam at time t; F is the applied load; L is the span; I is the second moment of area which 

is equal to (bh3/12) for a rectangular sample of width b and thickness h.   
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Figure 3-13 Schematic representation of the principle for the three-point 

bending test.   

3.4 FIBRE PROCESSING AND EVALUATION 

PROCEDURES 

3.4.1 Fibre annealing 

In accordance with previous nylon fibre-based VPPMC studies [1, 2, 6, 10-12], annealing 

followed the same procedure to ensure the same heat treatment for future comparison.  To 

facilitate the heat treatment, a (calibrated) Carbolite fan-assisted oven was adopted to 

provide uniform heat distribution and large capacity.  Figure 3-14 shows the equipment 

and yarn arrangement during annealing.  The oven was preheated to 150˚C and allowed 

to stabilise for at least 30 min prior to the annealing process (Section 3.2.1).  Designated 

lengths of continuous fibre samples were cut, placed (unconstrained) in preheated 

aluminium trays to ensure uniform heat treatment and prevent (unwanted) fibre 

movement from air flow.  Then the trays were placed in the oven for 30 min. 

 

Figure 3-14 Fan-assisted oven used for fibre annealing.  Inner view shows the 

yarns were placed in aluminium trays to ensure uniform heat 

treatment and prevent movement from air flow. 
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3.4.2 Creep and recovery 

To produce a VPPMC, annealed yarn samples were subjected to stretching to induce 

viscoelastic creep strain prior to embedding the fibres into a matrix.  As illustrated in 

Figure 3-15, two bespoke rigs were adopted to stretch polymeric yarn.  Based on the loads 

that could be applied, they were designated as the small stretching rig (SSR) and large 

stretching rig (LSR).  Since only a small amount of fibre was needed for the creep tests, 

the SSR was employed mainly for creep and recovery evaluation.  The LSR was designed 

to provide a factor of ~8 higher load relative to the applied load, through a pulley system.  

Thus multiple yarns could be stretched to produce prestressed composite samples with 

higher fibre volume fractions. 

 

Figure 3-15 Schematic representation of the bespoke stretching rigs (not to 

scale): (a) small stretching rig, mainly used for creep and recovery 

strain tests; (b) large stretching rig, used to provide greater 

amounts of stretched fibre to produce composite samples with 

higher fibre volume fractions. 

Creep and recovery measurement follows previously described procedures [10-12].  

Following annealing (Section 3.4.1), at least 0.5 h was allowed to elapse for the yarns to 

regain equilibrium moisture content before performing the creep tests.  A length of ~1300 

Load 

V-slot 

bobbin Digital 

cursor 

Fibres 

Moveable 

platform 
Rubber 

bumper 

Load Fibre 

loop 

V-slot 

bobbin 

V-slot 

bobbin 

Cable 

(a) (b) 



Chapter 3 

Materials, evaluation principles and experimental procedures 

 

72 

 

mm of nylon yarn was cut, folded and attached to the SSR as shown in Figure 3-15 (a).  

Both ends were clamped to the upper and lower V-slot bobbins separately; the lower 

bobbin was fixed to a counterbalanced platform on which dead weights could be 

supported for applying creep stress.  Creep tests were carried out by applying a constant 

load and measuring the distance between two inked marks on the yarn (typically 300-400 

mm apart).  The tensile load divided by the initial cross sectional area of the yarn was 

defined as the stress.  Following load release, recovery was monitored in-situ.  A digital 

cursor with a precision of ± 0.01 mm was used for all strain measurements and ambient 

conditions were controlled to be 20.0-21.5°C and 30-40% RH. 

3.4.3 Recovery force measurement 

The procedures for recovery force measurement followed those previously published [4, 

99].  A bespoke force measurement rig (FMR) was used as illustrated in Figure 3-16, and 

the V-slot bobbins were compatible with the SSR (Figure 3-15 a).  A fibre loop was 

annealed (Section 3.4.1) and then attached to the bobbins.  Creep was applied with the 

SSR following the same procedures in Section 3.4.2.  Upon releasing the load, the loop 

was removed from the SSR and transferred to the FMR, where it was progressively 

tightened to a fixed strain.  Since the fibre loop was in a loose state during the transfer, 

elastic strain component immediately recovered upon creep load removal, thus the strain 

locked on the FMR was time-dependent viscoelastic strain.  The force was monitored 

through voltage output from the force sensor located at top of the rig (Figure 3-16).  All 

readings were recorded with ambient conditions of 20.0-21.0˚C and 30-40% RH.   
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Figure 3-16 Schematic representation of recovery force measurement 

apparatus.  The lower bobbin was height-adjustable, allowing the 

loose fibre yarn to contract to a fixed strain.  The cradle on the top, 

positioned on the force sensor, enabled the contraction forces 

generated from yarn recovery to exert compression on the sensor.  

Redrawn from [99]. 

3.4.4 Scanning electron microscopy 

Scanning electron microscopy (SEM) was employed in this research to examine the fibre 

topography as reported in Chapters 4 and 5.  A Stereoscan 360 was used, supplied by 

Cambridge Instruments, UK, shown in Figure 3-17.  An Edwards S150B sputter coater 

was adopted for gold coating.  To perform SEM analysis, the material sample was 

mounted on an aluminium stub using a colloidal silver adhesive.  The stub was 

subsequently coated with gold to enhance sample conductivity, which in turn increased 

the contrast of the topography.  The stub was then positioned in the sample chamber, 

ready for SEM analysis.   

Fibre loop 

Force sensor 

(mV out) 

Fixing 

pin 

Height 

adjustable 

Rotatable V-

slot bobbin 

Cradle with 

rotatable V-slot 

bobbin 



Chapter 3 

Materials, evaluation principles and experimental procedures 

 

74 

 

  

Figure 3-17 Equipment used for scanning electron microscopy: (a) SEM 

operation system; (b) sputter gold coater.  

3.4.5 Wide-angle X-ray diffraction 

WAXD was carried out to evaluate the microstructural changes of fibres when subjected 

to tensile creep.  An Empyrean X-ray diffractometer from PANalytical UK Ltd. was 

adopted, using Cu-Kα radiation with wavelength λ=1.5406 Å.  Detection was provided 

by a PIXcel1D detector.  Figure 3-18 shows the experimental set-up.  Wide-angle 

equatorial scans were performed at 40 kV and 30 mA for a 2θ range of 15-30˚, and the 

scanning rate was 0.04˚/s.  The transmission mode was used with automatic slit settings 

and the samples could rotate 360˚ in their own plane.  To produce a WAXD specimen, 

multifilament nylon 6,6 yarns (Section 3.1.1) were cut and folded into 6 parallel yarns, 

then brushed into a flat ribbon with ~100 mm in length and ~10 mm in width.  The flat 

fibre ribbon was mounted on a WAXD sample holder, and yarns were kept as parallel as 

possible; the insert in Figure 3-18 shows a typical specimen.  Any overlap effects were 

minimised by ensuring the yarns had the same width, i.e. ~10 mm. 
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Figure 3-18 Experimental set-up for the X-ray diffraction analysis.  Inset 

shows a typical WAXD sample mounted with nylon 6,6 yarns. 

3.5 COMPOSITE PRODUCTION AND EVALUATION 

PROCUDURES 

3.5.1 Composite production 

Figure 3-19 shows a flowchart to produce composite samples and variations in composite 

production involved in each Chapter.  The procedures follow the previous studies on 

VPPMCs [1, 2, 98].  To produce one batch of composite samples, two fibre yarns with 

similar length were subjected to simultaneous annealing and designated as ‘test’ and 

‘control’ separately.  The test yarns were subjected to creep loading, following the 

procedure outlined in Section 3.4.2, whilst the control yarns were kept under the same 

ambient conditions (20.0-21.5°C and 30-40% RH) close to the test yarns.  On releasing 

the creep load, both yarns were folded, cut and brushed into flat ribbons ~10 mm wide, 

to ensure an appropriate fibre distribution, ready for moulding.  To induce creep 

stretching, both the SSR and LSR (shown in Figure 3-15) were adopted in Chapter 4.  

Since larger variations in mechanical properties were detected in samples produced by 

the SSR (as discussed in Section 4.1.3), the LSR was mainly used to provide fibre creep 

in Chapters 5, 6 and 7.   
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Figure 3-19 Flowchart of the composite sample production and evaluation 

process. 

The composite samples were manufactured by open-casting, in which two identical 

aluminium open moulds were used, each with a polished channel of 450 mm length, 10 

mm width and 3 mm depth, as shown in Figure 3-20.  This enabled the test and control 

counterparts to be moulded simultaneously with the same resin mix, so that no differences 

between the samples would be expected other than effects from the polymeric fibre creep 

process.  The matrix materials used in this research were polyester based resin systems, 

with MEKP as the initiator.  The resin was pre-prepared prior to creep load removal.  

Following the preparation of fibre yarns into flat ribbons, the MEKP was added to the 

resin, then the mixture was stirred slowly and thoroughly for two minutes to keep a 

minimum bubble content.  Though the moulding period was varied slightly between the 

different resin systems, casting had to be completed before the initial curing stage, i.e. 

resin gelling (Section 3.1.2).  Demoulding took place, 2 to 4 h later, depending on the 

resin systems used.  For Charpy impact tests, each of the two composite strips was cut 

into five 80 mm lengths to provide a batch of five test and five control samples, the sample 

dimensions being 80 × 10 × 3.2 mm.  All samples were held under a weighted plate for 
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~24 h to prevent any distortion from residual stresses, and then sealed in polyethylene 

bags and stored at room temperature (20 ± 2°C) for future evaluation.  The composite 

samples reported in Chapters 4, 5 and 6 had a fibre volume fraction Vf, of ~2.0%, while 

other sample dimensions and Vf values were adopted and explained in Chapter 7.   

 

Figure 3-20 Aluminium open moulds used for composite production.  Test and 

control counterparts were moulded simultaneously to ensure no 

differences between samples other than fibre prestressing. 

3.5.2 Charpy impact testing 

In this work, low velocity impact tests were adopted to evaluate the properties of VPPMC 

samples produced with various fibre prestressing conditions.  These were performed on 

a Ceast Resil 25 Charpy machine, using a 7.5 Joule hammer at a velocity of 3.8 m/s.  

Figure 3-21 shows the facility and experimental set-up.  In accordance with earlier 

Charpy-based studies on low Vf nylon 6,6 fibre composite samples [2, 5, 10-12], a 24 mm 

span was adopted in this research, and tests were operated in accordance with the BS EN 

ISO 179 standard [191].  Since open-casting was adopted for composite sample 

production (Section 3.5), previous research on low Vf open-cast prestressed composite 

samples showed that the fibres tended to settle towards the bottom of the mould before 

the matrix had cured [2-5, 7, 8, 10-12].  Therefore, samples were positioned with the 

fibre-rich side facing away from the pendulum hammer to maximise prestress effects [12], 
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as shown in Figure 3-21 (b).  This set-up also enables comparisons to be made with 

previous findings.   

     

Figure 3-21 Experimental set-up for Charpy impact testing: (a) impact testing 

rig; (b) sample arrangement with schematic representation of 

impact direction, i.e. fibre-rich region facing away from the 

pendulum. 

3.5.3 Three-point bending test 

Three-point bending tests were carried out in Chapter 7 to determine the modulus of beam 

structures utilised in the morphing composites.  Procedures were similar to those 

performed with composite samples based on nylon fibre [1] and UHMWPE fibre [4].  

Tests were operated in accordance with the ASTM D-790M standard recommendations 

in terms of span-to-sample thickness ratio, and the freely rotatable central pin.  Figure 

3-22 shows the experimental set-up.  By measuring δ(t) at t = 5 s, the result for E(t) from 

a rectangular beam with h << L, is close to the true elastic modulus [1, 4].  A bending test 

on each sample was performed only once, and a video recording of the deflection in 

progress was made to improve measurement accuracy.  All the deflections were 

performed at 20-21°C. 
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Figure 3-22 Experimental set-up of the three-point bending test to determine 

the elastic modulus of a beam sample. 

3.5.4 Optical microscopy 

Optical microscopy was undertaken using a Nikon SMZ-2T stereo optical microscope to 

evaluate the cross-sectional area of the composite samples, as demonstrated in Chapter 7.  

The microscope was fitted with a light source, and a Q-imaging MicroPublisher 3.3 RTV 

digital camera was mounted on the top.  To capture a micrograph, a computer with Media 

Cybernetics Image Pro-Plus software was adopted.  Specimen was made by casting the 

sample into epoxy resin.  Following resin curing, the specimen was progressively ground 

using P240, P1200 and P2500 grit silicon carbide (SiC) abrasive paper.  Further polishing 

of the specimen was carried out with 6 micron grade diamond paste.  After cleaning with 

ethanol, the specimen was dried in a desiccator at room temperature, prior to microscopy 

work.  To enhance the appearance of the fibre-matrix boundary, the specimen could be 

coated in gold, with an Edwards S150B sputter coater which is shown in Figure 3-17 (b). 
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Chapter 4 PRELIMINARY WORK AND INVESTIGATIONS 

PRELIMINARY WORK AND 

INVESTIGATIONS 

 

SUMMARY 

This chapter focuses on preliminary studies that were required to support the main 

research project.  First, the stretching rigs used to induce viscoelastic creep into the 

polymeric fibres were re-calibrated to reduce system errors.  Second, the newly 

obtained nylon 6,6 yarn was evaluated and compared to the previously used (old) 

yarn in several aspects to determine possible structural differences.  Finally, a 

replacement resin for the production of VPPMCs was required and selection was 

based on measurement of the exothermic curing characteristics and impact energy 

absorption properties.   

From these studies, re-calibration of stretching rigs enabled the same viscoelastic 

creep strain to be achieved with the same loadings used in previous (published) work, 

thus allowing direct comparison to be made.  Investigation of both the new and old 

nylon 6,6 fibre suggested slight differences exist at the microstructural level; i.e. 

higher crystallinity was observed for the old yarn.  This difference was considered to 

result in the relatively lower creep strain and viscoelastic recovery force achieved 

with the old yarn.  In addition, a replacement polyester resin was selected as a suitable 

matrix material to produce composite samples.  It gave comparatively low viscosity, 

low curing temperature, good transparency after curing, and enabled the viscoelastic 

prestress effect to be successfully demonstrated. 
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4.1 STRETCHING RIG CALIBRATION 

To ensure minimal system errors, re-calibration of stretching rigs was carried out first.  

The two bespoke stretching rigs were used in this study for various purposes, i.e. the SSR 

and LSR (Section 3.4.2).  The SSR was mainly used for creep and recovery strain-time 

studies, while the LSR was primarily used to stretch larger amounts of fibres to produce 

composite samples.  Re-calibration was achieved by attaching a standard digital scale 

with a precision of ±0.01 kg on one side of the rig, and applying dead weights at the other 

side, as shown in Figure 4-1 (a) and (b).  To simulate the same stress conditions as the 

nylon 6,6 fibre creep tests, multiple nylon yarns were used to attach the standard digital 

scale to measure the output load applied.  Thus, for consistency, a typical distance of ~350 

mm between the top and bottom bobbins of the SSR was used with both the calibration 

and creep stretching, while a length of ~1.5 m was adopted for the LSR.  For calibration, 

ten readings for each load condition were recorded.  This was achieved by returning the 

digital scale to 0.00 kg load, and then reloading.  Each reading was taken ~5 seconds after 

the scale was stabilised. 

In the simplest case (ignoring friction effects), the stress applied to the fibres can be 

calculated through the following equation: 

 𝜎 =
𝑚𝑔

𝐴f
 (4-1) 

where m is the dead weight applied to the fibres; g is the gravitational acceleration; Af is 

the cross-sectional area of the yarns prior to stretching. 
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Figure 4-1 Schematic diagram for calibration of the stretching rigs: (a) SSR 

calibration; (b) LSR calibration. 

4.1.1 Small stretching rig calibration 

Calibration of the SSR was performed by applying various weights in the range 5 kg to 

24 kg, and the resulting mean digital scale readings are presented in Figure 4-2.  The 

corresponding standard errors (Appendix-A, Table A-1) are too small to be shown in 

Figure 4-2.  A linear trend was fitted to the measurement data to give the calibration 

equation shown in the figure.  By combining the calibration equation with Equation 4-1, 

the stress applied on the fibre with a dead weight m using the SSR can be obtained from: 

 𝜎SSR =
(1.01 𝑚applied − 0.07)𝑔

𝐴f
 (4-2) 
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Figure 4-2 Mean calibration results from the small stretching rig.  Solid line is 

from a linear fit, and the corresponding equation is shown.  

Calibration data are presented in Appendix-A, Table A-1. 

4.1.2 Large stretching rig calibration 

Calibration of the LSR basically followed the same procedure as the SSR.  The LSR was 

designed to produce a larger loading force from a small applied load through a set of 

pulleys, the mechanical advantage being around ~8 (Section 3.4.2).  Weights up to 6 kg 

were applied to calibrate the LSR, and Figure 4-3 shows the results.  Again, a linear fit 

gave the calibration equation.  Thus, the stress applied to the fibre using the LSR can be 

determined by the following equation: 

 𝜎LSR =
(7.41 𝑚applied + 3.13)𝑔

𝐴f
 (4-3) 
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Figure 4-3 Mean calibration data from the large stretching rig.  Solid line is 

from the linear fit, and the corresponding equation is also shown.  

Calibration data are presented in Appendix-A, Table A-2. 

4.1.3 Effectiveness of stress generated from the stretching rigs 

Stretching rig calibration makes it possible to apply the same loads to the polymeric fibres 

using different equipment; i.e. it can be determined from Equations 4-2 and 4-3 that 10.54 

kg applied to the SSR is equivalent to a 1.00 kg applied loading using the LSR.  Further 

evaluation, however, had to be considered to verify the effectiveness of the calibrations 

and explore any other potential system errors from using the two rigs.  For example, 

friction effects could affect the applied stress on the yarn.  With the SSR, the effect may 

vary, depending on position of the counterbalanced platform.  Therefore, batches of nylon 

6,6 fibre VPPMC samples and their control counterparts with the same creep loading 

conditions were made using both the SSR and LSR for direct comparison.  Since an 

applied creep stress of ~330 MPa for 24 h and Charpy impact testing have been used for 

the majority of investigations into the performance of VPPMCs in previous research work 

[1, 2, 5-7, 10, 98, 99], these procedures were adopted here to evaluate the stretching rig 

performance.   
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Table 4-1 Charpy impact test results from VPPMC samples fabricated with 

different stretching rigs and polyester resins.  Tests were 

performed two weeks after sample moulding; SE is the standard 

error.  Individual sample results are presented in Appendix-A, 

Tables A-3 and A-4. 

 Mean impact energy (kJ m-2) Increase in 

energy (%) Batch Test ± SE Control ± SE 

SSR-GPR 39.83 ± 1.72 29.41 ± 3.17 35.45 

 43.99 ± 2.15 35.33 ± 3.43 24.51 

 49.22 ± 2.53 34.49 ± 0.90 42.72 

Mean ± SE 44.35 ± 1.55 33.08 ± 1.62 34.23 ± 5.29 

LSR-GPR 42.42 ± 2.10 31.01 ± 1.19 36.77 

 45.36 ± 1.80 33.64 ± 1.51 34.81 

 42.79 ± 2.00 35.35 ± 1.98 21.06 

Mean ± SE 43.52 ± 1.11 33.33 ± 0.98 30.88 ± 4.94 

SSR-SLT 38.67 ± 1.03 21.99 ± 0.90 75.89 

 36.01 ± 1.94 26.09 ± 0.97 38.01 

 39.63 ± 2.54 20.08 ± 0.43 97.32 

Mean ± SE 38.10 ± 1.11 22.72 ± 0.80 70.40 ± 17.34 

LSR-SLT 37.31 ± 2.67 22.44 ± 0.97 66.22 

 35.42 ± 3.41 21.35 ± 0.77 65.9 

 35.97 ± 2.06 22.68 ± 0.66 58.63 

Mean ± SE 36.23 ± 1.50 22.16 ± 0.46 63.58 ± 2.48 

Two polyester resins were used as the matrix material: general purpose resin (GPR), 

supplied by CFS Fibreglass, UK; DSM Synolite 0382-A-1 resin (SLT), supplied by 

Polycraft Products, USA.  As suggested by the suppliers, 2% of MEKP catalyst was used 

for both resins.  For each resin, three batches of 10 samples (5 prestressed ‘test’ and 5 

non-prestressed ‘control’) with 330 MPa for 24 h creep condition were produced using 

the SSR and LSR separately, with the procedures described in Section 3.5.1.  Impact tests 

were performed two weeks after moulding to enable direct comparison with previous 

research [7], and Table 4-1 shows the results.  For all batches, the prestressed test samples 

show higher absorbed energy than the control samples.  The results indicate that 

prestressing can enhance the impact performance of the composites, in accordance with 

the previous findings [2, 5, 7, 11, 12].  For both resin materials, two-sided hypothesis 

testing has shown no significant difference in the increase in impact energy absorption 

from VPPMC samples produced with the different rigs at 5% significance level.  

Therefore, it can be concluded that there is no difference in VPPMC samples (with the 

same viscoelastic strain level) produced by the SSR or LSR.  However, from SE data in 

Table 4-1, slightly higher fluctuations in the impact results using the SSR are noticed, 
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which suggests that composites manufactured with the LSR have more consistent 

mechanical properties.  Table 4-1 also shows that both resins demonstrate different 

Charpy impact test characteristics, the GPR being more brittle:  Section 4.3 has further 

details.   

4.2 NYLON FIBRE EVALUATION 

From the instigation of VPPMC research following a patent [9], laboratory-grade nylon 

6,6 fibre, supplied by Goodfellow Cambridge Ltd., UK, has been the principal reinforcing 

material used for experimental work.  Since a principal aim of this project was to focus 

on aspects of industrially-based VPPMC production, an alternative supplier of nylon yarn 

was required, from which larger quanties at a significantly lower cost could be obtained.  

This was Ogden Fibres Ltd., UK, an industrial textiles supplier.  Although both previously 

used and new fibre materials were continuous untwisted multifilament yarns of ~94 tex, 

the evaluation of the new and old fibre was necessary to determine potentially structural 

differences.  Hence, direct comparisons with the previous nylon-fibre based research 

findings [1, 2, 5-7, 10, 98, 99] could be made with the current work.   

This evaluation was carried out by considering: (i) fibre topography; (ii) viscoelastic 

behaviour and (iii) microstructure.  For (i), SEM (Section 3.4.4) was adopted to evaluate 

the sample topography in terms of filament diameter, and the number of filaments per 

yarn; for (ii), creep and recovery tests were performed to examine the strain-time 

behaviour, and viscoelastic recovery force was also monitored to determine fibre 

contraction properties; (iii) was achieved utilising WAXD (Section 3.4.5) to evaluate any 

differences at a microstructural level.   

4.2.1 SEM topography 

To produce a VPPMC, annealing is conducted on nylon 6,6 fibre at 150 ºC for 0.5 h to 

remove manufacturing-induced residual stresses [5, 10, 144] (Section 3.2.1).  Hence, the 

topography of the new and old fibre materials was analysed in both as-received (non-
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annealed) and annealed form.  Here, annealing of the new and old fibres was carried out 

simultaneously to ensure the same heating treatment.  Samples of yarn ~100 mm in length 

were annealed in the (calibrated) Carbolite fan-assisted oven (Section 3.4.1), and suitable 

yarn lengths were then cut and mounted onto SEM sample stubs.  Similarly, sample stubs 

of as-received fibre were also prepared.  Results are shown in Figure 4-4.  Some very 

minor longitudinal features were observed in the old fibre samples which were considered 

to be from the original fibre manufacturing process, as reported in Ref [6].  Apart from 

this, the surfaces of both fibre samples in either as-received or annealed condition, 

appeared to be clean and smooth.  Thus no major differences in fibre topography were 

found between the new and old yarns. 

As-received Annealed 
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Figure 4-4 SEM micrographs of the nylon 6,6 fibres: (a) as-received new yarn 

(ARN); (b) annealed new yarn (ANN); (c) as-received old yarn 

(ARO); (d) annealed old yarn (ANO).  Micrographs were taken 

~212 h after the annealing.   

Both fibre materials were then inspected by SEM in terms of fibre diameters and the 

number of filaments in one single yarn in both as-received and annealed states.  For 

diameter measurement, five single filaments were chosen randomly, and three readings 

were taken from three different locations on each filament; thus 45 diameter readings 

were collected for each sample, and results are shown in Figure 4-5.  The diameters of 

50 μm 
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(c) (d) 
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both new and old fibres before annealing were identical, and gave 26.6 ± 0.1 μm.  A 

shrinkage in diameters was found upon annealing for both yarns, i.e. 2.26% for the new 

yarn, and 0.75% for the old yarn.  As discussed in Section 3.2.1, this would suggest that 

the old yarn had better thermal stability at a microstructural level.  Following annealing, 

there were ~140 filaments with diameter of 26.0  0.1 µm in the new fibre material, 

compared with ~135 filaments of 26.4  0.1 µm filament diameter in the old nylon yarn.  

These small differences resulted in the cross-sectional area of the new yarn being 

marginally greater (<1%) than the old material, contributing to a slight reduction in 

applied stress for the laboratory standard creep run. 

 

Figure 4-5 Diameters of the nylon 6,6 fibre of both new and old yarn before 

and after annealing; error bars are standard errors.  Measured 

diameter results are presented in Appendix-A, Table A-5. 

4.2.2 X-ray diffraction 

Following from Section 4.2.1, the crystalline structure of both yarns was further examined 

through WAXD analysis in: (i) as-received condition, to determine any initial structural 

differences; (ii) annealed condition, to evaluate possible micro-structural changes after 

heating to 150˚C for 30 min.  All the nylon 6,6 yarn samples were cut at the same time, 
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to ~1300 mm in length.  New and old yarn samples were subjected to simultaneous 

annealing, while the non-annealed yarns were stored at room temperature (20-22˚C) with 

30-40% RH.  All nylon yarns were then cut, folded into 6 parallel yarns, and brushed into 

flat ribbons with a length of ~50 mm and ~10 mm in width.  WAXD samples were 

prepared by fitting the flat ribbons into sample holders as described in Section 3.4.5 

(Figure 3-18).   

 

Figure 4-6 X-ray diffraction patterns of both fibre materials before and after 

annealing.  Samples were tested ~45 h after annealing. 

WAXD scanning was performed ~45 h after sample preparation.  This minimised any 

availability issues associated with the WAXD equipment, and Figure 4-6 shows the 
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results.  Two peaks were found between 2θ values of 15-30˚: (i) the peak at ~20.5˚ 

corresponds to the (100) crystal plane, which reveals the inter-chain distance; (ii) the peak 

at ~23.5˚ relates to the (010, 110) doublet [185, 186], showing the inter-sheet distance.  

This is consistent with Section 3.2.4.3.  For repeatability, two samples of as-received new 

yarn were tested under the same scanning conditions.  The slight variation in peak position 

is considered to arise from sample preparation, though the same quantity of yarn had been 

used for each sample.  It was not possible to keep exactly the same fibre surface exposed 

to the X-rays, and attempts to avoid filaments overlapping would have been unrealistic. 

Further profile features could be characterised through profile analysis software 

(Section 3.2.4.3).  Here, the XRD patterns in Figure 4-6 were deconstructed into sharp 

peaks from crystal planes superimposed on a broad amorphous halo, and results are 

shown in Table 4-2 in terms of crystal plane position 2θ, spacing d, full-width at half-

maximum FWHM, and apparent crystal size ACS (Section 3.2.4).  The amorphous halo 

parameters appear to show little or no variation.  Despite the slight variations in 

parameter values from the repeated samples (ARN-01 and ARN-02), the crystalline 

regions can be characterized through ACS, crystallinity and index of crystalline 

perfection (ICP) in Table 4-2.  For both old and new fibres, the crystallinity has 

increased slightly after annealing.  As discussed in Section 3.2.1, this is caused by the 

recrystallisation in localized areas when samples are subjected to heating [150, 151, 

153].  After recrystallisation, there are narrower distributions of intermolecular bond 

distances and directions [150], which in turn give the reduction in d of the (100) crystal 

plane peak.  The reduction in ICP values from annealing shows the shift in peak 

positions (Section 3.2.4.5).  It is reported that residual stress within a fibre would shift 

the peak position [161].  Here, annealing has resulted in molecular relaxation, due to 

the removal of manufacture-induced residual stresses (Section 3.2.1).  Thus the reduction 

in ICP values is expected to be a result of stress release to give a lower value of enthalpy 

[154] through annealing.  Though the crystal size may be affected by considerable defects 

and disorder within the crystal structure [172], the ACS of both the (100) and (010, 110) 

peaks in the new yarn show a decrease after annealing, while the values from the old yarn 

remain constant.  Thus, the old yarn has a more thermally stable microstructure compared 

with the new yarn.  This is supported in Section 4.2.1 that a larger decrease in diameter 

is found with the new yarn. 
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Table 4-2 Microstructural parameters of both materials before and after 

annealing. 

 Sample ARN-01 ARN-02 ANN ARO ANO 

(100) 2θ (˚) 20.4 20.3 20.5 20.4 20.5 

 d (Å) 4.37 4.39 4.34 4.36 4.34 

 FWHM 1.29 1.30 1.41 1.40 1.40 

 ACS (Å) 63 62 57 58 58 

(010, 110) 2θ (˚) 23.7 23.5 23.6 23.4 23.2 

 d (Å) 3.81 3.82 3.82 3.83 3.85 

 FWHM 2.05 1.82 2.10 2.19 2.19 

 ACS (Å) 40 45 39 37 37 

Amorphous 2θ (˚) 22.8 22.8 22.8 22.8 22.8 

 FWHM 3.65 3.81 3.52 3.75 3.75 

Crystallinity (%) 51.71 50.51 52.97 55.81 58.10 

ICP (%) 77 79 73 73 66 

Marcellan [111] has demonstrated the applicability of the three-phase ‘Swiss-cheese’ 

model (Section 2.7.2) on high performance nylon 6,6 fibre.  Thus, the same 

microstructural model can be adopted in this section to provide support to above findings 

at a molecular level.  As proposed by Prevorsek [104, 107], the crystalline microfibrils 

are surrounded by amorphous domains, the TTMs within the oriented amorphous 

domains control the mechanical performance of the fibre.  Based on findings of the 

annealing effects on nylon 6,6 fibres, i.e. increased molecular folding [150, 151] in 

oriented amorphous regions and relaxation of molecules in noncrystalline regions [105], 

the increase in tensile modulus with annealing time observed by Babatope and Isaac [144] 

may be caused by either (i) the compensation of TTMs from isotropic amorphous regions 

near the oriented amorphous domains or (ii) partial loads carried by crystals upon loading.  

This is further investigated in Chapter 5 through the application of various creep stress 

levels on nylon 6,6 fibre. 

4.2.3 Creep and recovery 

As discussed in Sections 4.2.1 and 4.2.2, the new yarn showed slightly lower crystallinity, 

and more thermally sensitive behaviour.  The potential viscoelastic behaviour changes 

caused by these differences were investigated through creep and recovery tests.  

Following the fibre annealing (150˚C for 30 min), both new and old nylon 6,6 yarn 

samples were subjected to the lab standard creep condition, 330 MPa for 24 h, and Figure 
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4-7 shows the strain-time data, associated with the curve-fits using the Weibull based 

distribution model [96] (Section 3.2.2, Equations 3-1 and 3-2).  Four parameters were 

obtained using commercially available software CurveExpert 1.4 and are shown in the 

figure.  Each set had three separate yarns for assessing experimental repeatability, and all 

the readings were taken under ambient conditions of around 20.0-21.5°C and 30-40% 

RH.  Despite the data variations, the creep and recovery behaviour of both yarns can be 

seen to follow the same trend.  Since the same loading condition was applied, the slightly 

lower creep strain in the old yarn samples might be attributed to their greater crystallinity.  

Otherwise, the resulting parameters show comparable values from both yarns.   

 

Figure 4-7 Creep and recovery strain-time data for the annealed new and old 

yarns.  Line-fits and parameters were obtained from the Weibull 

based model [96] using CurveExpert 1.4; r is the corresponding 

correlation coefficient. 

4.2.4 Recovery force 

The effect of differences in crystallinity on viscoelastic behaviour is further evaluated in 

terms of viscoelastic recovery force.  When a polymeric fibre is subjected to a creep stress, 

followed creep load removal, the elastic strain recovers instantaneously; the remaining 

recovery strain, which is viscoelastic (i.e. time-dependent), starts to decrease with time.  

Thus, if a polymeric material has been fixed at a constant strain when it undergoes 
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viscoelastic recovery, the contraction of fibre will produce a force [99].  Measurement of 

the recovery force follows the same procedures described in Section 3.4.3.  Briefly, 

following annealing, two nylon 6,6 yarns were glued together at their ends, and attached 

to the bobbins which were compatible with both the SSR (Figure 3-15 a) and FMR (Figure 

3-16), to form a fibre loop of ~350 mm in length.  The loop was then subjected to the 330 

MPa, 24 h creep condition using the SSR.  On releasing the creep load, the loop was in a 

loose state, after being allowed to fully recover its elastic strain.  The bobbins, with the 

attached fibre loop, were transferred to the FMR, and the loop was gradually tightened to 

a fixed strain.  Contraction of the fibre loop was detected through a force sensor fitted at 

the top of the FMR.  Since recovery force data from the old yarn has been published in 

Ref [99], only the new nylon 6,6 fibre was tested and compared to the force output data 

with the old yarn.  For repeatability, two batches of fibre samples were evaluated.   

 

Figure 4-8 Viscoelastic recovery force from both new and old nylon 6,6 yarns.  

The force output data of the old yarn is from [99]. 

Figure 4-8 shows recovery force measurement up to 1000 h from new nylon 6,6 fibres, 

with results from the old yarn [99] for comparison.  Though the humidity in the laboratory 

was controlled to be 30-40% (since nylon fibre is sensitive to humidity), the spread in 

data below 3 h can be attributed to humidity variations, caused by limitations in the 
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humidity control method.  Beyond 3 h however, there is good repeatability within the new 

fibre samples (since there were more flexibility in controlling the humidity).  

Nevertheless, after ~12 h into recovery, Figure 4-8 shows that the new yarn produced a 

greater recovery force (> 20%) over the same time period.  The slightly larger fibre cross-

sectional area (<1%) reported in Section 4.2.1 would be expected to have a minimal effect 

(at the same applied creep load) on force output; clearly, if there was an effect, it would 

have reduced the recovery force of the new yarn.  The lower value of crystallinity, as 

discussed in Section 4.2.2 however, may be the main factor influencing the force output 

characteristics of the fibres. 

4.3 RESIN SELECTION FOR VPPMC PRODUCTION 

The production of viscoelastically prestressed composite samples followed the previously 

adopted procedure as described in Section 3.2.3.  The benefits in mechanical properties 

from viscoelastically generated prestress have been demonstrated with composites based 

on polyester resin [1, 5, 10] and epoxy resin [6].  A comparable resin was needed for this 

research.  As polyester resin was the most studied resin, potential resins for evaluation 

fell into this category.  Successful resin candidates would require at least: (i) low viscosity 

prior to curing; (ii) high transparency; (iii) low curing temperature; (iv) demonstrate the 

benefits from prestress in terms of impact energy absorption. 

4.3.1 Resin curing characteristics 

It is known that gel time and curing temperature are important factors that can influence 

composite material properties.  These can differ considerably from resin to resin.  To 

produce a VPPMC, the selected resin should have a suitable curing time; i.e. neither too 

long (may be detrimental to fibre viscoelastic recovery effect) nor too short (lack of time 

for preparation).  A low curing temperature is also preferred to prevent potential structural 

changes to the polymeric fibre.  Therefore, it is essential that the basic resin properties 

are known and understood before usage.  The curing process of the resins to be evaluated 

was monitored through exothermic testing, and Figure 4-9 shows the experimental set-up.  
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To solidify a resin, MEKP catalyst was added to a concentration of 2 wt%, as suggested 

in the supplier data sheets.  The mixed resin was quickly cast into a HDPE mould with 

50 mm inner diameter, and 10 mm depth.  The resin curing temperature was measured 

through a TES-303 digital thermometer, with its thermocouple wire inserted inside the 

HDPE mould, and the tip was located at mid-height in the resin.  Ambient temperature 

and humidity were monitored by a digital thermohygrometer with its sensor positioned 

close to the mould.  The humidity was maintained between 30%-40%. 

 

Figure 4-9 Schematic illustration of experimental set-up for resin exothermic 

tests. 

Five different polyester resins were evaluated.  These were: GPR and SLT, as described 

in Section 4.1.3; CFS casting resin (CFS), from CFS Fibreglass, UK; polylite 32032-00 

resin (PLT), MB Fibreglass, UK; DSM synolite 0382-A-1 resin (SLT) and S-70361TA-

isophthalic polyester laminating resin (STA), both were from Polycraft Products, USA.  

The exothermic temperature-time test results are shown in Figures 4-10 to 4-14.  The 

curing process of each polyester resin follows similar characteristics: when the resin starts 

to gel, heat is released, and temperature within the resin increases quickly.  At the peak 

temperature, most of the chemical crosslinking reactions are completed, thus the 

temperature starts to decrease towards room temperature. 
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Table 4-3 Summary of the resin exothermic tests, data are from Figures 

4-10 to 4-14. 

Resin Peak Tem (℃) Gel point (min) Viscous-rubbery (min) Hard-rubbery (min) 

GPR 62.9 18.5 20.0 34.5 

PLT 27.9 21.0 25.0 65.0 

SLT 33.2 13.0 15.0 27.0 

STA 47.4 20.0 24.0 38.0 

CFS 35.6 14.5 19.0 31.0 

Table 4-3 summarises the peak temperatures, the gel time (A), time to become viscous-

rubbery (B), and a hard-rubbery (C) state during the resin curing process.  Here, ‘viscous-

rubbery’ was a state close to jelly, which had mechanical properties comparable to cold, 

cooked pasta, and was able to flow very slowly; ‘hard-rubbery’ was more comparable to 

that of a hard pencil eraser with no flow capability.  The graphs and table show that the 

GPR and STA resins have the highest curing temperatures, which may induce greater 

thermal residual stresses within the sample and could be detrimental to the prestress 

effect.  The gel time of the SLT and CFS resins are short, which may lead to insufficient 

time for composite sample preparation.  Therefore, the PLT resin is considered to be the 

most appropriate choice. 

 

Figure 4-10 Curing process for the general purpose resin, mixed with 2% 

catalyst.  Ambient temperature range was 20.1˚ to 21.9˚C. 
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Figure 4-11 Curing process for the polylite 32032-00 resin, mixed with 2% 

catalyst. Ambient temperature range was 20.2˚ to 21.3˚C. 

 

Figure 4-12 Curing process for the DSM synolite 0382-A-1 resin, mixed with 

2% catalyst.  Ambient temperature range was 20.2˚ to 21.6˚C. 
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Figure 4-13 Curing process for the S-70361TA-isophthalic polyester laminating 

resin, mixed with 2% catalyst.  Ambient temperature range was 

20.6˚ to 21.6˚C. 

 

Figure 4-14 Curing process for the CFS casting resin, mixed with 2% catalyst.  

Ambient temperature range was 20.1˚ to 21.5˚C. 
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4.3.2 Charpy impact testing 

Following from Section 4.3.1, the potential resin candidates were further evaluated 

through impact testing to assess the potential benefits from prestress effects.  Both resin 

only samples and unidirectional fibre VPPMC samples were produced following the 

procedures described in Section 3.5.1.  A creep condition of 330 MPa for 24 h was 

adopted for composite production.  Two identical aluminium moulds were used for 

sample fabrication, each could produce five 80 × 10 × 3 mm strip samples.  Hence, each 

resin only batch had 10 individual samples, and each composite batch consisted of 5 

prestressed ‘test’ and 5 non-prestressed ‘control’ samples.  Three batches of samples were 

produced for each condition to evaluate repeatability.  Impact tests were performed two 

weeks after sample manufacture, and results are shown in Table 4-4.   

Table 4-4 Charpy impact test results for resin only and composite samples 

produced with various resins.  Individual test data are presented 

in Appendix-A, Tables A-6 and A-7. 

  Mean impact energy (kJ m-2) Increase in 

energy (%) Batch Resin only ± SE Test ± SE Control ± SE 

GPR 3.71 ± 0.30 42.42 ± 2.10 31.01 ± 1.19 36.77 

 3.56 ± 0.23 45.36 ± 1.80 33.64 ± 1.51 34.81 

 3.51 ± 0.14 42.79 ± 2.00 35.35 ± 1.98 21.06 

Mean ± SE 3.59 ± 0.13 43.52 ± 1.11 33.33 ± 0.98 30.88 ± 4.94 

PLT 1.20 ± 0.10 37.02 ± 1.78 20.71 ± 0.63 78.76 

 2.62 ±0.24 35.36 ± 1.71 25.03 ± 0.96 41.26 

 1.82 ± 0.08 35.58 ± 1.96 21.61 ± 1.13 64.69 

Mean ± SE 1.88 ± 0.14 35.99 ± 0.99 22.45 ± 0.70 61.57 ± 10.94 

SLT 1.65 ± 0.15 37.31 ± 2.67 22.44 ± 0.97 66.22 

 2.87 ±0.34 35.42 ± 3.41 21.35 ± 0.77 65.9 

 2.24 ± 0.12 35.97 ± 2.06 22.68 ± 0.66 58.63 

Mean ± SE 2.25 ± 0.15 36.23 ± 1.50 22.16 ± 0.46 63.58 ± 2.48 

STA 3.54 ± 0.21 52.14 ± 2.98 28.24 ± 1.66 84.60 

 3.09 ±0.10 54.45 ± 1.63 32.57 ± 2.26 67.18 

 3.12 ±0.08 49.26 ± 2.75 29.56 ± 0.83 66.66 

Mean ± SE 3.32 ± 0.12 51.95 ± 1.46 30.12 ± 1.02 72.81 ± 5.90 

CFS 1.47 ± 0.09 45.23 ± 1.55 21.93 ± 0.85 106.23 

 1.63 ± 0.04 43.42 ± 4.40 21.62 ± 0.99 100.82 

 1.76 ± 0.13 45.43 ± 2.87 27.85 ± 1.24 63.12 

Mean ± SE 1.62 ± 0.06 44.69 ± 1.71 23.80 ± 0.95 90.06 ± 13.56 
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Again, the benefits from viscoelastic prestress effects were observed for all the resins 

used.  Figure 4-15 shows the impact test results against the peak curing temperature for 

each resin used.  A linear fit to the data points shows the trend, and the corresponding 

equations are also presented.  It shows that the impact toughness of the matrix is sensitive 

to the peak curing temperature for both the resin only samples and the composite (control 

sample) materials.  The CFS, PLT and SLT resins have similar low impact toughness 

properties.   

 

Figure 4-15 Comparison of resin properties with peak curing temperature.  

Data points are from Tables 4-3 and 4-4.  Dashed line is from a 

linear fit; the corresponding equation is also shown. 
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toughness of the resin only samples against the increase obtained from the prestress effect 

in VPPMC samples, together with historic data from Refs [12, 92].  A linear fit was 

applied to the data points.  Though the correlation coefficient is relatively weak (i.e. 77%), 

it shows a trend in that the benefit from viscoelastic prestress appears to decrease with 
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load transfer mechanism for different resin based composite materials.  It would indicate 

that the tougher the matrix is, the weaker the stress interaction through the fibre-matrix 

interface; i.e. lower compressive stresses are generated from the viscoelastically strained 

fibres at the interface regions due to localised deformation of the matrix.  This might give 

a lower increase in impact toughness.  Further investigations into fibre-matrix interface 

interactions would be required to obtain a better understanding of this phenomenon. 

 

Figure 4-16 Plot of increase in impact energy absorption of VPPMC samples 

against the impact toughness of resin only samples.  The triangle 

data point is from Ref [92]; the round circle data point is from Ref 

[12].  Dashed line is from a linear fit, together with the 

corresponding equation. 

4.3.3 Resin selection 

The investigation into resins show that matrix properties play an important role in the 

performance of both resin only and composite materials.  Benefits from the viscoelastic 

prestress effect were observed for all the resin candidates; however, the mechanical 

benefits from viscoelastic prestress appear to decrease with increasing matrix impact 

toughness.  Though further investigations are required to understand this issue further, it 

is beyond the scope of this thesis.  To select the suitable resin for VPPMC production, 

y = −10.35 x + 91.31

r = 0.7699

0

25

50

75

100

125

0 1.5 3 4.5 6 7.5

V
P

P
M

C
 i

n
cr

ea
se

 (
%

)

Resin impact toughness (kJ/m2)

Author's data

Fazal data (2014)

Fancey data (2000)



Chapter 4 

Preliminary work and investigations 

 

102 

 

various issues need to be considered.  Figure 4-16 suggests that PLT, SLT and CFS resins 

showed maximised prestress effects and thus would be suitable matrix materials.  The 

exothermic tests of the resin curing process showed that SLT and CFS resin have short 

gel times, i.e. <15 min (Table 4-3), which may be insufficient for sample preparation.  

Therefore, the PLT resin was considered to be appropriate for this research.  It is 

comparatively superior in: (i) low viscosity, to facilitate casting of samples with high fibre 

volume fractions; (ii) moderate gel time for sample preparation; (iii) good transparency 

after curing, which enables observation of the fibre distribution, porosity and debonding 

effects after mechanical testing; (iv) benefits from viscoelastic prestressing; (v) lowest 

peak curing temperature, which minimizes thermal residual stresses.   
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4.4 CONCLUSIONS 

Preliminary investigations into the materials and equipment have been performed in this 

section to support and prepare for the main research project work.  The calibration of the 

stretching rigs enabled direct comparison with previous research; the viscoelastic 

behaviour of the new nylon 6,6 fibre has been studied and compared to the previously 

used nylon yarn [1, 2, 5-7, 10, 98, 99] in various aspects; an appropriate resin has been 

selected to offer suitable properties for VPPMC production.  The main findings from this 

section are listed as follows:   

(i) Following calibration of the two stretching rigs (SSR and LSR), Charpy 

impact testing shows that there is no significant difference in the performance 

of samples produced with either stretching rig.  However, slightly stable 

mechanical behaviour of the composite samples produced from the LSR was 

observed. 

(ii) The cross-sectional area of the annealed new nylon 6,6 fibre yarn is 

marginally greater (<1%) than the old (equivalent) material which in turn 

contributes to a slight reduction in applied stress for the standard creep run 

(based on specified load). 

(iii) The annealing effect on nylon 6,6 fibre is highlighted in terms of shrinkage 

in fibre diameter and crystallinity.  It is found that the new yarn has a lower 

crystallinity which is more thermally sensitive compared to the previously 

used fibre material.  Therefore, subjected to the same creep conditions, the 

new yarn produces higher strain values and gives a slightly greater 

viscoelastic recovery force. 

(iv) Experimental investigations with various polyester resins show that a higher 

peak curing temperature may produce a matrix with higher impact toughness; 

the mechanical benefits from viscoelastic prestress appear to decrease with 

increased impact toughness of the matrix material. 
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Therefore, the large stretching rig (LSR) was considered to be the principal equipment 

for producing viscoelastic creep in polymeric fibres as required in later chapters.  The 

PLT (polylite 32032-00) resin was selected as the appropriate matrix material for this 

research.  The slight difference in the characteristics of the new nylon 6,6 yarn compared 

with the old material was also noted for later comparison with previous research findings. 
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Chapter 5 VISCOELASTIC BEHAVIOUR OF NYLON 6,6 FIBRE AND ITS EFFECT ON VPPMCS 

VISCOELASTIC BEHAVIOUR OF NYLON 

6,6 FIBRE AND ITS EFFECT ON VPPMCS 

 

SUMMARY 

This Chapter investigates the viscoelastic behaviour of nylon 6,6 fibre and its effect 

on the impact behaviour of VPPMCs.  Large creep stresses ranging from 330 MPa 

to 590 MPa were applied to the fibre yarns to determine creep strain-time 

performance, corresponding recovery strain was monitored in situ.  The yield 

properties of the fibre were determined from creep rupture tests where a stress of 665 

MPa was applied.  A latch-based Weibull model, as previously adopted, enabled the 

prediction of the ‘true’ elastic modulus through elasticity from the creep-recovery 

data.  The time-stress superposition principle (TSSP) was applied to predict the long-

term performance of the material.  Since nylon fibre showed approximately linear 

viscoelastic behaviour in both creep and recovery performance, this corresponded 

with the applicability of TSSP, in that the stress shift factor, log ασ, had a linear 

relationship with creep stress.   

The effect of viscoelastic creep strain level on the impact behaviour of VPPMCs were 

conducted through Charpy impact tests.  Batches of VPPMC samples were prepared 

with their control counterparts and subjected to impact tests.  WAXD and recovery 

force measurement of the fibre sample subjected various creep strain levels were 

carried out to provide potential contributions towards further understanding of the 

viscoelastic mechanisms within a VPPMC.   
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5.1 INTRODUCTION 

Viscoelastic behaviour can have a profound influence on the mechanical performance of 

polymeric fibres [18].  Clearly, knowledge of the appropriate viscoelastic characteristics 

of reinforcements is vital for producing VPPMCs.  Fibre materials are considered to store 

mechanical energy during tensile creep, which is progressively released through time-

dependent viscoelastic recovery following load removal.  When constrained in a matrix, 

the recovery of polymeric fibre imparts compressive stresses into the matrix, hence 

improving the mechanical properties of the composites.  Research into the morphological 

structure of semi-crystalline fibres has resulted in models for different fibrous structures, 

i.e. the microfibrillar model (Section 2.7.1), and the Swiss-cheese model (Section 2.7.2).  

Though it is still inconclusive on a microstructural scale [146], the behaviour of nylon 

fibres can be explained by the Swiss-cheese model [111] as proposed by Prevorsek [104, 

107].  Briefly, nylon fibre can be considered to consist of three phases, i.e. crystalline 

regions (anisotropic), isotropic amorphous regions and orientated amorphous domains.  

The orientation occurs during the drawing process and is associated with re-

crystallization [105], i.e. phase transaction (Section 3.2.4.2).  Therefore, differences in 

the fibre forming process could induce discrepancies on the microstructural scale, and 

further affect mechanical properties.  For example, nylon 6,6 as fibre, is shown to exhibit 

linear viscoelasticity below 50 MPa creep stress [96, 193]; however, as a matrix material, 

nonlinear viscoelastic performance has been demonstrated under creep conditions of up 

to 40 MPa [113].  On the other hand, the time-dependent viscoelastic properties of 

polymeric materials can be represented through a spring-dashpot latch model as proposed 

by Fancey [97].  The creep, recovery and stress relaxation behaviour of a polymeric 

material correlate well with the stretched exponential Weibull functions (Sections 3.2.2 

and 3.2.3).   

Previous work on VPPMCs has shown that viscoelastically generated prestress from 

polymeric fibres can improve the mechanical properties of the composite materials, these 

typically being ~15% in tensile strength [6], ~33% in impact toughness [2, 5, 98], and 
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~50% in flexural stiffness [1].  To date however, a creep condition of ~330 MPa applied 

for 24 h, has been used for the majority of investigations into the performance of nylon-

based VPPMCs in previous research [1, 2, 5-7, 10, 98, 99].  Thus, the effect of viscoelastic 

strain level on the mechanical properties of VPPMCs is unknown.  In this Chapter, the 

viscoelastic characteristics of nylon 6,6 fibre under various creep conditions were 

investigated in terms of creep, recovery and recovery force.  A latch-based Weibull model 

as previously developed (Sections 3.2.2) enabled the prediction of the ‘true’ elastic 

modulus through elasticity from the creep-recovery cycle.  The TSSP was applied to 

predict the long-term performance of the material (Section 5.2.2).  Finally, by applying 

various creep strain levels to nylon 6,6 yarns, batches of VPPMC samples were made 

with their control counterparts.  Charpy impact testing was used to determine the effect 

of viscoelastic creep strain level on impact properties.   

5.2 BACKGROUND 

5.2.1 Viscoelastic behaviour 

Viscoelastic behaviour exhibits both elastic and plastic characteristics when undergoing 

deformation.  Particular interest in this phenomenon includes creep, relaxation and 

hysteresis [18].  Polymeric materials exhibit time-dependent plastic deformation when a 

constant stress (below the yield stress) level is maintained as shown in Figure 5-1 (a) and 

(b); such deformation is defined as viscoelastic creep [194].  In general, a creep strain 

curve may consist of three stages.  An initial rapid elongation εi (mainly elastic 

deformation, independent of time), is produced once a creep load is applied.  In Stage I, 

the creep rate decreases rapidly with time, which may be attributed to molecular chain 

slippage and reorientation [195].  After a certain period, Stage II follows, in which the 

rate reaches a steady-state minimum value, and usually lasts for a relatively long period.  

Finally, Stage III occurs with a rapid increase in creep rate beyond the yield creep strain, 

which ultimately leads to creep fracture of the material [18, 195-197].  It should be noted 

that Figure 5-1 (b) is an idealised curve and some materials may only possess partial 

stages of the curve.  This is depending on the polymer microstructure [18]. 
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Figure 5-1 Schematic of the creep and recovery characteristics of a polymeric 

material: (a) creep and recovery behaviour under constant stress; 

(b) creep and recovery cycle following load removal at tc, and 

subsequent recovery (through stress) at a fixed strain. 

The viscoelastic recovery strain-time curve after releasing the creep load at t1 is also 

shown as a dashed line in Figure 5-1 (b).  Following load removal, the polymeric sample 

undergoes recovery, elastically and viscoelastically.  Elastic deformation recovers 

immediately, while viscoelastic deformation is time-dependent behaviour.  Figure 5-1 (c) 

shows the stress generated from the viscoelastic recovery.  On releasing the creep load at 

tc, a time window Δt, as illustrated in Figure 5-1 (d), is allowed to elapse to lock the 

residual strain either on force measurement equipment (Section 3.4.3) or within a 

polymeric matrix (i.e. in a VPPMC).  Assuming ε1 is the level of strain constrained, a 

time-dependent stress will be generated due to contraction of the viscoelastic component 

[99].  Equations 3-1 to 3-3, from the latch-based Weibull model developed by Fancey 

[96] to describe the viscoelastic behaviour of polymeric fibres (Sections 3.2.2 and 3.2.3), 

were adopted here for curve-fitting purposes.   
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Figure 5-2 Schematic of stress-strain behaviour for elastic and viscoelastic 

materials at two values of elapsed time tʹ and tʹʹ.  Redrawn from 

[16]. 

Figure 5-2 shows schematically, the stress and strain behaviour of elastic and viscoelastic 

materials at two fixed values of elapsed time tʹ and tʹʹ during creep tests.  For a perfectly 

elastic material, the stress σ is directly proportional to the strain ε, giving a constant 

gradient referred to as the Young’s modulus.  For a viscoelastic solid material, the stress 

is a function of strain and time, and the material is considered to be linear viscoelastic 

when stress is directly proportional to the strain with different gradients at fixed time 

values [16].  Nylon 6,6 fibre for example, has shown approximately linear viscoelastic 

properties up to ~50 MPa creep stress over a period exceeding 1000 h using published 

creep data [193]; however, there is increasing deviation from linear viscoelasticity below 

100 h at relatively low creep loads (< 50 MPa) [96].   

5.2.2 Time-stress superposition principle 

Since the viscoelastic behaviour of polymeric materials is time-dependent, the TSSP is 

developed to predict the viscoelastic response of the material over a large time scale.  The 

superposition principle is first established for time and temperature, which forms the well-

known time-temperature superposition principle (TTSP), as discussed later in Section 

6.2.2.  TTSP is based on the Doolittle formula, in which the viscosity is shown as a 
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function of free volume [198]; also, Ferry and Stratton [199] found that the free volume 

interpretation of the dependence of viscosity can be extended to concentration, pressure, 

and tensile strain.  Thus, for polymers with a Poisson’s ratio μ less than 0.5, the increase 

in fractional free volume f from stress-induced strain ε can be given by [199]: 

 𝜕𝑓/𝜕𝜀 = (𝛽𝑓/𝛽)(1/𝑣)(𝜕𝑣/𝜕𝜀) (5-1) 

where, β is the compressibility coefficient; βf is the compressibility of the free volume; v 

is the specific volume.  For small strain change Δε, the strain shift factor, αε, can be 

defined as: 

 log 𝛼𝜀 = −
[1 (2.303𝑓0)]⁄ 𝛥𝜀

𝑓0 (𝛽𝑓 𝛽⁄ )⁄ (1 − 2𝜇) + 𝛥𝜀
 (5-2) 

where, f0 is the free volume fraction at reference strain.  Since strain ε = σ/E, where σ is 

the stress applied to the polymer and E is the elastic modulus, then assuming ασ is the 

stress shift factor: 

 log 𝛼𝜎 = −
[1 (2.303𝑓0)]⁄ (𝜎 − 𝜎0)

𝐸𝑓0 (𝛽𝑓 𝛽⁄ )⁄ (1 − 2𝜇) + (𝜎 − 𝜎0)
 (5-3) 

Equation 5-3 is identical to the well-known Williams-Landel-Ferry (WLF) equation when 

C3=1/(2.303f0) and C4=Ef0/(βf /β)(1-2μ), which is:   
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 log 𝛼𝜎 = −
𝐶3(𝜎 − 𝜎0)

𝐶4 + (𝜎 − 𝜎0)
 (5-4) 

The TSSP as described by Equation 5-4 has been reported to fit well to the creep 

behaviour of unoriented nylon 6,6 monofilaments using low creep stress values (<50 

MPa) [200].  Here, the TSSP was applied to the creep behaviour of oriented nylon 6,6 

fibres subjected to large creep stresses, i.e. 330 MPa to 590 MPa.  A successful 

transformation of the log αT (temperature shift factor) values from creep [193] and stress 

relaxation [201] have been reported in relation to predicting the long-term behaviour of 

recovery in nylon 6,6 fibre [10] and the (associated) impact toughness in nylon-based 

VPPMCs [5, 98].  Therefore, the log ασ parameter values generated from creep 

characteristics were also applied to the corresponding recovery strain-time data to predict 

the long-term recovery performance within the context of the free volume theory. 

5.2.3 Elastic modulus 

Most polymers are viscoelastic materials, tensile testing will produce both elastic and 

viscoelastic deformation simultaneously.  Elastic deformation, like a spring, can be totally 

recovered after load removal; conversely, viscoelastic deformation acts like a time-

dependent dashpot.  In order to obtain the ‘true’ elastic modulus of a viscoelastic solid, 

the stress-strain relationship from pure elasticity is required, which is not possible from 

routine tests; i.e. no load can be physically applied instantaneously [18].  Moreover, the 

exact stress-strain characteristics of plastic materials are highly dependent on strain rate 

and environmental conditions [202].  Therefore, the elastic modulus of a polymer can 

vary considerably.  However, the Weibull distribution equation can fit well to creep strain 

data [96, 97], which allows the prediction of purely elastic strain under different stress 

levels.  Thus, creep tests of nylon 6,6 fibre, under a range of applied stresses, can provide 

a pure elastic stress-strain curve, which enables the prediction of the ‘true’ elastic 

modulus of the viscoelastic material. 
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5.3 EXPERIMENTAL PROCEDURES 

5.3.1 Creep and recovery 

Creep and recovery measurements followed previously described procedures as shown in 

Section 3.4.2.  Briefly, following annealing, nylon 6,6 yarns were subjected to creep 

loading using the SSR.  Creep strain was monitored under ambient conditions of 

20.0-21.5°C and 30-40% RH.  Five creep stress values (330 MPa, 395 MPa, 460 MPa, 

525 MPa and 590 MPa) were applied to the annealed nylon 6,6 yarns for a period of 24 h 

in separate runs.  For repeatability purposes, three samples of annealed yarn were 

subjected to creep at each of the stress values, and recovery strain was subsequently 

monitored after each 24 h creep run.  A commercially available software package 

(CurveExpert 1.4) was used to fit the Weibull-based spring-dashpot latch model (Section 

3.2.2) to the creep and recovery strain-time data; all the equation parameters and the 

correlation coefficients were provided to indicate the curve fit quality.  Previous research 

has demonstrated there were no differences in surface features between the test and 

control fibres from standard creep conditions, i.e. 330 MPa for 24 h; however, as there 

may have been potential fibre damage from elevated creep strain levels, this was 

evaluated further through the Weibull model (Section 3.2.2), SEM (Section 3.4.4) and 

WAXD (Section 3.4.5).   

5.3.2 Viscoelastic recovery force 

By subjecting a polymeric fibre to creep stretching, subsequent contraction of the fibre 

will produce a recovery force (at a constant strain) which enables force monitoring 

through a force sensor.  Measurement of the recovery force followed the procedures 

outlined in Section 3.4.3.  Due to time limitations, recovery force was monitored up to 

1000 h, and two yarn samples at each stress condition were tested for assessing 

repeatability.  Again, CurveExpert 1.4 was used to fit the Weibull-based latch model, i.e. 

Equation 3-3 (Section 3.2.3), to the recovery force-time data. 
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5.3.3 Wide-angle X-ray diffraction 

WAXD was adopted to evaluate potential microstructural changes within the nylon 6,6 

fibre after creep loading.  Creep followed the same details outlined in Section 5.3.1.  

Briefly, to maintain identical conditions with the creep and recovery tests, the same length 

of fibre, i.e. ~1300 mm was used for WAXD.  Following load removal, fibre yarns were 

cut and folded into 6 parallel yarns, and then brushed into flat ribbons.  All the fibre 

ribbons were trimmed to ~100 mm in length, which ensured appropriate fitting into a 

sample holder.  Ribbon width was maintained at ~10 mm which minimised overlapping 

effects.  The flat fibre ribbons were then mounted on WAXD sample holders, and yarns 

were adjusted to be as parallel as possible.   

WAXD scanning was carried out on an X-ray diffractometer using Cu-Kα radiation 

(λ=1.5406 Å).  Procedures and experimental settings followed Section 3.4.5.  Profile 

analysis was achieved using commercially available software, MDI Jade 6.0.  The 

background was maintained as linear.  Since the mathematical model based on the 

Pearson VII function (Equation 3-9) offered the best profile fitting to nylon 6 fibre over 

the Gaussian, Lorentzian and Logistic functions [175], it was also adopted in this research 

to provide the profile fitting.  A shape factor of 2 ensured adequately stabilised diffraction 

patterns [111, 146, 179].   

5.3.4 Production and evaluation of composite samples 

Production of composite samples followed the procedures in previous studies on nylon 

fibre-based VPPMCs [1, 2, 98] as outlined in Section 3.5.1, the main points are 

summarised here.  As discussed in Section 4.1.3, to produce a batch of composite samples, 

the LSR (Section 3.4.2) was used to induce viscoelastic creep strain on nylon fibres.  A 

clear-casting polyester resin, i.e. Reichold Polylite 32032, was used with 2% MEKP 

catalyst as the matrix material, following careful selection in Section 4.3.  A batch of test 

and control samples was moulded simultaneously with the same resin mix to ensure no 

differences between samples other than fibre prestressing.  Following demoulding, 

samples were cut and stored in polyethylene bags at room temperature.   
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Composite samples were evaluated through Charpy impact testing to determine the effect 

of viscoelastic creep level on impact toughness.  This was carried out at 336 h (two weeks) 

after composite manufacture, and experimental procedures and settings followed Section 

3.5.2, operated in accordance with BS EN ISO 179 standard [191]. 

5.4 RESULTS AND DISCUSSION 

5.4.1 Fibre topography 

Examination of potential fibre damage from elevated creep strain levels was carried out 

through SEM (Section 3.4.4).  As the five creep stress conditions ranged from 330 MPa 

to 590 MPa for the creep and recovery tests, fibre topography of the highest stress level 

(590 MPa) was evaluated and compared to the control (non-stretched) nylon yarn to 

determine potential fibre damages.  Figure 5-3 shows the SEM micrographs, the test fibres 

being previously subjected to the 590 MPa creep stress for 24 h, compared with the 

control sample.  There appear to be no differences in terms of fibre topography.  Thus it 

may be inferred that there is no damage from the maximum (24 h) exposure to the 590 

MPa creep condition.   

 

Figure 5-3 SEM micrographs of the nylon 6,6 fibres, showing test (24 h creep 

at 590 MPa) and control (no creep) samples.  Both fibres were 

annealed simultaneously.  While the test sample was subjected to 

creep, the control sample was positioned nearby to ensure the same 

ambient conditions.  Micrographs were taken 72 h (to allow for 

sample preparation) after creep load removal for the test sample. 
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5.4.2 Fibre creep and recovery characteristics 

Figure 5-4 (a) shows creep strain-time data under the five creep stress conditions, together 

with the curve-fits using Equation 3-1 (Section 3.2.2).  The corresponding equation 

parameter values are listed in Table 5-1.  Despite data scatter, the three runs at each stress 

demonstrate good repeatability.  As the nylon 6,6 fibre is multifilament yarn (Section 

3.1.1), the scatter in data points is primarily due to the inconsistency in manually locating 

the edges of inked marks during strain measurements.  It is apparent that the creep strain 

increases with applied creep stress, which in terms of a mechanical model for viscoelastic 

behaviour, may result from more time-dependent latch elements being activated under 

higher creep stresses [96].   

 

Figure 5-4 Strain-time data for (a) 24 h creep and (b) recovery at the five stress 

values with curve-fits from Equations 3-1 and 3-2. 

The resulting recovery data from the 24 h creep runs in Figure 5-4 (a) are shown in Figure 

5-4 (b), in which the strain data were monitored to approximately two years in real time.  

The corresponding parameter values from Equation 3-2 are shown in Table 5-1.  Clearly, 

there is greater scatter with the recovery strain data in Figure 5-4 (b), compared with the 

creep strain data in Figure 5-4 (a).  This is attributed to the yarns being held in a high state 

of tension for the latter case, which facilitated measurements.  Nevertheless, the recovery 
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parameters for 24 h creep at 330 MPa in Table 5-1 are comparable to those previously 

obtained with the old yarn material [10].  Of particular importance is the values for f in 

Table 5-1: although they have increased with applied creep stress, f from creep at the 

highest stress (590 MPa) is less than 10-4%.  Thus, (unwanted) viscous flow effects are 

predicted by Equation 3-2 to be negligible.  This indicates that most of the available 

recovery is viscoelastic, which implies that the viscoelastic prestressing mechanism 

would not be limited by an eventual contribution from viscous flow [10, 98]. 

 

Figure 5-5 Plot of instantaneous strain i and elastic recovery strain e values 

at each creep condition.  These values are obtained from Equations 

3-1 and 3-2. 

Since the creep and recovery at each stress condition corresponds to the same tests, the 

instantaneous elastic recovery e, can be determined from the difference between the total 

strain at the end of a 24 h creep test, and the initial value of recovery strain from 

viscoelasticity and viscous flow [96] (Figure 3-5).  The predicted e values are shown in 

Figure 5-5, together with associated instantaneous strain i values (creep strain at 0 min) 

from Table 5-1.  It shows that for each creep condition, the instantaneous elastic strain i 

compares well with the predicted e value (within <1% difference).  The scatter in data 

points is considered to be within the limitations of experimental measurements.  This 
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indicates that the elastic strain was fully recovered upon load removal.  Therefore, it may 

be concluded that there is no creep-induced fracture in the fibres even after being 

tensioned at 590 MPa for 24 h.  This is consistent with the findings in Section 5.4.1. 

Table 5-1 Summary of the creep and recovery parameter values from data in 

Figure 5-4 using Equations 3-1 and 3-2; r is the correlation 

coefficient. 

24 h applied 

stress (MPa) 

Creep parameters 

εc (%) βc ηc (h) εi (%) r 

330 3.538 0.2245 0.1428 7.956 0.9729 

395 3.665 0.2614 0.1856 9.223 0.9707 

460 4.317 0.2048 0.1889 10.181 0.9939 

525 4.148 0.2419 0.1418 11.049 0.9926 

590 5.044 0.2830 0.4256 12.141 0.9957 

24 h applied 

stress (MPa) 

Recovery parameters 

εr (%) βr ηr (h) εf (%) r 

330 3.052 0.1270 1155 < 10-9 0.9651 

395 3.800 0.1068 7175 < 10-9 0.9795 

460 4.361 0.1056 9637 < 10-4 0.9865 

525 3.956 0.1734 77400 < 10-4 0.9878 

590 4.621 0.2062 150468 < 10-5 0.9853 

5.4.3 Stress rupture testing 

To determine the fibre failure properties, a higher creep stress was applied to nylon 6,6 

yarn with ambient conditions of 20.0-21.5°C and 30-40% RH.  Since the breaking 

strength of nylon 6,6 fibre is 700-900 MPa [10], 665 MPa creep stress (value restricted 

by the stretching rig) was adopted for the testing.  Annealed fibre samples were stretched 

to break and the results are shown in Figure 5-6.  Three fibre samples were tested to assess 

repeatability.  Since yarn samples were approaching fracture points beyond the yield 

strain, the fracture point was not captured due to the rapid increase in creep rate that 

occurs in Stage III as characterised in Section 5.2.1.  Thus data were available for two 

runs monitored up to 2 h, and one run up to 3 h.  The yield creep strain (Section 5.2.1) 

was found to be ~18%, and this was reached after 2 h of stretching.  Beyond the yield 

point, the fibre yarn progressed until fracture.  Since Equation 3-1 is not applicable to the 

creep data beyond the yield point, the curve-fit is limited to the strain-time data below 

18%, and parameter values are listed in the figure below.  This is further discussed in 

Section 5.4.5.   
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Figure 5-6 Strain-time data from nylon 6,6 fibre under 665 MPa creep stress.  

Dashed line shows the development of Stage III in creep behaviour, 

which quickly leads to fibre failure. 

5.4.4 Predicting the ‘true’ elastic modulus 

Since the Young’s modulus of viscoelastic materials can be strongly influenced by testing 

conditions, such as strain rate and temperature [203, 204], the modulus of nylon 6,6 can 

range from 2.8 to 4.9 GPa [205, 206].  The instantaneous elastic strain i from Equation 

3-1 is a predicted value which cannot be measured.  Therefore, linear regression between 

i and stress σ could be an approach to evaluate the ‘true’ modulus of nylon 6,6.  Howard 

and Williams [193] investigated the creep of nylon 6,6 fibres at small stresses (10.1 MPa, 

35.2 MPa, 50.3 MPa); Fancey [2, 10, 96] examined the creep and recovery behaviour of 

nylon 6,6 yarns using 282 MPa, 342 MPa and 401 MPa creep stresses.  By using the i 

values from Table 5-1 and Figure 5-6, together with the data from literature, the 

established relationship between i and σ is shown in Figure 5-6.  A linear fit was applied 

and the gradient value gave a true modulus value of 4.61 GPa.  The scatter in data points 

may, at least in part, be attributed to differences in the microstructural characteristics (i.e. 

variations in crystallinity) between nylon 6,6 fibres used in the current studied material 

and previously adopted fibre yarns in Refs [2, 10, 96] (as discussed in Section 4.2.2).  The 
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dashed lines in Figure 5-7 represent a ‘worst case’ gradient on both sides of the best linear 

fit with intercepts set as 0, and these gave values of 4.91 GPa and 4.07 GPa, respectively.  

This provides an indication of the uncertainty in the modulus result.  Therefore, the true 

modulus result was found to be 4.6 ± 0.4 GPa. 

 

Figure 5-7 Plot of elastic strain i, predicted from Equation 3-1, versus creep 

stress σ values.  A linear regression was applied, indicating that the 

modulus value of nylon 6,6 fibre is 4.61 GPa.  Dashed lines show a 

‘worst case’ gradient on both sides of the best linear fit with 

intercepts set as zero, indicating the uncertainty in the modulus 

result.   

5.4.5 Linear viscoelasticity 

Following from Sections 5.4.2 and 5.4.4, the linear viscoelasticity of nylon 6,6 fibre was 

evaluated based on these results.  As discussed in Section 5.2.1, the creep strain 

isochrones at fixed elapsed time periods were produced from the curves in Figure 5-4 (a).  

The results are shown in Figure 5-8, with linear regression fits to show the trend, and the 

scatter in data points can be attributed to the discrepancy in strain measurements (Section 

5.4.2).  It is clear that the linear gradient values decrease with the increase in creep 

duration, which suggests that nylon 6,6 fibre shows approximate linear viscoelastic 
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performance under creep deformation at high stress values, i.e. 330-590 MPa.  This is in 

accordance with creep behaviour below 50 MPa stress [96, 193].   

 

Figure 5-8 Creep strain isochrones of nylon 6,6 fibre at 1 min, 1 h and 24 h 

respectively.  Linear regression shows the trends. 

Since creep stress is directly proportional to strain at a fixed value of elapsed time [16, 

197] for linear viscoelastic material, a shift factor αc can be defined mathematically as 

follows: 
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 (5-5) 

where, σ0>σ1.  Therefore, a higher creep strain could be shifted to 𝜀ctot(𝜎0, 𝑡) through αc.  
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330 MPa creep strain data were set as the reference.  Resulting data are shown in Table 

5-2, and plotted in Figure 5-9.  A linear regression fitted well to the data points.   

Table 5-2 Shift factor (αc) values determined from Equation 5-5, as calculated 

from the average of five selected creep strain values on the fitting 

curves at each creep condition, relative to 330 MPa.  SE is the 

standard error. 

 330 MPa 395 MPa 460 MPa 

αc ± SE 1 0.8869 ± 0.0004 0.7990 ± 0.0003 

 525 MPa 590 MPa 665 MPa 

αc ± SE 0.7496 ± 0.0011 0.6765 ± 0.0030 0.6135 ± 0.0010 

 

Figure 5-9 Shift factor αc for each creep stress value; data points are from 

Table 5-2 (330 MPa creep stress is set as the reference).  
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the scatter area of the 330 MPa creep condition.  This indicates stability in viscoelasticity 

up to a creep stress of 590 MPa.  Of particular interest, is that stable linear viscoelastic 

behaviour was observed with the 665 MPa creep data as highlighted by the dashed line 
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below 1 h (Figure 5-10).  It is clear that the rapid growth in creep rate, categorized as 

Stage III (Section 5.2.1), started beyond 1 h of creep loading, thus the yield creep strain 

as determined in Section 5.4.3 can be considered as being limited to ~17.5%.  Therefore, 

it may be concluded that creep behaviour of nylon 6,6 below the yield strain shows stable 

linear viscoelastic characteristics, which in turn makes the linear superposition principle 

applicable [197].  These results are in accordance with previous findings. While the WLF 

equation (Section 6.2.2) has predicted a non-linear relationship between temperature and 

temperature-shift factor (Section 6.2.2) for polymer materials, a linear relationship was 

successfully applied to nylon 6,6 material in terms of long-term creep [193], stress 

relaxation [201, 207], and dynamic tensile modulus [207] performance.  Since TSSP 

shares the same free volume theory with TTSP (Section 5.2.2), speculation can be made 

that log ασ may also show linear behaviour with stress values. This is investigated in 

Section 5.4.6.   

 

Figure 5-10 Strain-time relationships normalised to the 330 MPa creep 

condition through shift factors αc from Table 5-2. 
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Analogous to the linear viscoelastic behaviour in creep, αr is defined as the recovery shift 

factor: 

 𝛼r =
𝜀rvis(𝜎0, 𝑡)

𝜀rvis(𝜎1, 𝑡)
 (5-6) 

Again, a higher recovery strain under σ1 (>σ0) can be shifted to 𝜀rvis(𝜎0, 𝑡) through αr for 

a linear viscoelastic material.  Since fibre rupture occurred under 665 MPa stress, 

recovery runs up to 590 MPa stress were used to study the linear viscoelastic recovery of 

nylon 6,6 fibre.  The same procedures as described earlier were used here to determine 

the parameter values for each recovery condition, and results are listed in Table 5-3 and 

shown in Figure 5-11.  Regression indicates a linear relationship between αr and applied 

stress.   

Table 5-3 Shift factor (αr) values determined from Equation 5-6, as calculated 

from the average of five selected recovery strain values on the 

fitting curves at each creep condition, relative to 330 MPa.  SE is 

the standard error. 

 330 MPa 395 MPa 460 MPa 

αr ± SE 1 0.7915 ± 0.0117 0.6850 ± 0.0128 

 525 MPa 590 MPa  

αr ± SE 0.6031 ± 0.0189 0.4905 ± 0.0167  

Recovery strain-time curves as shown in Figure 5-4 (b), were shifted through αr, and 

normalised results are shown in Figure 5-12.  The viscoelastic recovery of nylon 6,6 fibre 

generally aligns with the 330 MPa recovery strain, though a large scatter of data was 

observed beyond 100 h.  This scatter in data points can be attributed to reasons given in 

Section 5.4.2.  Again, despite the data scatter, recovery behaviour of nylon fibre indicates 

approximate linear viscoelasticity.   
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Figure 5-11 Shift factor αr for each recovery curve; data points are from Table 

5-3 (recovery strain from 330 MPa creep is set as the reference). 

 

Figure 5-12 Strain-time relationships after normalising to the 330 MPa 

recovery condition through shift factors αr, as shown in Table 5-3.   
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5.4.6 Long-term viscoelastic behaviour 

Creep tests were carried out using a maximum value of 665 MPa stress as reported in 

Section 5.4.3.  TSSP was applied to various creep runs below the yield strain, i.e. up to 

the 590 MPa creep condition.  Thus, single step short-term (24 h) creep strain-time data 

as shown in Figure 5-4 (a) could be superposed, and the resulting master creep curve was 

obtained through a horizontal shift of creep stress curves, i.e. t to t/ασ.  Normalised results 

are shown in Figure 5-13.  Since temperature and humidity for all the creep strain 

measurements were controlled to be under the same conditions (Section 5.3.1), the 330 

MPa creep strain was selected as the reference σ0 value.  Equation 3-1 was used for curve 

fitting, and corresponding parameter values are also shown in Figure 5-13.  Since elastic 

strain is dependent on stress, the value of i for the 330 MPa reference creep stress as 

given in Table 5-1 was adopted.   

 

Figure 5-13 Master curve for creep strain versus time in nylon 6,6 fibre, 

obtained from TSSP, using data from Figure 5-4 (a). 

As indicated in Figure 5-13, the master curve is well fitted by Equation 3-1.  The curve 

effectively shows the creep deformation at 330 MPa loading over a vast time scale, and 
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was plotted as (log ασ) versus (σ˗σ0) and is shown in Figure 5-14.  Instead of an apparent 

non-linear relationship between log ασ and stress as predicted by Equation 5-4, a linear 

regression was well fitted to the data points, giving a gradient of 0.024 MPa-1.  This 

enabled log ασ to be determined at 590 MPa relative to 330 MPa, and the resulting value 

was -6.2798.  Thus, for shifting strain data from t to t/ασ, the viscoelastic creep using 590 

MPa would be ~1,904,800 times faster than a creep loading of 330 MPa, i.e. nylon yarns 

subjected to 590 MPa for 24 h would be equivalent to a 330 MPa creep stress applied for 

~5200 years.   

 

Figure 5-14 Plot of the time-stress shift factor, ασ, as a function of stress 

difference. Reference creep stress is 330 MPa. The line and 

equation are from linear regression, r is the correlation coefficient.  
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parameter values.  It is worth noting that viscoelastic flow effects are predicted to be 

negligible (Section 5.4.2).   

 

Figure 5-15 Recovery master curve obtained from TSSP using data from 

Figure 5-4 (b) plotted against time.  Applied shift factor values are 

the same as shown in Figure 5-14, but in a reversed order. 

5.4.7 Effect of viscoelastic creep strain on VPPMC performance 
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procedures in Section 5.3.4.  For repeatability, each strain level had five batches of test 

and control samples.  Impact tests were performed two weeks after production, and Table 

5-4 shows the results.  Two-sided hypothesis testing results (at 5% significance level) 

have shown that the mean of the test samples from 460 MPa are significantly higher than 

the other two prestressing conditions.   

Table 5-4 Charpy impact test results relative to each 24 h creep condition.  

Samples were tested 336 h after moulding.  Individual test data are 

presented in Appendix-B, Table B-1. 

 Mean impact energy (kJ m-2) Increase in 

energy (%) Batch Test ± SE Control ± SE 

330 MPa  (24 h) 33.93 ± 3.14 23.78 ± 1.48 42.64 

 37.02 ± 1.78 20.71 ± 0.63 78.76 

 35.36 ± 1.71 25.03 ± 0.96 41.26 

 36.71 ± 2.89 25.60 ± 1.15 43.37 

 35.58 ± 1.96 21.61 ± 1.13 64.69 

Mean ± SE 35.72 ± 0.99 23.35 ± 0.59 54.14 ± 7.52 

460 MPa  (24 h) 39.63 ± 2.22 24.08 ± 0.74 64.60 

 37.30 ± 0.54 22.28 ± 0.88 67.39 

 38.57 ± 1.35 19.46 ± 0.15 98.21 

 39.36 ± 0.95 22.59 ± 0.66 74.23 

 44.81 ± 1.86 23.41 ± 0.59 91.36 

Mean ± SE 39.93 ± 0.81 22.36 ± 0.42 79.16 ± 6.66 

590 MPa  (24 h) 30.08 ± 2.51 21.49 ± 1.25 39.96 

 35.77 ± 1.46 21.72 ± 0.44 64.70 

 35.62 ± 1.11 22.19 ± 0.63 60.48 

 37.64 ± 1.75 23.98 ± 0.82 56.93 

 36.59 ± 1.36 24.29 ± 0.37 63.51 

Mean ± SE 35.14 ± 0.62 22.74 ± 0.32 57.12 ± 4.49 

The influence of creep strain level on impact behaviour is further presented in Figure 

5-16.  It is clear that the benefit from prestress is greatest at 460 MPa creep for 24 h, and 

this gives 79.16% increase in impact energy absorption compared to their control 

counterparts.  Increasing the creep stress further to 590 MPa, reduces the impact benefit 

to 57.12%.  This indicates that an optimum viscoelastic fibre prestressing level exists to 

maximise the prestress effects for VPPMC production.  Though approximate linear 

viscoelastic recovery was demonstrated in Sections 5.4.5 and 5.4.6 (free viscoelastic 

strain recovery), the recovery of fibre yarn within a VPPMC was constrained (at fixed 

strain) by the matrix.  Hence, the measurement of recovery force at fixed strain was 

required to understand further the prestress effect, as investigated in the following section. 
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Figure 5-16 Charpy impact test results from Table 5-4; error bars represent 

the standard error. 

5.4.8 Recovery force 

Recovery force levels, generated from the three creep settings, were monitored up to 1000 

h, and results are shown in Figure 5-17.  The recovery force-time data under 330 MPa for 

24 h were taken from Section 4.2.4.  For repeatability, two runs for each creep condition 

were evaluated.  Data scatter is attributed to effects as discussed in Section 4.2.4.  

Following creep load removal, the fibre loops subjected to 460 MPa and 590 MPa creep 

show similar recovery rates, but there is divergence beyond 3 h.  At 336 h (the age at 

which Charpy impact tests were performed in Section 5.4.7), the mean recovery force 

was found to be 3.76 ± 0.06 N, 4.31 ± 0.08 N and 3.24 ± 0.11 N for 330 MPa, 460 MPa, 

and 590 MPa creep conditions, respectively.  Recovery force measurement is not directly 

related to the recovery performance within a VPPMC, i.e. there are differences between 

strain locked by the matrix and the force measurement rig, due to process procedures 

(Sections 3.4.3 and 3.5.1).  The results do demonstrate however, that the 460 MPa creep 

stress gives the highest recovery force beyond 100 h.  This corresponds to the Charpy 

impact results, in that the highest impact increase was observed with the 460 MPa 

prestress condition in Section 5.4.7.   

35.7
39.9

35.1

23.4 22.4 22.7

54.1%

79.2%

57.1%

0

25

50

75

100

330 MPa-24 h 460 MPa-24 h 590 MPa-24 h

Im
p

a
c
t 

e
n

e
r
g

y
 a

b
so

r
b

e
d

 (
k

J
 m

-2
)

Test Control Increase



Chapter 5 

Viscoelastic behaviour of nylon 6,6 fibre and its effect on VPPMCs 

 

130 

 

 

Figure 5-17 Viscoelastic recovery force generated from the three creep 

conditions.  Data for the 330 MPa, 24 h creep condition are from 

Section 4.2.4. 

5.4.9 X-ray diffraction 

The creep deformation mechanism within nylon 6,6 fibre was further investigated through 

WAXD, and resulting WAXD patterns under the three creep conditions are shown in 

Figure 5-18.  As facilities were limited to stretching one yarn at a time, there were slight 

variations in sample age during WAXD scanning.  For each diffraction pattern, the most 

intense region consists of two crystalline reflections for (i) the peak at ~20.3˚ 

corresponding to the (100) crystal plane, showing the inter-chain distance and (ii) the 

peak at ~23.5˚ relating to the (010, 110) doublet, revealing the inter-sheet distance [185, 

186].  These two peaks are reflected from the α-crystals oriented in a triclinic unit cell as 

shown in Figure 3-9 in Section 3.2.4.2.  Peak positions in Figure 5-18 show slight 

variations, which may due to variability in sample preparation (as discussed in Section 

4.2.2).  There are significant differences in terms of peak intensity from the three creep 

settings, showing an increase in intensity of both peaks with increasing creep stress.  This 

demonstrates the sensitivity of orientation to the creep loading process. 
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Figure 5-18 Comparison of WAXD patterns for the nylon 6,6 fibre under the 

three creep conditions.  Sample age (following load removal) was 

20 h for 330 MPa, 44 h for 460 MPa and 68 h for 590 MPa. 

Table 5-5 Microstructural parameters for the nylon 6,6 fibre after creep 

process. 

 Sample Non-creep 330 MPa (24 h) 460 MPa (24 h) 590 MPa (24 h) 

(100) 2θ (˚) 20.52 20.37 20.34 20.34 

 d (Å) 4.341 4.372 4.378 4.378 

 FWHM 1.41 1.36 1.32 1.31 

 ACS (Å) 57 59 61 62 

(010, 110) 2θ (˚) 23.55 23.44 23.58 23.58 

 d (Å) 3.817 3.813 3.812 3.809 

 FWHM 2.10 1.92 2.09 2.04 

 ACS (Å) 39 42 39 40 

Amorphous 2θ (˚) 22.77 22.78 22.64 22.69 

 FWHM 3.52 3.88 3.67 3.70 

Crystallinity (%) 52.97 58.15 59.95 60.34 

ICP (%) 72.6 77.6 78.5 79.1 

Further details of peak features were obtained through deconvolution of the diffraction 

patterns into sharp peaks with a profile fitting technique as described in Section 5.3.3, and 

the results are listed in Table 5-5.  The details of annealed but non-stretched pattern 

parameters as shown in Table 4-2 (Section 4.2.2), are also provided in the table for 
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reference.  The crystallinity increased with creep stress.  This can be attributed to the 

recrystallization occurring during the loading process as discussed in Section 3.2.4.2.  

Despite the annealing effects on nylon 6,6 fibre (Section 4.2.2), similar increases in 

crystallinity with applied tensile strains were also observed by Marcellan et al [111] on 

non-annealed nylon 6,6 yarn.  Also, they detected a decrease in the reduction of the 

isotropic amorphous index, and an increase in amorphous orientation [111].  Therefore, 

the increase in intensity with creep stress (as shown in Figure 5-18), may be caused by 

molecular orientation occurring in the isotropic amorphous regions.   

 

Figure 5-19 Changes (%) in microstructural parameters with creep stress in 

terms of crystallinity, apparent crystal size (ACS), index of 

crystalline perfection (ICP) and amorphous peak position (2θa). 

The influence of creep processing on fibre microstructure is highlighted in terms of 

changes in WAXD parameters, as shown in Figure 5-19.  The amorphous halo position 

was found to remain relatively stable with respect to the creep stress.  The index of 

crystalline perfection, ICP, is defined for interpreting the shift in crystalline peak 

positions from (100) and (010, 110) planes, compared to the crystalline characteristics 

proposed by Bunn and Garner [143] (Section 3.2.4.5), and this showed an increase with 

creep stress.  However, referring to the spacing data from Table 5-5, the perpendicular 
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chain-to-chain distance within the d(100) plane increased with creep load, to reach a 

constant value at the 460 MPa and the 590 MPa creep, which is equal to that of the non-

annealed yarn (Section 4.2.2).  This is also confirmed through apparent crystal size ACS 

data from the as-received fibre.  In contrast, the perpendicular sheet-to-sheet distance 

d(010, 110) decreased with loading, which could be caused by compaction along the a-axis 

direction induced from the loading of the molecular chains oriented along the fibre axis.  

Therefore, it can be concluded that for the increase in creep stress from 0 to 590 MPa, the 

minimized energy of the structure due to annealing [154] is affected, both crystallinity 

and ICP rates decrease.  The inter-chain distance, which is controlled by van der Waals 

interactions, is stabilised after 460 MPa stress; the inter-sheet distance, controlled by 

hydrogen bonds, continues to decrease, which indicates the sheets became closer.   

5.4.10 Viscoelastic deformation mechanisms in nylon 6,6 fibre 

Nylon 6,6 fibre has demonstrated approximately linear viscoelastic characteristics under 

low creep deformation levels, i.e. up to ~50 MPa creep stress over a period exceeding 

1000 h [193].  Here, the creep performance of fibre yarn with large strain deformation 

(up to 17% creep strain) from 330 MPa to 590 MPa creep stress also demonstrates linear 

viscoelasticity, as presented in Section 5.4.5.  This is further verified through TSSP in 

Section 5.4.6.  While semi-crystalline nylon 6,6 fibre is usually regarded as a two-phase 

system in X-ray diffraction, i.e. crystalline and amorphous regions as discussed in Section 

5.4.9, the amorphous region has been refined into isotropic amorphous and oriented 

amorphous domains [111, 183].  The oriented amorphous regions can be considered as 

the bridging area that connects the isotropic and crystalline regions, which occurs during 

the drawing process of the fibre [105].  As proposed by the ‘Swiss-cheese’ model [104, 

107], crystals are surrounded by the oriented amorphous chains, i.e. TTMs (Section 

2.7.2).  Thus, viscoelastic deformation within nylon 6,6 can be considered to be controlled 

by the performance of (i) crystalline regions; (ii) isotropic amorphous regions; and (iii) 

oriented amorphous domains.  A model can be proposed to describe the creep deformation 

of nylon 6,6 fibre, as shown in Figure 5-20. 
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Figure 5-20 Schematic representation of creep deformation within nylon 6,6 

fibre.  Solid lines in crystalline regions represent both molecular 

chains and sheets; dashed lines represent TTMs. 

Generally, for semi-crystalline polymeric fibre, the instantaneous elastic deformation is 

mainly determined by the crystalline regions, while the time-dependent viscoelastic 

deformation is caused by behaviour within the amorphous regions [113, 208].  When 

nylon 6,6 fibre is subjected to creep stress conditions, both orientation and phase 

transformation occurs within all three regions, i.e. (i), (ii) and (iii).  The increase in 

crystallinity and ACS(100) from creep stress, as shown in Table 5-5 and Figure 5-19 

demonstrates recrystallization; the increase in intensity is attributed to the increase in 

orientation with creep stress.  Since TTMs are considered to control the mechanical 

properties of polymeric fibres [104, 111], the phase transformation from isotropic 

amorphous to oriented amorphous ensures the compensation of TTMs through local 

ordering [151] to provide more potential load carrying molecules when subjected to a 

higher stress.  Following load removal, the full recovery in instantaneous elastic strain 

infers no creep-induced fracture in the crystalline regions (Section 5.4.2), while the 

WAXD parameter values show the non-recoverable offset in inter-sheet distances 

induced by compaction (Section 5.4.9).  Since TTMs are in a highly taut state under creep, 
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the recovery of oriented amorphous regions may dominate the initial recovery stage (< 

10 h), i.e. rapid recovery upon load removal.  This may explain that as reported in Section 

5.4.8, the time-dependent recovery force generated from the 460 MPa and the 590 MPa 

creep conditions show a relatively higher rate of increase than the 330 MPa for the initial 

period of ~10 h.   

5.4.11 Viscoelastic prestress mechanisms within VPPMCs 

The viscoelastic deformation of nylon fibre can be represented by a latch-based 

mechanical model [97], i.e. time-dependent deformation of fibre may be represented by 

a number of latches controlled by springs and dashpots connected in series.  During creep 

loading, the latch elements are progressively triggered to store energy, and higher applied 

stress may result in more sites being activated (Section 5.4.2).  This correlates with the 

impact results as presented in Section 5.4.7 (when up to 460 MPa stress was adopted for 

a 24 h fibre prestressing).  Beyond the 460 MPa however, although stable linear 

viscoelasticity was observed as shown in Sections 5.4.5 and 5.4.6, there was a decrease 

in impact benefits from viscoelastic fibre prestressing at the 590 MPa stress condition.  

This reveals further insights into viscoelastic prestress mechanisms within a VPPMC. 

Referring to the microstructural model as presented in Figure 5-20, locations for 

mechanical energy storage can be considered as consisting of: (i) elastic energy storage 

sites (EESTs), which determine elastic deformation from the crystalline regions, are fully 

recovered immediately after load removal up to the 590 MPa creep stress value (Section 

5.4.2); (ii) viscoelastic energy storage sites (VESTs), which control the time-dependent 

viscoelastic deformation in amorphous regions.  Hence, as discussed in Section 5.4.9, the 

increase in crystallinity and ACS(100) with applied creep stress values may be considered 

to correspond with the increase in the number of EESTs, and reduction in VESTs.   

The increase in Charpy impact energy from ~54% to ~79% shows that, though there may 

be a reduction in the number of VESTs from the 330 MPa to the 460 MPa, more sites are 

progressively triggered under the higher creep stress of 460 MPa.  When subjected to the 

590 MPa creep however, since nylon 6,6 yarns are approaching full usage of the energy 

storage sites under 460 MPa creep, the reduction in prestress benefits (at 590 MPa) may 
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be caused by: (i) availability of VESTs to store more energy as creep stress increases (a 

saturation effect) and (ii) VESTs being impeded by interactions caused by increasing 

molecular orientation (Figure 5-18) and possibly crystallographic changes, i.e. d(010, 110) 

and other parameters in Table 5-5.  Thus (i) and (ii) would also explain the lower value 

for the viscoelastic recovery force as shown in Figure 5-17.  Therefore, there is an 

optimum creep strain value for VESTs to release the stored energy, to obtain the 

maximum benefits from viscoelastic fibre prestressing within a VPPMC.   

The above discussion also offers a potential explanation to the fact that for the currently 

used nylon 6,6 fibre, the ~54% increase in impact energy is higher than that from recent 

published work with nylon-based VPPMCs, i.e. 30-40% [5, 7].  Despite the variation in 

resin formulation and Vf, the difference in crystallinity between the annealed new and old 

yarns, i.e. 53% relative to 58% (Section 4.2.2, Table 4-2), may result in fewer VESTs to 

be available in the old yarn, when subjected to the same creep loading.  Moreover, the 

new yarn has a lower elastic strain value; i.e. 7.96% in εi (Table 5-1), as predicted by 

Equation 3-1, relative to 8.63% for the old yarn [2].  Therefore, the old yarn has more 

EESTs, providing further evidence for the observed differences in impact energy.   
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5.5 CONCLUSIONS 

To better understand the prestress mechanisms within a VPPMC, the viscoelastic 

properties of nylon 6,6 fibre under high creep stress values were investigated in this 

chapter through various testing methods.  Charpy impact tests were carried out to 

determine the effect of viscoelastic creep strain level on impact behaviour of VPPMCs.  

The main findings include:   

(i) Creep and recovery tests of nylon 6,6 fibre show that elastic strains were fully 

recovered for the 24 h creep conditions, up to 590 MPa, upon load removal; 

this indicates there is no creep-induced fracture.  Since viscous flow was 

considered negligible for all the 24 h creep conditions, the viscoelastic 

prestressing mechanism would not be limited by this.   

(ii) The yield creep strain is determined from creep rupture tests, in which fibre 

yarns were subjected to 665 MPa creep stress.  Yield strain was achieved after 

2 h, and quickly led to fracture beyond ~18% creep strain. 

(iii) The ‘true’ modulus of nylon 6,6 fibre is found to be 4.6 ± 0.3 GPa; this was 

achieved through the use of the Weibull-based function from which the pure 

elastic strain was predicted. 

(iv) Both creep and corresponding recovery show approximate linear viscoelastic 

characteristics at large creep deformations, from 330 to 590 MPa creep 

conditions.  From this context, the yield strain of nylon 6,6 is narrowed to 

~17.5%, which corresponds to the limit of stable linear viscoelastic 

behaviour. 

(v) TSSP shows a linear relationship between the stress shift factor, log ασ, and 

stress, which is applicable to linear viscoelastic solids.  Again, stability in 

long-term linear viscoelastic behaviour is observed; this allows the creep 

behaviour under 330MPa to be predicted over a large time scale.  Thus creep 
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at 590 MPa for 24 h would be equivalent to 330 MPa creep stress for ~5200 

years. 

Stress shift factor values are successfully transferred to the recovery strain 

data, this being equivalent to load removal in the shifted creep master curve; 

thus yarns would have been stretched with 330 MPa creep stress for 

~4.56×107 h.  Though this is unrealistic, it does demonstrate a well fitted 

master curve, from which stable linear viscoelastic recovery behaviour can be 

inferred. 

(vi) The prestress levels within a VPPMC can be quantitatively represented by the 

viscoelastic creep strain generated through different creep stress conditions.  

Charpy impact test results show a limitation in mechanical benefits from 

prestress effects, when subjected to the highest creep value, i.e. 590 MPa for 

24 h.  It is suggested that an optimum value exists to maximise the prestress 

benefits for VPPMC production; this is verified by the recovery force 

measurements in that, the (intermediate) 460 MPa 24 h creep condition gives 

the highest recovery force beyond 100 h. 

(vii) Findings from WAXD patterns show that crystallinity increases with creep 

stress.  The deformation in crystalline regions is non-recoverable, i.e. an 

offset in crystalline spacing is observed; the degree of orientation is also 

increased.   

(viii) The three-phase microstructural model can be applied to explain the 

viscoelastic behaviour of nylon fibre; hence a modified creep deformation 

model is proposed.  By considering both the three-phase microstructural 

model and latch-based mechanical model, a viscoelastic prestress mechanism 

is proposed.  It offers an explanation to the observation that there is an 

optimum creep strain level to maximise the prestress benefits.   

Observation of viscoelastic behaviour of nylon 6,6 fibre shows that the viscoelastic 

prestressing mechanism would not be limited by viscous flow, and there is no creep-
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induced fracture even under the 590 MPa, 24 h creep condition.  Charpy impact results 

demonstrate the effects of viscoelastic creep strain on impact behaviour of VPPMCs.  

Since the mechanical benefits from viscoelastic prestress is found to be limited by the 

viscoelastic creep strain level, it is clear that the same strain value can be obtained through 

higher stresses over shorter time intervals.  Therefore, process optimization can be 

considered to reduce the processing time for VPPMC production, which would benefit 

potential industrial application.  Detailed research of this is covered in Chapter 6.   
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Chapter 6 TOWARDS OPTIMISATION OF LOAD-TIME CONDITIONS FOR PRODUCTING VPPMCS     

TOWARDS OPTIMISATION OF LOAD-

TIME CONDITIONS FOR PRODUCING 

VPPMCS 

 

SUMMARY 

This chapter investigates the optimisation of load-time conditions for producing 

VPPMCs, based on the creep and recovery performance of nylon 6,6 fibre as reported 

in Chapter 5.  The Weibull-based model allows the prediction of viscoelastic creep 

strain at each creep condition, and this offers opportunities to reduce the processing 

time for fibre stretching.  Since prestress benefits within a VPPMC are determined 

by the viscoelastic recovery of polymeric fibres, prestress levels can be represented 

by the viscoelastic creep strain.  Therefore, the same prestress level can be attained 

by employing a higher creep stress over a shorter term, and the standard 24 h creep 

condition can be reduced to tens of minutes.   

The effectiveness of the basic principle was verified through Charpy impact testing.  

By subjecting the samples to natural aging (up to 0.5 years) or accelerated aging 

(time-temperature superposition), the short-term and long-term performance of 

VPPMCs were investigated.  Further consideration was given to the optimisation of 

load-time conditions for VPPMC production.   
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6.1 INTRODUCTION 

VPPMC methodology requires the use of polymeric fibres with appropriate viscoelastic 

properties.  To produce a VPPMC, the fibre stretching and moulding operations are de-

coupled; i.e. production process involves two stages: (i) polymeric fibres are stretched 

under a constant load for a period of time so that they undergo viscoelastic creep; (ii) the 

fibres are released from the load before they are moulded into a resin matrix (e.g. 

polyester or epoxy resin).  This offers great flexibility in VPPMC production.  Thus, a 

creep load can be applied to fibres with relatively simple equipment; then, after the load 

is released, the fibres can be chopped to any length and placed in any orientation within 

any mould geometry that is capable of being filled with a matrix resin.   

To date however, all VPPMC-based studies at Hull have utilised a creep loading period 

of 24 h [1-8, 10-12].  This is a convenient period for research purposes, but this length of 

time would be less practical for VPPMC production in a commercial environment.  The 

purpose of this chapter is to contribute towards process optimisation by significantly 

reducing the 24 h creep loading period for VPPMC production.  Since most of the 

research to date has involved nylon 6,6 fibres [1, 2, 5-7, 10-12], this is the reinforcing 

material under investigation.  The effect of viscoelastic creep strain levels on the impact 

behaviour of nylon-based VPPMCs has been investigated in Chapter 5; here, the time 

required for reaching a specified creep strain was significantly reduced through higher 

loading conditions.  Another potential aspect is longevity.  Research has shown there is 

no deterioration in benefits from prestress in nylon fibre-based VPPMCs under standard 

(24 h) creep conditions up to the equivalent of 20,000 years at a constant 20˚C [98].  

However, the long-term performance of optimised creep conditioned samples still needs 

to be ascertained.  This can be achieved by applying the TTSP.  A further aspect to be 

addressed, is to consider optimisation at a creep strain higher than that obtained under the 

normal 24 h loading conditions, so that fibre prestressing benefits can be maximised.   
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6.2 PRINCIPLES 

6.2.1 Creep time reduction 

To reduce the creep time applied to polymeric fibres for VPPMC production, the applied 

stress must be increased from the ‘standard’ 24 h creep stress of ~330 MPa  applied to 

nylon 6,6 fibres [1, 3, 5-8, 10].  Factors to consider are whether a much higher creep stress 

(i) increases the risk of failure from fibre fracture during the creep cycle and (ii) results 

in unwanted changes to the fibre properties.  It has been demonstrated in Sections 5.4.1 

and 5.4.2 that there is no creep-induced fracture in nylon 6,6 fibre even when subjected 

to 590 MPa for 24 h.  Thus, an empirical approach is adopted here to reduce the fibre 

processing time, and Figure 6-1 illustrates the basic principle.   

 

Figure 6-1 Reducing the fibre creep time from 24 h to tn by equalising the creep 

strain from a higher stress, c(tn), with c(24)std. 

As explained in Section 3.2.2, a creep strain curve can be represented through a Weibull-

based equation (Equation 3-1).  Therefore, instantaneous strain i1 and the time-dependent 

strain value c(24)std, can be found.  Subsequent runs, performed at stress values, n, 
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higher than the standard run, are expected to provide strain values by Equation 3-1.  The 

value for c(tn) will be equal to c(24)std, where tn < 24 h; again, c(tn) excludes the 

corresponding instantaneous strain, i2.  Therefore, a value for tn which approaches the 

shortest practical creep time, tmin, can be determined, consistent with other factors (no 

fibre damage) outlined above.  The next step is to compare measurements of recovery 

strain as a function of time from a run subjected to creep up to tn, with those obtained 

from a standard creep run.  The expectation is that fitting the data to Equation 3-1 should 

reveal similar parameter values from both runs.   

The final step is to validate the effectiveness of VPPMCs produced under the tn creep 

conditions.  Since Charpy impact testing has been used for the majority of investigations 

into the performance of nylon fibre-based VPPMCs [2, 5, 7, 8, 10-12], this is the most 

appropriate evaluation method.  Thus batches of VPPMC samples using tn can be 

compared with similar batches produced under standard (24 h) creep conditions, and 

evaluated through both short-term (natural aging) and long-term (accelerated aging) 

mechanical performance.  Viscoelastic force measurement of nylon 6,6 yarns under tn 

creep conditions is also carried out, which may provide useful experimental evidence to 

support the basic principle. 

6.2.2 Time-temperature superposition principle 

For long-term mechanical performance, the TTSP concept is utilised.  Based on the free 

volume theory, TTSP is commonly used to generate the master curve for tensile creep 

[193], flexural creep [209], dynamic tensile modulus [207], stress relaxation [201, 207], 

or predict the long-term viscoelastic recovery [10] behaviour of polymeric materials.  

TTSP can be mathematically expressed as: 

 𝜀(𝑇,
𝑡

𝛼T
) = 𝜀(𝑇0, 𝑡0) (6-1) 
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where, αT is defined as the temperature shift factor; T0 is arbitrarily chosen as the reference 

temperature and T is any other temperature.  Each creep strain value ε(T, t/αT) has a 

corresponding value on the master curve ε(T0, t0) at temperature T0.  According to free 

volume theory, the viscosity of a material, η, can be related to free-space via the Doolittle 

equation [198]: 

 ln 𝜂 = ln 𝐴 + 𝐵/𝑓 (6-2) 

where, f is the free volume fraction; A and B are material constants.  Linear dependence 

of the free volume fraction on temperature change is addressed with the relation [210]: 

 𝑓 = 𝑓0 + 𝑎T(𝑇 − 𝑇0) (6-3) 

where, aT is the thermal expansion coefficient of the free volume fraction; f0 is the free 

volume fraction at reference temperature T0.  If the time-temperature shift factor is 

defined as αT = η(T)/η(T0), the ratio of viscosities at two different temperatures, the time-

temperature superposition can be given as [210]: 

 log
𝜂(𝑇)

𝜂(𝑇0)
= log αT = −

𝐵

2.303𝑓0
(

𝑇 − 𝑇0

𝑓0/𝑎T + 𝑇 − 𝑇0
) (6-4) 

This yields the well-known WLF equation when C1=B/(2.303f0), C2=f0/aT. 

The TTSP as shown in Equation 6-4 infers a non-linear relationship between temperature 

and the shift factor log αT; however, as discussed in Section 5.4.5, nylon 6,6 fibre shows 
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approximately linear viscoelasticity within the yield creep strain, so the linear 

superposition principle holds [197].  This corresponds with the following: (i) Howard and 

Williams [193] applied the TTSP to the creep of oriented nylon 6,6 fibre under anhydrous 

conditions when a low range of creep stresses (10-51 MPa) was adopted, and results show 

that the shift factor log αT was linear to temperature; (ii) Murayama et al [201] 

investigated the applicability of TTSP to the stress relaxation of nylon 6,6 fibre, and a 

linear relationship between shift factor log αT and temperature was obtained; (iii) 

similarly, a linear curve was also obtained by Dunell et al [207] through the investigation 

into superposition of stress relaxation and dynamic tensile modulus of nylon 6,6 

monofilaments at temperatures between 10˚ and ‒100˚C; (iv) the linear relationship was 

also followed with unoriented nylon 6,6 filaments [200] when subjected to small creep 

strains.  Therefore, rather than the non-linear relation as represented in Equation 6-4, a 

simpler linear TTSP was established for oriented nylon 6,6 fibre, which is based on the 

published data in terms of creep [193] and stress relaxation [201] as shown in Figure 6-2.   

 

Figure 6-2 Plot to determine the time-temperature shift factor αT using 

published data for creep [193] and stress relaxation [201] in nylon 

6,6 fibre.  Reference temperature was 25˚C where log αT = 0; the 

solid line and the equation shows the linear regression, and r is the 

correlation coefficient. Redrawn from [98]. 
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Previous research on nylon 6,6 fibre has shown that viscoelastic recovery is a long-term 

phenomenon [10].  A further investigation into long-term impact performance through 

TTSP of standard nylon fibre-based VPPMCs (~330 MPa for 24 h) successfully 

demonstrated that there is no deterioration in benefits from prestress over an equivalent 

of 20,000 years at a constant 20˚C [98].  Therefore, the TTSP is adopted here to 

investigate the long-term behaviour of VPPMC samples under tn creep conditions to 

determine any potential changes in prestress mechanisms.  To transfer an elevated 

temperature into a time scale shift in terms of free volume, the accelerated aging method 

from Ref [98] was employed here.  Thus, Figure 6-2 shows the relationship between log 

αT and temperature T for nylon 6,6 fibre up to 75˚C.  A linear regression was fitted to the 

data points in Ref [98], giving a gradient of 0.09765˚C-1; this is comparable to 0.093 as 

determined by Williams and Bender [200] through the investigation of unoriented nylon 

6,6 filaments.  This enables log αT to be determined at 70˚C relative to 20˚C, and the 

resulting value is -4.8825.  Therefore, viscoelastic activity would be 76,300 times faster 

at 70˚C relative to 20˚C; i.e. if samples are subjected to 70˚C for 2,298 h, the prestress 

effect from viscoelastic recovery mechanisms will be aged to an equivalent of 20,000 

years at 20˚C.   

6.3 EXPERIMENTAL PROCEDURES 

6.3.1 Creep and recovery 

Creep and recovery measurements followed previously described procedures in Section 

3.4.2.  Here, three 24 h creep loads were selected for detailed assessment, providing stress 

values of 330, 460 and 590 MPa in which 330 MPa represented the standard creep stress 

and the highest value (590 MPa) was consistent with avoiding risks of fibre damage as 

outlined in Sections 5.4.1 and 5.4.2.  With these results, c(24)std was determined from 

the 330 MPa creep data and data from the 460 MPa and the 590 MPa enabled the 

corresponding c(tn) values to be obtained using Equation 3-1 and commercially available 

software, i.e. CurveExpert 1.4. 
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Two further sets of three creep runs were performed, one at the 460 MPa and the other at 

the 590 MPa, over creep times equal to tn in each case, to compare the recovery strain-

time characteristics with those from the standard 24 h, 330 MPa creep data.  Equation 3-2 

was used with CurveExpert 1.4 for this purpose.  Since the recovery characteristics might 

be expected to be similar, any significant deviation between the three data sets may 

indicate differences in viscoelastic creep-recovery mechanisms.   

6.3.2 Preparation and evaluation of composite samples 

Composite sample preparation followed the procedures from previous studies [1, 2, 98] 

as described in Section 3.5.1.  A Vf of ~2.0% was adopted for all composite sample 

production in this chapter.  Charpy impact testing of the VPPMC samples followed the 

procedures as described in Section 3.5.2.  Here, impact behaviour was evaluated in terms 

of: (i) naturally aged short-term impact performance and (ii) long-term impact properties 

from accelerated aging.  For (i), 5 batches of VPPMC samples were produced for each 

creep condition and were either stored to 336 h (2 weeks) or 4392 h (6 months) at room 

temperature (19-22˚C), and then impact tested.  For (ii), samples were stored at room 

temperature for at least 2 weeks, and then subjected to accelerated aging prior to the 

impact tests.   

 

Figure 6-3 Arrangements of samples within a tray (a) before and (b) after 

being subjected to the accelerated aging.  T stands for test sample, 

and C is the control (non-prestressed) counterpart. 

590 MPa (tn h) 

330 MPa (24 h) 

590 MPa (tn h) 

330 MPa (24 h) 

590 MPa (tn h) 

330 MPa (24 h) 

TCTC······ 
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A calibrated fan-assisted oven was used for accelerated aging, with a long-term 

temperature stability of ± 0.3˚C.  Batches of samples with fibres previously subjected to 

creep at 590 MPa for tn h were aged, together with the standard VPPMC sample batches 

for reference.  Due to the limitation in capacity of the fan-assisted oven, three batches of 

VPPMC samples fabricated with each of the two creep conditions were evaluated (i.e. six 

batches in total).  Heating treatment was maintained at a constant 70˚C for 2,298 h (3.2 

months), which is equivalent to an exposure of 20,000 years at 20˚C in terms of 

viscoelastic recovery within the nylon fibres (Section 6.2.2).  Two aluminium trays were 

used, and each contained three batches (i.e. 15 test and 15 control samples).  Samples 

were placed as a single layer on the tray, and Figure 6-3 (a) shows the arrangements of 

samples before aging, with individual test and control samples in alternating positions 

within a batch.  This ensured all the batches were subjected to the same heating 

conditions.  After the heating treatment, as shown Figure 6-3 (b), samples were removed 

from the trays and stored in polythene bags at room temperature for a further 336 h prior 

to impact tests. 

6.3.3 Viscoelastic recovery force 

Previous studies into the force output-time characteristics of viscoelastically recovering 

fibres [3, 4, 99] have provided useful insights into fibre behaviour.  In this chapter, 

recovery force induced by creep loading within the nylon fibre was measured to provide 

further understanding towards process optimisation of VPPMCs.  Procedures followed 

those previously described, as shown in Section 3.4.3.  Here, the generated recovery force 

from up to tn creep conditions were evaluated and compared to the standard 24 h creep 

runs.  Since elastic deformation was fully recovered after load removal (Section 5.4.2), 

the recovery forces induced by the same viscoelastic creep strain, i.e. either from the 

standard 24 h or tn h (higher creep stress) runs, were expected to be similar.   
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6.4 RESULTS AND DISCUSSION 

6.4.1 Creep and recovery characteristics 

Creep strain-time data from Section 5.4.2 provide a basis for this research.  Three creep 

conditions, i.e. at 330, 460 and 590 MPa creep stress, were selected and their strain-time 

results are redrawn and shown in Figure 6-4, together with the corresponding recovery 

data.  Using the Weibull-based curve-fits from Equation 3-1, the c(24)std value (330 MPa) 

was found to be 3.39% (Section 5.4.7).  Thus, for c(tn) to be equal to c(24)std (Section 

6.2.1), the tn values (at ~3.4% strain level) from the 460 MPa and 590 MPa creep data 

were found to be 92 min and 37 min, respectively.   

 

Figure 6-4 Strain-time data for (a) 24 h creep and (b) recovery at the three 

stress values with curve-fits from Equations 3-1 and 3-2. Redrawn 

from Figure 5-4.  

Creep strain-time data at the 460 MPa and 590 MPa for the corresponding tn values (92 

min and 37 min) are shown in Figure 6-5, with the resulting recovery strain data.  The 

Weibull parameters (Equations 3-1 and 3-2) are also shown in Figure 6-5.  Again, it is 

worth noting that f is less than 10-4% in both cases (Section 5.4.2).  Subtracting the 

instantaneous elastic strain, the c(tn) values for the 460 MPa and 590 MPa were found to 

be 3.59% and 3.38%, respectively.  These values are comparable to the c(24)std value  
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Figure 6-5 Plots of creep strain to values of tn for 460 MPa and 590 MPa, and 

the corresponding recovery strain-time data.  Curve-fits and 

associated parameters are from Equations 3-1 and 3-2, as shown in 

Section 3.2.2. 
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from 330 MPa (3.39%).  The variation can be attributed to experimental uncertainties; in 

particular, locating the ink marks during measurements on the nylon yarn samples.  By 

comparing the recovery data from 330 MPa in Figure 6-4 (b) with the results in Figure 

6-5 (b) and (d), it can be seen that higher creep stress values applied over shorter times 

increase (slightly) the resulting recovery strain as a function of time.  The effect is 

clarified in Figure 6-6, which shows the fitting curves from Equation 3-2 plotted on 

common axes, over a much longer timescale.  This is in contrast with the suggestion in 

Section 6.3.1, that the recovery characteristics might be expected to be similar.  Since the 

curves in Figure 6-6 represent recovery data in which viscoelastic creep strain was 

equalised (Figure 6-1), only the elastic strain components differed between the three creep 

stress levels.  Although i, the elastic strain at the onset of creep, increases with applied 

stress, the resulting elastic recovery strain, e, should also increase.  This is demonstrated 

by the calculated e values in Figure 6-6 corresponding with the i data in Table 5-1 

(Section 5.4.2) and Figure 6-5, to within < 1% strain.   

 

Figure 6-6 Recovery curves from Figures 6-4 and 6-5, using Equation 3-2, 

plotted on common axes to show their offsets. 

The viscoelastic response during creep and recovery can be described by the action of 

sites triggered, through spring-dashpot time constants, by mechanical latches.  On a 
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molecular level, this can be envisaged as segments of molecules jumping between 

positions of relative stability [96, 97].  Therefore, when a higher stress is applied, more 

sites could be triggered earlier during creep, compared with creep applied at 330 MPa 

over the same timescale, and this allows tn to be reduced to achieve the same level of 

viscoelastic creep strain.  It also might be expected that some of these sites are only 

activated at higher creep stress levels (i.e. >330 MPa) and, during recovery, their time-

dependent triggering characteristics may be different to those sites activated at 330 MPa.  

Therefore, this effect may explain the offset between the three recovery curves in Figure 

6-6. 

6.4.2 Recovery force 

As described in Section 6.4.1, to achieve the same c(24)std value (330 MPa), the tn values 

from the 460 MPa and 590 MPa creep data were found to be 92 min and 37 min 

respectively.  Since both optimised conditions were assumed to provide the same 

mechanical benefits as VPPMCs (Section 6.2.1), the recovery force with the 590 MPa for 

37 min condition was investigated, and compared to the standard creep runs from Figure 

4-8 (Section 4.2.4).  Two runs were tested for each creep condition (for repeatability), 

and these were monitored up to 1000 h.  The resulting data are shown in Figure 6-7.  

Although there is variation in the data points, the 590 MPa condition shows a slightly 

higher recovery rate below 10 h, which corresponds with the findings in Section 5.4.8, 

i.e. that a higher creep stress would create faster recovery in the initial stages.  As 

discussed in Section 5.4.10, this may due to the quick response of TTMs upon load 

removal, which dominate for several hours.  Beyond 10 h however, the 590 MPa 

condition gave slightly lower values of recovery force.   

 



Chapter 6 

Towards optimisation of load-time conditions for producing VPPMCs 

 

153 

 

 

Figure 6-7 Recovery force measurements from nylon 6,6 fibre after being 

subjected to the standard creep condition (data from Figure 4-16) 

and the 590 MPa 37 min condition. 

The Weibull-based model represented by Equation 3-3 (Section 3.2.3) was fitted to the 

experimental data as shown in Figure 6-7 and corresponding parameter values are 

presented in Table 6-1.  This enables the prediction of recovery force values at 336 h after 

creep load removal, which can be expected to directly relate to the absolute value of 

recovery force within a VPPMC at the same age.  The resulting data gives 3.76 ± 0.06 N, 

and 3.46 ± 0.14 N for 330 MPa and 590 MPa conditions respectively, and two-sided 

hypothesis testing shows that these two forces are the same at a significance level of 5%.  

Thus, the recovery force generated from the two creep conditions are equivalent within 

the limits of experimental error.  Therefore, it may be concluded that recovery force from 

the reduced time creep (up to 590 MPa creep stress) gives a similar value to the standard 

creep conditions at an equivalent viscoelastic creep strain level.   
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Table 6-1 Summary of the recovery force parameter values from data in 

Figure 6-7 using Equation 3-3; r is the correlation coefficient.   

Creep condition 

Recovery force 

σv (MPa) Δt (h) η (h) β r 

330 MPa-24 h -01 5.2028 0.0414 9.6148 0.3382 0.9989 

330 MPa-24 h -02 5.0470 0.1632 59.778 0.3831 0.9968 

590 MPa-37 min-01 11.744 0.0676 4135.6 0.1337 0.9989 

590 MPa-37 min-02 14.527 0.0751 116460 0.1548 0.9988 

6.4.3 Short-term impact performance 

Data from the Charpy impact tests are summarised in Table 6-2 and Figure 6-8; also, 

impact results from the standard batches (330 MPa for 24 h) in Section 5.4.7 are shown 

for reference.  Clearly, there are variations from batch to batch with each creep condition, 

but the increase in impact energy absorbed is consistent with previous findings from 

nylon-based VPPMCs [2, 5, 10-12].  The data show little difference in impact energy 

absorption, either in relative or absolute terms for the three creep conditions.  Two-sided 

hypothesis testing shows no difference between test sample means for the three 

prestressing conditions at 5% significance level.  Therefore, there is no detriment to 

impact toughness by utilising the 460 MPa or 590 MPa creep stress conditions, compared 

to the standard 24 h condition.  Since the viscoelastic creep strain for the three creep 

conditions are controlled to be the same (Section 6.4.1), the benefits from prestress can 

be directly related to the strain levels.  This corresponds with Section 5.4.7, in that strain 

levels affect the mechanical benefits, which can be further explained as: the same strain 

level in polymeric fibres, i.e. nylon 6,6 fibre within the VPPMC matrix, will generate the 

same amount of recovery force (Section 6.4.2), to induce a similar amount of stress.  Since 

the VPPMC internal stress is considered to be the main factor that influences the 

mechanical benefits, the same level of mechanical benefits are therefore obtained. 
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Table 6-2 Summary of Charpy impact results, tested at 336 h (two weeks) 

after manufacture.  Five sample batches were tested for each 

prestressing condition (5 test and 5 control samples in each batch); 

SE is the standard error.  Individual test data are presented in 

Appendix-C, Table C-1. 

 
Actual 

age (h) 

Mean impact energy (kJ m-2) Increase in 

energy (%) Batch Test ± SE Control ± SE 

330 MPa  (24 h) 336 33.93 ± 3.14 23.78 ± 1.48 42.64 

  37.02 ± 1.78 20.71 ± 0.63 78.76 

  35.36 ± 1.71 25.03 ± 0.96 41.26 

  36.71 ± 2.89 25.60 ± 1.15 43.37 

  35.58 ± 1.96 21.61 ± 1.13 64.69 

Mean ± SE  35.72 ± 0.99 23.35 ± 0.59 54.14 ± 7.52 

460 MPa  (92 min) 336 40.35 ± 2.81 25.93 ± 1.16 55.59 

  39.42 ± 1.95 24.58 ± 1.05 60.35 

  37.82 ± 1.86 23.24 ± 1.13 62.78 

  33.87 ± 1.21 21.97 ± 0.85 54.20 

  37.37 ± 1.67 22.83 ± 0.42 63.66 

Mean ± SE  37.77 ± 0.92 23.71 ± 0.48 59.32 ± 1.90 

590 MPa  (37 min) 336 34.43 ± 3.68 24.62 ± 1.12 39.86 

  38.59 ± 2.24 23.31 ± 0.79 65.58 

  37.17 ± 4.06 25.00 ± 0.98 48.68 

  37.51 ± 1.32 23.56 ± 0.94 59.21 

  37.97 ± 2.77 24.27 ± 0.72 56.44 

Mean ± SE  37.14 ± 1.25 24.15 ± 0.40 53.95 ± 4.45 

Figure 6-9 shows typical test and control samples following impact testing.  In 

concurrence with the data, there appear to be no discernible differences in the fracture 

characteristics between the samples made from the three creep conditions.  The greater 

area of fibre-matrix debonding observed in the test samples is consistent with findings 

from previous studies of VPPMCs based on nylon 6,6 fibre [2, 5, 7, 10-12].  Although all 

four mechanisms for mechanical property improvements cited in Section 2.6 may 

contribute towards increased impact energy absorption in the test samples, mechanism 

(iv) is the main factor [7].  This mechanism, i.e. residual shear stresses at the fibre–matrix 

interface regions promoting (energy absorbing) debonding over transverse fracture, 

explains the larger area of debonding (hence increased energy absorption) seen in the test 

samples in Figure 6-9. 
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Figure 6-8 Charpy impact test results from Table 6-2; error bars represent 

the standard error. 

 330 MPa (24 h) 460 MPa (92 min) 590 MPa (37 min) 

    

TEST 

CONTROL 
   

Figure 6-9 Representative test and control samples following Charpy impact 

testing, showing similar debonding and fracture characteristics 

from the three creep conditions; note the larger area of fibre-

matrix debonding in the test samples. 

Since all impact tests were performed on samples at 336 h, the results can be compared 

with viscoelastic recovery strain data at the same age.  From Figure 6-6, the recovery 

strains at 336 h can be obtained using Equation 3-2, and give approximately 1.3%, 1.7% 

and 2.1% from recovery at the 330 MPa, 460 MPa and 590 MPa runs respectively.  The 

differences here may be attributed to possible changes in triggering sites during creep 

(Section 6.4.1).  Nevertheless, when these recovery strains are subtracted from their 

respective εr (at t = 0) values as shown in Table 5-1 (Section 5.4.2) and Figure 6-5, the 

resulting elapsed viscoelastic recovery strains (at 336 h) are approximately 1.8% (330 
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MPa), 2.2% (460 MPa) and 2.0% (590 MPa); i.e. they are similar.  As with the similarity 

in recovery force from the two creep conditions (Figure 6-7), these strain values can be 

expected to relate directly to viscoelastic creep strain levels in the VPPMC samples at 

336 h, and clearly there is concurrence with the Charpy impact test data in Figure 6-8.   

Table 6-3 Summary of Charpy impact results, tested at 4392 h (0.5 years) 

after manufacture.  Five sample batches (5 test and 5 control 

samples in each batch) were tested for each prestressing condition; 

SE is the standard error.  Individual test data are presented in 

Appendix-C, Table C-2. 

Batch 

Actual 

age (h) 

Mean impact energy (kJ m-2) Increase in 

energy (%) Test ± SE Control ± SE 

330 MPa  (24 h) 4392 40.00 ± 2.40 25.77 ± 0.64 55.21 

  35.50 ± 3.12 20.32 ± 0.63 74.72 

  37.71 ± 1.44 23.43 ± 0.81 60.96 

  34.97 ± 3.71 23.13 ± 0.38 51.20 

  34.31 ± 3.01 25.05 ± 1.14 36.95 

Mean ± SE  36.50 ± 1.22 23.54 ± 0.47 55.81 ± 6.17 

590 MPa  (37 min) 4392 44.14 ± 1.82 25.17 ± 1.27 75.33 

  44.26 ± 3.11 24.46 ± 0.50 80.98 

  39.76 ± 2.70 25.51 ± 0.69 55.85 

  35.34 ± 1.74 23.96 ± 1.78 47.49 

  34.06 ± 1.90 22.90 ± 0.35 48.71 

Mean ± SE  39.51  ± 1.24 24.40  ± 0.50 61.67 ± 6.94 

Furthermore, batches of VPPMC samples with their control counterparts were produced 

and allowed to age in real time to 4392 h (0.5 years).  Again, batches corresponding to 

the 590 MPa, 37 min creep condition were evaluated, together with standard 330 MPa, 

24 h batches for reference.  Table 6-3 shows the Charpy impact results.  Of particular 

interest, is that the increase in impact energy in both cases is comparable, and this is 

verified through a two-sided hypothesis test at a significance level of 5%.  Therefore, the 

viscoelastic recovery mechanism from nylon 6,6 fibre within these VPPMCs is still 

functional, and there is no deterioration in prestress benefits up to 0.5 years in real time, 

when compared with the data in Table 6-2.   
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6.4.4 Long-term impact performance 

Though viscoelastic recovery force offers an explanation to the internal stress, its long-

term behaviour does not necessarily relate to that of a VPPMC, due to possible matrix 

effects.  Thus VPPMC performance was investigated by employing the TTSP.  Figure 

6-3 (b) shows the samples after accelerated aging.  Other than the sample colour, there 

are no significant differences visually between the batches.  Figure 6-4 summarises the 

Charpy impact results from testing two weeks after the heat treatment.  By subjecting the 

VPPMC samples to accelerated aging, the increase in impact energy absorption shows 

that viscoelastically generated prestress remains active (at least in terms of time-

temperature superposition) for an equivalent of 20,000 years at a constant 20˚C with both 

creep conditions.  In concurrence with the previous research on accelerated aging effects 

on standard VPPMC samples (330 MPa for 24 h) [98], there is no deterioration in 

increased energy absorption; i.e. as verified through a two-sided hypothesis test (5% 

level), the mean increase value of 52.81 ± 3.09% agrees with the impact result (54.14 ± 

7.52%) performed at 336 h after moulding.  Compared with the optimised creep 

condition, i.e. 590 MPa for 37 min, the benefit from prestress is also similar.  Again, 

hypothesis testing shows that the increase of 60.43 ± 9.52% is not different to 52.81 ± 

3.09% at a 5% significance level. 

Table 6-4 Summary of Charpy impact results.  Samples were subjected to 

accelerated aging to an equivalent of 20,000 years at 20˚C.  Each 

prestressing condition is represented by three batches, with 5 test 

and 5 control samples in each batch; SE is the standard error.  

Individual test data are presented in Appendix-C, Table C-3. 

Batch 

Exposur

e to 70˚C 

Age equivalent 

@ 20˚C 

Mean impact energy (kJ m-2) Increase in 

energy (%) Test ± SE Control ± SE 

330 MPa  (24 h) 2,298 20,000 34.51 ± 2.07 22.30 ± 1.11 54.73 

   33.74 ± 1.63 22.99 ± 0.77 46.76 

   34.77 ± 2.32 22.15 ± 0.96 56.94 

Mean ± SE   34.34 ± 1.09 22.48 ± 0.52 52.81 ± 3.09 

590 MPa  (37 min) 2,298 20,000 31.78 ± 0.81 22.44 ± 0.84 41.64 

   32.65 ± 0.20 18.93 ± 0.47 72.47 

   35.91 ± 1.74 21.48 ± 0.33 67.18 

Mean ± SE   33.45 ± 0.76 20.95 ± 0.51 60.43 ± 9.52 
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6.4.5 Aging effects and the time-temperature boundary 

Aging effects on the viscoelastic recovery of nylon fibres within the VPPMCs, in terms 

of Charpy impact performance, are plotted in Figure 6-10.  Here, data is collected from 

Tables 6-2, 6-3 and 6-4.  As verified through hypothesis testing, it is clear that the 590 

MPa, 37 min creep condition shows the same increase in absorbed energy as the standard 

24 h creep condition (330 MPa), with both natural aging (Section 6.4.3) and accelerated 

aging (Section 6.4.4).  This demonstrates that the same viscoelastic creep level achieved 

through higher stress (up to 590 MPa) via a shorter term remains active, and there is no 

deterioration in increased energy absorption in either short-term naturally aged samples 

to 336 h (2 weeks) and 0.5 years or samples subjected to accelerated aging to an 

equivalent of 20,000 years at room temperature.  Thus, within a VPPMC, nylon fibres 

pre-tensioned through 590 MPa for 37 min is broadly the same with the 330 MPa, 24 h 

creep condition, i.e. creep processing time could be reduced from 24 h to tens of minutes 

by using higher stresses (up to 590 MPa) with no detriment to impact performance. 

 

Figure 6-10 Increase in impact energy against time for VPPMC samples 

produced under the two creep conditions.  Data are collected from 

Tables 6-2, 6-3 and 6-4. 
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Previous work has shown that recovery effects from subjecting the polymeric fibre to 

relatively short-term creep (342 MPa for 24 h) can be observed over several decades of 

time [10].  The above findings demonstrate that the viscoelastic recovery within a 

VPPMC is a long-term activity.  Since viscoelastic activity is temperature-sensitive (so 

that time-temperature superposition holds) [98], Figure 6-11 shows the time-temperature 

boundary established in accordance with Figure 6-2 (Section 6.2.2) for nylon 6,6 yarn.  

Clearly, the increase in ambient temperature will reduce the potential functional life over 

which VPPMCs are known not to deteriorate.  It shows that exposure to 70˚C for 2,298 h 

would be equivalent to ~25 years at 50˚C ambient temperature.  Hence, for a VPPMC 

that is produced from creep conditions of 330 MPa for 24 h or 590 MPa for 37 min, the 

prestress effects can be expected not to deteriorate for at least ~25 years at a constant 

50˚C.  This would lead VPPMCs to many practical industrial applications. 

 

Figure 6-11 Time-temperature boundary established in accordance with Figure 

6-2 to an equivalent of 20,000 years at 20˚C, showing the reduction 

in known life with increasing ambient temperature.  Redrawn from 

[98]. 
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6.4.6 Towards optimisation of load-time conditions 

As a consequence of the findings from Sections 6.4.3 to 6.4.5, the possibility of a general 

relationship to obtain the required viscoelastic creep strain level for a range of applied 

creep stress σ and tn values can be considered.  Though Charpy impact tests were 

conducted for three creep conditions, the basic principle as illustrated in Figure 6-1 can 

be applied to the other two creep stress states (395 MPa and 525 MPa) as indicated in 

Section 5.4.2.  Therefore, tn values from the 395 MPa and 525 MPa creep runs could also 

be found to provide a more reliable relationship between σ and tn, and the results are 

shown in Figure 6-12.  Since these load-time conditions are based on subjecting the fibres 

to 330 MPa for 24 h, all c(tn) strain values are ~3.4%.  It indicates a simple logarithmic 

trend, thus it offers an opportunity to predict the required creep stress for a designated tn 

value, i.e. the current line-fit suggests that an increase in applied stress to, for example, 1 

GPa, could reduce tn to within 6 min.   

 

Figure 6-12 Plot showing the relationship between applied creep stress σ and 

required tn for loading.  Round data points are calculated using the 

basic principle as shown in Figure 6-1; the square point predicts 

the creep stress requirement for a stretching period of 20 minutes.   

σ-1 = 0.3546 ln(tn) + 1.8903

r = 0.9887

0

1

2

3

4

0.1 1 10 100

σ
-1

(G
P

a
-1

)

tn (hours)

330 MPa 

395 MPa 

460 MPa 

525 MPa 
590 MPa 

665 MPa 

At ~3.4% creep strain 



Chapter 6 

Towards optimisation of load-time conditions for producing VPPMCs 

 

162 

 

The effectiveness of the trend was experimentally evaluated.  This was achieved by 

selecting a point on the extended dashed line in Figure 6-12.  Batches of Charpy impact 

samples were made with the obtained creep condition, and benefits from prestress were 

investigated through impact testing.  The equation indicates that stress values of 797 MPa 

and 715 MPa correspond to 10 min and 15 min stretching respectively; however, initial 

attempts on creep stress under these conditions rapidly led to fibre fracture due to stress 

concentration effects.  Since it is known that nylon fibre could sustain a 665 MPa creep 

stress for more than 1 h (Section 5.4.3), this value was adopted here, which requires a 20 

min stretching time according to the equation shown in Figure 6-12.  Thus batches of 

composite samples were made under these conditions and Table 6-5 shows the impact 

results, from testing at 336 h (2 weeks) after manufacture.  The five batches of samples 

give an absorbed energy increase of 55.78 ± 3.77%.  Two-sided hypothesis testing at 5% 

significance level shows that the increase is equivalent to the benefits (54.14 ± 7.52%) 

from the standard runs (330 MPa for 24 h), as shown in Table 6-2.  Referring back to the 

creep strain-time data with 665 MPa creep stress, as shown in Figure 5-6 (Section 5.4.3), 

the strain value c for tn = 20 min was found to be 3.49%, which is comparable to the 

c(24)std value at 330 MPa, i.e. 3.39%.  Therefore, the results indicate that ~3.4% 

viscoelastic creep strain would give an increase of ~56% in absorbed impact energy.  In 

terms of industrial application, this improvement in mechanical properties could be 

achieved within a few minutes of fibre stretching as shown in Figure 6-12, if stress 

concentration effects can be avoided.   

Table 6-5 Charpy impact results for VPPMC samples produced with the 

creep condition of 665 MPa for 20 min; testing was performed at 

336 h after manufacture; SE is the standard error.  Individual test 

data are presented in Appendix-C, Table C-4. 

 Actual 

age (h) 
Mean impact energy (kJ m-2) Increase in 

energy (%) Batch Test ± SE Control ± SE 

665 MPa  (20 min) 336 34.74 ± 1.18 22.54 ± 1.16 54.14 

  37.32 ± 1.44 24.00 ± 0.59 55.54 

  38.42 ± 1.78 22.73 ± 0.45 68.99 

  38.74 ± 2.46 25.03 ± 0.59 54.79 

  34.00 ± 1.69 23.38 ± 0.55 45.46 

Mean ± SE 
 

36.65 ± 0.82 23.53 ± 0.35 55.78 ± 3.77 
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6.4.7 Further optimisation 

For the current viscoelastic creep strain levels used in this research, Section 5.4.7 

demonstrated that the benefits from viscoelastic prestress was maximised when fibres 

were subjected to 460 MPa for 24 h, and the c(24) value (460 MPa) was found to be 

4.03%.  Thus, further optimisation in load-time conditions could be considered, in terms 

of increasing the prestress benefits by applying the same principle (Section 6.2.1) to a 

higher viscoelastic creep strain, i.e. ~4.0%.  Since it is known that nylon 6,6 can sustain 

a 665 MPa creep stress for more than 1 h (Section 5.4.3), then for c(tn) equal to c(24) at 

460 MPa (Section 6.2.1), the tn values for creep at 590 MPa and 665 MPa were found to 

be 134 min and 48 min respectively.  Data from corresponding Charpy impact results are 

summarised in Table 6-6.  For reference, batches subjected to 460 MPa for 24 h from 

Table 5-4 (Section 5.4.7) are also shown.   

Table 6-6 Summary of Charpy impact results, tested at 336 h (two weeks) 

after manufacture.  Five sample batches were tested for each 

prestressing condition with 5 test and 5 control samples in each 

batch; SE is the standard error.  Individual test data are presented 

in Appendix-C, Table C-4. 

 Actual 

age (h) 
Mean impact energy (kJ m-2) Increase in 

energy (%) Batch Test ± SE Control ± SE 

460 MPa  (24 h) 336 39.63 ± 2.22 24.08 ± 0.74 64.60 

  37.30 ± 0.54 22.28 ± 0.88 67.39 

  38.57 ± 1.35 19.46 ± 0.15 98.21 

  39.36 ± 0.95 22.59 ± 0.66 74.23 

  44.81 ± 1.86 23.41 ± 0.59 91.36 

Mean ± SE 
 

39.93 ± 0.81 22.36 ± 0.42 79.16 ± 6.66 

590 MPa  (134 min) 336 38.73 ± 1.76 20.79 ± 0.62 86.26 

  39.38 ± 1.19 23.18 ± 0.68 69.90 

  38.35 ± 1.95 23.70 ± 0.51 61.82 

  42.00 ± 3.15 23.25 ± 0.74 80.69 

  41.75 ± 3.39 24.06 ± 1.49 73.53 

Mean ± SE 
 

40.04 ± 0.92 22.99 ± 0.35 74.44 ± 4.24 

665 MPa  (48 min) 336 42.07 ± 4.99 23.91 ± 0.49 75.95 

  43.29 ± 1.86 23.87 ± 0.66 81.23 

  37.57 ± 1.53 22.81 ± 0.60 64.67 

  39.29 ± 2.10 23.66 ± 0.72 66.05 

  44.07 ± 2.84 25.16 ± 0.09 75.17 

Mean ± SE 
 

41.26 ± 1.30 23.89 ± 0.28 72.61 ± 3.15 
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The resulting mean data from Table 6-6 are shown in Figure 6-13.  Again, the optimised 

conditions are in good agreement with the 24 h creep runs in terms of increase in energy 

absorption.  Although there is a slight reduction in increased impact energy over the three 

creep conditions, from 79% to 73%, they are not statistically significant; i.e. two-sided 

hypothesis testing shows that there is no significant difference in absorbed energy 

increase.  Thus, ~4.0% viscoelastic creep strain gives a mean increase in energy 

absorption of ~75%.  Therefore, compared to the strain level at ~3.4% (Section 6.4.3), an 

18% increase in viscoelastic creep strain results in a further increase of ~34% in prestress 

benefits.   

 

Figure 6-13 Charpy impact test results from Table 6-6; the three creep 

conditions are equivalent in terms of final viscoelastic creep strain 

for c(24) at 460 MPa, i.e. ~4.0%; error bars represent the standard 

error. 
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64.10 ± 7.66% is statistically the same as the 74.44 ± 4.24% result in Table 6-6, based on 
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hypothesis testing at 5% significance level.  Therefore, there is no deterioration in impact 

energy absorption of VPPMC samples at ~4.0% creep strain level for up to 0.5 years in 

real time.   

Table 6-7 Charpy impact results.  Fibre yarns were subjected to 590 MPa for 

134 min, and tested at 4392 h after fabrication; SE is the standard 

error.  Individual test data are presented in Appendix-C, Table 

C-2. 

Batch 

Actual 

age (h) 

Mean impact energy (kJ m-2) Increase in 

energy (%) Test ± SE Control ± SE 

590 MPa  (134 min) 4392 37.65 ± 2.09 26.05 ± 0.74 44.54 

  38.57 ± 2.44 25.14 ± 0.63 53.38 

  36.16 ± 3.16 22.82 ± 0.46 58.48 

  40.19 ± 3.49 22.09 ± 0.66 81.95 

  42.26 ± 4.60 23.20 ± 0.28 82.17 

Mean ± SE  38.96 ± 1.21 23.86 ± 0.42 64.10 ± 7.66 

 

Figure 6-14 Plot showing relationship between applied creep stress σ and 

required tn for loading to a level of ~4.0% viscoelastic creep strain 

c, i.e. yarns were stretched under 460 MPa for 24 h.  Data points 

were calculated using the basic principle as shown in Figure 6-1.  

Using the principles described in Section 6.4.6, optimisation of load-time conditions at a 

creep strain level of ~4.0% could be constructed, and the relationship between applied 
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stress σ and tn is shown in Figure 6-14, together with the curve at ~3.4% strain level from 

Figure 6-12.  Again, a logarithmic trend is well fitted to the data points.  It shows that the 

two curve-fits meet each other at ~0.1 h and, as this is beyond the fibre breaking strength 

(700-900 MPa [10]), the logarithmic relationships must become invalid.   

6.4.8 Prestress mechanisms 

The effect of prestress performed in Section 5.4.7 have shown a decrease in benefits when 

fibres are subjected to 590 MPa for 24 h, i.e. ~4.8% in creep strain.  At lower creep strains 

however, this chapter demonstrates that the same viscoelastic creep strain level would 

generate equivalent mechanical benefits within a VPPMC, which was verified by 

exploiting various creep stress (up to 665 MPa) conditions to obtain the same c(tn) value.  

Here, two creep strain levels were adopted in accordance with the findings from Section 

5.4.7.  Thus a ~3.4% (Section 6.4.3) strain level represents the standard creep condition 

(330 MPa for 24 h) and ~4.0% (Section 6.4.7) represents the strain when the greatest 

mechanical benefits were observed for all the prestress conditions under investigation.  

For ~3.4%, the near optimised creep condition, i.e. 590 MPa for 37 min, impact 

performance is broadly the same as the standard VPPMC samples (330 MPa for 24 h).  

Also, there is no detriment to impact behaviour in samples either naturally aged to 0.5 

years or artificially aged to an equivalent (in terms of TTSP) of 20,000 years at a constant 

20˚C ambient temperature.  Confirmation of performance at a creep strain level of ~4.0% 

is obtained, by evaluating the impact performance of VPPMC samples up to 0.5 years in 

real time.   

These findings further promote understanding of the viscoelastic prestress mechanisms 

within VPPMCs as proposed in Section 5.4.11.  For example, the 590 MPa creep 

conditions in Figure 6-15 show the increase in impact energy from samples tested at 336 

h (two weeks), as a function of creep time.  Time-dependent viscoelastic deformation is 

controlled by the amorphous regions [113, 208].  Thus, VESTs (Section 5.4.11) are 

progressively triggered to store energy through longer exposure to the same creep stress 

(590 MPa).  However, as the creep stretching progresses over longer periods, an optimum 

level for prestress benefits from stored energy releasing was observed.  As discussed in 

Section 5.4.11, this may be attributed to (i) availability of VESTs to store more energy as 
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creep time increases under a constant creep stress (a saturation effect) and (ii) VESTs 

being impeded by interactions caused by increasing molecular orientation and possibly 

crystallographic changes.  Thus effectively, increasing the creep stress or increasing the 

creep time have similar effects on VESTs, as demonstrated by Section 5.4.7 (stress) and 

Figure 6-15 (time).   

 

Figure 6-15 Summary of increase in impact energy from samples tested at 336 

h (two weeks), a creep stress of 590 MPa was adopted for all runs.  

Various creep strain levels were achieved through longer exposure 

to creep loading; i.e. 37 min for ~3.4%, 134 min for ~4.0% and 24 

h for 4.8%.  Data were collected from Tables 5-4, 6-2, and 6-6.   
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6.5 CONCLUSIONS 

This chapter has taken the first steps towards process optimisation by investigating the 

feasibility of reducing the creep loading period for VPPMC production.  By using nylon 

6,6 fibres, the main findings include:   

(i) The previously adopted viscoelastic creep strain, i.e. ~3.4%, which requires a 

tensile stress of 330 MPa for 24 h, can be achieved over a shorter duration, tn, 

using higher stress.  Thus tn is 92 min at 460 MPa and 37 min at 590 MPa. 

(ii) Although there is some offset between viscoelastic recovery strain–time 

curves from the three creep settings at ~3.4% viscoelastic creep strain level, 

the elapsed recovery strain values are similar.  Recovery force measurements 

carried out with two creep conditions, i.e. 330 MPa for 24 h and 590 MPa for 

37 min, show good agreement in terms of the magnitude of generated 

recovery force. 

(iii) Charpy impact test data from VPPMC samples corresponding to the three 

creep settings (at ~3.4% viscoelastic creep strain level) show similar effects 

in short-term (up to 0.5 years in real time) impact performance; i.e. there is 

no significant difference in impact energy absorption, giving a mean increase 

of ~56% compared to their control (non-prestressed) counterparts.  This 

concurs with corresponding recovery force measurements. 

(iv) By using TTSP, the long-term impact performance of VPPMC samples were 

evaluated through accelerated aging to an equivalent of 20,000 years at a 

constant 20˚C.  Results show that the viscoelastic recovery within the 

composites remains active, and there is no deterioration in impact benefits 

from fibre prestressing at a viscoelastic creep strain level of ~3.4% for both 

330 MPa, 24 h and 590 MPa, 37 min creep conditions. 

(v) A relationship between applied creep stress σ and tn has been established (at 

~3.4% viscoelastic creep strain level), and a logarithmic trend is observed.  
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This allows prediction of the tn value required for a given σ.  The effectiveness 

of the trend was verified through Charpy impact tests, i.e. the mean increase 

in energy absorption of VPPMC samples produced through 665 MPa for 20 

min was 55.78% which is comparable with ~56% for the 24 h runs.  Subject 

to avoiding fibre damage however, it may be possible to reduce tn further. 

(vi) Longer exposure of nylon 6,6 yarns to a higher strain level could increase the 

viscoelastic prestress-induced mechanical benefits.  At ~4.0% viscoelastic 

creep strain for example, 24 h of creep at 460 MPa can be achieved through 

665 MPa for 48 min, and Charpy testing gives a ~75% increase in impact 

energy.  Compared to the ~3.4% strain level, this 18% increase in viscoelastic 

creep strain results in a ~34% increase in prestress benefits, and there is no 

deterioration in prestress benefits up to 0.5 years at real time.   

(vii) The increase in impact energy from VPPMC samples is found to be a function 

of creep time at a constant creep stress (590 MPa).  There is an optimum creep 

processing time (i.e. creep strain level) to maximise the prestress benefits.  

This is analogous to the influence from increasing the creep stress for a 

constant (24 h) creep period.  Thus, the prestress mechanisms as proposed in 

Section 5.4.11 are still valid.   

Based on these findings, the fibre processing time can be reduced by exploiting a higher 

fibre creep stress over a shorter term.  Charpy impact tests show that at ~3.4% viscoelastic 

creep strain, fibres subjected to 590 MPa for 37 min give broadly the same VPPMC 

impact benefits as the standard 24 creep condition, and there is no deterioration in these 

benefits with long-term performance, i.e. to an equivalent of 20,000 years at a constant 

20˚C when employing the well-known TTSP.  Mechanical benefits from viscoelastic fibre 

prestressing could be improved through longer exposure of fibres to a higher creep stress 

level with no detriment to impact toughness, and this has been verified here for up to 0.5 

years in real time.  Therefore, the full potential from fibre prestressing effects has been 

approached.  This promotes a further step in VPPMC technology towards potential 

industrial application.   
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MORPHING (BISTABLE) COMPOSITES 

BASED ON VISCOELASTICALLY 

GENERATED PRESTRESS 

 

SUMMARY 

In this chapter, a novel form of shape-changing bistable structure was successfully 

developed through the use of viscoelastically generated prestress.  Bistability was 

achieved through pairs of deflecting VPPMC strips, orientated to give opposing 

cylindrical configurations within a thin, flexible resin-impregnated fibreglass sheet.  

This arrangement enabled the structure to ‘snap through’ between one of two states 

due to external stimulation.  Deflection from the VPPMC strips occurred through 

compressive stresses generated from the non-uniform spatial distribution of nylon 

6,6 fibres undergoing viscoelastic recovery.   

Snap-through behaviour of the bistable structure was investigated both 

experimentally and through modelling.  The effects of loading speed, loading 

geometry, and sample-age on the snap-through properties were presented through 

experimental investigations.  A feasibility study of finite element analysis was carried 

out to investigate the development of bistability, and the influence of modulus ratio 

on the snap-through characteristics.  Experimental and numerical simulation results 

showed good agreement with the snap-through behaviour of the bistable structure.  

From these observations, a possible snap-through mechanism was proposed.   
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7.1 INTRODUCTION 

Morphing structures have received increasing interest in recent years, since they offer 

opportunities to improve aerodynamic performance and functionality without the need 

for increased mass and complex construction over a wide range of flight conditions.  For 

example, morphing aerofoils can enable camber and twist changes without conventional 

actuation mechanisms [211].  Briefly, as reported in Section 2.8, morphing structures can 

be produced through: (i) thermally induced residual stresses in un-symmetric laminates 

[69, 120, 121, 125, 126, 128, 132, 133, 212, 213] (Section 2.8.1) and (ii) elastically 

induced prestress in symmetric laminates [71, 211] or beam structures [72, 73] (Section 

2.8.2).  However, both methods can be problematic in some aspects.  For (i), residual 

stress generated from thermal expansion mismatch within a non-symmetrical multi-layer 

laminate is highly susceptible to hygrothermal variability [132], thus it is difficult to 

exploit thermal effects [211].  For (ii), potential drawbacks arise in terms of complex 

composite production methods [17, 71], and potential deterioration in prestress levels in 

a long-term duration [2], as subsequently observed by Mostafa et al [88].   

The benefits of VPPMC technology (Section 2.6) could be applied to morphing 

structures.  This chapter provides the details of fabrication and evaluation of a 

mechanically bistable morphing composite structure, based on the use of fibres for 

viscoelastically produced prestressing.  Snap-through behaviour was investigated through 

both experimental and numerical simulation.   

7.2 PRINCIPLE 

To create a simple bistable structure, four identical VPPMC strips can be bonded to a 

thin, flexible resin-impregnated fibreglass sheet, as shown schematically in Figure 7-1.  

The cross-sectional spatial density of fibres (such as nylon 6,6) used for producing the 

prestress in a VPPMC strip is normally non-uniform, due to the use of open casting.  This 
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arises from fibres settling towards the bottom of the mould prior to curing taking place 

[1, 2, 98].  As described by Timoshenko [192], the critical load 𝑃cl for the generation of 

elastic buckling (beam bending) from an eccentrically compressed column can be 

calculated through Euler’s formula: 

 𝑃cl =
𝜋2𝐸𝐼

4𝐿2
 (7-1) 

where, E is the Young’s modulus; I is the second moment of area, which is (bh3/12) for a 

rectangular beam of width b and thickness h; L is the beam length.  Therefore, beyond the 

critical stress, the resulting non-uniform stress distribution created through the thickness 

of a thin flat strip can be expected to cause bending, to give a mid-span deflection, δ, in 

Figure 7-1.  If a VPPMC strip is considered in isolation, δ can be associated with the 

prestressed beam relationship [214]: 

 𝛿 =
𝑃𝑒𝐿2

8𝐸𝐼
 (7-2) 

here, P is the force generated from the prestress.  The distance between beam and fibre 

centroids, e, can be estimated from the cross-sectional spatial density of fibres in a 

composite strip sample.  As shown in Figure 7-1, the upper and lower strips are oriented 

to deflect in opposite directions, giving opposing cylindrical configurations within the 

structure.  Therefore, the whole assembly should be capable of demonstrating bistability. 
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Figure 7-1 Schematic representation of bistable VPPMC principles, showing 

the VPPMC assembled structure in both states (Shapes I and II) 

and also the prestress-generated deflection δ in accordance with 

Equation 7-2.   

For a situation where a simple concrete beam is prestressed by steel rods which occupy a 

relatively small proportion of the total beam volume, Equation 7-2 should be capable of 

giving realistic predictions [215].  For the current work however, the assumption that E 

in Equation 7-2 can be represented by the matrix modulus alone may be unrealistic.  This 

arises from (i) the nylon fibres occupying a significant proportion of the total beam 

volume and (ii) the addition of the resin-impregnated fibreglass sheet.  Thus a more 

appropriate value for E in Equation 7-2 might be obtained by measuring the deflection 

from a representative composite beam.  From the conventional three-point beam-bending 

relationship [192], the flexural modulus E(t) can be determined from deflection δ(t) at the 

centre of the beam at time t using: 

 𝐸(𝑡) =
𝐹𝐿3

48𝛿(𝑡)𝐼
 (7-3) 

where F is the load applied at the centre of the beam.  By measuring δ(t), when t = 5 s, 

the result for E(t) from a beam, where h << L, is close to the true elastic modulus [1, 4].  

Therefore, Equation 7-3 may be used to obtain a more realistic E value for Equation 7-2.   
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7.3 EXPERIMENTAL PROCEDURES 

7.3.1 Production of VPPMC strips 

Production of the VPPMC strips followed the procedures in Section 3.5.1 and the main 

points are outlined here.  The same materials, i.e. nylon 6,6 fibre (Section 3.1.1) and 

Reichold Polylite 32032 polyester resin (Section 4.3) were used.  As ~330 MPa is the 

most widely used stress to generate the creep preloading [1, 2, 7, 10, 11, 98, 99], annealed 

fibre yarns were subjected to a 330 MPa tensile creep stress for 24 h under ambient 

conditions (20-21°C, 30-40% RH).  The creep load was subsequently released and the 

yarn was folded, cut into ~500 mm lengths and brushed into flat ribbons ready for 

moulding. 

VPPMC strips were open-cast in two aluminium moulds using the same resin mix, and 

the process was completed within 0.5 h following the fibre stretching procedure.  Each 

mould had a polished channel that was 10 mm wide and 1 mm deep, for casting a 450 

mm strip of composite.  Based on the total cross-sectional area of fibres, relative to the 

strip cross-sectional area, the average (macroscopic) Vf was ~18%.  The two composite 

strips were removed from the moulds after ~2 h and each strip was cut into two 200 mm 

lengths to provide the four individual VPPMC strip samples. 

7.3.2 Production of the bistable composite structure 

To produce a bistable composite assembly, a 200×200 mm square fibreglass tissue, with 

an areal density of 30 gm-2 was used.  First, the tissue was impregnated, by hand lay-up, 

with the same resin used in Section 7.3.1.  Based on weight measurements, the fibreglass 

volume fraction (VGF) was 3.2%.  Following resin curing, after ~24 h, two of the 200 mm 

VPPMC strips (Section 7.3.1) were bonded to each side of the fibreglass layer.  The 

assembled composite sample was then held under a weighted solid plate for a further ~48 

h.  For repeatability purposes, three of these VPPMC-based ‘test’ samples were produced 

and stored at 20 ± 2°C for subsequent evaluation.  As facilities were limited to producing 

one sample at a time, there was some slight variation in sample age on subsequent testing. 
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During hand lay-up and curing, the fibreglass layer was placed on mould release film.  

Therefore, the side in contact with the film surface had a smooth finish while the opposite 

side had a comparatively rough surface.  Cylindrical shapes with this smooth resin layer 

on the outside convex surface are denoted as Shape I, while the smooth layer on the inside 

concave surface are denoted as Shape II. 

A ‘control’ sample of the composite assembly was also required, this being structurally 

identical to the VPPMC-based test samples, but with the 24 h fibre stretching stage 

omitted.  Instead, the annealed yarn at this stage was stored under the same ambient 

conditions for 24 h, prior to composite production.  Therefore, the control sample 

provided a reference to determine whether other production-based stresses might be 

significant. 

7.3.3 Evaluation of the bistable composite assembly 

The three test assemblies were evaluated in terms of (i) static and (ii) dynamic 

characteristics.  For (i), since the recovery force generated from viscoelasticity is time-

dependent [99], this has a direct effect on sample deflection through Equation 7-2.  Hence 

the static (stable) deflection at the centre of each bistable assembly was monitored with 

time, this being associated with δ in Figure 7-1 and Equation 7-2.  Nevertheless, since δ 

was measured for the assembled structure, i.e. the sum of the VPPMC strip thickness and 

fibreglass-resin sheet, some caution was required (as discussed in Section 7.2) when 

considering the applicability of Equation 7-2.  This led to the production and evaluation 

of separate composite strips, as described in Section 7.3.4.   

For (ii), a Lloyd Instruments EZ-50 testing machine with a 2.5 N load cell was used for 

dynamic (snap-through) evaluation of the bistable samples.  Each test sample was 

supported on a rigid three-point bending jig as illustrated in Figure 7-2, and a jig span of 

190 mm allowed the supports to be centred on the VPPMC strips at the sample edges.  

Bending was achieved using two different (solid) indenters as schematically shown in 

Figure 7-2 (a) and (b). 
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Figure 7-2 Schematic three point bending set-up used to evaluate the snap-

through characteristics of the VPPMC-based test samples: (a) is the 

point-force indenter; (b) is the short-length indenter. 

Three bistable samples were each tested three times to give a total of nine readings in 

each snap-through direction.  They were evaluated for: (i) snap-through response from 

different loading speeds; (ii) snap-through response from different indenter geometry; 

(iii) short-term aging effects.  For (i), two test speeds were used, slow (6 mm/min) and 

fast (60 mm/min).  For (ii), two types of indenter were used to provide point-force and 

short-length force loading.  Point-force loading was achieved by using a round indenter 

with a 6 mm nose radius; short-length loading was performed with a 60 mm length, 5 mm 

nose radius indenter as shown in Figure 7-2.  To investigate (iii), the same samples were 

tested at two different ages.  The first evaluations were made after the samples had been 

stored for 350-650 h; these samples were then stored (at 20 ± 2°C) for a longer period 

and re-evaluated at 3800-4100 h. 

7.3.4 Evaluation of beam deflection 

To determine a more representative value for E in Equation 7-2, a simple three-point 

bending test was required, from which Equation 7-3 could be used to evaluate E(t).  This 

was achieved through the open casting of four nylon fibre-resin control strips (i.e. no 

prestress), each 200 mm in length, followed the experimental procedures described in 

Section 7.3.1.  A 10 mm wide strip of resin-impregnated fibreglass tissue with VGF of 

3.2% (Section 7.3.2) was then bonded to the isolated control strips (Section 7.3.1) to 

produce beam-shaped samples representing the cross-sectional structure of the bistable 

assemblies.  Optical microscopy (Section 3.5.4) was also adopted to evaluate the fibre 
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spatial distribution to estimate e for Equation 7-2.  Following sample storage for ~350 h, 

three-point bending tests were performed on each beam sample to determine the elastic 

modulus value. 

The three-point bending test followed the procedures and experimental set-up as 

described in Section 3.5.3.  In particular, each beam sample was mounted horizontally, 

with the fibreglass layer facing downwards, as this represented the bending orientation 

created through prestress in the main VPPMC-based test (bistable) samples.  To achieve 

deflections comparable to those observed in the bistable samples, a load of 1.2 N was 

adopted.  Deflections were measured at 20-21°C on each sample just once and a video 

recording of the deflection in progress was made, to improve measurement accuracy. 

As a further consideration for beam deflection analysis, prestressed strips were also 

produced as described above; these consisted of (i) four VPPMC strips, each with a 10 

mm wide fibreglass layer, and (ii) four VPPMC strips, with no fibreglass layer.  These 

were stored for ~350 h and δ was measured to enable direct comparison with predictions 

from Equation 7-2.   

7.4 FINITE ELEMENT METHOD 

7.4.1 Principle 

Finite element (FE) analysis offers an approximate solution to realistic types of structures.  

To further understand the deformation mechanisms of the VPPMC-based bistable 

morphing composite structure, it is necessary to apply FE to the nonlinear response from 

snap-through and determine the equilibrium configurations.  Thus, FE modelling was 

used to supplement the experimental study and offers further insight into the snap-through 

mechanisms from bistability.   

The simulation of viscoelastic prestress was achieved by exploring a predefined 

temperature change in the fibre material.  It is well-known that during cooling down 



Chapter 7 

Morphing (bistable) composites based on viscoelastically generated prestress 

 

178 

 

following high temperature curing in composite production, thermal residual stresses will 

be generated due to the mismatch in thermal expansion coefficients between the 

constituent materials [17, 36, 37].  Hence, in a FE model, the force can be generated by 

employing temperature change on the embedded fibre material with a constant thermal 

coefficient [71, 85].  Since recovery force inside a VPPMC sample has been measured 

through experimental procedures [99], the magnitude of the recovery force can be 

represented by the thermal induced force within a model, to induce deflection, as shown 

in Figure 7-1. 

7.4.2 Material properties 

As discussed in Section 7.3.4, isolated composite control strips were made to evaluate the 

deflection; the dimensions of a typical sample were measured to be 9.89 ± 0.01 mm in 

width and 1.10 ± 0.02 mm in thickness.  A further batch of 4 cured fibreglass strips were 

made following the procedures described in Section 7.3.2, to determine the thickness of 

the mid-fibreglass layer within a bistable assembly, which was found to be 0.40 ± 0.03 

mm.  The mechanical properties of the materials involved here are listed in Table 7-1.  

The thermal expansion coefficient of nylon fibre was needed to model thermal residual 

stresses, for representing viscoelastic recovery force, as generated from fibre prestressing 

(Section 7.4.1).   

Table 7-1 Mechanical properties of the materials involved in the bistable 

assembly. 

 Nylon 6,6 fibre [145] Polyester resin [1, 216] E-glass fibre fabric [35] 

Density, ρ (g/cm3) 1.14 1.12 2.55 

Young’s modulus, 

E (GPa) 
3.3 3.3 72 

Poisson’s ratio, υ 0.41 0.40 0.25 

Thermal expansion 

coefficient, α (˚C-1) 
90×10-6 -- -- 

Since the glass fibre layer was very thin (~0.40 mm), it was not realistic to measure the 

elastic modulus through three-point bending tests in Section 7.3.4.  Thus a predictive 

model was considered to determine the stiffness.  Normally, for randomly oriented two 
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phase fibre composites, an expression similar to the ‘rule of mixtures’ for the effective 

modulus 𝐸RO can be utilised as follows [194]: 

 𝐸RO = 𝑘𝐸f𝑉f + 𝐸m𝑉m (7-4) 

where, k is a fibre efficiency parameter which depends on Vf and the Ef /Em ratio; this is 

usually between 0.1 to 0.6.  For a two-dimensional (in plane) random orientation of fibres, 

it has been demonstrated that k is 3/8 [194].   

 

Figure 7-3 Effective modulus of glass fibre mat reinforced polyester resin 

composite as a function of fibre volume fraction. The dashed line 

was from Equation 7-4 with k = 3/8; the black solid lines were fitted 

with the ‘rule of mixtures’ relationships (Section 2.2). 

To determine the effectiveness of Equation 7-4, it was evaluated for glass fibre mat 

reinforced PMCs.  With the material properties listed in Table 7-1, the effective modulus 

of glass fibre mat reinforced PMC is plotted in Figure 7-3 as a function of fibre volume 

fraction, together with the upper and lower bounds from the ‘rule of mixtures’ (Section 

2.2), and the experimental data were from Refs [217, 218].  Good agreement was found 
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between predicted values from Equation 7-4 with k = 3/8 and data from the published 

work.  Thus, the effective modulus of the fibreglass layer in the bistable structure was 

calculated using Equation 7-4 with k = 3/8 and found to be 4.06 GPa. 

7.4.3 FE model 

For the FE study, numerical simulation analysis was developed to identify the structural 

response of the bistable assembly and the possible effect of various factors on the sample 

configuration.  To simulate the bistable morphing structure as illustrated in Figure 7-1, 

the model consists of four identical 200 × 10 × 1 mm strips with 18% Vf and a 200 × 200 

× 0.4 mm fibreglass layer (Section 7.4.2).  As previous research shows that fibres settle 

towards the bottom of the mould [1, 2, 98], fibres were set to be 0.2 mm away from the 

beam centroids, and constrained within the matrix utilising the ‘embedded region’ 

method.  This value was also verified through optical microscopy in Section 7.5.2.  Strips 

were bonded on the edges of the fibreglass layer through ‘tie’ constraints and numbered 

as ‘X1’, ‘X2’, ‘Y1’, ‘Y2’, with strips ‘X1’ and ‘X2’ placed on Z ̶  side of the layer, and 

strips ‘Y1’, ‘Y2’ on Z+ side as presented in Figure 7-4. 

 

Figure 7-4 Boundary and loading conditions on the plate: (a) constraints 

applied in Step-1; (b) constraints applied in Step-2. 

The analysis was performed using the follows: T3D2 elements (a 2-node linear 3-D truss) 

on fibres, C3D8R elements (an 8-node linear brick, reduced integration, hourglass 

control) on VPPMC strips, and S4R elements (4-node general purpose reduced 

integration shell elements) on mid-shell.  Geometrically nonlinear algorithms 

‘NLGEOM’ were conducted.  The ‘stabilize’ function was used in the model to minimise 

the instabilities [70, 219] with a damping factor of 1×10-6.  Element size used for the shell 
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was 5×5 mm, and 5×1×0.2 mm on the strips, which gave a total element number of 9,600.  

The snap-through model developed in this research consisted of three steps: 

Step-1: Generation of the prestress within a composite; 

Step-2: Snap-through response of the bistable structure when loaded; 

Step-3: Recovery of the structure after snap-through. 

In Step-1, since recovery force inside a VPPMC sample was measured through 

experimental procedures [99], a certain viscoelastic recovery force may be represented 

through the cooling down of a polymeric fibre with a given thermal expansion coefficient.  

As fibres are constrained within the composite, compressive stresses in the matrix are 

generated through the fibre-matrix interface.  Since the peak curing temperature of the 

resin used in this study was monitored to be only 27.9˚C (Section 4.4.1), any thermal 

residual stress induced by resin curing was neglected in the FE analysis.  Step-2 was 

achieved through applying displacement to an indenter with 6 mm radius to simulate the 

point-force indenter as illustrated in Figure 7-2, at a velocity of 60 mm/min.  ‘Analytical 

rigid’ was employed to simulate the indenter.  This does not require meshes, so it can 

reduce the simulation period and minimize mesh-dependent snap-through load [220].  In 

Step-3, the loading was removed to enable the model to recover freely. 

The constrained translational degrees of freedom applied to the plate in different steps are 

shown in Figure 7-4.  No rotational constraints are applied to the panel. To calibrate the 

effectiveness of the model solution, the experimental snap-through process of the bistable 

assembly with sample age of ~500 h, loaded with the point-force indenter (Section 7.3.3) 

at 60 mm/min was chosen as the reference.  Numerical simulation results were compared 

with the experimental data to determine the model significance.  Then, development of 

the snap-through process and effect of modulus ratio on snap-through behaviour were 

carried out based on the adjusted model solution.  The results were subsequently analysed 

to establish the mechanism of bistability for the proposed bistable structure.   
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7.5 RESULTS AND DISCUSSION 

7.5.1 Static evaluation of the bistable structure 

Figure 7-5 shows one of the typical VPPMC-based test (bistable) samples in comparison 

with the control sample.  The test sample with curved surface is shown in one of the two 

stable shapes, i.e. Shape II as described in Section 7.3.2.  It is clear that the control sample 

is flat, signifying that there were no other production-based residual stresses of any 

significance.  Therefore, it may be concluded that deflection from the test sample is 

generated entirely through viscoelastic fibre prestressing.   

 

Figure 7-5 An assembled VPPMC-based bistable sample (test), compared 

with the equivalent control (non-prestressed) sample. 

The static deflections were measured with time and the results are shown in Figure 7-6.  

The dashed curve shows the trend.  Each data point is based on two readings, i.e. one 

reading from each stable state, the data point markers representing the three test samples.  

The stated deflection δ (± standard error) of 11.6 ± 0.4 mm, was the mean from all three 

samples at ~500 h.  After a further storage to ~4000 h sample age, these measurements 

were repeated, and the deflection had increased to 15.2 ± 0.5 mm.   

Test 

Control 
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Figure 7-6 Static deflection of the three bistable samples with age.  The insert 

shows the deflection position; the dashed curve shows the trend.  

The progressive increase in sample deflection following sample production in Figure 7-6 

is consistent with viscoelastic recovery force-time studies [95, 99], i.e. time-dependent 

behaviour is clearly evident.  Although the recovery force generated with the new nylon 

6,6 yarn was monitored to 1000 h (Section 4.2.4), the long-term recovery force 

performance is expected to be comparable to the old (previously used) nylon 6,6 yarn.  

The later corresponds to the recovery force-time studies monitored to 2700 h [99] and 

subsequent monitoring to 27000 h [95].  The force produced by viscoelastic recovery of 

nylon 6,6 yarn at a fixed strain can be estimated from force output-time data in Ref. [99] 

at 500 h and subsequent work [95] at 4000 h, and the output increased by 29%.  Since δ 

is directly proportional to P in Equation 7-2, it may be expected to correspond with the 

measured deflection increase from ~500 h to ~4000 h in Figure 7-6.  With the latter being 

~31%, it is evident that Equation 7-2 may have some applicability when considering the 

assembled bistable structure.   
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7.5.2 Static evaluation of the beam structures 

Since the four VPPMC strips produced without a fibreglass layer represented an isolated 

prestressed beam case, the measured deflection may be expected to correspond with the 

value for δ predicted by Equation 7-2.  To assess the applicability of Equation 7-2, a 

typical cross-sectional view of a VPPMC strip bonded to the fibreglass layer is shown in 

Figure 7-7.  This enables an estimation of e for Equation 7-2 to be made.  For an isolated 

VPPMC strip, the beam thickness, h, was ~1.3 mm, which corresponds with the VPPMC 

strip thickness in Figure 7-7 and e was estimated to be ~0.2 mm.  For the full beam 

thickness however, h was ~1.7 mm, resulting in e being ~0.4 mm.  In addition, the 

recovery force, as represented by P in Equation 7-2, can be determined from Section 

4.2.4, which was found to be ~22.5 N at ~350 h.   

 

Figure 7-7 Representative cross-sectional view of a VPPMC strip attached to 

fibreglass-resin sheet, with estimated location of the nylon fibre 

centroid. 

Figure 7-8 shows a typical VPPMC-based test beam (VPPMC strip bonded with a 

fibreglass layer) with equivalent control sample.  Again, the control sample is flat, 

indicating deflection in the test sample may be generated purely through viscoelastic fibre 

prestressing.  At ~350 h, the measured deflection from the four strips (mean ± standard 

error) was 19.7 ± 0.8 mm.  To predict deflection from Equation 7-2 for this case, three-

point bend tests were carried out at ~350 h on four identical control sample beams to 

determine the required value of E using Equation 7-3, which was found to be 1.85 ± 0.07 

GPa (mean ± standard error).   

With an isolated VPPMC strip, the matrix modulus E for the polyester resin at 3.3 GPa 

[1], is (coincidentally) equal to E for the nylon 6,6 fibres [145].  Using these values, 

Equation 7-2 predicts δ to be ~3.7 mm, comparing well with the measured sample 

deflection, i.e. the mean (± standard error) mid-span deflection from the four isolated 

VPPMC strips at ~350 h being 3.6 ± 0.1 mm.  For a full beam structure (VPPMC strip 

VPPMC strip 

Fibreglass layer 1 mm 

Nylon fibre 

centroid 
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bonded with fibreglass layer) however, the theoretical value of δ determined from 

Equation 7-2 was ~6.0 mm, which is about three times lower than the measured deflection 

(19.7 ± 0.8 mm).  Nevertheless, when the VPPMC strips were constrained in a bistable 

assembly, it gave a δ value of 11.3 ± 0.4 mm (Figure 7-6) at ~350 h.  Thus, the deflection 

value can be significantly influenced by the addition of the fibreglass layer.   

 

Figure 7-8 Static deflection of VPPMC strip bonded to fibreglass sheet 

impregnated with the same resin compared with an equivalent 

control (no prestress) beam sample, ~350 h after manufacture. 

From all above results, it is evident that although Equation 7-2 may have some 

applicability (Section 7.5.1), there are significant limitations regarding its use for more 

detailed analysis involving the full beam structure.  These limitations arise from the 

following: (i) the predicted value for δ is based on an idealised equation that (for example) 

assumes deflection depending only on elastic behaviour; (ii) uncertainties in estimated 

parameter values for Equation 7-2, e.g. influence of the non-uniform nylon fibre spatial 

distribution on e; (iii) effects of porosity (due to air entrapment within fibres) and 

interfaces (i.e. fibreglass sheet and fibre-matrix interface regions) on I and E.  Thus (iii) 

may be a major factor contributing to the observed discrepancy between the E value (3.3 

GPa) for neat polyester resin [1], and the value (1.85 GPa) determined from the VPPMC-

fibreglass beam samples.   

7.5.3 Dynamic (snap-through) testing details 

Snap-through testing of the bistable structure was first carried out using the point-force 

indenter, and the experimental arrangement is shown in Figure 7-9, corresponding to 

Figure 7-2 (a).  Shape I indicates the initial cylindrical stable shape and Shape II is the 

finial cylindrical stable shape after the test.  Testing was performed at two loading speeds: 

Test 

20 mm 

Control 
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6 mm/min to determine slow deformation behaviour and 60 mm/min to obtain fast 

response characteristics to external loading.  For repeatibility, the three samples were 

evaluated at ~500 h, and each sample was tested three times in both snap-through 

directions.  The Effect of test speed on the snap-through characteristic is discussed in 

Section 7.5.4.   

 

Figure 7-9 Experimental set-up for point-force snap-through tests.  Shape I 

indicates the first cylindrical stable shape before the test; Shape II 

is the second cylindrical stable shape after the test. 

The short-length indenter as illustrated in Figure 7-2 (b) was adopted for the second set 

of tests, and the experimental set-up is shown in Figure 7-10, together with the two stable 

shapes (before and after testing).  The direction of the short-length indenter is 

perpendicular to the initial cylindrical shape direction (Shape I) as demonstrated in Figure 

7-10.  To compare with the point-force snap-through tests in Section 7.5.4, the same 

experimental arrangement and sample age (~500 h) were used but testing was set at the 

fast speed (60 mm/min).  The results are presented in Section 7.5.5.   

 

Figure 7-10 Experimental set-up for short-length indenter snap-through tests.  

The direction of the short-length indenter is perpendicular to the 

initial cylindrical shape direction (Shape I). 

Shape II Shape I 

Shape II Shape I 
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7.5.4 Effect of test speed on the snap-through characteristics 

Figure 7-11 shows representative load-displacement curves from one typical bistable 

sample, for: (a) and (b) tested at 6 mm/min; (c) and (d) tested at 60 mm/min.  The snap-

through direction for (a) and (c) is from Shape I to Shape II (Section 7.3.2); while (b) and 

(d) represent the snap-back process from Shape II to Shape I.  In Figure 7-11 (a) and (b), 

the lower test speed appears to produce a longer period of load-displacement ‘vibration’ 

initially.  This vibration can be attributed to the snap-through effect from small ripples on 

the sample surface as captured in Figure 7-12.  Increasing the test speed can reduce the 

number of ripples, i.e. some ripples may not have enough time to snap-through during 

quick loading, or ripples may merge to cause a comparatively larger snap-through load 

and shorter region of vibration as shown in Figure 7-11.  A possible explanation for the 

small ripple effect is that since the whole bistable assembly is produced through hand lay-

up (Sections 7.3.1 and 7.3.2), the resin is not evenly distributed throughout the plate, 

which may result in a variation of snap-through loads to create the ripples.  Moreover, 

although the point-load indenter is positioned at the center of the whole assembly, the 

sample is not geometrically perfect; thus the point loading force could propagate 

preferentially in any direction, resulting in unstable load transfer during snap-through. 

The results of peak loading force and corresponding displacement from snap-through 

tests are listed in Table 7-2.  At a sample age of ~500 h, the peak force and displacement 

for the lower test speed were 1.05 ± 0.04 N and 15.1 ± 0.5 mm, respectively; at the higher 

speed, these values were increased to 1.32 ± 0.04 N and 16.0 ± 0.5 mm.  Clearly, these 

displacement values are larger than the static values (11.6 ± 0.4 mm) reported in Section 

7.5.1.  Since displacement recorded during snap-through was the maximum value from 

the centre of each sample, the differences may be explained by flexibility effects within 

the fibreglass sheet as the static values were measured at the edges of each sample (Figure 

7-6).  It is also demonstrated in Figure 7-11 that the small ripple effect shown in Figure 

7-12 is exacerbated by a lower test speed.  Two-sided hypothesis testing shows that the 

observed peak loads from the two loading speeds are significantly different at 5% 

significant level.  This indicates that for a higher test speed, more energy is stored before 

snap-through occurs, thus a greater peak load is required.   
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Figure 7-11 Snap-through load response of bistable composite assembly in 

both directions for 6 mm/min (a, b) and 60 mm/min (c, d). 
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Figure 7-12 Snap-through from small ripple effect at 60 mm/min. 

Table 7-2 Point-force loading snap-through test results from two different 

loading speeds, 6 mm/min and 60 mm/min. 

   Test at 6 mm/min   Test at 60 mm/min  

Sample 

No. 

Snap-through 

direction 

Peak load 

(N) 

Displacement at 

peak load (mm) 

Peak load 

(N) 

Displacement at 

peak load (mm) 

1 I→II 1.00 ± 0.05 14.4 ± 0.3 1.32 ± 0.02 16.0 ± 0.4 

 II→I 0.92 ± 0.02 12.2 ± 0.4 1.26 ± 0.02 13.1 ± 0.2 

2 I→II 0.85 ± 0.04 17.3 ± 0.4 1.10 ± 0.04 17.5 ± 0.8 

 II→I 1.12 ± 0.04 16.1 ± 0.7 1.47 ± 0.01 17.6 ± 0.5 

3 I→II 1.17 ± 0.01 14.0 ± 0.6 1.24 ± 0.03 14.1 ± 0.1 

 II→I 1.23 ± 0.02 16.4 ± 0.8 1.57 ± 0.08 17.7 ± 0.2 

Mean ± SE 
 

1.05 ± 0.04 15.1 ± 0.5 1.32 ± 0.04 16.0 ± 0.5 

7.5.5 Effect of indenter geometry on the snap-through 

characteristics 

A set of representative load-displacement results using the short-length indenter are 

shown in Figure 7-13.  Compared to the point-force snap-through test with the same test 

speed (60mm/min) in Figure 7-11 (c) and (d), the short-length loading gives a 

comparatively stable load transfer to the whole structure.  As discussed in Section 7.5.4, 

point-force loading may promote deformation from different parts of the sample and 

generate ripples which affect the load transfer.  However, for short-length loading, a 

greater contact area ensured a more stable load transfer in a certain direction to give 

smoother load-displacement curves during both snap-through and snap-back process, as 

shown in Figure 7-13.   

Small ripple 

effect 

Small ripple 

effect 
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Figure 7-13 Snap-through load response of bistable composite assembly with 

short-length indenter loading at 60 mm/min test speed. 

Figure 7-14 shows a sample at an instant just before and just after snap-through.  Unlike 

the point-force loading, this dynamic behaviour shows one significant ripple generated 

around the indenter, and after peak loading is reached, the sample quickly jumps to the 

second stable shape. 

 

Figure 7-14 Short-length snap-through test and typical sample performance 

before (a) and after (b) the snap-through moment. 

The corresponding results of peak loading force and displacement from short-length snap-

through tests are given in Table 7-3, and these can be compared with the point-force 

loading data from Table 7-2.  At a sample age of ~500 h, the peak force and corresponding 

displacement from point-force loading are 1.32 ± 0.04 N and 16.0 ± 0.5 mm respectively, 
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compared with 1.32 ± 0.03 N and 12.7 ± 0.5 mm displacement from the short-length 

indenter.  Therefore, the peak loads were the same, but the displacement at peak load was 

reduced when the short-length indenter is applied.  Considering the load-displacement 

behaviour in Figure 7-13, it can be inferred that short-length loading may reduce the small 

ripple effect, and the reduction in snap-through displacement can be attributed to the 

disappearance of small ripples.  As test speed is the same, the lower displacement means 

that the sample needed less time to snap-through to the other stable shape.  Thus, the 

activation of snap-through performance through a greater contact area (a short-length 

indenter in this case) may promote a faster response in morphing capability.   

Table 7-3 Snap-through test results for short-length indenter loading at 60 

mm/min. 

  Short-length loading at 60mm/min 

Sample 

No. 

Snap-through 

direction 

Peak load 

(N) 

Displacement at peak 

load (mm) 

1 I→II 1.31 ± 0.04 14.3 ± 0.4 

 II→I 1.11 ± 0.05 12.1 ± 1.2 

2 I→II 1.29 ± 0.06 14.2 ± 0.4 

 II→I 1.43 ± 0.02 10.8 ± 0.3 

3 I→II 1.36 ± 0.01 14.6 ± 0.5 

 II→I 1.42 ± 0.02 10.2 ± 0.8 

Mean ± SE 
 

1.32 ± 0.03 12.7 ± 0.5 

7.5.6 Effect of sample age on the snap-through characteristics 

To determine the effects of short-term aging, samples were re-tested at ~4000 h.  Since 

the snap-through performance is affected by loading indenter geometry and test speed 

(Sections 7.5.4 and 7.5.5), the point-force indenter (Figure 7-9) and 60 mm/min were 

selected as the reference conditions.  Following sample storage to ~4000 h, typical snap-

through results are shown in Figure 7-15.  Compared to the same test conditions with a 

sample age of ~500 h, i.e. Figure 7-11 (c) and (d), most of the small ripple effects, as 

demonstrated in Figure 7-12, were no longer observable.  As sample age increases, the 

matrix can be expected to become stiffer.  The results presented here indicate that load-

displacement behaviour seems to be sensitive to the sample stiffness, i.e. stable load 

transfer may be promoted by a stiffer structure.   
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Figure 7-15 Point-force snap-through loading response of bistable composite 

assembly at 60 mm/min test speed with sample age of ~4000 h. 

 

Figure 7-16 Snap-through tests for the three VPPMC-based bistable assemblies 

using the point-force indenter at 60 mm/min.  Hollow symbols 

represent the tests at ~500 h; filled symbols at ~4000 h. 
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Figure 7-16 summarises the peak loading force versus displacement results from the 

point-force snap-through tests at the two sample ages.  The close scatter of data points 

shows good repeatability within the samples.  As demonstrated in Table 7-2, with a 

sample age of ~500 h, results gave a peak force and displacement of 1.32 ± 0.04 N and 

16.0 ± 0.5 mm respectively.  After further storage to ~4000 h, the peak load increased to 

2.42 ± 0.08 N with 19.4 ± 0.7 mm displacement.  This increase may be attributed to the 

following: (i) as sample age increase by 8-fold, the matrix becomes stiffer and needs more 

energy to deform; (ii) the viscoelastic recovery force within a composite increases with 

time [95, 99], giving a larger sample deflection, δ (Section 7.5.1), and this would also 

consume more energy during snap-through.   

7.5.7 FE analysis 

7.5.7.1 Numerical simulation 

The loading history of FE is illustrated in Figure 7-17.  As explained in Section 7.4.3, 

prestress was introduced to the composite through a ‘predefined field’ in Step-1, and only 

fibres were subjected to the temperature change ΔT.  As the amplitude of ΔT determines 

the generated force which leads to the deflection of samples (Section 7.4.1), the effect of 

ΔT on the model deflection was considered first and results are shown in Figure 7-18.  

Since the bistable assembly at a sample age of ~500 h was chosen as the reference 

(Section 7.4.3), a sample deflection of ~11.6 mm was required.  Therefore, the predefined 

ΔT can be determined from Figure 7-18 as 115˚C, and the corresponding model deflection 

was found to be 11.7 mm as demonstrated in Figure 7-19.   

Using the parameters outlined above and information in Section 7.4, the FE model is 

generated and the first stable shape in the y-direction after Step-1 is shown in Figure 7-19. 

This is associated with the von Mises stress distribution within the mid-fibreglass layer.  

For the whole bistable model as illustrated in Figure 7-19 (a), since the stress within the 

fibres was much higher than the strip and layer, the stress distribution could not be clearly 

observed.  Thus the mid-layer was isolated to demonstrate the stress distribution as 

presented in Figure 7-19 (b).  It shows that the von Mises stress is symmetrical about the 

centre of the structure, and the maximum von Mises stress is located within the area 
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influenced by the combined effect of the strips.  As the stable cylindrical shape is in the 

y-direction, any deflection in the y-direction is not constrained, thus a low stress 

distribution area is formed along this direction.  The strip deflection in the x-direction 

however, is constrained by the structure, which therefore gave a higher concentration of 

stress. 

 

Figure 7-17 Loading history for the FE model: (a) temperature change during 

the simulation process; (b) displacement change of the indenter 

throughout the modelling period. 

Steps 2 and 3 as described in Section 7.4 and the sequence in Figure 7-17 was then applied 

to the FE model.  In contrast with the experimental investigation, since the model is based 

on homogeneous materials, the whole structure is perfectly symmetrical, thus the snap-

through and snap-back processes (Section 7.5.4) are identical.  Therefore, only the snap-

through process was investigated and the stable shapes before and after loading are shown 

in Figure 7-20.  Note that the white object is the simulated rigid point-force indenter, and 

the deflection of the second stable shape in the x-direction was found to be the same as 

the first stable shape.  A loading velocity of 60 mm/min was conducted in Step-2, which 

allows direct comparison of FE simulation to the experimental snap-through process in 

Section 7.5.4.  Therefore, the results plotted in Figure 7-21 can be associated with a set 

of typical experimental results.   
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Figure 7-18 Relationship between predefined temperature change ΔT and 

deflection of the bistable structure from the FE model during 

Step-1.   

 

Figure 7-19 Simulated stable shape in y-direction generated after Step-1: (a) 

stress distribution within the whole bistable structure; (b) stress 

distribution within the mid-fibreglass layer. 
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Figure 7-20 Snap-through process of the bistable structure through FEA: (a) 

original plate; (b) first stable cylindrical shape in y-direction; (c) 

second stable cylindrical shape in x-direction.  

 

Figure 7-21 Reaction force versus indenter displacement within the snap-

through process for FE simulation, compared to the experimental 

curves from Section 7.5.4. 

As discussed in Section 7.5.4, the vibration area at the beginning of the experimental 

loading process was thought to be caused by variations in fibre distribution, while the FE 

model was established with homogenous materials.  Therefore, the FE load has a linear 

relationship with loading displacement, as demonstrated in Figure 7-21.  The FE gave a 

peak load of 1.26 N which is comparable to the experimental data of 1.32 ± 0.04 N, and 

the variation could be attributed to optimisation of model geometry (Section 7.4.3); 

however, the displacement at peak load was 8.42 mm, i.e. only half that obtained from 

experimental data (16.0 ± 0.5 mm).  Considering that the gradient of the experimental 

curve near the snap-through area is similar to the FE curve, this discrepancy may be 

0

0.4

0.8

1.2

1.6

0 5 10 15 20

L
o

a
d

 (
N

)

Displacement (mm)

(a) (c) (b) 

   

Numerical simulation 

Experimental 

investigation 



Chapter 7 

Morphing (bistable) composites based on viscoelastically generated prestress 

 

197 

 

attributed to energy losses in the vibration area through the rippling effect as represented 

in Figure 7-12 (Section 7.5.4); hence shift the peak load position.  This has been also 

verified in Section 7.5.5 when the short-length indenter was adopted, i.e. a stable load-

transfer gave lower displacement at peak load (Section 7.5.5).  It can also be seen that the 

load-displacement process of the numerical simulation differed from the experimental 

characteristic in terms of snap-through behaviour: in the experimental process, the snap-

through occurred quickly when peak force was reached; in the FE simulation however, 

there was some delay after the peak load was reached.  However, it is found that the 

critical displacement set in Step-2 for the snap-through phenomenon to occur in the model 

was 14.2 mm, i.e. similar to the displacement at peak load from the experimental results.   

When this value was achieved, the panel deformed quickly to the second stable shape.  

Thus, it can be concluded that since the actual sample is not perfectly symmetrical, the 

snap through occurs when it has reached the peak load, while the FE results show that the 

peak load and indenter displacement are both essential for the snap-through behaviour.  

Since the same loading condition was adopted for both methods, the loading period for 

the snap-through phenomenon to occur is in good agreement, when optimisation of the 

model solution and experimental errors are considered.   

The FE model of the morphing bistable structure demonstrates validity in terms of peak 

load and critical displacement.  Despite the differences outlined above, it is both a time 

saving and economical tool to address the model to investigate factors that could affect 

bistable snap-through behaviour.  These include prestress level P, fibre volume fraction 

Vf, edge length L, and modulus of mid-layer EML.  However, since P and Vf both influence 

model deflection, the same effect on snap-through performance could be assumed.  Of 

particular interest are the effects of sample deflection and material modulus values on the 

development of bistable behaviour and understanding of the bistability mechanism.  To 

investigate the effects of various factors, the basic model parameters were maintained 

constant, and the chosen factor was then set as the variable.  However, exploring new 

VPPMC-based structural designs is not limited to the factors listed above.  Other aspects 

could include, for example, the effects of commingled fibres within this new technology. 
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7.5.7.2 Development of bistable behaviour 

As discussed in Section 7.5.1, although Equation 7-2 may not be directly applicable to 

predicting deflection in a bistable structure, some applicability has been experimentally 

demonstrated that the bistable sample deflection δ is directly proportional to the prestress 

force P, as shown in Equation 7-2.  Moreover, Figure 7-18 shows that deflection δ is 

proportional to ΔT.  Thus FE analysis can be used to investigate the development of snap-

through behaviour in terms of model deflection; i.e. realistic deflections can be achieved 

through adjusting the viscoelastic strain levels and fibre volume fraction within a 

composite.  The snap-through responses of the panel with δ ranging from 1.6 to 11.7 mm 

were investigated using the FE method and results are shown in Figure 7-22.  Here, the 

dashed lines represent the trends in maximum load and critical indenter displacement.  

The inserted figures show the corresponding deformation moment during different snap-

through stages.   

 

Figure 7-22 Development of the snap-through process for a bistable structure 

panel with pre-defined deflections.   Dashed lines show the change 

in maximum load and critical displacement for snap-through 

behaviour; inserted figures show the corresponding deformation 

before (a) and after (b) the critical moment of each feature. 
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As shown in Figure 7-22, pre-snap-through behaviour basically follows the same 

characteristic, and the maximum load increases with sample deflection.  No clear critical 

snap-through indenter displacement was observed with sample deflections less than 3.7 

mm.  Beyond 5.8 mm, the load at critical displacement increases linearly with deflection.  

Furthermore, with increasing deflection, peak load and critical displacement diverge from 

each other, and gradually form two snap-through features as highlighted in Figure 7-22.  

Feature 1 is formed through the snap of accumulated ripples in the y-direction and gives 

a peak load to the curve; feature 2 corresponds to the snap of ripples in the x-direction 

and occurs when the loading indenter reaches the critical displacement; the structure then 

jumps quickly into the second stable shape.   

7.5.7.3 Effect of modulus ratio 

Section 7.5.7.2 demonstrates that the snap-through behaviour of the proposed bistable 

structure depends on the movement of ripples (localised contours) in both x- and y-

directions, while two peaks gradually diverge as model deflections increase, generally 

reducing the quick response ability of morphing structures.  This section looks into the 

feasibility of improving this capability.  It is demonstrated in Section 7.5.6 that increasing 

the sample stiffness can improve the stability in load transfer.  Since the mid-layer and 

VPPMC strips were made from different reinforcements, the possible factor considered 

in FE to improve the situation is the modulus ratio RE, defined as the ratio of elastic 

modulus between the mid-layer and prestressed strips.  Thus, RE = Elayer/Estrip.  Therefore, 

the model developed in Section 7.5.7.1 and 7.5.7.2 is denoted with an RE value of 1.23.   
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Figure 7-23 FE results for load-displacement curves of bistable structures with 

different modulus ratios; dashed line shows trend in maximum 

load. 

To investigate the modulus ratio effect, the model parameters were taken from Section 

7.5.7.1 and with RE as the variable, the corresponding snap-through responses are plotted 

in Figure 7-23.  The figure shows that when the mid-layer is more flexible than the 

VPPMC strips, a larger snap-through region is developed; conversely, as RE increases, 

(i.e. the layer becomes stiffer), the two features as demonstrated in Section 7.5.7.2, 

gradually merge into one peak.  The dashed line represents the maximum load during the 

snap-through process, which grows quickly at the beginning, reaches a peak at the RE 

value of 4, and then starts to decrease.  Therefore, the quick response ability of the bistable 

structure can be enhanced through adjustment of the RE value, i.e. tailored materials can 

be used to produce the bistable structures for various objectives.   

Figure 7-24 shows how the maximum load, critical displacement and model deflection 

depend on modulus ratio.  The critical displacement for snap-through and model 

deflection generated from the same viscoelastic creep strain levels both decrease as the 

mid-layer stiffness increases, becoming closer and more stabilised.   
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Figure 7-24 FE results of the modulus ratio effect on peak load, critical 

displacement and model deflection; dashed lines show the trends. 

7.5.8 Bistability mechanisms 

The snap-through behaviour of a bistable structure utilising VPPMC technology has been 

investigated through both experimental and numerical methods.  For a symmetrical model 

consisting of homogeneous materials, the snap-through performance is dependent on the 

ripples accumulated in two directions during the loading process, which leads to two 

snap-through features (Section 7.5.7.2): (i) the first snap of the ripples generates a peak 

in the load-displacement curves; (ii) the following snap of ripples determines the value of 

critical indenter displacement.  As the structure is based on two composite materials, a 

critical value of modulus ratio exists, where the two features merge into one snap-through 

peak (Section 7.5.7.3).  The differences between numerical and experimental results 

illustrated in Figure 7-21 can be further explained: since the real sample not being 

perfectly homogeneous as demonstrated in Figure 7-12, the potential energy stored in the 

first featured ripples is dispersed into small ripples during loading, which leads to the 

disappearance of the first feature.  The snap of small ripples occurs at an early stage of 

loading to create the vibration area as represented in Figure 7-11, and this shifts the 

critical snap-through displacement as demonstrated in Section 7.5.5.  As the peak 
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diminishes, some of the energy stored in the first feature may merge into the second 

featured ripples in the x-direction, hence increase the load needed for snap-through 

behaviour.  Therefore, experimental results possess a greater snap-through load than the 

numerical simulation, as illustrated in Figure 7-21.   
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7.6 CONCLUSIONS 

This chapter reports on the experimental and numerical investigations of a novel shape-

changing bistable structure, using viscoelastically generated prestress.  An FE model is 

successfully developed to simulate the bistability, and the viscoelastically fibre 

prestressing effect within a VPPMC is achieved by exploiting thermal changes in the fibre 

material.  The main findings are summarised below: 

(i) Viscoelastically generated prestress can be utilised to produce a bistable 

structure.  Bistability is achieved by bonding pairs of deflecting VPPMC 

strips on each side of a thin, flexible resin-impregnated fibreglass sheet.  This 

enables the structure to snap-through between one of two stable shapes. 

(ii) The beam bending equation that is widely used to predict deflection in 

prestressed concrete has some applicability in terms of isolated VPPMC strips 

and the bistable structure; however, there are significant limitations regarding 

its use for more detailed analysis involving the full beam structure. 

(iii) A small ripple effect is observed during point-force snap-through testing of 

the bistable structure, and it is exacerbated with a smaller test speed; this 

discrepancy contributes to the non-uniform distribution of resin within the 

mid-fibreglass layer, resulting in unstable load transfer.   

(iv) By adopting a short-length indenter, it is found that the small ripple effect can 

be reduced through a greater contact area; this ensures a more stable load 

transfer through the whole structure.  The reduction in displacement at peak 

load indicates that the activation of snap-through performance through a 

greater contact area may promote a faster response in morphing ability. 

(v) The unstable snap-through load transfer from the small ripple effect observed 

at ~500 h is improved by storing the samples further to ~4000 h.  Since the 

matrix can be expected to become stiffer with aging effects, the snap-through 

load and displacement are increased.   
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(vi) Numerical simulation results of the snap-through behaviour show good 

agreement with the experimental work in terms of peak load and critical 

displacement.  Investigation into the development of bistable behaviour 

shows the ripples accumulated in both x- and y-directions give two features 

which determine the snap-through performance of the bistable structure.  

These two features gradually diverge as model deflections increase.   

By considering the modulus ratio effect, the model solution demonstrates that 

the fast-response ability of the bistable structure can be significantly increased 

through adjustment of RE value; in practice, this can be achieved by 

employing materials tailored to suit various objectives.   

(vii) Based on the experimental and numerical simulation results, a mechanism for 

bistability is proposed to offer further insight into the snap-through 

performance of morphing structures.   

VPPMC technology offers an alternative solution to produce morphing composite 

structures.  It offers great flexibility in terms of product geometry and benefits from 

longevity aspects.  Moreover, the influence of sample deflection and modulus ratio shows 

that VPPMC-based morphing composite structures could be tailored to adopt various 

industrial applications.  Therefore, it opens new opportunities for VPPMC research. 
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Chapter 8 OVERALL FINDINGS, FUTURE WORK AND CONCLUSIONS   

OVERALL FINDINGS, FUTURE WORK AND 

CONCLUSIONS 

 

SUMMARY 

This chapter summarises the overall findings, potential directions of future work and 

conclusions.  Research has been carried out in Chapters 4 to 7, hence the main 

findings and contributions are principally from these chapters.  Preliminary studies 

(Chapter 4) involved evaluations of the stretching rigs, and new nylon fibre and 

matrix resin required for the research.  Viscoelastic behaviour of nylon 6,6 fibre and 

its effect on the impact performance of VPPMCs were carried out in Chapter 5.  This 

enabled the research to progress towards process optimisation in VPPMC production 

as covered in Chapter 6.  Research on the application of VPPMCs to morphing 

structures was presented in Chapter 7, based on both experimental and numerical 

investigations.  Suggestions for directions of future work are discussed to develop 

VPPMC technology in terms of scientific understanding and engineering application.  

Finally, conclusions of the thesis are provided.   
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8.1 OVERALL FINDINGS 

In this research, experimental and numerical simulation work has been carried out to 

facilitate the understanding of viscoelastic fibre prestressing mechanisms within a 

VPPMC, and to further promote the application of VPPMCs for industrial applications, 

i.e. morphing composite structures.  Briefly, Chapter 1 gave a brief introduction to the 

thesis, covering aims, objectives, motivation and thesis structure; Chapter 2 provided a 

general review of literature work that related to this research; Chapter 3 specified the 

materials, evaluation principles and experimental procedures involved in subsequent 

research chapters; Chapters 4-7 presented the detailed research investigations.  The main 

findings and contributions from individual chapters are summarised below: 

8.1.1 Preliminary investigations 

Preliminary studies required for the main research work have been presented in Chapter 

4.  These include: (a) stretching rig calibration; (b) nylon fibre evaluation; (c) selection 

of the matrix material.  By considering the above points, the main findings were: 

(i) Calibration of the large and small stretching rigs enabled the same fibre creep 

strain level to be achieved through the two different rigs, and allowed direct 

comparison with previous published work; Charpy impact results indicated 

that VPPMC samples produced with the large stretching rig gave slightly 

more stable mechanical performance, hence it was the principal equipment 

used for viscoelastic fibre prestressing in later chapters. 

(ii) Investigation of nylon 6.6 fibre showed that the new yarns used in this 

research had a slightly lower value in crystallinity compared to the previously 

adopted fibre yarns.  This was considered to be the explanation for the slight 

differences in creep-recovery strain values (under same creep loading) and 

viscoelastic recovery force values. 
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(iii) A suitable thermoset resin was selected as the main matrix material to produce 

VPPMCs; it had superior properties over other resin candidates in terms of 

low viscosity, low curing temperature, good transparency after curing and 

demonstrating prestress benefits.  The increase in impact energy absorption 

from fibre prestressing was found to decrease with increasing impact 

toughness of the matrix materials, and further investigations into fibre-matrix 

interface effects (e.g. microhardness testing, SEM mirror effect technique) 

would be required to address this issue. 

8.1.2 Viscoelasticity of nylon 6,6 fibre and its effect on VPPMCs 

The viscoelastic behaviour of nylon 6,6 fibre and the effect of viscoelastic creep strain 

level on impact performance of VPPMCs were investigated in Chapter 5.  By adopting 

various creep conditions, the viscoelasticity and yield properties of fibre yarns were 

studied.  The time-stress superposition principle was conducted to predict long-term fibre 

performance, and stress-shift factors were determined.  The effect of viscoelastic creep 

strain level on VPPMCs was evaluated through Charpy impact testing.  Therefore, the 

main findings and contributions were: 

(i) By applying, under 24 h creep conditions, up to 590 MPa stress on the nylon 

yarns, the creep and recovery strain-time data showed that there was no creep-

induced fracture of the fibre material; there was also recovery of elastic strains 

and the viscoelastic fibre prestressing mechanism would not be limited by the 

eventual start of viscous flow. 

(ii) The yield creep strain of the nylon fibre material was found to be ~17.5% 

when subjected to 665 MPa creep stress, and this was achieved after 2 h of 

creep loading.  This determined the maximum creep stress used in Chapter 6.   

(iii) The Weibull-based function was used to determine the pure elastic strain 

(which cannot be measured through experiment), giving the ‘true’ modulus 

of nylon 6,6 fibre as 4.6 ± 0.4 GPa. 
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(iii) Approximately linear viscoelasticity was observed in nylon 6,6 fibre over a 

range of 330 MPa to 590 MPa for 24 h creep conditions.  This was further 

verified through application of the linear time-stress superposition principle 

on the strain-time data; i.e. a linear relationship was obtained between the 

stress shift factor, log ασ, and the applied creep stress. 

(iv) Charpy impact testing and recovery force measurements demonstrated that an 

optimum value exists to maximise the mechanical benefits from viscoelastic 

fibre prestressing.  A prestress mechanism has been proposed to explain the 

above observations at a microstructural level, which is based on the three-

phase polymeric microstructural model and latch-based mechanical model.   

8.1.3 Towards process optimisation for VPPMC production 

Since mechanical benefits from viscoelastic fibre prestressing were found to be limited 

by creep strain levels as presented in Chapter 5, it was clear that the same viscoelastic 

creep strain values could be achieved through higher creep stress values over a shorter 

period.  Hence the optimisation of load-time conditions for producing VPPMCs was 

performed in Chapter 6, with the aim of approaching maximum exploitation of the fibre 

materials, and to facilitate the industrial production of VPPMCs.  The same viscoelastic 

strain level under different creep stress values was achieved by using the four-parameter 

Weibull-based function, and the effectiveness of this principle was verified through 

Charpy impact testing.  The main findings are summarised below: 

(i) By employing a higher creep stress value, the creep loading period to induce 

the same viscoelastic fibre prestressing level within a VPPMC can be 

significantly reduced from 24 h to tens of minutes.  For example, the 

previously adopted viscoelastic creep strain, i.e. ~3.4%, which requires a 

tensile stress of 330 MPa for 24 h, could be achieved over a shorter duration, 

e.g. 590 MPa for 37 min, with no detriment to the impact performance of the 

VPPMC samples.   
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(ii) By adopting the time-temperature superposition principle, the long-term 

impact performance of VPPMC samples were evaluated through accelerated 

aging to an equivalent of 20,000 years at a constant 20˚C.  Results showed 

that the viscoelastic recovery within the composites remained active, and 

there was no deterioration in impact benefits from viscoelastic prestress at a 

creep strain level of ~3.4% for both the 330 MPa for 24 h and 590 MPa for 

37 min creep conditions. 

(iii) Longer exposure of nylon 6,6 yarns to a higher creep strain level could 

increase the viscoelastic prestress-induced mechanical benefits further: at 

~4.0% viscoelastic strain level, 24 h creep at 460 MPa was found to be 

equivalent to creep conditions at 590 MPa for 134 min or 665 MPa for 48 

min.  Here, a mean increase of ~75% in impact energy absorption was 

obtained.  Again, no deterioration in impact performance was observed up to 

0.5 years at real time.  Therefore, an 18% increase in viscoelastic strain level, 

results in a further increase in impact benefits of ~34% from fibre prestressing 

(compared to the ~3.4% creep strain level).   

(iv) Relationships between the applied creep stress σ and the corresponding fibre 

processing time tn were established for the two investigated viscoelastic creep 

strain levels (i.e. ~3.4% and ~4.0%), and they both followed a logarithmic 

trend.  Thus subject to avoiding fibre damage, it may be possible to reduce tn 

further. 

(v) At a constant creep stress value, i.e. 590 MPa, it was found that the increase 

in impact energy from VPPMC samples was dependent on creep time.  This 

behaviour was comparable to the increasing creep stress (at a constant creep 

period) effect in terms of VPPMC impact performance; i.e. there was an 

optimum creep strain level to maximise the prestress benefits in both cases.  

This follows the prestress mechanism as proposed in Chapter 5.   
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8.1.4 Application of VPPMCs to morphing structures 

Investigation into the application of VPPMCs to morphing structures, i.e. bistable 

composite structures, was covered in Chapter 7.  Both (a) experimental and (b) numerical 

investigations were carried out to study the snap-through behaviour of the bistable 

structures obtained.  For (a), the effect of loading speed, loading geometry, and sample 

age were evaluated; for (b), a finite element model was constructed by employing a 

predefined temperature change in the fibre material; this enabled the development of 

bistability and influence of the modulus ratio to be subsequently evaluated.  From these 

investigations, the main findings were: 

(i) A bistable morphing structure was successfully produced, based on the 

principles of viscoelastically generated prestress; it could snap from one 

stable shape to another due to external loading.  The bistable structure 

consisted of prestressed strips bonded to the sides of a thin, flexible resin 

impregnated fibre-glass sheet, and bistability was achieved through pairs of 

strips orientated to give opposing cylindrical configurations within the sheet.   

(ii) Limited applicability of the widely used beam bending equation (as used for 

prestressed concrete) was observed in terms of the VPPMC-based samples; it 

was considered that the effective modulus of the structure was significantly 

influenced by the addition of the fibreglass layer. 

(iii) A small ripple effect (unstable load transition) was observed during snap-

through loading; since this was not detected with numerical simulation results, 

it may have been attributable to the hand lay-up process used during 

production of the bistable structure, i.e. non-uniform distribution of resin.  

This effect could be reduced by employing a greater contact area of loading. 

(iv) Numerical simulation results showed good agreement with experimental 

work in terms of peak load and critical displacement; bistability was 

developed through the accumulation of localised contours in two directions, 

and it depended on the modulus ratio of the constituent materials.  A snap-
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through mechanism for the bistable structure was proposed, based on these 

observations. 

8.2 FUTURE WORK 

Following the above findings and observations, directions for future work are proposed 

below to facilitate the understanding of viscoelastic prestress mechnisms.  Some of the 

questions raised are direct results of the current study.  Further investigations could be 

made to expand the research into VPPMC technology.   

8.2.1 Investigation into fibre-matrix interfaces 

As reported in Section 4.3.3, the mechanical benefits from viscoelastic fibre prestressing 

have been found to decrease with increasing impact toughness of the matrix materials.  It 

may be important to study the effects of matrix toughness on the fibre-matrix interface 

regions within a VPPMC, to promote understanding of the load transfer mechanisms.  

Viscoelastically generated prestress can induce compressive stresses into a matrix 

(Section 2.5.1), which can impede crack propagation when VPPMCs are subjected to 

mechanical testing.  A feasibility study of fibre-matrix interface effects within a VPPMC 

has been reported by Ge et al [221], using (a) microhardness testing and (b) scanning 

electron microscope mirror effect (SEMME) techniques.  For (a), prestressed polymeric 

fibres within a VPPMC are undergoing viscoelastic recovery, which in turn changes the 

microhardness indentation geometry; by comparing the changes in prestressed composite 

samples with their non-prestressed counterparts, the effects of matrix toughness may be 

obtained.  For (b), since the fibre-matrix interfaces have been observed to play a major 

role in the trapping or diffusion of charges, which is associated with interface strength 

[222, 223], providing information relating to matrix toughness effects.  Therefore, these 

may also provide useful information towards the further understanding of the fibre-matrix 

interactions.   
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8.2.2 Fibre stretching apparatus 

It has been demonstrated in Section 6.4.5 that viscoelastic fibre prestressing under 330 

MPa for 24 h is broadly the same as 590 MPa, 37 min creep conditions.  By subjecting 

the fibre to a higher creep stress however, it may be possible to reduce the processing 

time further.  In addition, longer exposure of fibres towards the optimum creep strain 

levels would approach the maximum available viscoelastic energy storage capabilities for 

the fibre materials.  Further investigations into these aspects would require a more suitable 

fibre stretching method to avoid stress concentrations, which may cause premature 

fracture of the fibre materials.  In addition, previous research into VPPMC technology 

has extensively focused on unidirectional fibres within small VPPMC strip samples, using 

low-velocity impact testing as the main investigative method.  On-going research includes 

VPPMCs as continuous or discontinuous prestressed fibre reinforced composite 

laminates or plates.  Therefore, future research may look into the development of fibre 

processing apparatus for larger amounts of fibre prestressing purposes.   

8.2.3 Morphing composite structures 

There has been increasing interest in recent years in using composites to produce 

morphing structures, the simplest being those can snap between one of two stable states.  

The present research has produced a bistable structure utilising viscoelastic fibre 

prestressing (Chapter 7); however, multistable structures may also be achievable.  For 

example, based on the same principle, a number of the single bistable structures could be 

combined to produce a multistable assembly.  Moreover, it has been reported that elastic 

fibre prestressing can be used to create bistable composite laminates [70, 71], the out-of-

plane deflections being induced from independent control of elastic prestress levels.  

Thus, viscoelastic fibre prestressing may also be applicable to the production of bistable 

or multistable laminates, and deflections could be expected to be controlled by 

manipulation of the viscoelastic creep strain levels.  For example, semi-crystalline fibre, 

i.e. nylon 6,6 or UHMWPE fibres, used for generating viscoelastically prestress, could be 

commingled (either within the same layer or impregnated as different layers) with 

common reinforcing fibres (such as glass or carbon fibre) to produce morphing laminates.  
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An initial study of prestressed nylon 6,6 fibre commingled with Kevlar fibre hybrid 

composites has been recently reported [8].   

8.3 CONCLUSIONS 

In this research, comprehensive experimental and numerical investigations have been 

carried out to facilitate the industrial application of VPPMCs.  The processing time for 

viscoelastic fibre prestressing is significantly reduced from 24 h to tens of minutes by 

employing higher creep stress values, with no detriment to impact performance.  Longer 

exposure of nylon fibre to a higher creep strain level increases the prestress benefits.  

However, there is an optimum viscoelastic creep strain level to obtain maximum prestress 

effects.  The increase in creep stress (at constant creep time) and creep time (at constant 

creep stress) have similar influence on prestress benefits.  Thus the optimum creep strain 

level can be achieved either through lower creep stress over a longer period, or higher 

creep stress within a shorter term.  This relates to the time-stress superposition principle.  

A morphing (shape-changing) structure has been produced by the use of viscoelastically 

generated prestress.  This can be modelled (using the finite element method) to investigate 

the influence of various factors.   
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APPENDIX 

 

SUMMARY 

This section summarises the raw experimental data relating to specific chapters 

presented in order of appearance in the thesis:   

Appendix-A provides the data on stretching rig calibration, fibre diameter 

measurement and impact test results.   

Appendices-B and C present impact test data corresponding to Chapter 5 and Chapter 

6, respectively.   
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APPENDIX-A EXPERIMENTAL DATA FOR CHAPTER 4 

 

Table A-1 Stretching rig calibration data for the SSR as shown in Figure 4-2.  SE is the standard error. 

Reading from digital 

scale (kg) 

Applied weight (kg) 

5 10 15 20 24 

1 5.05 9.88 15.08 20.20 24.05 

2 4.98 9.98 15.05 20.10 24.08 

3 5.03 9.90 14.98 20.13 24.05 

4 4.98 10.03 15.00 20.18 24.05 

5 4.98 9.93 15.03 20.13 24.13 

6 4.98 10.00 15.05 20.15 24.08 

7 4.98 10.03 15.00 20.10 24.08 

8 5.00 9.93 14.95 20.13 24.15 

9 4.93 9.93 15.10 20.13 24.03 

10 5.00 10.03 15.03 20.13 24.08 

Mean ± SE 4.99 ± 0.01 9.96 ± 0.02 15.03 ± 0.01 20.14 ± 0.01 24.08 ± 0.01 
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Table A-2 Stretching rig calibration data for the LSR as shown in Figure 4-3.  SE is the standard error. 

Reading from digital 

scale (kg) 

Applied weight (kg) 

0 1 2 3 4 5 6 

1 3.25 10.15 17.65 25.30 33.20 40.00 47.50 

2 3.45 10.20 17.70 25.65 33.20 40.15 47.50 

3 3.30 10.25 17.70 25.55 33.15 40.15 47.45 

4 3.25 10.30 17.75 25.65 33.15 40.20 47.40 

5 3.40 10.10 17.95 25.55 33.25 40.35 47.45 

6 3.50 10.35 17.90 25.50 32.85 40.30 47.55 

7 3.20 10.20 18.00 25.50 32.90 40.25 47.50 

8 3.15 10.15 17.90 25.40 32.90 40.25 47. 45 

9 3.50 10.30 17.85 25.45 32.95 40.15 47.40 

10 3.35 10.25 18.00 25.45 32.95 40.30 47.50 

Mean ± SE 3.34 ± 0.04 10.23 ± 0.03 17.84 ± 0.05 25.50 ± 0.04 33.05 ± 0.06 40.21 ± 0.04 47.47 ± 0.02 
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Table A-3 Charpy impact test data to evaluate the effectiveness of prestress generated from the stretching rigs, with GPR as the 

matrix, as presented in Table 4-1.  T and C represent prestressed (test) and non-prestressed (control) counterparts, 

respectively; SE is the standard error. 

 
  Impact energy absorption (kJ m-2) 

Batch Type 1 2 3 4 5 Mean ± SE 

SSR-GPR 1 T 41.95 33.74 42.24 42.93 38.31 39.83 ± 1.72 

  C 33.50 25.57 23.15 24.92 39.89 29.41 ± 3.17 

 2 T 50.87 42.85 44.66 37.41 44.16 43.99 ± 2.15 

  C 33.76 28.02 39.37 46.44 29.05 35.33 ± 3.43 

 3 T 44.95 53.52 41.39 53.12 53.11 49.22 ± 2.53 

  C 34.02 32.26 37.45 33.30 35.41 34.49 ± 0.90 

LSR-GPR 1 T 44.86 47.73 36.64 38.37 44.49 42.42 ± 2.10 

  C 35.44 28.95 30.81 31.00 28.87 31.01 ± 1.19 

 2 T 47.76 49.43 39.60 42.89 47.10 45.36 ± 1.80 

  C 36.68 30.18 35.62 29.77 35.97 33.64 ± 1.51 

 3 T 41.87 44.37 39.51 49.69 38.53 42.79 ± 2.00 

  C 30.26 39.55 40.08 34.97 31.88 35.35 ± 1.98 
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Table A-4 Charpy impact test data to evaluate the effectiveness of prestress generated from the stretching rigs, with SLT as the 

matrix, presented in Table 4-1.  T and C represent prestressed (test) and non-prestressed (control) counterparts, 

respectively; SE is the standard error. 

 
  Impact energy absorption (kJ m-2) 

Batch Type 1 2 3 4 5 Mean ± SE 

SSR-SLT 1 T 40.27 41.30 35.93 36.71 39.16 38.67 ± 1.03 

  C 23.44 19.31 20.85 22.01 24.32 21.99 ± 0.90 

 2 T 38.87 37.72 30.59 32.30 40.58 36.01 ± 1.94 

  C 29.31 26.41 25.71 23.25 25.79 26.09 ± 0.97 

 3 T 47.88 37.01 34.18 36.05 43.02 39.63 ± 2.54 

  C 21.28 19.98 20.51 18.62 20.02 20.08 ± 0.43 

LSR-SLT 1 T 38.71 39.04 41.72 26.82 40.24 37.31 ± 2.67 

  C 23.82 20.17 22.80 20.33 25.11 22.44 ± 0.97 

 2 T 37.07 39.42 23.47 33.50 43.66 35.42 ± 3.41 

  C 23.91 20.04 21.18 22.05 19.59 21.35 ± 0.77 

 3 T 33.31 43.19 32.40 38.00 32.97 35.97 ± 2.06 

  C 21.57 23.58 21.11 22.45 24.68 22.68 ± 0.66 
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Table A-5 Diameter measurement data for fibre yarn samples.  Fibre single filaments were selected from each yarn sample, and 

three readings were taken from three different locations on each filament.  Mean results are presented in Figure 4-5; SE 

is the standard error. 

Sample Location 
Measurement of diameters (μm) 

Filament 1 Filament 2 Filament 3 Filament 4 Filament 5 Mean ± SE 

ARN 1 27.0 26.9 27.1 26.4 26.3 26.4 26.6 26.6 26.6 26.3 26.3 26.4 26.6 26.6 26.6 

26.6 ± 0.1 

 2 27.1 27.1 27.1 26.4 26.3 26.5 26.6 26.7 26.6 26.2 26.3 26.2 26.5 26.6 26.5 

 3 27.0 27.2 27.0 26.3 26.3 26.3 26.5 26.6 26.6 26.4 26.4 26.4 26.6 26.6 26.5 

ARO 1 27.3 27.4 27.4 27.4 27.4 27.4 26.5 26.5 26.4 25.0 25.1 25.1 26.6 26.6 26.6  

 2 27.4 27.4 27.4 27.3 27.4 27.4 26.4 26.4 26.4 25.0 25.0 25.0 26.6 26.5 26.6  

 3 27.4 27.4 27.4 27.4 27.4 27.4 26.3 26.3 26.3 25.0 24.9 25.0 26.6 26.5 26.6 26.6 ± 0.1 

ANN 1 25.7 25.6 25.7 26.0 26.0 26.0 25.3 25.3 25.5 26.4 26.4 26.3 26.4 26.4 26.3  

 2 25.5 25.7 25.7 26.1 26.0 26.0 25.6 25.5 25.5 26.6 26.4 26.4 26.3 26.3 26.3  

 3 25.7 25.7 25.8 26.0 26.0 26.0 25.5 25.5 25.5 26.4 26.4 26.4 26.3 26.3 26.3 26.0 ± 0.1 

ANO 1 26.0 26.0 25.9 27.2 27.2 27.2 26.2 26.2 26.2 26.2 26.2 26.2 26.3 26.2 26.3  

 2 25.9 25.9 26.0 27.2 27.2 27.3 26.3 26.3 26.3 26.3 26.3 26.3 26.2 26.3 26.4  

 3 26.0 26.0 26.1 27.1 27.2 27.2 26.2 26.3 26.3 26.3 26.3 26.2 26.2 26.2 26.3 26.4 ± 0.1 
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Table A-6 Charpy impact test data for resin only samples, tested at 336 h (two weeks) after moulding.  Mean results are shown in 

Table 4-4; SE is the standard error. 

Matrix Batch 
Impact energy absorption (kJ m-2) 

1 2 3 4 5 6 7 8 9 10 Mean ± SE 

GPR 1 3.55 4.79 4.67 1.66 3.49 3.58 3.84 4.43 2.84 4.27 3.71 ± 0.30 

 2 3.60 3.00 2.96 2.97 3.60 4.27 2.54 4.53 4.64 3.45 3.56 ± 0.23 

 3 3.46 2.87 4.65 3.44 3.50 3.33 3.75 3.36 3.37 3.42 3.51 ± 0.14 

PLT 1 1.58 1.59 0.95 0.95 0.97 1.50 0.92 1.56 0.95 0.98 1.20 ± 0.10 

 2 2.80 2.87 0.97 2.97 2.69 3.19 1.77 3.58 2.45 2.87 2.62 ± 0.24 

 3 1.65 1.64 1.62 1.92 1.91 1.58 1.84 1.82 2.40 1.81 1.82 ± 0.08 

SLT 1 1.57 0.95 1.58 1.60 2.88 1.49 1.76 1.46 1.76 1.48 1.65 ± 0.15 

 2 2.36 1.79 1.52 2.49 1.90 3.34 3.09 4.85 4.07 3.28 2.87 ± 0.34 

 3 2.48 1.87 2.48 1.88 2.53 1.80 1.77 2.37 2.41 2.78 2.24 ± 0.12 

STA 1 2.95 3.61 2.90 2.94 2.99 4.34 3.35 4.63 3.40 4.33 3.54 ± 0.21 

 2 2.93 2.89 2.87 2.83 3.47 3.52 2.83 2.77 3.38 3.38 3.09 ± 0.10 

 3 3.08 3.01 3.30 2.93 2.88 3.00 3.59 3.51 3.13 2.82 3.12 ±0.08 

CFS 1 1.62 0.98 1.64 1.63 1.64 1.55 0.92 1.55 1.57 1.57 1.47 ± 0.09 

 2 1.64 1.63 1.93 1.61 1.64 1.54 1.54 1.54 1.57 1.61 1.63 ± 0.04 

 3 1.52 1.55 1.60 0.98 2.04 2.30 2.33 1.50 1.84 1.90 1.76 ± 0.13 
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Table A-7 Charpy impact test data for nylon-based composite samples (2% Vf), tested at 336 h (two weeks) after moulding.  Mean 

results are shown in Table 4-4; SE is the standard error. 

Matrix Batch 

Impact energy absorption (kJ m-2) 

Test      Control      

1 2 3 4 5 Mean ± SE 1 2 3 4 5 Mean ± SE 

GPR 1 44.86 47.73 36.64 38.37 44.49 42.42 ± 2.10 35.44 28.95 30.81 31.00 28.87 31.01 ± 1.19 

 2 47.76 49.43 39.60 42.89 47.10 45.36 ± 1.80 36.68 30.18 35.62 29.77 35.97 33.64 ± 1.51 

 3 41.87 44.37 39.51 49.69 38.53 42.79 ± 2.00 30.26 39.55 40.08 34.97 31.88 35.35 ± 1.98 

PLT 1 39.03 40.28 30.25 36.92 38.64 37.02 ± 1.78 18.55 21.10 20.22 22.22 21.46 20.71 ± 0.63 

 2 36.01 37.93 28.63 36.50 37.68 35.36 ± 1.71 23.42 22.20 26.50 27.33 25.70 25.03 ± 0.96 

 3 38.25 35.10 29.01 34.87 40.69 35.58 ± 1.96 21.58 17.99 25.10 21.65 21.72 21.61 ± 1.13 

SLT 1 38.71 39.04 41.72 26.82 40.24 37.31 ± 2.67 23.82 20.17 22.80 20.33 25.11 22.44 ± 0.97 

 2 37.07 39.42 23.47 33.50 43.66 35.42 ± 3.41 23.91 20.04 21.18 22.05 19.59 21.35 ± 0.77 

 3 33.31 43.19 32.40 38.00 32.97 35.97 ± 2.06 21.57 23.58 21.11 22.45 24.68 22.68 ± 0.66 

STA 1 59.91 54.17 42.97 48.02 55.63 52.14 ± 2.98 28.52 29.36 25.23 24.41 33.71 28.24 ± 1.66 

 2 55.67 56.63 48.21 54.41 57.33 54.45 ± 1.63 37.58 24.06 33.40 33.59 34.22 32.57 ± 2.26 

 3 59.12 47.60 42.17 48.49 48.94 49.26 ± 2.75 30.58 27.17 28.92 29.01 32.11 29.56 ± 0.83 

CFS 1 45.04 47.31 39.45 46.04 48.29 45.23 ± 1.55 23.47 19.51 20.65 24.05 21.96 21.93 ± 0.85 

 2 54.64 39.75 29.05 43.89 49.78 43.42 ± 4.40 23.63 23.28 18.29 20.51 22.41 21.62 ± 0.99 

 3 51.56 36.51 51.25 46.01 41.83 45.43 ± 2.87 30.51 25.06 30.72 25.09 27.87 27.85 ± 1.24 
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APPENDIX-B EXPERIMENTAL DATA FOR CHAPTER 5 

Table B-1 Charpy impact test data for nylon-based composite samples, produced under 24 h creep conditions (2% Vf).  Samples 

were tested 336 h (two weeks) after moulding.  Mean results are shown in Table 5-4; SE is the standard error. 

Prestress 

condition Batch 

Impact energy absorption (kJ m-2) 

Test      Control      

1 2 3 4 5 Mean ± SE 1 2 3 4 5 Mean ± SE 

330 MPa 

(24 h) 

1 37.29 40.24 22.98 38.15 30.97 33.93 ± 3.14 21.18 23.55 23.05 29.45 21.68 23.78 ± 1.48 

2 39.03 40.28 30.25 36.92 38.64 37.02 ± 1.78 18.55 21.10 20.22 22.22 21.46 20.71 ± 0.63 

3 36.01 37.93 28.66 36.50 37.68 35.36 ± 1.71 23.42 22.20 26.50 27.33 25.70 25.03 ± 0.96 

 4 38.04 36.34 25.92 42.08 41.14 36.71 ± 2.89 22.44 28.64 27.59 25.52 23.82 25.60 ± 1.15 

 5 38.25 35.10 29.01 34.87 40.69 35.58 ± 1.96 21.58 17.98 25.10 21.65 21.72 21.61 ± 1.13 

460 MPa 

(24 h) 

1 40.03 41.35 37.17 37.02 41.25 39.63 ± 2.22 22.25 21.22 21.52 24.90 23.07 24.08 ± 0.74 

2 38.50 46.84 45.52 49.60 43.58 37.30 ± 0.54 21.10 23.98 23.56 24.42 24.01 22.28 ± 0.88 

3 46.16 40.47 32.33 38.70 40.47 38.57 ± 1.35 22.31 22.84 26.13 25.42 23.70 19.46 ± 0.15 

 4 38.53 36.12 36.08 38.48 37.27 39.36 ± 0.95 24.39 22.38 19.69 21.03 23.92 22.59 ± 0.66 

 5 42.39 40.46 34.53 38.21 37.25 44.81 ± 1.86 19.57 18.87 19.54 19.73 19.59 23.41 ± 0.59 

590 MPa 

(24 h) 

1 32.43 33.95 20.23 31.02 32.76 30.08 ± 2.51 21.84 21.58 25.23 17.35 21.46 21.49 ± 1.25 

2 37.23 34.44 30.64 38.33 38.23 35.77 ± 1.46 21.50 23.27 21.38 20.59 21.88 21.72 ± 0.44 

3 32.63 38.14 33.89 38.16 35.27 35.62 ± 1.11 24.44 21.55 22.65 21.40 20.94 22.19 ± 0.63 

 4 41.45 38.55 33.03 41.07 34.09 37.64 ± 1.75 23.01 23.77 21.97 26.83 24.33 23.98 ± 0.82 

 5 38.94 39.71 32.03 35.54 36.75 36.59 ± 1.36 24.98 24.01 24.15 25.19 23.12 24.29 ± 0.37 
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APPENDIX-C EXPERIMENTAL DATA FOR CHAPTER 6 

Table C-1 Charpy impact test data for nylon-based composite samples, produced under two creep conditions (2% Vf).  Samples 

were tested 336 h (two weeks) after moulding.  Mean results are shown in Table 6-2; SE is the standard error. 

Prestress 

condition Batch 

Impact energy absorption (kJ m-2) 

Test      Control      

1 2 3 4 5 Mean ± SE 1 2 3 4 5 Mean ± SE 

460 MPa 

(92 min) 

1 41.73 40.29 30.42 41.47 47.83 40.35 ± 2.81 29.59 24.99 22.46 26.75 25.86 25.93 ± 1.16 

2 37.29 45.66 39.17 41.02 33.95 39.42 ± 1.95 28.03 23.37 24.65 21.70 25.16 24.58 ± 1.05 

3 33.98 44.94 37.01 36.61 36.58 37.82 ± 1.86 22.38 22.23 21.47 22.39 27.70 23.24 ± 1.13 

 4 35.81 34.38 29.38 36.09 33.70 33.87 ± 1.21 22.29 20.84 20.37 21.21 25.11 21.97 ± 0.85 

 5 31.21 36.63 40.54 39.46 39.02 37.37 ± 1.67 23.53 23.27 23.74 21.88 21.74 22.83 ± 0.42 

590 MPa 

(37 min) 

1 36.31 47.60 25.86 31.33 31.05 34.43 ± 3.68 20.63 25.11 26.55 26.84 23.96 24.62 ± 1.12 

2 36.43 31.57 45.11 39.92 39.95 38.59 ± 2.24 23.59 20.51 23.76 23.26 25.42 23.31 ± 0.79 

3 51.36 39.25 27.98 36.29 30.95 37.17 ± 4.06 26.48 24.03 21.56 26.61 26.31 25.00 ± 0.98 

 4 38.13 32.95 37.07 41.14 38.26 37.51 ± 1.32 23.07 22.74 22.29 22.42 27.28 23.56 ± 0.94 

 5 42.53 27.18 41.15 38.64 40.37 37.97 ± 2.77 26.90 24.17 24.30 23.37 22.62 24.27 ± 0.72 
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Table C-2 Charpy impact test data for nylon-based composite samples, produced under various creep conditions (2% Vf).  Samples 

were tested at 4392 h (0.5 years).  Mean results are shown in Tables 6-3 and 6-7; SE is the standard error. 

Prestress 

condition Batch 

Impact energy absorption (kJ m-2) 

Test      Control      

1 2 3 4 5 Mean ± SE 1 2 3 4 5 Mean ± SE 

330 MPa 

(24 h) 

1 37.41 40.12 35.35 49.12 38.01 40.00 ± 2.40 24.98 24.59 28.17 25.15 25.97 25.77 ± 0.64 

2 36.01 31.04 26.71 39.01 44.74 35.50 ± 3.12 21.55 28.38 21.00 19.29 21.38 20.32 ± 0.63 

3 35.94 43.26 37.67 36.22 35.44 37.71 ± 1.44 22.79 24.55 23.22 25.69 20.89 23.43 ± 0.81 

 4 34.08 29.97 24.57 40.88 45.32 34.97 ± 3.71 24.24 21.97 22.69 23.27 23.46 23.13 ± 0.38 

 5 41.25 30.27 26.42 41.42 32.20 34.31 ± 3.01 24.36 27.76 26.93 21.21 25.01 25.05 ± 1.14 

590 MPa 

(37 min) 

1 48.77 42.47 39.10 47.85 42.51 44.14 ± 1.82 22.21 24.37 27.91 22.96 28.42 25.17 ± 1.27 

2 45.73 45.89 32.39 50.76 46.53 44.26 ± 3.11 23.95 23.61 26.31 24.72 23.71 24.46 ± 0.50 

3 41.03 47.84 31.48 36.99 41.44 39.76 ± 2.70 25.39 25.61 24.60 27.99 23.95 25.51 ± 0.69 

 4 35.85 41.76 34.39 32.84 31.88 35.34 ± 1.74 20.59 22.32 25.31 30.31 21.29 23.96 ± 1.78 

 5 29.76 38.41 29.41 35.17 37.53 34.06 ± 1.90 22.00 23.21 23.78 23.34 22.18 22.90 ± 0.35 

590 MPa 

(134 min) 

1 36.00 41.21 32.28 43.70 35.07 37.65 ± 2.09 25.92 26.09 28.51 25.88 23.84 26.05 ± 0.74 

2 45.60 38.19 31.78 35.20 42.06 38.57 ± 2.44 22.94 25.55 26.57 25.96 24.66 25.14  ± 0.63 

3 43.91 40.50 26.27 38.24 31.86 36.16 ± 3.16 23.77 22.39 23.91 22.54 21.47 22.82 ± 0.46 

 4 50.59 40.76 28.96 42.39 38.25 40.19 ± 3.49 20.31 23.57 23.47 20.90 22.20 22.09 ± 0.66 

 5 38.95 55.25 27.26 43.32 46.50 42.26 ± 4.60 23.15 23.40 24.15 22.75 22.53 23.20 ± 0.28 
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Table C-3 Charpy impact test data for nylon-based composite samples, produced under two creep conditions (2% Vf).  Samples 

were subjected to accelerated aging to an equivalent of 20,000 years at 20˚C before testing.  Mean results are shown in 

Table 6-4; SE is the standard error. 

Prestress 

condition Batch 

Impact energy absorption (kJ m-2) 

Test      Control      

1 2 3 4 5 Mean ± SE 1 2 3 4 5 Mean ± SE 

330 MPa 

(24 h) 

1 30.85 38.64 28.35 38.09 36.61 34.51 ± 2.07 23.01 22.01 21.23 19.26 25.99 22.30 ± 1.11 

2 37.52 33.40 28.02 36.16 33.61 33.74 ± 1.63 21.13 22.17 24.32 25.23 22.10 22.99 ± 0.77 

3 36.62 41.34 28.52 36.49 30.59 34.77 ± 2.32 22.02 22.43 25.41 19.52 21.40 22.15 ± 0.96 

590 MPa 

(37 min) 

1 33.99 30.60 29.66 31.39 33.27 31.78 ± 0.81 21.17 20.99 25.60 22.69 21.74 22.44 ± 0.84 

2 32.34 32.46 33.29 32.22 32.94 32.65 ± 0.20 19.61 19.19 19.64 17.43 19.79 18.93 ± 0.47 

3 40.49 36.44 29.73 37.01 35.89 35.91 ± 1.74 21.99 21.09 21.08 20.75 22.50 21.48 ± 0.33 
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Table C-4 Charpy impact test data for nylon-based composite samples, produced under different creep conditions (2% Vf).  Samples 

were tested at 336 h (two weeks) after moulding.  Mean results are shown in Tables 6-5 and 6-6; SE is the standard error. 

Prestress 

condition Batch 

Impact energy absorption (kJ m-2) 

Test      Control      

1 2 3 4 5 Mean ± SE 1 2 3 4 5 Mean ± SE 

590 MPa 

(134 min) 

1 41.38 36.18 42.07 40.98 33.03 38.73 ± 1.76 21.11 18.90 22.55 20.06 21.33 20.79 ± 0.62 

2 38.79 39.16 42.30 35.39 41.24 39.38 ± 1.19 21.14 24.22 21.98 24.62 23.93 23.18 ± 0.68 

3 35.42 44.11 41.13 37.91 33.19 38.35 ± 1.95 23.51 22.31 23.51 23.70 25.47 23.70 ± 0.51 

 4 44.19 48.11 31.95 48.05 37.71 42.00 ± 3.15 26.01 22.01 22.85 21.98 23.38 23.25 ± 0.74 

 5 40.33 42.45 30.89 42.89 52.17 41.75 ± 3.39 27.33 21.22 22.77 27.93 21.03 24.06 ± 1.49 

665 MPa 

(20 min) 

1 36.01 35.49 30.12 35.34 36.74 34.74 ± 1.18 20.39 21.50 20.37 26.20 24.24 22.54 ± 1.16 

2 34.05 41.60 35.32 39.83 35.82 37.32 ± 1.44 24.30 25.35 24.91 23.36 22.06 24.00 ± 0.59 

3 32.58 39.75 41.41 42.10 36.25 38.42 ± 1.78 22.38 22.40 24.00 21.32 23.59 22.73 ± 0.45 

 4 40.81 41.81 33.33 45.11 32.63 38.74 ± 2.46 26.10 24.44 26.02 22.98 25.59 25.03  ± 0.59 

 5 33.59 34.32 28.05 38.32 35.73 34.00 ± 1.69 21.40 23.59 23.72 24.79 23.38 23.38 ± 0.55 

665 MPa 

(48 min) 

1 30.03 41.06 34.52 45.88 58.85 42.07 ± 4.99 23.10 25.31 22.74 24.81 23.58 23.91 ± 0.49 

2 45.39 46.58 41.55 46.19 36.74 43.29 ± 1.86 24.30 22.94 25.29 21.81 25.10 23.87 ± 0.66 

3 37.04 33.53 36.22 38.21 42.83 37.57 ± 1.53 24.11 24.09 21.79 21.11 22.97 22.81 ± 0.60 

 4 34.54 35.14 40.89 46.06 39.85 39.29 ± 2.10 22.14 24.15 25.99 23.93 22.12 23.66 ± 0.72 

 5 41.90 50.47 36.26 40.98 50.76 44.07 ± 2.84 24.89 25.18 25.45 25.08 25.21 25.16 ± 0.09 

 


