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Abstract 
 

This thesis investigates the development of novel multifunctional composites which primarily 
take advantage of the electrical conductivity of carbon fibres in high performance composites. 
The multifunctionalities are targeted towards use in the aerospace industry, covering 
manufacturing, and in-service, such as damage detection and de-icing. This work aims to 
increase the matureness of these and related technologies, allowing the concepts to be built 
on more easily, and reduce the barrier to industrial implementation.  

The functionalities are Joule heating for direct electric cure (DEC), de-icing and heated tooling, 
and electrical self-sensing for damage detection. These utilise the electrically conductive 
nature of the carbon fibres in composites used in aerospace structural components. This 
means that little modification to the materials and structure is required, crucial for aerospace 
qualification and ease of use.  

The low conductivity of composite matrices was identified as an initial problem to the scale 
up and industrialisation of multifunctional composites. Carbon Nanotubes (CNTS) resin 
composites were manufactured using 3 dispersion methods and tested for conductivity and 
piezoresistivity. Despite showing these desired properties, quick agglomeration of the 
particles and difficulty of manufacturing fibre reinforced composites meant that their use 
cases were limited to the fibre-electrode interfaces of the multifunctional demonstrators. 

DEC is developed as an alternative sustainable curing method, requiring 99% less input energy 
when curing industrial scale components (2000 x 700 mm), using both pre-preg and vacuum 
assisted resin transfer moulding (VARTM). The degree of cure for VARTM was only 0.82 % 
lower than oven cured samples, however it was significantly lower in pre-preg samples. The 
main challenge was to ensure even heating over the component, which was due to the plain 
weave fibres used in these experiments. When the same heating technology was applied to 
unidirectional (UD) fibres within a representative leading-edge section of a wing, the heating 
performance for de-icing was more even, despite having power headroom issues due to 
embedded CNTs causing localised overheating. 

Evidence of even heating performance of UD led it to being embedded into composite tooling, 
to enable the manufacture of low-cost heated tooling. The DEC style electrodes only had to 
be applied to the composite tooling once, rather than every part manufactured, meaning that 
the benefits of DEC can be achieved with an easier barrier to entry.  

To further increase the benefits of these heating technologies, a cure kinetic and thermal 
model was assessed to reduce the energy and length of cure cycles. It predicted the 
exothermic energy output of composites during curing, and the heat dissipation to the 
environment, to be able to run close to the exothermic limits of the cure system.  It accurately 
predicted the exothermic reaction of a commercial pre-preg system using open loop control, 
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leading to a degree of cure 0.14 % lower than a post cured sample, whilst saving an estimated 
95 % of input energy. 

A novel damage detection for composites was developed, with the aim to enable and 
automate damage detection without the requirement of external inspection equipment. The 
system monitored electrical conductivity of fibres using embedded flexible printed circuit 
boards (PCB) to enable implementation into a manufacturing process. Electrical self-sensing 
hardware and software was developed, which were tested on 360 x 360 mm components, 
with the aim to detect barely visible impact damage (BVID). These were then scaled up to a 
modular system, which monitored a 560 x 400 mm section of a leading edge. The sensing 
system was able to detect BVID damage in some configurations and higher impact energies 
in most samples.  

Novelty is in both the developments to increase the scale and robustness of the components 
through improvements in manufacturing and testing such as with DEC and Self-sensing, but 
as well as identifying opportunities of applications, such as with Joule heated tooling and 
applied cure modelling.  

The increase in maturity of these technologies has ensured that development has continued 
in this area. Joule heated tooling continues to be developed through funding grants with 
industrial partners such as Pentaxia, whereas self-sensing and Joule heating of components 
has attracted private funding from Tier 2 aerospace suppliers.   
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1. Introduction 
This work investigates the exploitation of the electrical conductivity of carbon polymer composites to 
enable the multifunctionalities of self-curing and self-sensing. It covers the background of these 
technologies, the potential benefits they could bring, including ones soon to be exploited, and 
investigates the development of these technologies on a larger component.  Carbon fibres are an 
impressive material due to their extremely high tensile strength [1] and have good electrical 
conductivity [2]. When formed into the structures dictated by composite manufacturing processes, 
this also creates unique electrical networks and allows for devices to be created and these properties 
to be exploited [3]. 

1.1. Carbon Fibre Reinforced Plastic (CFRP) in Aerospace 

One of the most interesting and impactful use cases for composites is in aerospace, where some of 
the largest benefits can come through fuel savings, leading to a reduced environmental impact of 
flight. Due to the size, scale and quality requirements of aerospace projects, it is where a significant 
investment in innovation occurs. Through this, the subsequent processes and methods are driven by, 
or come from, this sector.  
Carbon fibres were first produced in the mid-1950s on a laboratory scale, however it wasn’t until the 
early 1960s that the precursors of PAN (polyacrylonitrile) and Rayon enabled commercial production 
[4]. Its use with an epoxy matrix enabled its use as a lightweight, high strength and stiffness structural 
material [5]. It is commonly associated with, and was originally limited to, high performance and value 
applications such as sports equipment and military and commercial aircraft. This was due to its relative 
high cost and the expertise and equipment required to manufacture it.  
The aerospace industry has historically used autoclaves and pre-preg to manufacture high quality 
components, that have high fibre volume fraction (FVF) and low void volume fraction (VVF). High FVF 
results in improved flexural properties [6], and low VVF increases fatigue resistance [7]. Producing 
composites this way delivers the required quality and consistency, but it is costly and time consuming. 
Cure cycles of these flight certified resins are long, some taking 10-12 hours, some requiring 
temperatures up to 180°C and pressures of 5 bar or more [8]. As resin systems and manufacturing 
methods have improved, there has been a desire to move away from autoclaves and these long cure 
cycles; to improve component throughput and deliver energy savings [9]. This is particularly important 
as the requirement for aircraft manufacturing rate continues to increase, as does the composite 
weight percentage of aircraft continues to increase. 
CFRP has become standard in military aviation and motorsport applications, and in the last 20-30 years 
it has been used more frequently, seeing widespread use in commercial aviation. The primary driver 
for CFRP use in aerospace is the ability to manufacture lightweight structures with excellent fatigue 
life. This increase in use was also a response to saving fuel costs during the fuel crisis in the 1970’s.  
More recently it has been driven by environmental legislation requiring reduced emissions which has 
led to a 24 % average reduction in fuel burn per passenger from 2005 to 2017 [10]. 

1.2. CFRP and Sustainability 

This decrease in emissions per passenger is significant, however emissions continue to rise, as within 
the same period (2005-2017) passenger numbers increased by 60 %, leading to aviation accounting 
for 3.8 % of total global CO2 emissions [10]. The majority of future estimated savings are through the 
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use of sustainable aviation fuel (SAF). However this cannot be fully relied on yet: production levels are 
too low, prices are higher and emissions when burnt are the same as existing fuels. Increasing 
efficiency and lightweighting is still a vital part of decarbonising aviation. An example of the weight 
and subsequent fuel savings is a vertical stabiliser on an Airbus A310, on which CFRP replaced 
aluminium, delivering a 400 kg reduction [5], which could result in thousands of tonnes of CO2 savings 
over the aircraft’s life cycle [11]. 

One issue when discussing the sustainability of CFRP, is that it has a large manufacturing carbon 
footprint given it is commonly oil derived [12,13], and the energy input for manufacture is significant, 
compared to other lightweight engineering materials. However given the complexity, and variability 
between manufacturers of the constituent materials, comparisons can be difficult. One source 
suggests 183-286 MJ/kg for carbon fibres, and 76-80 MJ/kg for epoxies [14], however these values 
should not be used in lifecycle analysis, as the underlying assumptions are likely to be different to 
materials used in this study. For example, there are some exceptions such as bio-based epoxies that 
have more sustainable material sources [15], or carbon fibres manufactured with lignin plant-based 
precursors [16], which would reduce these energy impact values. Aluminium is reported as 196-257 
MJ/kg, which suggests on paper is worse. However these figures don’t consider later manufacturing 
steps, or its recyclability, which is currently a significant issue with most aerospace composites. 
Despite this, over the lifespan of a widebody aircraft, the savings over other materials are significant, 
necessitating their use to achieve environmental targets [11]. Increasing the efficiency of these 
manufacturing methods will only make the final use cases more sustainable, which is an important 
target to aim for.  

1.3. Direct Electric Cure 

Curing of composites is an energy intensive process [17], where components and tooling are heated 
up to 200°C for up to 24 hours in the case of some tooling pre-pregs or thicker laminates. This has 
traditionally been completed in an autoclave to apply pressure and help consolidate the composite.  
However, as materials have developed and improved, out of autoclave (OoA) materials that can be 
cured in ovens have become more commonly available [9]. This still requires high capital investment, 
results in high energy consumption during cures. The aerospace industry is cautious about moving 
away or making significant changes to these manufacturing methods.  Because existing methods 
already produce high-quality components with repeatable quality, the cost also to requalify a new 
process or material is difficult to justify. This high barrier to entry for new products and methods can 
restrict innovation in this area [18]. 

Direct electric cure (DEC) is a novel curing method that generates its curing heat from Joule heating of 
the conductive fibres, to achieve the resin’s cure temperature. This direct method of heating increases 
the thermal efficiency of the process, only heating the component and thus reducing energy 
consumption by up to 99 % compared to oven cures [19,20].  

DEC also provides other benefits.  Given the heating is generated in the composite itself, there is 
evidence that it better enables voids to exit the resin than outside-in heating methods, reducing void 
content overall [21]. Further, the process also has a lower thermal mass, which enables higher heating 
rates, and enables improved response to, and control of, any exothermic reactions that may occur. 
The initial capital expenditure for equipment is significantly lower than that of an autoclave or oven, 
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only requiring a power supply and temperature data acquisition and control equipment. Another large 
factor is that it doesn’t require a heating chamber the size of the component being cured. 

1.4. Self-De-Icing and Heated tooling 

DEC concentrates on the bulk heating of composites to ensure that the composite component has an 
isotropic degree of cure. The same heating methodologies can be repurposed for other heating 
requirements of composite manufacturing or final components. Joule heating can be applied to 
electrically insulated plies to enable heating in specific zones of a composite component [22]. This can 
be used for surface heating which can be used in different engineering applications, such as de-icing 
of aerospace ‘in service’ components [23] or heated tooling for composite curing [24]. 

Icing of aircrafts’ aerodynamic surfaces is an issue primarily during take-off and landing [25].  It can 
cause catastrophic results if not addressed. With more aerospace components being manufactured 
using CFRP, there is a valuable opportunity to use Joule heating of built in carbon to heat the surface, 
reducing the requirement for ice removal ancillary systems. These range from inflatable boots [26], 
weeping wings [27], and hot bleed air systems [28,29]. These have been used successfully, however 
all have their drawbacks, such as system complexity, weight, or reduced efficiency. The most efficient 
way, theoretically, would be using the carbon fibres within the composite to heat the surface, without 
any extra plies or separate heating elements [30]. This would reduce the complexity of the aircraft 
systems and simplify both the layup sequence and subsequent manufacture. A study was completed 
to understand the feasibility of this system to work within a leading-edge component, and was tested 
in a representative icing environment. 

Another area where surface heating is applicable is in heated tooling for composite manufacturing 
[31]. Tooling for composite manufacturing can be metallic, usually an Invar alloy, or composite, to 
ensure there is a low coefficient of thermal expansion (CTE) [32]. These can be used in an oven or 
autoclave to reduce the energy consumption of the process, whilst still obtaining the benefits of 
pressure, in the case of the autoclave.  

Particularly in aerospace, where qualification of material processes requires extensive testing [33], it 
is difficult to replace these heating methods with more efficient or novel ones like self-curing. Heating 
the tooling directly is a way around these requirements, as the material isn’t changed, and the heating 
methods are very similar. Existing methods use heater cartridges, heater mats [34] or heating fluid 
[31] to heat tools, however applying these solutions to tools can be complex or expensive. Applying 
direct electric cure to the composite tools themselves is a way to introduce an efficient heating 
method to a tooling solution with little extra expense or proprietary technology required [24,35]. The 
heating plies can be integrated into the layup using the same knowledge and skills, with only 
electrodes and insulating plies required as extra materials. The power and control system knowledge 
are already well established and can be applied to the tools in the same way as the self-curing. 

1.5. Self-Sensing Composites 

Composite materials are used in aerospace because of their high specific strength; however, they have 
some properties that aren’t as desirable which can cause issues in service. One of these is the brittle 
nature of epoxy resins [36], which can lead to issues such as low impact resistance in composites [37]. 
Ply by ply composite structures do not absorb impact energy well, which can lead to a range of failure 
modes, such as microcracking, delamination of plies or fibre breakage. A specific type of impact 
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damage has been defined, called “Barely Visible Impact Damage”, which is named because of the 
undetectable visual nature of low energy impacts on the surface of composites, despite having 
sustained subsurface damage [38,39]. Initially these impacts may not be immediately safety critical to 
the structure, as they can occur in common situations, such as stones impacting during take-off and 
landing. However with continuous fatigue loading, they can increase in size and severity [40].  

It is for this reason that a damage detection method that doesn’t rely on existing inspection techniques 
has been developed, titled self-sensing. By monitoring the electrical conductivity of the carbon fibre, 
to monitor impact induced effects such as piezoresistance and fibre breakage. To build up a dataset 
of the resistance changes over a surface of a laminate, resistance has to be monitored in many 
positions. This can be completed through the integration of flexible PCBs in the laminate which allow 
an array of electrodes to be integrated, whilst having minimal impact on the composite itself. This is 
then linked to a data acquisition system that can monitor resistance changes all over the part, then 
use the data to generate information on the location and severity of the damage. This method has 
been demonstrated multiple times on smaller scale [41,42], but this study is the first to expand the 
scale and consider the impact on the manufacturing of the composite.  

1.6. Conductive matrixes 

As these multifunctionalities increase in capability and technology readiness level, it is worth looking 
at the composite material as a whole. The carbon fibres themselves are very conductive [43], however 
the matrix, typically epoxy resin is very electrically insulative [44]. This is a prohibitive and problematic 
feature when trying to use CFRP as an electrical device. A solution to this could be to increase the 
conductivity of the matrix, by the addition of conductive nanoparticles [45,46]. This is in itself a whole 
area of research, as there are variations in the particle type, including carbon nanotubes (CNTs) 
[47,48], graphene [49,50], carbon black [46] or graphite [51]. There are also different mixing and 
dispersion methods [52], techniques to infuse them effectively into a composite to obtain the benefits 
of the novel nano materials.  

An initial key part of this thesis was to understand these processes, in particular how to use a premixed 
CNT epoxy masterbatch to enhance the performance of the already established multifunctionalities. 
After the initial study on mixing and distribution of the particles, it was realised that this topic was too 
expansive to add to the multifunctionalities being studied. There is a short chapter, discussing where 
CNTs were introduced into these multifunctionalities, how they affected the processes and the 
resulting performance. Ultimately, they were unsuccessful in improving performance, and proved very 
energy intensive for the resulting savings that may have been produced from the multifunctionalities.  
High energy intensity isn’t a property of all conductive nanoparticles; however this study suggests 
areas where significant improvements are needed to consider their inclusion.  

1.7. Multifunctional Composites 

Incremental gains have been made that both increase the performance of composites and increase 
the speed and efficiency of composite manufacturing. Examples include the introduction of extreme 
high modulus fibres to increase laminate strength [53], or the use of novel composite layups to 
improve fracture toughness [54]. More recently, larger step changes have been made on fibre 
architecture of composites to place the fibre where is required along stress lines, through the use of 
tow steering of AFP [55] or tailored fibre placement (TFP) preforms [56]. All these methods are 
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generating significant research interest because of their substantial gains over unidirectional (UD) 
quasi-isotropic (QI) composite laminates. Another important opportunity is multifunctional 
composites that conductive carbon fibre composites enable. 

Multifunctionality in composites is the ability to add additional capabilities on top of the primary 
functionality of composites, which would have been previously seen as mutually exclusive [57]. 
Because a composite is a combination of materials, it is well suited for further investigation of 
modifying these materials to gain additional functionality. A simple example of this could be applying 
metallic electromagnetic interference (EMI) shielding to an existing structure, which could be replaced 
by using conductive matrices within a composite structure [58]. Given the importance of light-
weighting, investigations into multifunctional composites have increased significantly [59]. Other 
issues have increased the interest in the multifunctionalities covered here. The increasing use of CFRP 
for lightweighting comes with the issue on how to detect and repair impact damage of these 
structures, not needed in the same way before for aluminium components [39].  

Increases in the number of aircraft using CFRP means that novel manufacturing methods, that improve 
throughput whilst reducing input energy, bring more significant benefits. Also increasing the efficiency 
of jet turbine engines has led to electrification of systems, meaning that systems for anti-icing such as 
hot air bleed are no longer viable [60].  

One significant opportunity with composites is the electrically conductive nature of carbon fibres [3]. 
The structure of carbon fibre, comprised of graphitic planes with van der Waals bonding [61], ensures 
that a conductive path can occur, resulting in a conductivity of up to 106 S/m along the fibre. In 
practice, when integrated in a composite structure, this is significantly lower, around 5.88 x 104 S/m, 
but this is conductive enough to use as an electrical device [62]. This has enabled many 
multifunctionalities, such as EMI shielding [63,64], data transfer [65], lightning strike protection (LSP) 
[66], as well as the ones covered in this thesis, Joule heating [19,20] and structural health monitoring 
of impact damage.  

1.8. Aims of thesis 

This thesis aims to provide context on the issues of existing curing and manufacturing methods, as 
well as impact damage in aerospace composites. The multifunctional solutions are explained in depth 
in their respective papers and chapters, including the background theory, practical implementation 
and results compared to existing and previously trailed methods. One of the primary aims of this work 
is to ensure that the developments had opportunity for practical implementation and therefore were 
industrially relevant. This was achieved by:  

 researching issues that were faced during previous implementation of these technologies,  
 undertaking laboratory tests of each of the functionalities to further understand of both the 

opportunities these novel technologies offer and the challenges faced as they are adopted, 
 incremental developing and understanding and fixing of issues that occurred, and  
 discussing the results and developments with aerospace manufacturers and end users.  

The technical aims of the thesis can be summarised as: 

 Provide understanding and background on why these technologies are required and 
developments are necessary.  
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 Provide universal background information of the use of carbon fibre composites as 
multifunctional devices. 

o Investigate the possibility of using carbon based particles such as carbon nanotubes 
and graphite to improve the performance of these multifunctionalities 

 DEC: 
o Develop a Joule heating method that can cure both pre-preg and VARTM based 

manufacturing methods. 
o Provide process steps on how to replicate, and suggestions for future 

implementations. 
o Develop and evaluate the performance of the system against existing cure methods, 

including properties such as: 
 Sustainability, particularly energy usage 
 Resulting degree of cure and quality of components 
 Ease of manufacture  

o Demonstrate the developments in other use cases, such as de-icing or heated tooling. 
 De-icing using Joule effect: 

o Develop a leading-edge de-icing system that can match heating performance of 
existing similar systems. 

o Minimise the impact and modifications to the existing structural composite layup. 
o Demonstrate the heating in a relevant environment, in this case, an environmental 

chamber. 
 Joule heated composite tooling 

o To integrate the DEC technology into composite tooling to enable heating  
o To match the heating performance of ovens used for aerospace composite curing.  

 Optimise for a rapid curing system 
o Demonstrate the concept of reducing cure length and energy usage when taking into 

account the physics of the curing system. 
o Reduce energy further by using the exothermic energy in epoxy resins to an advantage 

whilst ensuring safe operation. 
 Self-Sensing: 

o Provide a review and thorough testing of existing electrical sensing methods. 
o Develop existing theory into larger structures, and where modularity and 

manufacturability are prioritised. 
o Demonstrate the capability of a non-contact, composite damage detection system on 

a representative aerospace composite component.  
o Provide data on a variety of impact situations, post processing of data, and 

information on situations where it works well and where improvements are required. 

1.9. Thesis Structure 

The thesis is a combination of papers (authorship declared in section 1.10) and chapters that 
demonstrates the thought process of the author, mostly in the order of the development of the 
technologies. When including journal papers into a thesis, it may result in some loss of cohesiveness 
between chapters due to the way they are formatted. Therefore, this section has been added to 
explain the reasoning of the order of the chapters. 
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The work completed in this thesis was primarily under the funding of an EU Horizon 2020 project titled 
MASTRO (Intelligent bulk MAterials for Smart TRanspOrt industries, project ID: 760940 [67]). The main 
aim of the project was to develop the bulk properties of composite materials to increase conductivity 
and enable multifunctionalities. It involved material manufacturers such as Arkema, and end users 
providing feedback on developments, including Embraer.  

This first investigation therefore was to research the nanocomposites manufacturing, conductivity and 
piezoresistive properties. As discussed later, due to the difficulties in nanocomposite development 
and incompatibilities with VARTM and fibre composites, the multifunctionalities of DEC, de-icing and 
self-sensing were developed without significant involvement of nanocomposites. 

The literature review is covered over chapter 2 and chapter 3, the first chapter, covers the conductivity 
of composites, nano-particle modification of epoxies for conductivity, multifunctional composites, 
impact damage detection in composites and self-sensing of composites. It also covers the background 
research for the papers on Joule heating for de-icing and heated tooling, and on cure kinetic modelling 
in chapters of 7 & 8 respectively. The second part of the literature review is the published review paper 
on novel curing methods for sustainable manufacture, which reviews a variety of novel curing 
methods. It also gives significant information on previous implementations of direct electric cure. 

Chapter 4 covers the materials and methods that were used in the later experimental chapters that 
weren’t covered in the respective papers. Given the concise nature of journal papers, some details 
have been omitted, therefore this section has been added to ensure there is full coverage of the reader 
of the methods and materials used in the studies.  

Chapter 5 is a conference proceeding on developing experimental methods to introduce conductive 
Carbon Nanotubes (CNT’s) and graphite into epoxies to increase conductivity. The aim was to 
understand and develop accessible and repeatable mixing methods, which were not fully achieved. 
These conductive resins were to be implemented in the subsequent chapters on Joule heated 
composites and self-sensing composites to reduce the matrix conductivity and increase performance. 
Due to their incompatibility with resin infusion methods, conductive resins were not used extensively. 

Chapter 6 is a published paper on direct electric cure of aerospace composites, which describes the 
development of the curing method, as well as experimental details and results. It details the 
methodology of the developments as the components being cured are scaled up, and the technical 
advances that were made as issues arose. It also describes Joule heating for cure on dry fibre infused 
composites for the first time. It compares the results of the curing method for both pre-preg and 
VARTM components to oven cured components, looking primarily at component quality, as well as 
manufacturability and sustainability. 

Chapter 7 details work on other use cases for the Joule heating of composites, which includes 
experimental details on de-icing experiments, and the implementation of the Joule heating into CFRP 
tooling to enable heated tooling. These provide higher Technology Readiness Level (TRL) examples of 
the technologies and where they can be implemented. It also covers work on a novel cure control 
method, developed from first principles, which is particularly applicable to novel curing methods with 
rapid heating ability, such as DEC. The model was developed and tested using a heated tooling plate, 
as a simple use case and to demonstrate the technique on a known and controllable heating 
technology.  
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Chapter 8 is primarily an experimental paper on electrical self-sensing of aerospace composites and 
scaling up existing and novel techniques to detect barely visible impact damage. It reviews and tests 
a variety of previously published techniques, and establishes new and complementary methods, so it 
can be scaled up for practical implementation in representative manufacturing environments.  

Conclusions on the topics covered and recommendations on areas for future development are 
provided in chapter 9. 

1.10. Thesis Papers 

This thesis consists of the following papers and papers in preparation, including CRediT author 
statements [68] and in which chapter they feature: 

Chapter 3 

Paper published: Collinson M, Bower M, Swait TJ, Atkins C, Hayes S, Nuhiji B. Novel composite curing 
methods for sustainable manufacture: A review. Composites Part C: Open Access 2022;9:100293. 
https://doi.org/10.1016/j.jcomc.2022.100293. 

Primarily conceptualised, authored, and edited by Matthew Collinson, with contributions to the 
microwave section from Matthew Bower & Betime Nuhiji, induction section by Craig Atkins. 
Supervised and edited by Tim Swait, Simon Hayes and Betime Nuhiji.  

Chapter 5 

Published: Collinson M, Hayes S, Petropoulos S. The effect of type of mechanical processing on 
electrical conductivity and piezoresistive response of CNT and graphite composites. Procedia CIRP 
2019;85:314–20. https://doi.org/10.1016/J.PROCIR.2019.10.001. 

Experimental work, authorship and editing by Matthew Collinson. Experimental work was assisted by 
Stefanos Petropoulos. Editing and supervision was by Simon Hayes. 

Chapter 6 

Paper published: Collinson MG, Swait TJ, Bower MP, Nuhiji B, Hayes SA. Development and 
implementation of direct electric cure of plain weave CFRP composites for aerospace. Compos Part 
A Appl Sci Manuf 2023;172:107615. https://doi.org/10.1016/j.compositesa.2023.107615. 

Experimental work, authorship and editing by Matthew Collinson. Experimental work was assisted by 
Matthew Bower, Tim Swait and Simon Hayes. Supervised and edited by Tim Swait, Simon Hayes and 
Betime Nuhiji. 

Chapter 7 

Paper in preparation: Collinson M, Bower M, Hayes SA. Development of CFRP Joule heated 
multifunctional aerospace de-icing system.  

Experimental work, authorship and editing by Matthew Collinson. Experimental work was assisted by 
Matthew Bower and Simon Hayes. Supervised and edited by Simon Hayes. 
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Paper in preparation: Collinson M, Simpson O, Morris S, Gibbs A.  Development of CFRP Joule heated 
tooling for aerospace applications. 

Experimental work, authorship and editing by Matthew Collinson. Experimental work was assisted by 
Matthew Bower and Simon Hayes. Supervised and edited by Simon Hayes. 

Paper in preparation: Collinson M, Bower M, Swait TJ, Nuhiji B. Practical cure optimisation for rapid 
and low energy processing of thermosetting composite systems.  

Cure model primarily authored by Tim Swait, with testing and experimentation by Matthew Collinson 
and Matthew Bower. Paper authored by Matthew Collinson, with supervision and editing from Tim 
Swait and Betime Nuhiji.  

Chapter 8 

Paper in preparation: Collinson MG, Swait TJ, Bower MP, Nuhiji B, Hayes SA, Development of large 
scale electrical self-sensing of CFRP composites.  

Experimental work, authorship and editing by Matthew Collinson. Experimental work assisted by 
Matthew Bower. Editing and supervision was by Simon Hayes, Tim Swait and Betime Nuhiji. 
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2. Literature review 
This literature review covers topics not investigated in the review paper on novel composite curing 
methods, or in the literature sections of the included journal papers. 

The aim of this review is to provide additional context and background to the topics studied in this 
thesis, in addition to giving a better understanding of the reasons behind the novelty and the necessity 
of such studies in aerospace composites and manufacturing in general. 

2.1. Composites background 

Composite materials are being used more frequently in structural aerospace components, particularly 
in commercial aerospace products, such as in the Boeing 787 and Airbus A350. This is due to their 
superior strength to weight ratio compared to conventional aerospace materials [1], enabling lighter 
aircraft, which reduces running costs and carbon emissions. Composites provide a lot of flexibility in 
their manufacture, allowing for novel design concepts that can enable step changes in structural 
properties from generation to generation. With this flexibility also comes manufacturing issues and 
unknowns that are not faced in metallic aerospace design. These include the expensive and long takt 
time during manufacture [2], the integration of existing ice prevention systems [3] and how in-service 
damage is detected  [4] and repaired. Given to the versatility and flexibility of composite manufacture 
[5] and materials, it is possible to consider multifunctional composites to solve these issues.  

A composite is made up to two or more other bulk materials, usually a structural reinforcement and a 
formable matrix, which allows the best properties from each constituent material to be realised in the 
final material. An example of this relevant here is one of the most commonly known composite, carbon 
fibre reinforced plastic (CFRP). The reinforcement, the carbon fibres, have excellent tensile properties 
[6], but on their own cannot hold shapes and have poor damage tolerance. When combined with a 
polymer matrix, such as epoxy resin, which on its own is very brittle, it becomes a versatile engineering 
material. The in plane tensile strength from the fibres is retained, whilst the fibres are protected and 
formed by the epoxy, giving overall a very stiff and light material.  

The approach of combining two materials with different strengths and weaknesses to build an overall 
superior material allows for a huge amount of flexibility in the materials that can be chosen, and 
subsequently their manufacturing methods. Mud and straw used as a building material can be 
considered a composite, right up to a high temperature metal matrix ceramic for use in turbine fan 
blades. Even with a well-defined set of materials such as carbon and epoxy, there is still a huge choice 
of final composites that can be manufactured, along with the manufacturing method, depending on 
the final component requirements. 

The key enabler of multifunctionality is the electrical conductivity of the carbon fibres which are the 
reinforcement of these composites. These multifunctionalities discussed here are Direct Electrical 
Cure (DEC), Self-De-Icing, Joule heated Composite Tooling and Self-Sensing. To understand how these 
functionalities work, it is first important to discuss the electrical properties of CFRP composites and 
the practicalities of using them as electrical devices. Later in this chapter, the background to 
multifunctional materials and composites is covered. The background to composite curing and 
damage detection are covered, in relation to the main multifunctionalities covered in this work, DEC 
and self-sensing. 
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2.2. Electrical conductivity in composites 

There are two main methodologies when measuring the electrical resistance of a material, 2-point 
and 4-point.  Both work for measuring the resistance of carbon-based composites, however they have 
differences in practicalities and accuracy, particularly when being used for electrical self-sensing. The 
2-point method has electrodes attached to each end of a sample and a voltage is applied across the 
terminals. Using an ammeter at the same points, the induced current can be measured, therefore 
allowing the resistance of the sample to be derived. Using the equation below, the resistance per 
meter can be calculated. 

 
𝜌 =

𝑅𝑤ℎ

𝑙
 [1] 

Where 𝜌 is resistivity in Ω/m, R is the calculated resistance from the voltage and current readings, w, 
h and l are the width, height and length of the sample in meters, assuming the cross-sectional area of 
the sample is the same throughout the sample being tested. 

The 2-point method for measuring resistance is quick and easy, as the electrodes don’t require 
accurate positioning.  However, it has not been found to be a reliable approach either when used on 
composites [7–9] or on other conductive and semi-conductive materials [10,11]. The 2-point method 
measures the entire system, which includes the wiring of the system, and the contact resistance to 
the material being measured. Obtaining a reliable contact with the conductive part of the composite, 
the carbon fibres, is a consistent difficulty which can increase the apparent overall resistance 
measurement and reduce reliability of these measurements.    

4-point resistance testing is a more reliable and repeatable testing method, illustrated in Figure 1. 
Voltage is measured between the desired measurement point, and current is applied from two 
electrodes, further out from the measurement points. This method has been used successfully in 
measuring composite resistance [12,13], as well as measuring resistance change when damage has 
occurred [14]. It has been found that the inconsistencies with the 2-point method are primarily due 
to the contact resistance between the composite and the electrodes which is eliminated with the 4-
point method [15]. This can also result in different values of properties such as piezoresistance 
between the two resistance measuring techniques [16]. 

 

Figure 1: Experimental setup of 4-point measurement [11]. 

The increase in accuracy of the 4-point measurement is due to it only measuring the resistance of the 
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material, with the resistance of the wiring and contact resistance being cancelled out when calculating 
the sample, seen in the circuit diagram in Figure 2. This results in higher accuracy measurements closer 
to the true resistance value of the sample. This could benefit the performance and sensitivity self-
sensing, as the resistance of the wires and contact resistance could be a significant percentage of the 
overall measured resistance. 

 

Figure 2: Circuit diagram example demonstrating the 4-point method cancels out the wire and contact resistance. 

It has been observed when the current flows through a sample, as illustrated in Figure 3, that the 
current is non uniform through the part [17], particularly where current is introduced. This could be a 
reason for the variations found when using 2-point method. It also shows an example of electrode 
positioning during a 4-point test, and how the current in the area measurement is uniform, leading to 
a more repeatable testing procedure. 

 

Figure 3: Current distribution through a sample during a 4-point composite resistance test [17]. 

Wang et al [12] investigated the setup requirements for the 4-point resistance technique, finding that 
it was much more sensitive to damage, giving a larger proportional change to resistance than the 2-
point method.  As can be seen from Figure 3, the 4-point method requires a certain minimum distance 
between the two electrodes of the same polarity to ensure even current distribution. For damage 
detection purposes, the measurable area between electrodes needs to be maximised, however this 
can be practically challenging to implement. One advantage of the 2-point measurement technique,  
is that the measurement area is maximised, and if contact resistance can be reduced, this may be a 
practical and accurate enough technique to measure the resistance changes due to damage induction.  

2.3. Measurement and management of composite contact resistance 

One practical issue that occurs with the resistance testing of composites is the ability to achieve a 
good electrical contact between the electrode and the sample. The resistance between the electrode 
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and the sample can be high, resulting in this contact resistance being a large percentage of 2-point 
measurements. This issue is particularly evident in composites, as the epoxy resin acts as an insulating 
barrier [18] to the measurement of the composite as the carbon fibres are much more conductive 
than the epoxy. High contact resistance will also limit the effectiveness of the multifunctionalities 
developed in the following studies. Therefore, it is important to consider the modification of the epoxy 
itself (discussed in section 5) or the modification of the surface of the composite to remove the 
physical barrier of the epoxy. 

A common method to reduce contact resistance is to lightly sand down the CFRPs surface to expose 
the fibres, so that silver paint can be applied to the sample [12,16], or copper can be electroplated [8], 
which then gives a lower contact resistance to the fibres itself. Nanoparticle modified epoxy could be 
used to a similar effect, however, isn’t evidenced in literature.  It has been noted that removal of epoxy 
to expose the fibre can cause fibre damage, potentially leading to lower composite mechanical 
performance [7]. It may be possible to use techniques such as wet sand blasting or controlled plasma 
or laser polymer ablation to ensure the result is more repeatable and provide a more controlled and 
less aggressive method for removal of epoxy.  

Another method to increase consistency of the resistance measurements was used by Swait et al [19], 
who embedded flexible printed circuit boards with copper contacts during the layup. The solution 
ensured more repeatable results, however in this case, it was still limited by the sensitivity of the 2-
point measurement technique, requiring a high density of electrodes to enable damage detection.  

Conductive epoxy adhesives, containing carbon based nanofillers such as CNT’s and graphene have 
been investigated [20,21] for use in electronic devices as an alternate to lead based solder and resins 
highly loaded with metallics (typically silver at 70%). They have found to be a good alternative due to 
being lead free, processable at low temperatures, corrosion resistant and more lightweight and cost 
effective than silver filled adhesives. This evidence suggests that the integration of these conductive 
resins into a composite could be used to eliminate or significantly reduce the contact resistance issues 
that have limited the effectiveness of resistance measurements previously. 

These conductive adhesives and epoxies have rarely been used alongside the method of exposing 
conductive fibres or been used as the bulk matrix in a composite. The main reason for not them in this 
way is due to the infusion manufacturing processes required during the research stage, which would 
cause issues with filtration of the particles in the fibres. Pre-pregging the nanocomposites would allow 
for even distribution within a composite, however require large batches of resin, and aren’t commonly 
available at research institutions. Some studies have overcome the filtration issue to increase 
conductivity in glass fibre composites [22]. It is for this reason that CNT bucky papers (thin sheet of 
carbon nanotubes) and veils have been researched in detail for lightweight conductive composites 
[23], however when used with CFRP composites, would only increase the conductivity of the surface, 
or where the bucky paper is put in the layup. 

2.4. Practical electrical conductivity of composites 

Making an electrical contact to the fibres within CFRP is impractical as it is coated and encapsulated 
by the epoxy matrix. This difficulty in creating a reliable electrical contact is increased by the fact that 
conductivity is higher along the length of the fibre, opposed to through its thickness. This results in 
high conductivity along the fibre bundle (tow) direction and therefore in plane of the fibre direction 
of a composite laminate. This is due to the structure of carbon fibre being in graphitic planes in tangent 
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to the fibre direction, resulting in good thermal and electrical conductivity along the fibre, but not in 
plane [24].  

In a carbon weaves or UD layups, there are inter fibre contact points between tows and plies, where 
current can flow into an adjacent fibre bundle. This is a weak connection due to its small contact 
region, and can also inhibited by the matrix, seen in Figure 4. An aligned fibre composite such as plain 
weave will therefore exhibit anisotropic conductivity, being conductive in the 0° and 90° and therefore 
limiting conducting paths in the composite. 

 

Figure 4: Examples of limitations of conductivity through thickness (left) and small contact area between fibres 
(right) [25]. 

It was observed by Abry et al [26] that the electrical resistance using the 2-point method in the 
longitudinal direction of a unidirectional (UD) CFRP composite was directly related to the number of 
conducting fibres, see Figure 5. The transverse resistivity was much higher (up to 200x) and has a linear 
relation to the length of the specimen being tested. The resistance of the composite in the fibre 
direction was given as: 

 𝑅 =
𝜌

𝑏ℎ𝑉
𝐿 + 𝑅 [2] 

where 𝜌 is the fibre resistivity, L is the distance between the two electrodes, 𝑅   is the sum of the 
resistance of the electrodes and wires, 𝑉 is volume fraction and b and h are width and thickness of 
the sample. This is unlikely to be true for woven composites, as factors will have to be applied to take 
account of the transverse fibre interaction, and waviness of the fibres. Where there is a higher fibre 
volume fraction of conductive fibres, the conductivity of the overall composite increases.  
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Figure 5: Longitudinal resistance of CFRP against sample length, adapted from [8]. 

The combination and variance of these properties seen in production parts, makes resistance 
measurements of composites difficult to repeat accurately, leading to variations in results of very 
similar samples. When testing UD composites for piezoresistivity, the results are repeatable and match 
predictive models [27], compared to a woven carbon architecture which are more unpredictable [14]. 

It is possible that this problem may be alleviated by the addition of carbon-based conductive fillers 
such as CNT’s, which would reduce the contact resistance between the carbon fibres and the 
electrodes, as well as reducing the resistance between the fibres in the composite, to increase overall 
conductivity.  

The majority of literature looks at the concept of using CFRP as a strain gauge or to allow damage 
detection on a small scale within a controlled environment. These environmental factors result in a 
strong response from the sample and report a positive outcome, however the studies rarely consider 
the practicalities of applying it to an end use case. This makes the results potentially difficult to scale 
up to a self-sensing application. Many studies test samples where the contacts equidistant from each 
other, as illustrated in Figure 3, which means for a sensing application only a third of the area is 
effective. 

2.5. Practical electrical conductivity of nanocomposites 

The use of nanocomposites is limited in scale, due to their difficulty in manufacture, leading to large 
yields required for larger scale composite manufacturing processes being prohibitively expensive. In 
recent years, these materials have been more commercially viable and therefore able to be purchased 
in larger batches. Another reason for their investigation here is that they now can be obtained pre-
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dispersed in DGEBA resin, meaning that they require limited further dispersion in resins, and don’t 
require strict health and safety controls due to being carcinogenic in their undispersed forms [28]. 

There is a critical weight percentage of nanofillers in the system above which there is a significant 
increase in the electrical conductivity, seen in Figure 6. This critical weight percentage is called the 
electrical percolation threshold and is dependent on many factors, such as the type and size of filler, 
the functionalisation and the mixing methods. The percolation threshold can also be defined as the 
percentage weight point where a connected electrical network is made between the conductive 
particles, so the whole network increases conductivity significantly. 

 

Figure 6: The figure shows conductivity per meter against weight percentage of a variety of MWCNT’s [29]. 

One factor to consider with CNTs is that they agglomerate within the resin, meaning they are attracted 
together due to van der Waals forces [30] of which an extreme example can be seen in Figure 7.  

The nanoparticles need to be added to and evenly distributed throughout the resin, to ensure isotropic 
conductivity. This can be achieved using a variety of methods, including ultrasonic dispersion 
(sonication), 3-roll mill or high shear mixing. 

However, if perfectly distributed within a solution, the nano particles wouldn’t be in contact with one 
another, which may be good for homogenous mechanical properties, but leads to poor electrical 
properties. This would result with all the conductive paths present between the nano particles being 
electrically isolated from each other.  
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Figure 7: Example of large-scale CNT agglomeration in resin manufactured at the AMRC. 

Therefore, some level of agglomeration is required, so that conducting pathways can be made to 
achieve bulk electrical conductivity. However, if the agglomeration is too high and results in isolated 
agglomerates, as seen in the example in Figure 7, then both mechanical and electrical properties 
would be impacted. 

These factors can lead to a varied range of percolation thresholds for similar materials, as seen in Table 
1, taken from literature. For example, functionalisation, which is the chemical and mechanical 
preparation of the CNTs increases the surface energy of the nano particles. This allows a good chemical 
interaction between the nanofiller and the epoxy, and electrical interaction between nanoparticles. 
Without this, the filler is mechanically and electrically isolated from the resin. An analogy would be 
the sizing of carbon fibres for good compatibility between fibre and matrix to enhance the handling 
and mechanical properties. 

Table 1: Summary of studies covering mixing methods and composite types and their percolation threshold. 

Composite type Mixing method Percolation threshold Reference 

MWCNT-Polysulfone Ultrasonic dispersion, solvent 
evaporated, “uniformly 
dispersed” 

0.11% [31] 

MWCNT-Polysulfone Ultrasonic dispersion, solvent 
evaporated, “agglomerated” 

0.068% [31] 

MWCNT-Epoxy Sonication 0.32% [32] 

MWCNT-Epoxy 3 Roll mill 0.0117-0.1883% 
depending on 
manufacturer (Figure 6) 

[29] 
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MWCNT-PEI Sonicated, solvent evaporated 0.5% [33] 

MWCNT-PS Sonication 0.5-0.6% [34] 

MWCNT-Epoxy Shear mixing 0.0025% [35] 

SWCNT-Epoxy Shear mixing 0.05% [35] 

MWCNT-Epoxy Mechanical mixing 0.0021% [36] 

MWCNT-Epoxy Shear mixing 0.25% [37] 

The mixing method of the nanofillers into the resin is also an important factor in increasing electrical 
conductivity. Due to the high surface area of most carbon-based fillers, such as graphite, CNTs and 
graphene, it is difficult to fully wet out this area effectively, especially at high filler concentrations. 
From the examples seen in Table 1, there is a variation between methods, but mechanical mixing, such 
as shear mixing results in a lower percolation threshold. 

2.6. Piezoresistance of composites 

Piezoresistance is the change in electrical conductivity when the material is subject to strain. This 
property has been shown to occur in carbon fibres and resins modified with carbon based nano 
particles. To be able to monitor this property in CFRP and nano composites, it is important to 
investigate resistance monitoring methods and methods to reduce the contact resistance of 
composites. 

2.7. Piezoresistance testing methodology 

There have been several studies into the relationship between the strain imposed on a material and 
its electrical resistivity.  This has the potential to be used as a structural health-monitoring tool for 
CFRP composites. A lot of this research is on smaller scale test coupons, with few studies increasing 
the scale to larger components, limiting the application of this type of work. Whilst it may not be 
directly applicable to the studies on scaling up self-sensing, there is a lot of information that can be 
gained from this research, such as mechanical and electrical testing methods, and range of expected 
results.  

Carbon fibre’s piezoresistive properties [38] have been investigated significantly in many different 
forms and configurations. A summary of examples of different testing methodologies can be seen in 
Table 2, with variations being in either the type of conductivity measurement, electrode contact 
method or the loading configuration. 

A challenge with detecting piezoresistance is getting a consistent electrical contact with the 
composite. In the case of the examples given in Table 2, the electrical conductivity tests have mainly 
concentrated on 4-point resistivity methods, as this gives a more accurate and precise piezoresistivity 
measurement. 2-point resistance measurements are still considered, given it is more practical to 
implement into components. Gauge factor is also listed in the table which is the ratio of change of 
conductivity to strain.  



25 
 

 

 

Table 2: Summary of examples of research on CFRP piezoresistance. 

Composite 
Type 

Electrode 
contact method 

Loading 
configuration 

Measurement 
method 

Gauge factor Reference 

CFRP Copper plate 
and silver paint 

Tensile 4-point +ve, linear [39] 

CFRP strand 
0.5mm 
diameter 

Silver paint 
applied directly 
onto fibres 

Bending 
crank arm 

2-point -ve [40] 

CFRP UD Copper 
electroplating 

3-point bend 2-point +ve linear 
longitudinal, 

-ve exponential 
decay transverse 

[26] 

CFRP UD Silver paint Tensile, GFRP 
tabs 

2- point +ve, exponential 
increase 

[41] 

CFRP Quasi-
isotropic 

Cr/Au sputtered 
contacts 

Tensile 4-point +ve longitudinal, 

-ve transverse 

[42] 

CFRP Quasi-
isotropic 

Carbon cement Tensile 4-point -ve [42] 

CFRP UD Polished 
surface, Silver 
paste 

Tensile 4-point +ve [17] 

CFRP UD Polished 
surface, Silver 
paste 

Tensile 4-point +ve longitudinal, 

-ve transverse 

[43] 

The studies summarised in Table 2 are limited to investigating the piezoresistive property of the CFRP 
composite, not investigating further to understand its potential use as part of a structural health 
monitoring system. Some studies go as far as using it to predict fatigue damage and fibre breakage 
when reaching the ultimate tensile strength of the sample [14]. A significant conclusion of multiple 
studies was the importance of polishing the sample surface before applying an electrical contact 
[17,43] and ensuring that the contact material was highly conductive [42]. Whilst this mainly applies 
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to CFRP samples, due to the lower conductivity of the fibres, this practice can be carried forward into 
the testing of modified epoxy samples. 

Whilst not as thoroughly researched as CFRP, key examples of studies on nanocomposite 
piezoresistivity are given in Table 3 below. 

Table 3: Summary of composite electrode contact methods from literature. 

Composite Type Contact 
method 

Loading 
configuration 

Measurement 
method 

Gauge 
factor 

Reference 

Epoxy-MWCNT Silver paint, 
Copper tabs 

Tensile 2-point +ve [44] 

Epoxy-MWCNT-Glass Silver paint Tensile 2-point +ve [45] 

Epoxy-MWCNT Silver paint Cantilever 2-point +ve [46] 

Epoxy-MWCNT-Glass Polished, 
silver paint 

Tensile 2-point +ve [47] 

Similar methodologies were used to the CFRP piezoresistance testing, however as nanocomposites 
are more electrically isotropic, they enable more consistent application of electrodes. They also have 
higher gauge factors, leading to a stronger resistance change in response to strain. It can also be noted 
that all were completed using the 2-point method, and all had a positive gauge factor, of which wasn’t 
true with CFRP. This is likely due to the lower contact resistance between the electrode and the 
conducting part of the nanocomposite samples. It was noted by Vertuccio et al. [44] that the gauge 
factor was reduced as the nanotube percentage was increased. 

The manufacture of CFRP-nanocomposites is a challenge that hasn’t yet been conclusively answered 
by the research community. If modifying a resin, it would be normal practice to infuse the resin into 
carbon fibres using a vacuum assisted RTM method, which is a common way to manufacture high 
quality laminates. When infusing a resin in this way that contains nanoparticles, the size of the 
particles means that the carbon fibre fabric acts as a filter. It is common to infuse from one edge to 
another, and across this distance it is enough to filter the particles as well as inhibit the flow of resin 
completely, as seen in Figure 8. It is possible to increase the amount of flow media or ensure the length 
of infusion is lower, however these aren’t practical as long-term solutions. Whilst this filtering effect 
is expected, it hasn’t been reported in literature, and research into other solutions to manufacture 
evenly distributed fibre-nanocomposites isn’t readily available or requires larger scale commercial 
equipment to test. 
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Figure 8: Example of a woven glass panel infused with CNT loaded resin, infused through plane, from left to 
right, manufactured at the AMRC.  

To manufacture these nanocomposites, other manufacturing methods need to be investigated. One 
potential method is to manufacture a resin film, then use this as part of a dry fibre layup, so the resin 
only must infuse through thickness of the layup. This was completed by Sanli et al [46], who 
manufactured a CNT-epoxy film using screen printing and infused it into glass fibres. The CNT 
composite produced higher strain sensitivity than the metallic strain gauges, had stable responses 
over a 10-hour period and had low hysteresis.  This combination of properties shows good promise 
for CNTs as an effective additive in composites to allow for structural health monitoring. 

It may also be possible to evenly distribute nanoparticles during the pre-pregging stage of the 
materials manufacture. Resin is commonly mixed with solvent to reduce viscosity and enable 
consistent and even infusion into fibre tows, which could enable nanoparticles to be also evenly 
distributed when multiple layers are used. This hasn’t been reported in many studies, due to the high 
cost of pre-pregging equipment, and the large quantity of materials required to test its viability.  

Some commercial products have started to become available that have nano particle enhanced resins, 
however their ability to be used for strain measurements is not currently documented [48]. 

2.8. Composite curing background  

The manufacture of composites is a wide topic, as there are a vast number of matrices and 
reinforcements available, depending on the final component requirements. All these require different 
processing methods, such as forming, heating, and cure temperature and pressure, further increasing 
complexity. 

Currently in the aerospace and automotive composite industries, thermosetting matrices, specifically 
epoxy resins are the primary matrix material in most composite components. These applications 
demand medium to high mechanical property performance, requiring the use of hardeners that need 
external heat input to initiate the crosslinking polymerisation of the epoxy. The elevated temperature 
required for crosslinking results in higher mechanical performance over room temperature curing 
resins. This heat input can be delivered in many ways, the most common being the autoclave (Figure 
9) although ovens, heated presses and heated tooling are increasingly used. The manufacturer of the 
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material specifies heating rates and heat source, for example using an autoclave with a 2°C/minute 
ramp rate to curing temperature [49]. 

 

Figure 9: Example of an autoclave at the AMRC, suitable for curing aerospace composites. 

Autoclaves apply high pressures and temperature to composite layups, which reduce damage inducing 
voids between the plies, resulting in very consistent and high-quality parts. It is for this reason they 
have become industry standard [50]. However, they are very costly to purchase, setup and run, and 
can only manufacture a few parts at a time, leading to high part cost. Given their size, they are also 
very time and energy inefficient, having to heat up a whole chamber to cure a component a fraction 
of the chamber’s volume.   

Commercial composites for automotive or aerospace usually come in one of two different forms, the 
aerospace industry standard is to use “pre-preg”, which means the fibre is pre-impregnated with resin, 
at the optimum weight percentage for structural performance. The resin is in a semi-solid state (B-
staged) that has been through a very low energy initial cure, so that it can be easily applied in a tool 
and stick to other layers of pre-preg. Though the process to manufacture pre-preg is costly, it provides 
high precision of thickness and repeatability, ensuring the high-quality that aerospace standards 
demand. The layup of pre-preg is a very labour-intensive process increasing costs further. This has 
been automated using robotic layup techniques such as Automated Fibre Placement (AFP) [51].  

The alternative method, which is seeing increased usage in industry, is resin infusion. The fibres in the 
form of a woven or non-crimp fabric is laid up in a tool and the resin is then infused. This can be 
completed under vacuum in an open mould, known as resin infusion, or vacuum assisted resin transfer 
moulding (VARTM), or under pressure in a closed tool, known as resin transfer moulding (RTM). The 
materials are lower cost, and the layup has potential to be sped up significantly as dry fibre can be 
deposited much quicker. RTM has more possibilities to automate processes, making it more beneficial 
to automotive industries, and has now started to attract the attention of the major aircraft 
manufacturers such as Airbus [52] and Boeing [53]. 

Primarily for the automotive industry, resin systems have been developed that can be cured quickly, 
such as some newer RTM resins, or “Snap Cure” resin systems [54], which aim to reduce the cycle time 
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to a couple of minutes. However, they require closed heated tooling or a heated press [54] to obtain 
the optimal material properties.  

2.9. Stage of cure 

Manufacturers of epoxy resins or pre-pregs provide a datasheet with the cure cycle, which contains a 
temperature time profile (and pressure when using an autoclave), which must be followed to produce 
a part without defects, of which an example for an out of autoclave system can be seen in Figure 10. 
If used in an autoclave, pressure would applied throughout the cure, typically from 5-8 bar. 

 

Figure 10: Example of a temperature against time graph of a cure cycle of an aerospace prepreg, Cytec Cycom 
5320-1 [49]. 

There are typically two or three dwell or isothermal sections in a cure cycle and one to two ramp 
sections, which are described below (not all may be required depending on the epoxy chemistry or 
final use case): 

1. Low temperature dwell: The slightly elevated temperature, usually 60 °C to 80 °C, decreases 
the viscosity of the resin, allowing it to flow between fibres more easily, allowing voids and air 
gaps to be closed or squeezed out of the part. The atmospheric pressure provided from 
applying a sealed vacuum to the part or higher with an autoclave, ensures that the composite 
is consolidated, and fibres are fully wetted out. 

2. Ramp to cure: The ramp from the low temperature dwell to medium temperature dwell is 
slow, 1-2 °C a minute to reduce the chance of a runaway exothermic reaction and so the 
composite reaches cure temperature evenly across the part [55].   

3. Medium temperature dwell: This section of the cure cycle is the section where majority of 
polymer crosslinking occurs, and the resin converts to a solid. By the end of this dwell, the 
composite is usually 70-80% cured [56]. Majority of the exothermic energy is released at this 
point, and therefore is important to monitor temperature carefully, especially with thick 
layups [57]. 

4. Ramp to post cure: The ramp from the main cure dwell, up to the post cure temperature. 
There is little crosslinking, and therefore little energy to be generated in the part. 

5. High temperature dwell or post cure: This section is to complete the cure by ensuring the 
majority of the crosslinking has occurred and to increase and set the final glass transition 
temperature (Tg), which increases the service temperature of the composite and prevents the 
thermal properties changing during its lifetime. 

1) 60°C/2 hrs 

3) 121°C/2 hrs 

5) 177°C/2 hrs 
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It is important to consider these factors when using a high ramp rate to reduce cure cycle time, or 
using novel curing methods, to ensure part quality can be equalled to that produced using the 
recommended methods. It is common for manufacturers to overcompensate the time of the dwells 
and speed of the ramp rates, to ensure that there is no overheating. A thick layup will generate more 
exothermic energy than a thinner one, and therefore is more likely to overshoot the set temperature 
and could even result in a runaway exothermic reaction.  

2.10. Multifunctional Structures & Composites 

Multifunctional structures (MFS) are an extremely wide topic, so this review section focuses on 
definitions and discusses some key examples that have been proven at range of TRL’s that 
demonstrate effectively. An MFS could be any device, material or structure that has one or more 
practical function in the application it is being used. This therefore brings in multiple areas of 
engineering and physics into a single topic area, which can be very complex.  

Initial literature searches in the area indicate a huge amount of activity in MFS and individual 
technology developments, however this review will cover the activity themes as a whole and highlight 
significant technologies where required. 

Definition and scope 
Ferreira et al [58] investigate the definitions and nomenclature to define MFS, as well as topic areas 
and specific technologies that fit into this theme.  An important definition to start with is the 
classification of multifunctional structures and materials, which can be seen in Figure 11. 

 

Figure 11: Stages of multifunctional research related to the scale and use of the materials, updated from [58]. 

It is defined on a scale of integration, which is loosely related to where and at what scale within the 
development cycle additional functionalities are added. It also relates the complexity of adding the 
multifunctionality to a structure. 

Multifunctional structures are the most common in both research and industry, as the integration and 
development required of the product is the lowest. It involves using already functional or 
multifunctional materials together to make a full structure with multiple functions.  
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Integration of the material into a structure increases with multifunctional composites, which combines 
the functionality of two materials into one, and can be used as a base material in other structures. At 
a TRL4 or less commonly is the development of multifunctional materials, of which are more likely to 
combined functions. An example of this development would be conductive nano particle enhanced 
resins for electrical conductivity increases of the bulk material. Using this resin to manufacture a pre-
preg would be an example of a multifunctional composite, then using this to protect a device from 
static electricity as a dissipation device would be an example of a multifunctional structure.  

Another important distinction and definition to understand with multifunctional structures and 
systems is the autonomy and level of complexity of the resulting components/materials. These 
definitions will help define what level of integration would be required for some use cases, as well as 
the TRL levels of the technology. Definitions and examples can be seen in Table 4. 

Table 4: Autonomy of multifunctional systems adapted from [59]. 

System Passive 
geometry 

Sensor Actuator Control Processor Power 
generation 

and storage 
Passive X      
Sensory/Active X X X    
Adaptive X X X X   
Intelligent X X X X X  
Autonomous X X X X X X 

Examples 
Self-sensing 
CFRP 

 X     

Self-sensing 
and self-healing 
CFRP structure 

 X X X X  

Fluid channels 
in an existing 
AM component 

X      

DEC and de-
icing composite 
wing 

 X X    

These definitions are not without their exceptions though, for example the integration of a fluid 
channel into a pre-existing additive manufactured (AM) component. This provides extra passive 
structural functionality, however, not being an active device, therefore this just sits below an 
autonomous device, defined here and in Table 4 as “passive geometry”. 

The final set of definitions provided by Ferreira et al was a list of specific functionalities and 
characteristics that a multifunctional material system should have. Examples of these specific 
functionalities that are relevant to aerospace composites are in Table 5. 
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Table 5: Summary of possible functions and individual research examples of multifunctionalities in literature 
where available, list adapted from Ferreira et al [60]. 

Functions Example 
Autonomous activation Low level actuation such as: 

 Self-healing/Repairing (Self-healing epoxy resins [61], 
Effective electrochemical healing of structural steel [62]). 

 Self-Powered (Vibrational energy harvesting for aero elastic 
loads [63], embedded into a wing spar [64]). 

 Self-monitoring/diagnostic/sensing (Self-sensing composites 
[65] and piezoresistive epoxy [66]). 

 Self-assembling (Self assembly of a curved surface for use in 
UAVs [67], self assembly of nanostructures in epoxy for 
increased mechanical toughness [68]). 

Highly tailorable properties Alignment of CNTs in polymer matrices to directionally tailor 
mechanical, thermal and electrical properties [69]. 

Active sound/vibration 
damping 

Acoustic dampening composite for aeronautic industry [70]. 

Actuation/shape changing Fibre reinforced shape memory polymer composite used in a hinge 
application [71], Foldable high performance antennas for space 
deployment using elastic memory composite stiffeners [72]. 

Electrical/Thermal 
insulation/conductivity 

CNT and Graphene [73], expanded graphite [74], carbon nano 
materials [75] modified polymers. 

Heating and cooling Cooling of windings in electric machines using 3D printed heat 
exchangers [76]. 

Electromagnetic 
interference (EMI) shielding 

Summary of progress in polymers and polymer composites used as 
EMI shields [77]. 

Radiation protection 
including lightning strike 
protection (LSP) 

Methods used for lightning strike protection of composites (carbon 
nanomaterials and metal meshes) [78]. 

Light emission Light emitting diodes with multifunctional surface structures such as 
hydrophobicity and lipophobicity [79]. 

Energy storage Energy storage in structural composites using electrolyte interleaves 
[80], structural composites for thermal energy storage [81]. 

Environmental remediation 
ability, recyclability and 
biodegradability 

Design of Biobased Recyclable Polymers for Plastics [82], Design for 
Sustainability with Biodegradable Composites [83]. 

Bio related: bio-
compatibility 

Design of biocompatible and biodegradable polymers [84]. 

Flame retardancy Special issue of Composites Part B dedicated to flame retardants and 
flame retardant polymers and composites [85] 

Information storage and 
processing capabilities 

Organic flash memory on various flexible substrates for foldable and 
disposable electronics [86]. 

Intelligence A natively flexible 32-bit ARM microprocessor [87]. 
 

Commercially available Multifunctional materials  
Multifunctional materials that can be made into multifunctional composites or structures are not yet 
widely commercially available, however they are not always needed to produce a complex 
multifunctional structure. It can be difficult to differentiate multifunctional materials and 
multifunctional composites, for example if a thermoplastic was modified with carbon nanotubes 
(CNTs) to make it conductive, it could be defined as both a thermoplastic-CNT composite or a 
multifunctional material to be integrated further in a later manufacturing process [88]. Even the 
manufacturing method can be an enabler into multifunctionalities, particularly prominent in additive 
manufacturing [89]. 
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Modified base materials are available with limited extra functionalities. For example, Haydale [48] 
manufacture a graphene enhanced carbon fibre pre-preg with enhanced electrical and mechanical 
properties, already used in BAC Mono cars [90]. Formlabs [91] supply “Rebound Resin” which is a 
toughened elastic resin, which is used in New Balance trainers. These are functional examples of 
where simple multifunctional materials can be integrated into existing products with minimal product 
modification, whilst enhancing the engineering performance significantly. They are examples of 
passive geometry multifunctional structures with no automation or “smart functionalities”.  

Structural energy storage 
This multifunctionality has mainly been seen in composites, where parts of the composite structure 
are multifunctional with an inbuilt battery cell or capacitor. For example, this can be achieved by 
simply intergrating exisiting battery cells into the layup of a composite, as reported by Ladpli et al [92], 
who intergrated standard lithium ion batteries into structural beams. The resulting component was 
able to carry structural loads without deforming the batteries and causing damage. This method is 
considered 1st generation multifunctional energy storage composite, or level 1 as defined by Adam et 
al [93], who review the topic in further detail, as seen in Figure 12.  

 
Figure 12: Degree of integration of multifunctional structural battery [146]. 

Further integration of structural batteries is a key research topic of the Structural Power Composites 
group at Imperial College London [94], where they developed car body panels that serve as an electric 
car battery seen in  Figure 13 [95].This work has developed into project SORCERER [96] with Airbus, 
BAE and Qinetiq on structural energy storage, suggesting that aerospace companies are interested in 
this technology. In 2018, Senokos et al [80] manufactured a structural composite capacitor with the 
highest power (30W/kg) and energy (37.5mWh/kg) of its type so far. It was manufactured using a CNT 
fibre veil and polymer electrolyte interleaves, and infused with standard methods and resins, resulting 
in a flexural modulus of 50 GPa and flexural strength of 153 MPa. Asp et al [97] more recently reviewed 
the literature available on composite batteries, citing the main development challenges are the 
manufacture of structural positive electrodes. 
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Figure 13: Example of structural battery developed with Volvo and Imperial College London [95]. 

Energy harvesting/generation 
It is also possible to generate energy from the environment to aid in the extension of range in electric 
transport or power sensor systems. The energy sources are commonly vibration, thermal or solar, 
which can be used for a large variety of power usage scenarios. This could range from solar being used 
to charge EV batteries, to piezoresistive devices being used to run low-power data logging equipment. 

Multilaminar polyvinylidene fluoride (PVDF) has been shown as a key piezoresistive material, able to 
be integrated into applications due to its flexibility and ability to be applied in thin layers. Zeng et al 
[98] demonstrated an all fibre ceramic piezoelectric nano generator, that could generate 0.015W at 
1Hz in compression, intended for generating energy during normal human walking.  

A. Alsaadi et al [99] integrated a macro-fibre composite (MFC) [100] that generated electric current 
through vibrational energy. This was tested with simulated vibrational data from an aircraft, a 
compressor motor and a suspension bridge, generating up to 0.577mWcm-3 from the aerospace use 
case, with others generating significantly lower energy. More recently Yan et al [101] used similar 
methods to generate power and actuate for future structural health monitoring systems. Liu et al [102] 
used an FE model to predict the energy generation possible using these devices on a real-world data 
collected from a rail vehicle. Eight locations were selected for the small (3 x 75 x 100mm) generators, 
which were predicted to generate 180mW, which was enough to run a hypothetical structural sensor 
platform. 

Integrated solar cells are another way of generating electricity from the environment, Keller et al [72] 
integrated two types of commercially available solar cells into glass fibre polyurethane sandwich 
panels suited for building cladding. Flexible thin-film silicon cells performed well in mechanical and 
thermal testing compared to control samples, with only minor cell performance loss during 
mechanical loading. Maung et al [103] also integrated thin film solar cells in a similar manner, however 
cured it onto higher performance carbon fibre composite, with higher cure temperatures. Removal of 
structural film built into the commercial cells provided a weight saving of 40%. Cell performance was 
reduced when strain was increased over 1%. 
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Bishop et al [104] are developing spray coated perovskite solar cells which would allow for direct 
deposition of solar cells onto a surface, such as composites. The cells developed have a practical 
efficiency of 16-19%, depending on the size of the cells produced, however the cells have much higher 
theoretical efficiencies. 

Damage detection 
Structural health monitoring on its own is a huge area of research, however in many situations is an 
estimation of the damage that has occurred, taken from signals provided by acoustic monitoring or 
strain gauges. If the material or structure can directly respond to damage that occurred in service, 
then the position, type and severity of the damage could be more accurately determined. The 
literature related to electrical resistance monitoring, or self-sening method is not covered here, as it 
is covered later in chapter 8. 

Lin and Chang [105] manufactured and tested a flexible printed circuit interleave that had ultrasonic 
sensor/actuators positioned, allowing for an integrated ultrasonic SHM system. This has been used for 
the localisation of impact damage [106] on a composite surface. 

Giurgiutiu [107] integrated low-cost piezoelectric wafer active sensors onto a metallic plate, 
effectively allowing for built in phased array ultrasonic testing into the component, which typically is 
an external non-destructive testing method. 

Self-healing 
Mechanisms built into materials or structures that can self-repair, or more commonly referred to as 
self-heal, are able to heal cracks, delaminations or disbonds within a composite. Integration of 
microcapsules into the resin/polymer that have a healing agent inside is an effective method to deliver 
healing agent to where is required. Once a crack or damage occurs, the healing agent is released and 
heals the affected area. McDonald et al [108] were able to track the microcapsule activation using CT 
scanning during crack initiation.  

 
Figure 14: Self healing process using microcapsules. (a) A crack forms in the matrix; (b) the growing crack 

ruptures microcapsules in its path, releasing healing agent into the crack; (c) polymerisation of the healing 
agent occurs and the crack is closed [108]. 

An alternative method of delivering healing agent to an affected area is using hollow vascular 
networks built into the structure, which the healing agent is pumped to the affected damaged area. 
Chen et al [109] manufactured a sandwich panel with PVC tubing to deliver room temperature curing 
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epoxy to an affected area. The system has negligible effect on the baseline mechanical performance 
and restored the panel to 80% of the original flexural strength. A recent review by Shields et al [110] 
highlights that this method is still in its infancy, and low weight and high efficiency methods are still 
to be achieved. 

Neither of these self-healing methods are suitable for aerospace, as until the healing method is 
required, the microcapsules and vascular channels are parasitic weight which don’t provide any 
mechanical loading capability. Intrinsic self-healing polymers that regain strength with a heat cycle or 
pressure are more desirable as they don’t reduce mechanical properties, however they may be more 
complex to manufacture. Guadagno et al [111] developed an epoxy-CNT based self-healing resin 
which allowed for reversable and repeatable re-healing of hydrogen bonds, enabled by the carbon 
nanotubes in the resin. Healing efficiencies have reached 57% using this method, however the resin 
viscosity increase makes this resin difficult to manufacture composites with. A method by Hayes et al 
[112], mixed an epoxy compatible thermoplastic into a low viscosity epoxy. The resulting composites 
required heat treatment to heal, providing a 70% healing efficiency, however, the viscosity increase 
makes this difficult to use with VARTM processes.  

Morphing structures 
Morphing structures which are powered by shape memory materials (Shape memory polymer, SMP 
or shape memory alloy, SMA), can change their form without requiring external actuation, such as 
servos or hydraulics. Stimulants are required for the shape memory materials, typically a thermal 
change. Sun et al [113] summarised the benefits of morphing structures to an aircraft, with the main 
benefits to typical problems in a flight envelope seen in Table 6.  

Table 6: Advantages of morphing aircraft, adapted from [113]. 
Degree of Morphing Morphing description Advantages 
Large Folding wing Increase the critical Mach number 

Decrease parasitic drag 
Variable sweep wing Increase the critical Mach number 

Decrease high-speed drag 
Variable span wing Increase L/D, loiter time, cruise distance 

Decrease engine requirements 
Medium Twisting wing Increase maneuverability 

Prevent tip stall 
Flexible winglets Increase L/D, maneuverability 

Decrease induced (tip vortex) drag 
Variable chord/camber Increase low-speed airfoil performance 

Increase airfoil efficiency 
Delay separation 

Small Variable airfoil Increase high-speed airfoil performance 
Bulging wing Increase wing efficiency 

Decrease compressibility (wave) drag 
 
Mabe et al [114] from Boeing flight tested SMA’s on chevrons on a Boeing 777, to reduce noise during 
flights. 60-Nitinol were used as monolithic actuators, which were successfully tested to TRL 7, as seen 
in Figure 15. Work in this area has continued, with lots of literature available, covered most recently 
by Costanaza and Tata [115] who review most recent developments and key examples. 
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Figure 15: SMA actuated chevrons on a Boeing 777 [114]. 

SMP’s are also commonly heat activated, and have had more research interest over SMA’s, due to the 
shift to CFRP in aerospace and automotive. Interest has been in the space industry, for foldable 
satellites, where multiple experiments have been successfully deployed [116] both in microsatellites 
and on the international space station. In this area, particular interest is in extendable/foldable booms. 
An example can be seen in Figure 16 by Li et al [117], where a SMP was used in a composite to act as 
a potential backing structure for a space deployed solar panel where it successfully withstood space 
environment. 

 

Figure 16: Configurations of experiment named Mission SMS-I [117], (a) packaged configuration; (b) deployed 
configuration. 

As these materials are heat activated, there is potential for future activation through direct electric 
heating of the carbon fibres themselves. Therefore, no extra resistive heating devices would be 
required, and would ensure that it was a more integrated as a multifunctional composite, opposed to 
being a multifunctional structure with two distinct components. 

SHM in composites background 
This section discusses the issue of damage in composites, specifically impact damage, which is a 
particular issue with epoxy fibre composites, due to epoxy’s low fracture toughness strength. Damage 
modes in composites are covered and how these are related to impact damage. Barely Visible Impact 
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Damage (BVID) is described, its importance and difficulty in detection, due to its ability to manifest 
into much larger areas of damage, which can lead to catastrophic failure. Lab based and in-service 
damage detection and evaluation methods are described, such as Computational Tomography (CT) 
scan, ultrasonic C-Scan and ultrasonic Structural Health Monitoring (SHM). Finally, novel damage 
detection methods are reviewed, particularly efforts to monitor the electrical properties of a CFRP and 
CNT modified CFRP components to detect impact damages.  

Damage modes of fibre composites 
There are number of different types of damage that can occur in composites, given their complex 
micro and macro scale architectures. The damage types are all induced differently and at varying 
stages of loading, indicating increasing stages of severity. To be able to develop damage detection 
methods, it is important to understand these interconnecting damage modes. 

The epoxy matrix, which transfers load to and binds the carbon fibres together, is the most brittle part 
of a CFRP composite, meaning it doesn’t deform under stress significantly before catastrophic failure. 
For this reason, it is most susceptible to damage in impact and in common flexural and fatigue 
situations. Matrix cracking becomes a damage propagation point, leading to further damage under 
repeated loading, such as delaminations, which is the separation of plies.  

Following on matrix damage, is the breakdown of the fibre-matrix bonding. This is mainly in the form 
of fibre pull out, which is where the fibre has disbonded from the matrix.  This means that the load 
put on the matrix can no longer be transferred to the fibre, leading to an overall reduction in the 
strength of the composite. This can be caused by weak bonding between the fibre and the matrix 
during manufacture, however, usually follows on from fibre breakage in areas of the composite.  

Fibre breakage is caused by localised high strain concentrations, such as a localised impact, which 
increases strain on the opposing face to the impact. When fibres break, the overall strength of the 
composite reduces, as the stress of the load is spread over fewer fibres.  

Fibre breakage is the primary method used to detect damage using the electrical resistance method, 
as these fibres are electrically conductive, and when the electrical path is broken, the overall 
conductivity of the composite will reduce. It is possible to detect matrix cracking through electrical 
resistance method [118], however this requires many electrodes, and could be further enhanced 
through the use of a conductive matrix. 

Barely Visible Impact Damage (BVID) and damage modes in composites 
There is one type of damage that is of particular concern and interest to aerospace manufacturers is 
called barely visible impact damage (BVID). This type of damage is difficult to see using the naked eye 
during visual inspection of composites due to its size and low indentation depth. It mainly occurs in 
fibre laminates, where a top face, is impacted by an object, and the surface that is impacted is visibly 
unaffected. This usually occurs on external facing surfaces, with the many standards defining the 
damage as no larger than a 2.5 mm deep indent.  

During the impact, the reverse side of the composite is subject to large tensile forces, which can cause 
significant damage such as fibre pull out, matrix cracking, fibre breakage and delamination between 
plies [119]. This surface sustains a large amount of damage, of which would need to be repaired, of 
which an example can be seen on the left of Figure 17.  Due to location, the damage can’t be detected 
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effectively without good visual access to the reverse side or by using Non-Destructive Testing (NDT) 
methods. Inspecting the reverse side of the composite in service is not a practical option, as for 
example on a leading edge of a wing, the reverse side of the surface of the wing would be at best 
extremely difficult to inspect effectively. 

 
Figure 17: Example of BVID on a sample, impact size ~3mm diameter, and the C-Scan of the same damage, 

showing up to 55mm of delamination on the part. 

Detection of this damage is particularly important as under certain fatigue loading conditions [120] 
the damage can continue to grow in size, whilst the impact dent size actually can decrease if the right 
conditions are met, and enough time is given between visual inspections [121]. 

It is for these reasons that aerospace manufacturers are particularly interested in a non-destructive 
Structural Health Monitoring (SHM) system that could automatically detect BVID in surface 
components, such as electrical self-sensing systems, or a detection system that could monitor primary 
structural components, or even bonded joints.  

Damage detection in fibre reinforced composites 
Because impact damage in composites can be difficult to detect visually, reliance on more complex 
and technical damage detection methods is required. This is achieved using Non-destructive testing 
(NDT), most of which require experienced operators to make informed decisions on the data from the 
equipment used. 

One of the simplest tests that has been used in industry is using sound to determine if the structure is 
as intended. An example of this is the tap test, this can range from tapping a coin on a structure to see 
if the response sounds “sharp” or “dull” or breaking pencil lead onto the surface [122] and monitoring 
the response. More complex systems involve applying ultrasonic transducers and generators to a 
surface, to detect changes in response before, during and after damage [123]. This method is the basis 
behind many of the structural health monitoring (SHM) systems currently being implemented and 
tested on metallic and composite structures in the aerospace industry [124,125].  

Ultrasonics can also be used to detect damage locally, of which the most common and suitable for 
detecting surface damage is C-Scan. To understand this method, the derivatives to C-scan, A-Scan and 
B-scan will be briefly explained.  
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A-Scan involves the generation and monitoring the response of an ultrasonic pulse on a single point 
on the surface of a composite. The pulse is emitted by a transducer, with the amplitude of response 
against time being plotted. The pulse will echo off any defects or back face of the composite, of which 
the response time can be used to measure distance, if the speed of sound of the material is known. 
This can be difficult in composites, as they are made up materials with different densities, therefore 
fibre volume fraction can vary the speed of sound of the composite. This can be used to identify the 
thickness of a component, bond line, or depth of defects. 

 
Figure 18: Images showing an ultrasonic transducer being used for flaw detection (left), showing an A-

Scan(middle) and a B-Scan (right) representation of the data [126]. 

A B-Scan plot helps visualise the response, by taking the A-Scan data and plotting it as a function of 
distance over a surface, to build a 2D image slice of the surface underneath. This requires a wheel 
encoder or axis position information of the transducer so that it can record the information as it travels 
over the surface. 

C-Scan further builds up the picture of under the surface by completing B-Scans in multiple planes, 
therefore giving a full sub-surface image of the material. Response depths in the material are 
represented on a colour spectrum to visualise. Responses over a certain threshold can be ‘gated’ to 
be highlighted in the processed image. An example of this can be seen in the central image in Figure 
18, any response over the red line is represented in the B-Scan on the right of the figure. It is possible 
to build up an image using single transducer, as seen in the robotic system in Figure 19. However, it is 
impractical from a user’s point of view to build up a C-Scan image accurately from a single point, so a 
few methods have been developed to generate C-Scan images.  

 
Figure 19: Example of a robotic system with an attached water jet nozzle ultrasonic NDT head inspecting an 

aerospace CFRP part [127]. 
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A user-friendly method is to use a phased array or matrix transducer, where an array or matrix of 
transducers is used to build up an instantaneous B-Scan or C-scan image, which is then moved across 
the surface to build up a larger C-Scan image, of which an example can be seen in Figure 20. Position 
of the transducers are fixed within the sensor, however the direction of the C-scan needs position data 
to define images accurately. This can be done with a transducer wheel, or by stitching multiple images 
together in the case of a matrix array transducer. 

 
Figure 20: C-Scan images of an impacted composite, left is a standard 2D representation, right, is the same 

data represented in 3D. It is possible to see the delamination of the tows in both 0 and 90. 

Electrical resistance damage monitoring of composites 
The piezoresistive effect of composites and nanocomposites has been studied extensively, frequently 
using small coupon scale samples. There are few cases where this research has been translated to 
larger components, to monitor strain or impact damage over a composite surface. 

One challenge when applying this at larger scale components, when an impact occurs, the multiple 
damage modes can cause changes in resistance locally. During an impact, there is a resistance change 
due to the piezoresistive effect, during the peak of the deformation, but also if there is any permanent 
deformation. Resistance can increase when fibres are broken [128], which can occur during BVID 
[120]. This change in resistance is primarily due to the main conducting path being broken, but second 
to this would be contact between fibre bundles being broken. 

A unidirectional (UD) or woven carbon fibre composite in the context of multifunctional composites 
can be regarded as a large array of resistors encased in an insulating epoxy matrix. If the conductivity 
of these carbon resistors can be monitored along the fibre direction where it is highest, in parallel 
along a panel, then when an impact occurs causing fibre breakage, a change in resistance can be 
detected. If the conductivity is measured in different segments or different axis of a woven or quasi-
isotropic (QI) composite surface, then the intersection of the two axes on which damage is apparent 
should allow the damage to be located more accurately on the surface. This is the theory behind 
electrical self-sensing in its current form.  A significant amount of research covers the piezoresistive 
nature of carbon fibres, carbon fibre composites [129] and nanocomposites [130], however only 
limited research looks at the materials on a larger scale, and even less at component level,[131]. 

Swait et al [19] investigated this by manufacturing flexible printed circuit boards (PCB) and using these 
as interleaves in UD Quasi-isotropic (QI) CFRP composites, that allowed precise positioning of 
electrodes at the edge of the panel. By recording resistance of electrode pairs in X and Y directions 
over the panel, a positional electrical resistivity dataset of the panel was recorded and then compared 
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after the panel was damaged. Where damage occurred, there would be peaks in the resistance, 
leading to XY coordinates of the damage location generated, and then can be linked to the physical 
damage position. Damage was detectable on a small scale panel with closely located electrode pairs, 
however as the panel scale increased, the sensitivity and the ability to detect the damage decreased. 
The 2-point resistivity measurement was used, allowing for quick measurements and positioning of 
the electrodes at the edge of the panel, only requiring PCBs to be embedded at the edge of the panel. 

A. Alsaadi et al [132], used the 4-point resistivity method to accurately detect impact damage in a 
CFRP panel, and its location on the panel. Like Swait, a PCB was manufactured to ensure accurate 
placement of the electrodes.  However, it was bonded to the surface of a pre-manufactured CFRP 
panel using low conductivity silver loaded adhesive. The 4-point method approach used allows truer 
conductivity values of the composite to be recorded. However due to the spacing required, the full 
area of the panel isn’t monitored, resulting in a cross shaped area of detection, split into five segments,  
seen in Figure 21. Therefore, this method is suited to less accurate zonal damage detection, opposed 
to finding the exact position using X & Y coordinates, however within these limitations, it should be 
able to detect consistently and accurately. 

 
Figure 21: Damage detection area when using 4-point methodology [65]. 

Electrical impedance tomography (EIT) has been used by S.Nonn et al [133], R. Schueler et al [134], A. 
Baltopoulos et al [135][136], by taking electrical conductivity measurements across a panel from the 
edges then using electrical tomography to post process the data.  

EIT, specifically the open-source implementation used in these cases, EIDORS [137], solves the inverse 
problem of resistance changes over a panel, in this case induced by damage. It uses finite element (FE) 
analysis to solve the expected voltage response from current introduction at the different electrodes, 
then is provided the data recorded before and after the impact. 

Using this data, it can predict where the resistance is higher and lower in an object, in this case damage 
in a CFRP panel. This method was able to accurately locate the damage on panels up to 250mm2  [133], 
with the potential to map the damage more accurately due to the larger number of measurements 
taken. This method has higher demands in computational cost, electrode input switching hardware 
requirements and experimental time, however, has shown the potential to be highly accurate in 
damage detection. An example of the electrode setup and output from the EIT solver can be seen in 
Figure 22. 
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Figure 22: (a) CFRP specimen with attached electrodes and (b) resulting damage map from an impact damage, 
showing the impact point (+) and the software derived impact point (o) and region of interest (dotted line) [135]. 

  

a b 
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A B S T R A C T   

The curing of high-performance carbon fibre composites has not changed significantly since their inception, 
primarily using ovens and autoclaves. To reduce energy costs and continue to increase throughput, alternative 
novel curing methods that heat the components more directly by not relying on convection or conduction have 
been investigated frequently, at varying levels of success and scale. This paper critically reviews direct electric, 
microwave, induction, and radio frequency heating for their manufacturing and engineering applicability, 
overall energy consumption and evaluation of future challenges and opportunities for these methods in industry. 
It highlights some of the benefits such as high heating rates, ability to control exothermic reactions effectively 
and low power consumption, as well as some of the remaining challenges to common adoption, such as uniform 
degree of cure and ease of use.   

1. Introduction 

The use of composites in the aerospace and automotive industries is 
becoming increasingly prevalent, due to their high specific stiffness and 
strength [1]. They however are limited to high value industries due to 
their relatively high cost of raw materials and manufacture. Interna-
tional legislative measures aimed at achieving carbon neutral growth 
from 2020 onwards has driven the necessity of light-weighting vehicles 
to reduce carbon emissions [2,3]. This has led to greater utilisation and 
investment in composite materials, particularly in the transportation 
sectors of aerospace and automotive [4,5]. This increase of interest in 
harmful emissions has led to increased scrutiny of the emissions of the 
manufacturing processes associated with these weight saving materials. 

Manufacture of the raw materials has the highest energy cost, with 
carbon fibres (CF) requiring 183-286 MJ/kg, epoxy resin 76-80 MJ/kg 
and pre-preg process 40 MJ/kg. This can mean in the worst-case sce-
nario, 1 kg of CF could have an energy footprint of at least 223 MJ/kg 
before it has been cured [6]. Autoclave cure has been estimated to be 
around 20-22 MJ/kg [7], which accounts for less than 10 % of the total 
energy consumed in the manufacturing process up until this point. 
However, it is still important to remove energy intensive processes from 
the supply chain where possible. 

Despite the through-life energy savings of a lightweight component 
[8], the total embodied energy can have a costly environmental impact 
[9,10], and significantly reduce the previously gained in-service 

benefits. 
To improve the energy efficiency during composites manufacturing, 

alternative cure methods that can deliver power directly to the com-
posite need to be considered. Example methods that are covered in this 
study include microwave (MW), magnetic induction, radio frequency 
(RF) and direct electric cure (EC) [11]. Novel curing methods are 
experimental and have challenges to overcome before implementation 
[12,13]. Many of these methods rely on the composite exhibiting elec-
trically conductive and Electromagnetic (EM) susceptible properties to 
generate heat within the part. This method of heating from inside of the 
composite can be described as volumetric heating or inverse thermal 
gradient curing. Carbon fibre reinforced polymers (CFRP) exhibit 
non-isotropic electrical performance due to the contrast in conductivity 
between the conductive CFs and an insulating matrix. This can cause 
uneven heating patterns using these methods [14–16]. These properties 
can contribute to uncontrolled heating modes and therefore uneven 
degree of cure (DoC) across a component. Other issues include the dif-
ficulty of setup over existing methods, not being universally compatible 
with all geometries due to lower technology readiness level (TRL) [17] 
and are not yet turnkey solutions. 

All these heating methods have challenges to their implementation, 
which if these can be overcome, can provide significant benefits over 
existing manufacturing methods. These benefits include lower power 
requirements, higher heating rates for reduced cure times, and the 
flexibility to deliver energy to a targeted location in the component [14]. 
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This is in comparison to autoclaves and ovens that have large thermal 
masses and slow ramp rates, which add to energy consumption, time and 
cost during production [18]. 

This paper reviews the state-of-the-art for novel composite heating 
and curing methods, outlining their heating performance, practical 
considerations for manufacturing and overall energy efficiency. Current 
performance, challenges and potential future opportunities for imple-
menting these curing methods are reviewed, considering existing 
manufacturing methods, materials and specific end-use cases. 

1.1. Curing of composites 

To compare novel heating and curing systems, the heating response 
of the composites being manufactured needs to be understood. Epoxy 
resins are the primary system covered in this review, as high tempera-
ture and/or pressure processes are required to achieve high mechanical 
performance. External thermal input is necessary to:  

• Reduce viscosity of the resin;  
○ to ensure full wet-out and adhesion to reinforcement  
○ to allow voids to exit  
○ to allow the resin to flow out of the part and increase the fibre 

volume fraction  
• Ensure crosslinking occurs and the gel point is reached  
• Accelerate crosslinking and therefore reduce cure duration  
• Raise the glass transition temperature to the level required [19] 

Conventional heating is supplied by convection in an oven or auto-
clave, which has the advantage of applying homogenous temperature to 
the component. Most composite matrices, from polyester resins for low 
cost and performance composites, to epoxy resins for higher perfor-
mance, cure in an exothermic manner [20]. 

The primary matrix material discussed in this review is epoxy resin, 
which can have a wide variety of properties depending on the use case, 
before and after cure. If formulated for an adhesive, it can come as a 
film, or as a paste with a viscosity as high as 700 Pa/s. As a matrix for 
carbon and glass fibre composites, it can range from 20,000 Pa/s for 
vacuum assisted resin transfer moulding resins, or 1200 Pa/s for use in 

filament winding applications [21]. Glass transition and service tem-
peratures of these resins depend on the final use case requirements, 
automotive resins can reach up to 130◦C, with aerospace resins reaching 
up to 200◦C. 

In minor cases of exothermic reactions, local areas can be over-
heated, leading to residual stresses within the part [22–24]. Failure to 
control the heating rates, and thus achieve the required structural per-
formance can lead to premature part failure [25]. In extreme cases, the 
resin can self-ignite, damaging the component, and potentially the 
tooling and associated curing equipment, in addition to releasing toxic 
smoke [26]. 

To ensure that uncontrollable exothermic reactions do not occur, 
reducing ramp rates up to the final cure temperature, and increasing 
dwell times are common strategies. If a composite is made thicker or has 
a reactive resin, then the heating rates will need to be reduced further 
and dwells made longer [27], to reduce the exothermic peak. Resin and 
pre-preg manufacturers have to therefore account for a large range of 
composite geometries consisting of thick ply composites, thicker than 12 
mm, in less-than-optimal cure environments (i.e. tooling with low heat 
transfer coefficient, and convective heating hotspots). 

A homogenous DoC is desirable to achieve consistent mechanical 
properties but to maintain costs manufacturers require this to be ach-
ieved in the shortest time possible [28], which works against the desire 
to avoid exothermic reactions. An issue for ovens and autoclaves is that 
even if the air temperature is controlled from the component tempera-
ture, due to the high thermal mass of the internal cavities, the compo-
nent temperature cannot be controlled quickly enough to stop an 
exothermic reaction [29]. With these novel curing technologies, the 
power input to the reaction can be instantaneously switched off, leading 
to a greater degree of control over the cure. This allows increased pro-
tection against exothermic reactions and enables greater control for 
reactive or predictive control cure cycles to be used. 

1.2. Introduction to novel curing methods 

Cure cycles defined by resin and pre-impregnated composite manu-
facturers are significantly longer than is required for many components, 
resulting in energy inefficiencies [30]. Fig. 1 illustrates the method by 

Fig. 1. Diagram to illustrate the energy flow in existing and new composite manufacturing processes, demonstrating the high losses in existing processes and the 
opportunity provided by novel cure methods. 
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which electrical energy is converted to thermal energy for a variety of 
traditional, emerging and novel composite manufacturing techniques. 
Oven and autoclave are the least direct methods, with heated presses 
improving on these, with respect to energy efficiency per part. The stage 
of development of these technologies is also reflected in the TRL used to 
determine a technologies state of development and use in manufacturing 
environments. 

Novel curing methods can be characterised as using heating methods 
that bypass, or significantly reduce, convective and conductive heating. 

These methods have the potential to achieve greater manufacturing 
energy efficiency, a higher degree of control and therefore the ability to 
cure composite components quicker leading to further energy savings. 
Other specific benefits can include;  

• MW cure - the ability to only cure certain areas on a part [31], 
• Direct electric cure - to produce overall lower void content com-

posites [14] and  
• Induction cure - the ability to heat at hundreds of degrees per minute 

[32] 

These technologies can have unique advantages over conductive 
heating methods, resulting in substantial research in this area [11,14,15, 
31–39], (summarised in Table 1). Widespread adoption within industry 
is limited due to significant technical challenges that have not yet been 
solved, where turnkey solutions are required. A summary of the ad-
vantages over cure methods and current challenges for each heating 
method can be found in Table 1. 

Other heating technologies can provide some of the previously 
described benefits to composite manufacturing, such as Infra-red (IR) 
[40,41], laser [42] and flash lamp systems. These technologies only heat 
a very specific area and need to be combined with other automated 
technologies such as Automated Fibre Placement (AFP) [43] or filament 
winding [44] to realise their potential. They are used as a preheating 
technology for single plies as they are only able to heat the surface. In 
the cases of laser and flash lamp systems, they are only able to heat in a 
very localised area, i.e. not the bulk component, and can be prohibi-
tively expensive to acquire. 

Other bulk curing technologies have also been discounted as a part of 
this review, such as Ultraviolet (UV) curing and frontal polymerisation. 
UV curing requires specific resins that can be polymerised by UV radi-
ation. For this reason, they can be cured at low temperatures and be 
cured rapidly under the correct conditions. Common use cases in the 
composites industry are filament winding and gel coats, due to UV 
requiring line of sight and having limited depth penetration [45] Frontal 
polymerisation is a very promising technology, as there is an opportu-
nity to cure large volumes of composites with very little initial energy 
input, however there is little literature available on composite 

Table 1 
Overview of cure methods reviewed here, their pros and cons, and references to 
previous studies on these heating methods.  

Heating 
type 

Advantages Challenges Reference 

MW  • Energy efficient 
heating process  

• Non-contact method  
• Heat generated 

within the 
component  

• Arcing, localised 
heating and burning 
can occur  

• Particular health and 
safety requirements  

• Requires compatible 
consumables  

• Potential high capital 
cost of commercial 
MWs 

[15,16,31, 
33–36, 
53–74] 

Electric 
Cure  

• Energy efficient 
heating process  

• Lower void content 
and higher flexural 
modulus components  

• Requires electrode 
contact on, or within 
the component  

• Electrically insulated 
tooling required  

• Specific component 
setup required  

• Localised heating and 
burning can occur 

[14,32,37, 
38,75–89] 

RF  • High energy 
efficiency  

• Large knowledge gap 
concerning composites 

[49,90,91] 

Induction  • High heating rates  
• Not RF based so low 

health and safety 
requirements  

• Specific coil design 
required for each 
heating pattern/ 
component geometry  

• Inductor coil must be 
close to the heating area 

[51, 
92–103]  

Fig. 2. - EM spectrum [52]  
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applications. Robertson et al [46] demonstrated resins suitable for 
frontal polymerisation in 3D printing and CF curing applications. With 
very little energy input, less than 20 W, it was possible to cure a 
100 × 200 mm panel in less than 5 minutes with a polymerisation rate of 
98 mm/min. Goli et al [47] modelled the frontal polymerisation effect 
on unidirectional (UD) composites, finding that increased fibre volume 
fraction increased the speed of the polymerisation front, also observed 
by Robertson et al. This was due to the thermal conductivity of the fibres 
assisting heat transfer over the composite. This research shows that 
frontal polymerisation is a promising curing technology, suited for 
composites, however, isn’t yet commonly available. 

1.3. Novel cure methods overview 

There are two main ways that novel cure methods generate heat 
within a composite:  

1 by the absorption of EM radiation - MW, RF and IR energy are all on 
the EM spectrum (Fig. 2) and are generated by passing alternating 
current along a conductive material, which can be in the form of a 
magnetron for MW [48], field applicator for RF [49] or lamp for IR 
[50]. 

2 by generating electron movement to induce the joule effect - In-
duction heating uses an alternating current to generate a local EM 
field which induces a flow of electrons in a material [51]. Like in-
duction, direct electric cure relies on the movement of electrons to 
generate heat, although it is applied directly through contact elec-
trodes. This movement of electrons induces the Ohmic heating effect, 
or Joule effect within the fibres, allowing for the composite to be 
cured. 

An overview of all the cure methods covered in this paper is outlined 
in Table 1, summarising their advantages and disadvantages with 
respect to their practical implementation in industry, TRL and part 
quality. 

2. Novel cure methods review 

In the following sections is an in-depth review of the novel cure 
methods identified in Table 1. 

2.1. MW curing 

2.1.1. Background to MW processing 
MW curing of polymer matrix composites is a method of heating 

composite materials using EM radiation in the MW spectrum [53,104]. 
The early research into curing composite materials using EM radiation 
found that cure cycles could be reduced and optimised for MW curing 
applications [54,55,104]. The reduction in cycle time was attributed to 
the volumetric nature of MW heating. Lee and Springer [53] particularly 
focused on creating a model of the curing process which captures the 
temperature distribution, resin viscosity and fibres. Using these inputs, 
the DoC of the resin, the void content and residual stresses were calcu-
lated and experimentally validated. The study uses an experimental 
methodology to validate these findings. This early work shows the 
importance of understanding material properties when MW processing 
materials. Lee and Springer list several key parameters: Dielectric con-
stants, thermal conductivity and DoC as a function of temperature. 

Thostenson and Chou [69] presented a detailed review of previous 
MW processing literature. They state that the MW field and dielectric 
response of a material is critical to the ability to heat using MW power. 
Therefore, understanding the dielectric response of materials is required 
to optimise the heating process [65]. The key points highlighted by the 
authors include:  

1 When materials are incident to MW radiation but have different 
dielectric properties. The MWs will selectively couple with the 
higher loss material.  

2 Non-uniformity within the EM field will result in non-uniform 
heating. This point is important for closed-cavity systems where 
standing waves are generated due to constructive and destructive 
interference.  

3 Dielectric properties change with temperature, therefore the ability 
of MW’s to generate heat varies during the curing process. 

Fig. 3 is a graphic representation of how the dielectric loss factor 
affects power absorption. It shows how power is absorbed in a material 
as a function of the dielectric loss factor at a particular frequency. The 
dielectric loss factor forms an upper and lower bound on power ab-
sorption in a material through two different mechanisms: transparency 
and reflectance. A material is transparent when incident EM radiation 
passes through the material with little to no absorption which occurs in 

Fig. 3-. MW receptivity: The variation of power absorption as a function of dielectric loss factor (2.45 GHz) from the figure in Thostenson & Chou [69]  
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materials with a low dielectric loss factor. Conversely, a material is 
reflective when incident EM radiation is reflected off the surface of the 
material before being absorbed. This phenomenon is most prominent in 
materials with high dielectric loss factors. 

The authors also detail an equation for power absorption per unit 
volume [69]: 

P = 2πf ε′′E2 (1)  

where P is the power (W), f is the frequency (Hz) of the EM radiation, ε’’ 
is the dielectric constant and E is the EM field strength (V/m). 

However, as the energy is absorbed into the material, the electrical 
field strength reduces. Therefore, a penetration depth can be defined, 
which is linked to a reduction in power in the material by 1/e (Euler’s 
number) compared to the surface power [69]: 

d =
cε0

2πf ε′′ (2)  

where d is the penetration depth (m), c is the speed of light in a vacuum 
(m/s) and ε0 is the dielectric constant of free space. Power absorption is 
also affected by penetration depth, exponentially decaying via the 
following relationship [105] 

P(x) = P0e− 2αx (3)  

Where P(x) is power dissipated at depth x, P0 is the power at the surface 
and α is the attenuation constant, which is a function of wavelength (m), 
loss tangent and relative dielectric constant. It is noted that Eqs. 1-3 do 
not include magnetic losses. 

These two equations highlight the importance of understanding the 
material properties of the composite, as the power absorption and 
penetration of the MWs are heavily dependent on the dielectric loss 
factor. 

2.1.2. MW processing of composite materials 
A summary of some of the key experimental MW studies covered in 

this review are in Table 1. This review mainly covers thermosets, 
however a review and comparisons of thermoplastic and thermoset MW 
processing was published by Naik et al [106]. 

Mishra and Sharma [109] conducted a detailed review of the MW 
heating phenomena in a variety of materials including polymer com-
posites. The authors highlighted the difference in heating mechanics 
relating to the fibre type. In low conductivity fibres (such as glass or 
aramids), the heating mechanism is dominated by the resin system. 
However, many resin systems have low dielectric loss factors meaning 
the heating rate of the cure will be reduced. Alternatively, fibres with 
high conductivity (such as CFs) absorb the MW radiation rapidly and 
heat quickly. This phenomenon is less understood, but the authors 
speculate that the alternating EM field induces an electric current into 
the fibres. The fibres then heat due to the Joule heating effect. 

Kwak et al [56–58] detail the potential advantages of MW curing of 
composites: rapid heating, volumetric heating, selective heating, 
self-limiting properties, and reduction in non-conforming parts. The 
authors discuss the main issues of MW processing including inhomo-
geneous energy distribution, arcing, tooling design and understanding 
of the ‘MW effect’ that improves interfacial bonding and glass transition 
temperatures. Kwak emphasises the importance of the dielectric prop-
erties on the MW curing process and reviews how the dielectric material 
response is dependent on several variables:  

• Dielectrics as a function of frequency: The dielectric response varies 
as a function of frequency [110]. Materials peak at a dielectric 
resonance at a specific frequency. Therefore, to maximise MW 
heating the appropriate frequency should be selected (i.e. water 
resonance at 2.45 GHz).  

• Dielectrics as a function of the DoC [111]: As the resin system begins 
to cure, the dipolar molecules are restricted, and this can reduce the 
dielectric heating effect of the MW. 

The key aspects of MW curing that need to be explored further are: 
characterisation and material properties, specific tooling, process con-
trol and simulation. 

Xuehong et al [60,61] conducted two cross-platform studies into MW 
versus thermal curing. The study [60] found a reduction in the cycle 
time of 63 % using MW curing optimising the process by adjusting input 
power (W) and radiation time (s). The final void content and ILSS 
properties were also found to be equivalent between each platform. 
Xuehong et al [61] also found a significant increase in compressive 
strength of composites cured using MWs compared to autoclave cured 
equivalents. The improvement in compressive strength was attributed to 
the superior interfacial adhesion between fibres and resin, which was 
attributed to the volumetric heating, despite the higher porosity of these 
samples. 

Papargyris and Day [62] used MW assisted RTM to achieve a 50% 
reduction in cycle time compared to the conventional curing process. 
The study found both processes produced similar flexural moduli and 
strength, with the ILSS of the MW cured composite outperforming the 
autoclave process by 5 MPa (9 % increase). However, Nightingale and 
Day [59] found a reduction in ILSS and flexural properties of MW pro-
duced composites. This finding was attributed to the high void content 
of MW cured composites (ranging from 9 – 19 %). The authors stated this 
was caused by a lack of consolidation and the void forming a crack 
initiation site. 

Yusoff et al [63], compared MW RTM to conventional RTM. They 
found a reduction in cure cycle time (between 30 – 60 %) using the MW 
process however composites exhibited much higher void content. These 
findings suggest that the rapid curing process has reduced the time to 
allow volatiles to escape the resin, leading to voids being trapped. 

Li et al [64] investigated the induced strains associated with thermal 
and MW curing on ‘L-shaped’ CF bismaleimide composites. The MW 
curing process led to reductions in cycle times and the DoC between the 
two platforms were equivalent. The MW cured composites recorded a 
low strain throughout the cure and therefore had less spring-back of the 
‘L-shape’ once cured. Li et al associated this with CFs’ high dielectric 
loss, indicating that the MW process heated the fibres directly. The 
surrounding resin is then heated through conduction leading to a coef-
ficient of thermal expansion mismatch. 

The literature relating to suitable tooling materials can be separated 
into laboratory and industrial scale materials. On the laboratory scale, 
glass quartz [65] and Polytetrafluoroethylene (PTFE) [53,62] are 
commonly used due to their low dielectric properties. By using low 
dielectric tooling, the MW can be absorbed by the polymer matrix 
composites thereby improving the curing efficiency. Although glass and 
PTFE are suitable for the laboratory scale, the materials cannot be used 
on the industrial scale due to their brittleness, poor machinability, and 
cost. The studies where large tools have been used are predominately 
flat plates of quartz glass in a highly controlled environment [66]. Metal 
tooling [56,57] has also been used for more complex tools but has the 
disadvantage of reflecting MW energy which can cause arcing. The 
metal tooling can also act as a heat sink that limits the heating of the 
composite component. 

The literature about MW cured composites generally finds that 
properties are equivalent to conventional curing processes. However, it 
is difficult to compare as very few of the studies encompass all aspects of 
composite characterisation. Void content has been highlighted as critical 
to the performance of MW cured composites. For out-of-autoclave pro-
cesses such as MW heating, void content is linked to the quality of the 
vacuum on the part. Hence, developing a consistent process is vital for 
the efficacy of the MW process. 

Energy consumption of the microwaving of composites for curing has 
not been characterised fully yet. Many of the previous studies have 
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highlighted the opportunities to reduce the length of the cure cycle but 
have not yet linked directly to benefits in reduced energy consumption. 
Many papers indicate the maximum power of the magnetrons and 
indicate what power percentage levels they were used at during the 
cures, however, do not indicate total power usage. Thostenson and Chou 
[65] do briefly discuss power usage during a 3-hour cure, which is 
estimated to be 1.13 kW/hr. However, the dimensions of the component 
are not fully specified, which makes it difficult to compare against other 
curing methods. 

2.1.3. MW curing methodologies and use cases 
Numerous scientific publications have investigated MW curing of 

composites closed cavity magnetron systems, as discussed in section 
2.1.2 [15,31,56,57,67,68]. The closed cavity MW systems consist of a 
sealed metallic chamber that contains any MW energy that is emitted 
into the chamber. The MWs are reflected off the cavity walls until they 
are either absorbed by the component or attenuated in the cavity. The 
MWs are generated using magnetrons and then transmitted towards the 
cavity using waveguides. 

A commercially available industrial MW heating platform used 
throughout the field is the Vötsch HEPHAISTOS system (Fig. 4). The MW 
consists of a large closed hexagonal cavity and operates using a 
magnetron/ waveguide system [68]. 

Nuhiji et al and Green et al [15,31,67] used a Vötsch system to 
explore the control and temperature monitoring of MW processes. They 
modelled the MW system heating process and investigated novel tooling 
materials suited to MW processing. Of this research, the main highlight 
is the effectiveness of the MW curing processes and the potential energy 
savings available when upscaling the technology to within TRL 5 or 6. 

Kwak et al [56,57] developed a dedicated composite manufacturing 
process using the Vötsch system and have created a consistent process 
method for manufacturing composites. The methodology developed 
enabled the measurement of MW penetration depth and the character-
isation of composite properties. The composites produced were of 
equivalent quality to that expected of autoclave produced composites. 

Kwak et al [58] also developed a closed cavity MW which included a 
pressure vessel. The system has 96 magnetrons supplying MWs at 2.45 
GHz, however, limited information is published on this technology. 
Hang et al [70] developed a bespoke closed cavity octagonal MW to 
process polymer composites with a maximum power of 5 kW. 

To summarise, the closed cavity MW systems reviewed present 
several limitations challenging the technology:  

1 Fixed frequency and ‘closed cavity’ design: Despite the unique cavity 
designs, the MW system is still susceptible to the generation of 
standing waves. This causes inhomogeneous heating during the 
curing process, which can lead to poor part quality. This phenome-
non is complex and based on the interaction between the MW fre-
quency, composite materials, tooling, consumables, metallic trolley, 
and magnetron phase.  

2 Cavity size: This can limit the part size and lead to batch processing, 
although is mitigated by the improved cycle times.  

3 Arcing: Exposing the edges of conductive fibres to MW energy within 
the cavity can lead to issues with electrical discharge. This has the 
potential to damage the vacuum bag or component leading to 
scrapping of the part. 

Concentrated efforts by industrial and academic consortiums have 
been made on the mounting of MW heating systems onto robotic arms 

Fig. 4. - Vötsch MW system at the AMRC [112]  

Fig. 5. - Robotic MW cell at AIMPLAS pilot plant developed during the 
WAVECOM project [71] 
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for localised heating of composites. Rudolf et al [113,114] developed a 
robotic arm MW system, alongside a resin functionalised suitable for 
MW energy absorption. 

It reports that the MW system led to ‘a strong improvement of degree 
of polymerisation’ as tested using Differential scanning calorimetry 
(DSC) and highlights how a lightweight antenna system was developed 
to enable complex geometries of components. 

E. Díaz et al investigated the use of MWs to cure composites with an 
integrated robotic system as part of the WAVECOM project [115]. They 
investigated susceptors to enhance absorption of MW radiation and 
monitored residual stresses and distortion using FBG during curing. 

Trials were conducted using the robotic arm and a 2000 W magne-
tron (2.45 GHz). A cylindrical type antenna was used inside an isolated 
cell (Fig. 5), where susceptors improved the curing process and 
enhanced the degree of polymerisation [71]. Borrás et al. [116] high-
light the improvements in heating efficiency by adding 1 % carbon 
nanotubes and identify how the dispersion of the nanotubes is vital to 
homogenising the heating pattern. 

Zhou et al [107,108] used frequency-selective absorption films to 
generate heat in localised areas to enable easy to control zonal heating of 
composites. Films with absorption of 915 MHz and 2.45 GHz were used, 
alongside their respective MW sources at the same frequencies. This 
enabled the thermal control of two independent zones, allowing even 
temperature distribution in standard, or non-uniform thickness 
laminates. 

Researchers have implemented MW heating in an RTM closed mould 
process [72]. The resin system is preheated (using MW heating) and 
injected into the mould cavity, the injected resin is then heated via a 
secondary MW source, to assist with issues with achieving homogenous 
heating in the tooling. 

MW curing has the opportunity to be applied in a high range of ap-
plications that are currently served by autoclaves or ovens. The 
controllability of high heating rates shown in most studies allow for 
significant cycle time reduction and an increase in mechanical proper-
ties. Naik et al [106] discuss that these properties ensures that it is 
economically viable, particularly in aerospace. It will likely take in-
dustry a lot longer to adopt over existing methods due to cost and 
required technical know-how to ensure high quality parts are produced. 

2.2. Direct electric curing 

Direct electric cure uses the low electrical resistance of CF compos-
ites as the heating element through the exploitation of the Joule effect. 
In literature, this method has also been called Joule effect cure, electric 
heating and self-resistance curing. By running current through the fibres 
and inducing the Joule effect, the component itself acts as a heating 
element to cure the matrix. Epoxy matrices used in most studies 
reviewed are insulators [117], which therefore inhibits Joule heating by 
increasing the contact resistance between an electrode and the com-
posite. Electrically conductive resins modified with nanoparticles to 
increase electrical conductivity are of interest in this area of research, 
discussed more generally in Section 3.3. 

2.2.1. Background to Joule heating composites 
When using CF, or a single tow bundle as a heating element, the fibre 

can act as a continuous resistor, and therefore heat is generated evenly 
along the length [77,80]. PolyAcryloNitrile (PAN) fibres have low 
electrical resistance due to the graphitic nature of the fibres, with a 12K 
tow having a resistance value of around 18 µΩ.m at 25◦C. A reduction in 
resistance of 3.2 % can be observed as the temperature increases to 
150◦C [77]. This introduces a time dependency to the power re-
quirements of this cure system. 

In any long fibre carbon composite, conductivity is lower in-plane 
(along fibres), compared to through thickness [92]. Electron transfer 
is primarily in the fibre direction, 200x more than across the thickness of 
the fibre, and increases with fibre volume fraction [118]. Any 
fibre-to-fibre crossover has a very small contact area and will have 
matrix around it which is commonly dielectric [92], leading to high 
electrical resistance between fibre plies. Current applied through an 
electrode will only primarily heat the plies in direct contact, with the 
resistance between plies limiting electrode transfer and subsequent 
heating [119]. Contact resistance between the electrical source and the 
composite needs to be lower than the resistivity of the composite, or the 
electrical contacts will heat up at a higher rate than the composite itself. 
This limitation restricts electrode layouts for electric curing and further 
complicates Joule effect heating patterns. 

Table 3 contains a summary of studies on direct electric cure, 
covering a range of manufacturing scenarios and applications specific to 
heating the manufactured component. Key electric curing parameters 
such as material type, electrode configuration and resulting heating 
performance are highlighted. As there is a large range of testing 
methods, material types and geometries, a summary of key results of the 
studies is presented, with respect to being a viable future manufacturing 
method. 

2.2.2. Direct electric cure of composite materials 
H Fukuda [76] was one of the first to introduce current into CF 

pre-preg stacks (TORAYCA P3060) to reach a curing temperature of 
180◦C. Through thickness and edge to edge were identified as electrode 
positions, seen in Fig. 6, which set out a standard and repeatable method 
for electric cure. 

Heating of plies with through thickness electrodes provided poor 
temperature uniformity, of which an example can be seen in Fig. 9 (e). It 
was not used further in their study and has only been a suitable way to 
Joule heat in very specific cases, as demonstrated by Reese et al. in a 
modified industrial composite press on 3D woven architectures that had 
specific through thickness fibres [82]. 

Edge to edge curing of 150 mm x 50 mm, 16 ply stacks was more 
successful, reaching the desired cure temperature, however it was only 
monitored and controlled from one foil type thermocouple. These were 
compared to autoclave-manufactured samples, achieving around 78-90 
% of the bending strength. It was observed that due to the low resistance 
of the fibres, the current required to reach 180◦C was significant (~100 
A) and the voltage less than 10 V, leading to a requirement of high 
current, low voltage power supply units for electric curing large geom-
etry components. 

C. Joseph et al [75] modified the edge-to-edge curing method, by 

Fig. 6. Initial electrode positions identified by H. Fukuda [76] suitable for electric cure.  
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consolidating the main curing area, whilst separating the 8 individual 
plies between copper blocks to reduce contact resistance, as seen in 
Fig. 7. 

This experimental setup is impractical to repeat due to the 
complexity of applying electrodes to each ply and the cured sample size 
was comparatively small (60 mm x 30 mm). Tensile strain to break, and 
energy to break were higher than oven cured samples, 4.1% to 2.2% and 
0.57 MJ− 3 to 0.43 MJ− 3, respectively, suggesting the electrode setup 
could provide even heating and additional structural benefits to the 
composite. 

Wellekotter and Bonten [83] investigated the effect of various elec-
trical contact setups for the Joule heating of thermoplastic composites. A 
design of experiments (DOE) was completed, that found a larger contact 
area increased the performance of the heating process and part quality. 
Increasing contact force was also determined as a positive factor in the 
DOE, which is not possible without of autoclave methods, however, 
could be applied in specific cases, such as a mechanical press. Resistance 
welding of thermoplastic composites is more established and will have 
transferable methods to electric curing of composites [120], however, 
these are limited in scope and have moved towards metal mesh and 
nanocomposite heating elements providing better reproducibility and 
scaling [121]. 

2.2.3. Evaluation against existing curing methods 
Y. Gu et al [38] investigated vacuum assisted resin infusion moulding 

heating methods, comparing oven, heated tooling, and internal resistive 

heating. Internal resistive heating provided the fastest heating rate 
(30◦C/min), but also the highest temperature delta over the component 
(13◦C) in comparison to heated tooling at 25◦C/min with a 4◦C differ-
ence and oven at 2◦C/min and 0◦C deltas. The importance of tooling 
materials was highlighted, and those manufactured with applicable 
thermal properties would assist in the temperature distribution of 
resistive heating. Athanasopoulos et al. [78] also compared electric 
cures in dry carbon infusion, pre-preg and oven samples, able to produce 
samples with the same DoC or more (±0.5%), and matching tensile 
properties. The tooling used was also specific for the process, being a 
thermally insulating glass fibre reinforced plastic (GFRP) on top of an 
aluminium plate, which assisted in the low temperature delta over the 
component. 

Hayes et al. [37] investigated the effect of the geometry of the CFRP, 
the connector geometry and connector position on the heating homo-
geneity, the final mechanical properties and the cure percentage of the 
part. Flexural modulus and strength matched oven and autoclave sam-
ples, with the DoC between oven and autoclave at 97.2%. When 
applying current from edge to edge, the power requirement increased 
linearly to the distance between the connectors, whereas when 
increasing thickness by 2 plies, the average increase in power was 5%. 
This suggests that electric cure could be suited to highly energy efficient 
cures of thick ply composites. 

Temperature distribution data over the panel was recorded, as seen 
in Fig. 8. It shows that when electrically curing a CFRP panel, most of the 
centre of the panel is at the desired cure temperature. The temperature 

Fig. 7. Example setup used by C. Joseph et al [75], with individual ply pairs having dedicated electrodes.  

Fig. 8. Temperature distribution over a 450 × 250mm CFRP panel cured at 120◦C [37]  
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starts to drop from around 20 mm from the edge, leading to around a 
10◦C reduction at the edges, which would lead to under cured areas. 

Liu et al [14] investigated the electrical contact arrangements and 
positions, different fibre orientations and UD ply layups. Obtaining an 
even temperature distribution over the CFRP component is a crucial step 
in implementing this technology as a replacement for oven or autoclave. 
Edge to edge contact position within the ply layup was investigated 
(Fig. 9, a-e), and having the copper contacts placed between every ply 
reduced the contact resistance enough to not have a significant increase 
in temperature around these points. 

Significantly the void content in the electrically cured components 
was consistently lower than the equivalent oven cured samples, as well 

as improved tensile strength and modulus. Comparisons were also made 
between different heating rates possible with this technology, namely 1, 
3, 5, and 10◦C/min, which showed if heated and therefore cured too 
quickly, the void content will increase significantly, as well as significant 
decreases in compressive strength. 

2.2.4. Specific manufacturing applications 
S.A. Sarles and D.J. Leo [81] investigated the possibility of using a 

continuous carbon tow to cure an inflatable structure, suitable for space 
applications. The cure temperature was consistent along the length 
(1.1◦C root mean square), using thermocouples and a PI controller, 
which overcomes a significant challenge in joule heating of composites. 

Fig. 9. Thermal images of different contact (a-e) and layup sequences (f-j) [14].  

Fig. 10. Comparison of power consumption of a 160 ply (20 mm thick), 50 mm x 60 mm laminate via (a) oven curing and (b) direct electric curing. Note the 
differences in scale between the axes.[123] 
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Optimised cure cycles were developed in this study, which achieved 
higher heating rates and shorter cure times, however, they did not 
consider the potential of uncontrolled exothermic reactions in thicker 
composites. 

S.Liu et al [84] also developed a rapid composite repair system using 
the Joule effect to cure pre-preg patches onto CFRP components, 
removing the requirement for heated blankets. This had the advantage 
of being able to heat uniformly through the thickness of the patch, rather 
than conduction from the outer face of the component. The repair cure 
temperature was within ±5◦C of the desired temperature, with void 
content being comparable to heater blanket repairs. 

Robert et al [122] developed a novel towpregging line, using copper 
rollers as electrodes to Joule heat carbon tow to melt powder epoxy into 
the fibre. Power consumption was significantly lower than the equiva-
lent IR lamp, whilst heating more uniformly. The resulting laminates 
manufactured matched or outperformed commercially available tow-
preg systems. 

The sustainability of this method has been considered in more detail 
than other methods, as it is easier to monitor the power going directly 
into the cure, as it is commonly displayed using the power supplies used. 
Hayes et al detailed the effect of thickness and length increases on the 
power usage, which were both linear, with thickness having a lower 
impact on power usage than length. Jeonyoon Lee et al [79,123] directly 
compared a 160 ply, 50 mm x 60 mm panel cured in an oven and a joule 
heated CNT film which can be seen in Fig. 10. 

This comparison is not completely representative, as it is heating a 
CNT film next to the component, and is deliberately a thick ply laminate, 
which appears to have exothermic runaway after the second ramp in the 
cure cycle, and exothermic results in no external power is required. C. 
Viney [75] noted the power requirement of the electric cure method 
compared to an oven was significantly reduced from 500 W maximum 
for an oven and 96 W for the electric cure method, with an 82% overall 
energy consumption reduction. 

Joule effect curing has been shown to produce high quality com-
posites at low cost, however, still has technical barriers to overcome to 
become widely adopted. The requirement of electrodes in a part means 
they have to be removed post cure, increasing costs, as well as the 
requirement of UD plies in the layup to obtain optimal temperature 
distribution. As mentioned in this section, there are some specific use 
cases where it very well suited such as patch repair, inflatable structures 
and low power curing. To be implemented more universally, the curing 
method needs to be more universally compatible with more composite 
types. This may be possible with future developments with CNT in-
terleaves or joule effect heated tooling. 

2.3. RF Curing 

RF heating is similar to MW heating; however, it has a few key dif-
ferences that have restricted widespread adoption in curing composites, 
of which there is little recent literature. A report by the Electric Power 
Research Institute considers RF heating for plastics processing and 
drying, although it does not mention it for CFRP manufacture [124]. 
This report also lists similar disadvantages to many EM cure methods:  

• “Highly irregular shapes may heat non-uniformly in certain 
applications”  

• “Certain products will not heat in a dielectric heating field” 

Sweeney et al [49] focused on doping composites with multi-walled 
CNTs, mostly for joining processes rather than full-component curing. 
Lap-shear bonding of 0.25% CNT-epoxy resin was conducted at 44 MHz 
applying up to 100 W, achieving a shorter cycle time compared to oven 
cured samples. The CNT-epoxy composites were processed at 200◦C and 
held at that temperature for two and three minutes. The samples were 
then loaded in shear per ASTM D1002 with the samples held at tem-
perature for three minutes passing the testing. 

Li and Dickie [90] bonded thermoset sheet moulding compound 
(SMC) and thermoplastic to steel sheet to produce lap shear coupons. 
The steel was used as the RF antenna, with the press head as the other 
electrode. Cycle time for the SMC was reduced from 20-30 minutes 
down to 20-30 seconds, with a high degree of crosslinking achieved, 
matching the bond strength achieved by using oven cure. 

Vashisth et al [91] conducted a parametric study with various RF 
power levels and composite types. They trialled CF/epoxy (UD), CF/e-
poxy (plain weave) and CNT/epoxy composite materials at a variety of 
radio frequencies to determine which led to an increased rate of heating. 
Heating rates of 8◦C/min were observed indicating the potential of RF 
heating. They also experimented with the RF power to observe how the 
heating rate was affected. As expected, the higher the power, the higher 
the subsequent heating rate. To validate the experimentation, they 
developed a COMSOL multi-physics model to evaluate the heating of 
CF/epoxy materials with RF power. The model showed good agreement 
in terms of heating rates with the physical experiments and future 
models will be used as a predictive tool. 

2.4. Magnetic Induction 

2.4.1. Background to magnetic induction heating 
Electrically conductive materials can be heated when exposed to a 

magnetic field that is generated by an alternating current (AC) passing 
through a coil of wire –referred to as an induction coil, or inductor 
[125]. When applied to CFs, heating occurs primarily via resistive 
heating (from Joule losses) caused by the induced eddy currents [126]. 
This in turn can heat surrounding materials via conduction [93,94]. 
Junction heating and hysteresis loss have also been identified as po-
tential heating mechanisms, particularly for ferromagnetic materials 
[95–97]. The effectiveness of the technique is directly related to the 
electrical properties of the material (which must form an electrically 
closed-loop, to allow the formation of eddy currents), the inductor coil 
design and the input power and current frequency [127]. 

The advantages of magnetic induction heating include the ability to 
rapidly transfer energy to a component, and the power input can be 
instantly adjusted as required to maintain or increase temperatures to 
match a programmed set point and can be a contactless heating method. 

The heat generated by magnetic induction can be harnessed for 
various purposes as opposed to only curing, for example, a coil can be 
held in a fixed position or mounted to a robotic arm to allow for a 
continuous heating process, as is often seen with induction welding of 
thermoplastic composites. Typical applications have focused on the 
areas of thermoplastic forming and consolidation, fusion bonding, and 
rapid cure of adhesives [95,128]. In the case of heating CFRP compo-
nents, magnetic induction can be used to directly heat the CFs. This 
requires the use of woven or non-crimp fabrics. UD material can be 
heated using magnetic induction when used in a quasi-isotropic layup 
sequence, so there are conductive pathways between fibres at each layer 
through thickness. A study by Khan et.al [129] showed that the heating 
response of a quasi-isotropic layup subjected to magnetic induction is 
more isotropic than if the plies were stacked in purely UD configuration 
which showed an anisotropic heating response. In both cases, it was 
shown that the fibres could be heated to 177◦C which would allow the 
curing of most aerospace epoxies. 

An alternative to directly heating the CF is to use an electrically 
closed loop susceptor, such as a metal mesh or conductive particles, 
placed at the location where heating is required. Heat is then transferred 
to the local area via conduction [98]. The technique is therefore ver-
satile and can be used to deliver heat locally and through thickness 
without the challenges and drawbacks associated with methods such as 
ovens and autoclaves. Table 4 summarises some of the key studies 
covered in this review. 

2.4.2. Magnetic induction for processing thermoset composites 
The use of magnetic induction heating to cure a thermoset composite 
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Fig. 11. Overview of MW curing system settings. IR image with highlighted hot/cold spots [36].  

Table 2 
Table summarising the key experimental studies and their outcomes covered in this review of MW processing of composites.  

Author Material MW setup Heating specifications Significant outcomes 

Kwak et al  
[57] 

Gurit WE91-2 CFRP prepreg. Vötsch Hephaistos MW. 10◦C/min to 90, 100, 110 and 
120◦C dwells. 

Industrial MW designed for composites. 10% 
increase in tensile strength. 

Xuehong et al  
[60] 

Bismaleimide (BMI) UD T700 CF, 
170 × 90 mm, 22 plies. 

WZD1S-03 Nanjing Sanle MW 
Technology Development Co. 

Power based cured cycles, up 
to 220◦C. 

63 % reduction in cycle times, comparable void, 
and interlaminar shear stress (ILSS) to autoclave, 
slight reductions in flexural and fibre volume 
fraction. 

Xuehong et al  
[61] 

UD epoxy prepreg, T800 CFs, 
175 × 90 mm, 14 plies 

WZD1S-03 Nanjing Sanle MW 
Technology Development Co 

Power based cured cycles, up 
to 220◦C. 

39 % reduction in cycle time, 22 % increase in 
compression strength, despire increased 
porosity. Evidence of increased interfacial 
adhesion of fibre to resin. 

Li et al [64] BMI UD CF, 100 × 100 mm, 1.5 mm 
thickness. 

Custom design by Nanjing 
University. Fibre Bragg Gratings 
(FBG) used for strain monitoring. 

1.5◦C/min up to 200◦C. 95% reduction in residual cure-induced strain, 
64 % reduction in cycle time. Lower spring back 
in L-shaped components, by up to 1.2 ◦ . 

Lee and 
Springer[53] 

Hercules AS/3501-6 carbon and 
Fiberite S2/9134B glass prepregs, 
203 × 203 mm, 32 plies. 

Commercial 700 W MW oven. 177◦C, ramp rate not specified. 90 % reduction in gel time. Agreement between 
modelling and experimental. 

Papargyris et 
al [62] 

Araldite LY5052/HY5052 epoxy, 
satin weave T300 CFs, 
200 × 300 × 3 mm. 

Custom MW resin transfer 
moulding (RTM) setup, variable 
frequency, up to 250 W. 

100◦C cure. 50 % cycle time reduction. Equal flexural 
strength and void content, 9 % higher ILSS 
compared to oven cured RTM. 

Thostenson 
and Chou  
[65] 

E glass, Epon 862/ Epi-Cure W 
epoxy resin, 44 plies. 

6 kW of MW power at 2.45 Ghz. 5◦C/min up to 165◦C. Reduction in processing time, inside out MW 
processing reduced matrix cracking compared to 
autoclave cured samples. 

Nuhiji et al  
[15] 

Cycom 5320-1 T650 plain weave 
prepreg, 190 × 190 mm, 8 plies. 

Vötsch HEPHAISTOS VHM 180/ 
200. 

3◦C/min up to 177◦C, 
manufacturers recommended 
cure cycle. 

Investigated alternate tooling materials for MW 
cure, CFRP tooling performed best. 

Green et al  
[31] 

Cycom 5320-1 T650 plain weave 
prepreg, 200 × 200 mm, 1.5 mm 
thick. 

Modified domestic MW, 
Panasonic NN-CF778. 

3◦C/min up to 177◦C, 
manufacturers recommended 
cure cycle. 

Conversion of domestic MW to cure composites 
with accurate multiphysics modelling. 

Kwak et al  
[56] 

Gurit Sparpreg UD CFs, 300 × 300 
mm, up to 60 mm thick. 

Vötsch Hephaistos MW 100/100 
system. 

2◦C/min up to 120◦C, 
manufacturers recommended 
cure cycle. 

Highlights if the process setup is correct then 
high quality laminates can be manufactured. 
Practical method for MW penetration depth 
demonstrated. 

Nuhiji et al  
[67] 

Cycom 5320-1 T650 plain weave 
prepreg, 600 × 600 mm, 14 plies. 

Vötsch HEPHAISTOS VHM 180/ 
200. 

3◦C/min up to 177◦C, 
manufacturers recommended 
cure cycle. 

Multiphysics model of MW field, showing effect 
of frequency on field homogeneity and 
temperature distribution, experimentally 
validated. 

Feher and 
Thumm [68] 

LY556 infusion resin, CF plain 
weave, up to 450 × 300 mm. 

DLR custom HEPHAISTOS-SA/ 
CA. 

20◦C/min up to 130◦C. Details the process on developing industrial MW 
system suitable for composite processing at 
pressure. 

Zhou et al [36] Short fibre CFRP composite (T300 
fibres), 200 × 200 × 2 mm 

Custom design by Nanjing 
University, 2.45 GHz, 20 KW. 

3◦C/min up to 120◦C. Active 
temperature compensation 
through selective magnetron 
activation. 

Significant reduction in temperature difference 
(<10◦C) over the panel, a 67 % improvement 
over single pattern and 58 % improvement over 
random pattern heating modes. Methodology 
can be transferred to other heating technologies. 

Zhou et al  
[107] 

UD CFRP, epoxy matrix, T800 
fibres. 300 × 300 × 2 mm. Copper/ 
polyaimide resonance structure- 
insulator (RSI) films. 

Custom design by Nanjing 
University, multimode, high 
pressure, 2.45 GHz. 

CFRP uniformly up to 120◦C at 
1 and 5◦C/min. 

CFRP/RSI film enabled high MW absorption and 
heating of CFRP to cure temperature. Less than 
10◦C range of temperature over the panel. 

Zhou et al  
[108] 

UD CFRP, epoxy matrix, T800 
fibres. 600 × 300 × 2 mm. Copper/ 
polyaimide RSI films. 

Custom design by Nanjing 
University, multimode, high 
pressure, 2.45 GHz at 1500 W 
and 915 MHz at 1000 W. 

Multi zone heating of CFRP 
uniformly up to 120◦C. 

Able to independently zonally heat CFRP with 
multimode RSI films. Allows for MW curing of 
components with non-uniform thickness.  
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component, through heating the CFs or an embedded susceptor, is 
limited. Investigations of induction curing through heating the fibres, 
have only been proven on lab scale components at TRL 3 or lower. 
Pitchumani and Johnson used induction to heat a composite preform 
[99] to control the flow of epoxy resin in a VARTM process. A woven 
fibreglass mat was used with a layer of woven CF embedded in the 
preform to act as the susceptor, eliminating the need for metallic in-
clusions and reducing weight and corrosion concerns. The inductor coil 
is moved as determined by the active control program to facilitate resin 
flow and preform fill. The induction system was not used to facilitate the 
final cure of the component; however, directly heating the fibres to 
induce volumetric cure would require a coil that was at least as large as 
the part to be cured. 

2.4.3. Magnetic induction for processing thermoplastics 
The use of magnetic induction heating for the processing of ther-

moplastics has been focused on thermoforming and fusion bonding 
processes, driven by the advantages of the technique that include rapid 
processing times, low energy consumption and the ability to volumet-
rically heat a substrate or tool. 

The heating of thermoplastics for thermoforming processes can be 
completed without conductive fillers [128] if part of the component is 
electrically conductive or indirectly by heating a metallic tool or form-
ing plates. In the Induction Diaphragm Forming (IFD) process, ther-
moplastic sheets are held between two sheets of aluminium. The 
aluminium is heated by induction that then heats the thermoplastic via 
conduction, with the molten stack then formed over a die. 

Ramulu et al. [103] performed a comparison of autoclave and in-
duction joining for processing CF/ PEEK, CF/PIXA-M [130] and Hybrid 
Titanium Composite Laminates (HTCL) panels. Induction heating pre-
sents a potential processing solution to autoclave, enabling rapid heat-
ing and reducing cycle time and costs. Micrographs showed CF/PEEK 
panels consolidated using induction heating and autoclave both showed 
high quality laminates. Induction processed CF/PIXA-M panel showed 
increased levels of void formation and fibre distortion, and the HTCL 
panel showed poor quality consolidation compared to autoclave 
processing. 

Rudolf et al [94] investigated the effect of various induction heating 
process parameters on the temperature distribution and heating rate for 
Polyphenylene Sulfide (PPS) and Polyamide (PA) reinforced CF com-
posite. There was a direct correlation between heating rate and coil 
separation distance, with a quadratic growth associated with increased 
separation. The authors also found that heating time is reduced by 
increasing the input power and that heat generation was found to be 
driven by Joule losses. 

2.4.4. Magnetic induction for curing adhesives 
Magnetic induction technology has been investigated to cure adhe-

sives, in the context of in-situ repairs or rapid joint formation with 
reduced cycle times. For applications involving GFRP composites, ad-
hesive curing via induction is only possible with the use of a susceptor. 
Tay et al. [98] investigated the accelerated curing of room temperature 
paste adhesive bonded GFRP single lap-shear (SLS) specimens, with and 
without a copper mesh susceptor in the bond line. The magnetic in-
duction heating was successful, with shear strength results comparable 
to, or better than, oven cured specimens. Mahdi et. al. [97] performed a 
similar investigation using a stainless-steel mesh and comparing two 
different types of epoxy paste adhesive. It was found that the shear 
strengths of the induction cured specimens were within 10 % of the 
results obtained when oven cured. Severijns et. al. [93] used varying 
levels of iron particles as a susceptor for curing adhesive in GFRP SLS 
samples. Samples, where the adhesive was induction, cured had up to 6 
% higher shear strengths than their oven counterparts that also had iron 
filled bond lines. The introduction of iron particles reduced the shear 
strength of all samples, compared to the unmodified adhesive samples, 
as well as adding weight to the assembly. 

Studies have been carried out to investigate whether heating CFRP 
adherends directly, without a susceptor, could cure adhesive bond lines 
via conductive heat transfer. Frauenhofer et. al. [100] investigated 
woven and UD CF architectures and how that influenced heating rates 
on CFRP-to-CFRP and CFRP-to-Aluminium SLS components. Lower 
frequencies resulted in more homogeneous heating than higher fre-
quencies, and rapid curing via magnetic induction led to better bulk 
adhesive properties and DoC compared with samples cured with longer 

Table 3 
A summary of studies on the direct electric curing method, overviewing the materials used, electrode configuration, heating performance and significant outcomes  

Author Material Electrode configuration Heating specifications Significant outcomes 

Chien et al. [80] Carbon nanotube (CNT) 
modified PAN fibres 

Electrodes clamped at tow 
ends 

1000◦C on 2 mm fibres 
300◦C on 76 mm fibres at low 
current, 0-6 mA 

Conductivity increase with temperature 
CNT doped PAN fibres 

Naskar and Edie [77] Pitch (2K) and PAN (12K) 
based fibre tows 
Ultem® powder 
(polyetherimide) 

Silver paste and copper 
wires 

0-400◦C within 50 seconds, 150 
mm tows 

Conductivity increase with temperature 
Successful rigidisation, however, flaws in final 
composites 

S.A. Sarles & D.J. Leo  
[81] 

U-Nyte epoxy coated tow Crocodile clips Up to 200◦C following the cure 
cycle. 50◦C/min ramp rate. 

Proving the technology for alternate curing 
situations such as inflatable space structures 

H Fukuda [76] Torayca P3060 pre-preg Aluminium foil. Edge to 
edge & through the 
thickness (Fig. 6) 

Proportional integral derivative 
(PID) control to cure cycle. Up to 
180◦C. 

Electrode layouts reviewed. Power reduction 
observed. 

C. Joseph [75] Hexcel 914c pre-preg 
Unidirectional 

Copper blocks on each ply, 
edge to edge (Fig. 7) 

Followed cure cycle up to 175◦C Increased mechanical properties. Power reduction. 

Y. Gu et al. [38] T700SC unidirectional (UD) 
Carbon, DGEBA E51 resin 

Copper foil, stacked between 
plies 

Followed cure cycle up to 
120◦C, 30◦C/min ramp rate. 
13◦C Δ over panel. 

Dry fibre infusion experimental process. Rapid 
heating rates, however poor temperature 
distribution. Highlighted issues with tooling. 

N. Athanasopoulos et 
al (2008) [78] 

CF preform/Epocast52 
epoxy, UD sigrafil E022 pre- 
preg 

Copper electrodes Followed cure cycle, up to 
130◦C 

Matching mechanical properties to oven cured. 
Comparison between pre-preg and infusion 
samples. Accurate power data 

S. Hayes et al. [37] Cycom 950-1 plain weave 
pre-preg 

Copper foil or Copper/ 
flexible printed circuit board 
(PCB) 

Followed cure cycle, up to 
160◦C 

Understanding of scalability and practical 
implementation. Highlighting temperature 
distribution issues. 

S. Liu et al [14] UIN10000/T800 UD pre- 
preg 

Copper strips, 10mm wide Followed cure cycle, up to 
120◦C 

Detailed experimental procedure, layup/electrode 
arrangement on temperature distribution, 
mechanical properties comparison. 

Reese et al.[82] Recycled carbon, Nylon 6, 
custom weave 

Press plates as electrodes, 
900-2500mm2. Through 
thickness. 

222◦C (Tmelt) within 15 seconds Combination of press and joule heating to reduce 
cycle time  
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cycle times using an oven. Higher shear strength values were obtained in 
all cases where the adhesive was cured via induction, compared to the 
oven baseline. This proved the possibility of heating the composite to 
conductively cure the adhesive and could do so from one side and 
rapidly. 

Cebrián et al. [101] used magnetic induction to heat CFRP laminates 
to cure adhesive via conduction alongside a model simulating and pre-
dicting the DoC. The model was validated using SLS specimens that were 
monitored for temperature and DoC, and the results showed a good 
correlation between predictive and actual values. 

Kim et. al. [102] investigated CFRP patch repairs of aluminium 
double lap-shear joints using either oven cure or induction heating. Two 
types of patches, bonded to the aluminium via a single layer of film 
adhesive, were investigated: pre-cured and co-cured UD composite. 
Additional samples were prepared with 0.5 %wt. CNTs in a resin mix 
was applied to the bonding surfaces before adhesive application. The 
authors found that the co-curing of CFRP patches and film adhesive 
yielded higher shear strengths than bonding with pre-cured patches. No 
difference in shear strength was found between the oven and induction 
heating when bonding pre-cured patches, although oven co-curing 
presented 8% higher shear strengths compared to induction co-cured. 
The inclusion of CNTs at the bond interface increased shear strengths 
in all cases. For patch repair applications, this is advantageous because it 
would remove the need for IR heaters, heated blankets/mats, or trans-
ferring large sections to an autoclave or oven to complete the repair – 
provided a means of applying sufficient consolidation was implemented. 
This saves on process time, energy, floor space and storage re-
quirements. There is a need for further research to validate the tech-
nique on larger components and to develop the process. 

3. Future challenges 

The research presented shows some of the challenges and solutions 
to a range of EM curing methods, however in the following section are 
three main themes that have occurred frequently and will need further 
research as the methods become more industrially relevant and frequent 
in use. 

3.1. Sustainability and economics of novel curing methods 

One of the most significant benefits of many of these novel cure 
methods is the low energy consumption when compared to oven or 
autoclave methods. This is due to the direct heating nature of these 
techniques described in Fig. 1, meaning that the energy going into the 
curing system is only heating the component. The cost has always been a 
strong driver in any manufacturing situation, however with sustain-
ability now reaching similar importance, it is expected that the energy 
consumption is given more scrutiny. Reduction in energy usage will lead 
to lower costs of a process as well as improve the sustainability of 
existing processes, particularly in aerospace where changes to materials 
and processes can take years due to the high cost of qualification. 

Table 4 
Summary of key studies of induction heating of composites for curing and ad-
hesive curing.  

Author Material Experimental 
setup 

Processing 
specification 

Significant 
outcomes 

Pitchumani 
and 
Johnson  
[99] 

Woven CF 
mat, 
305 × 305 
mm (BFG 
Industries), 
Epon 815C 
epoxy resin. 

32 × 68 mm 
coil size, 
mounted to 
motion stage 
for active RTM. 

Not directly 
observed. 
Feedback 
control based 
off flow front. 

Localised 
heating for 
active flow 
front control 
of vacuum 
assisted resin 
transfer 
moulding 
(VARTM). 

Ramulu et al 
[103] 

Polyether 
ether 
ketone 
(PEEK), 
PIXA-M, 
Hybrid 
titanium 
composite 
laminate. 

Comparison of 
induction and 
autoclave 
processing of 
thermoplastic 
laminates. 

Forced 
cooling on the 
induction 
samples. No 
data on 
temperature. 

Less than 
10% 
difference in 
in flexural 
and tensile 
properties. 
Significantly 
quicker 
processing 
time. 

Rudolf et al  
[94] 

Process 
parameter 
setup on 
CF-PPS, 
2mm thick, 
laminate 
structure 
tests on CF 
polyamide 
66. 

Understanding 
coil setup 
parameters on 
heating 
performance. 
Continuous 
induction 
welding 
process. 

Investigated 
different coil 
geometries, 
frequency, 
power, 
distance from 
laminate. 

Heat only 
generated in 
closed fibre 
loops, i.e UD 
fibres. 
Maximum 
temperature 
is limited by 
power. 
Through 
thickness 
temperature 
distribution 
is even. 

Tay et al  
[98] 

Hysol 
EA9394 
epoxy paste 
adhesive, 
GFRP 
substrate, 
34 plies, 3 
mm. 

Curing of paste 
adhesive for 
composite 
repair to 
reduce cycle 
time, tested 
with single lap 
shears. 

Copper 
susceptor 
introduced in 
adhesive. 

Copper 
susceptor 
reduced 
strength 
slightly, but 
reduced 
scatter of 
data. 
Reduced 
cycle time 
from 120 hrs 
to 15 
minutes. 

Severijns et 
al [93] 

EC9323 
epoxy paste 
adhesive, 
GFRP 
substrates, 
8 plies. 

One-turn and 
pancake coils 
tested. Tested 
with single lap 
shear bonding. 

Iron particles 
introduced 
into adhesive 
as susceptor. 
Varying 
process 
parameters 
for heating 
performance. 

Iron particles 
reduced 
shear 
strength by 
15-20 % in 
all samples, 
but induction 
cured 
samples were 
6 % higher 
than oven 
cured 
samples. 

Frauenhofer 
et al [100] 

HexPly 913 
CF-epoxy 
laminates, 
UD and 
woven. 
Henkel 
Loctite EA 
9394 
adhesive. 

Testing 
consolidation 
of laminates 
and subsequent 
ILSS and 
flexural 
strength. SLS 
test of adhesive 
bonded parts. 

Varying 
frequencies 
tested to 
determine 
heating 
performance, 
120◦C cure. 

Penetration 
depth higher 
than metals. 
Able to heat 
both side of 
SLS and cure 
adhesive 
effectively. 

Sánchez 
Cebrián et 
al [101] 

Huntsman 
ME 10049- 
4/LMB 
6687-2 

2 part heating 
method to 
reduce 
volatiles and 

Stepped cure 
cycle, up to 
140-180◦C, at 
25◦C/min. 

Cure time 
reduced from 
4 h to 30 min 
without  

Table 4 (continued ) 

Author Material Experimental 
setup 

Processing 
specification 

Significant 
outcomes 

epoxy 
adhesive, 
Cytec MTM 
44-1 CFRP. 

voids being 
created. 

increase in 
void content. 

Kim et al  
[102] 

3M F-163-2 
K adhesive 
film, AL- 
6061-T6 
aluminium. 

Carbon 
patched double 
lap aluminium 
joints for use in 
repairs. 
Compared 
oven and 
induction. 

120◦C for 90 
minutes for 
direct 
comparison 
to oven cured 
samples. 

Induction 
samples 
matched 
oven cured 
samples 
bond 
strength.  
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Sustainability as a topic has increased in prevalence around the 
pandemic, which has meant that the overall sustainability as a benefit is 
not discussed in detail in papers reviewed before this date. The primary 
focus of the papers has been the resulting composite mechanical prop-
erties, with authors assuming or not accounting for sustainability or 
being cost effective at the lab scale. Another issue that is considered in 
few cases is the effects of scaling up will have on not only the composite 
mechanical properties but on the economic practicality of it for com-
posite manufacturers. 

3.2. Control systems 

An aspect of novel curing methods is the control systems that 
accompany them. Closed loop PID control algorithms have traditionally 
controlled oven, autoclave and press plattern temperatures. These con-
trollers are suitable when longer time intervals are used and when 
temperature overshoots need to be avoided. When ramp rates in cure 
cycles increase from 2-3◦C/minute to 10-20◦C/minute, closed loop PID 
controllers would have to be tuned accordingly to optimise for each 
component [131]. These controllers are commonly Single Input Single 
Output (SISO) or Multiple Input Single Output (MISO) and are unsuit-
able for accommodating the uneven heating of a variety of cure methods 
or controlling heating in multiple and specific areas, which require more 
complex Multiple Input Multiple Output (MIMO) controllers [31]. 

There is an opportunity to use enhanced temperature and cure 
monitoring tools alongside these cure methods, as well as predictive 
cure models that can account for the highly controllable power inputs 
[85]. 

Non-conventional heating methods provide a new challenge to 
heating controllers to overcome some of the disadvantages, particularly 
localised or uneven heating patterns. Rapid heating would require 
updated or faster controllers, alongside predictive cure which could 
allow for more consistent quality cures. Because of these reasons, 
increased monitoring of the cure is required, which can increase setup 
cost, however, a key trend of Industry 4.0 is data collection [132,133], 
suggesting existing manufacturing methods will require this level of 
data collection in the future. 

MIMO control systems have been suggested as a solution to ensure 
even bulk heating of large composites, regardless of geometry [31]. 
These difficult control system problems are complex to implement, 
therefore systems based on pattern detection and understanding of the 
underlying physics have been developed. Zhou et al [36] developed a 
real-time thermal imaging monitoring system to improve the MW curing 
process. A database of heating patterns from different magnetron acti-
vations and therefore different standing waves are recorded in a data-
base. The composite is heated, and the heating pattern is fed back to the 
control system which calls on the database for an inverse pattern and 
alters control parameters to homogenise the heat pattern. The controller 
can adjust which magnetrons are activated, the frequency of the MW 
inputs and the power ratio Fig. 11. 

Pitchumani and Johnson [99] developed an active controller that 
moved an induction coil to the position in an X-Y plane of a composite to 
assist in heating resin to reduce viscosity and ensure there was an even 
flow front during the VARTM process. A method like this could be 
applied to local MW, induction, or IR transmitters to cure components 
locally. 

D. Kim et al. [111] produced a cure kinetic model of out-of-autoclave 
prepreg to control the cure of the prepreg at different lengths of outlife 
with high accuracy, however, stated that the model could be used to gain 
further efficiencies from existing manufacturing processes. 

3.3. Matrix modification for enhanced susceptibility 

Modifying polymers with fillers to improve material properties is a 
practice that has existed for decades, one of the most common examples 
being carbon black in tyre rubber to increase wear resistance [134]. 

More recently research has focused dispersion of graphene or carbon 
nanotubes in matrices, which enhances a variety of properties, including 
fracture toughness and tuning of electrical conductivity [135], which 
affects the susceptibility of many of the curing methods mentioned in 
this paper. 

Conductive resins, and therefore composites can increase the effec-
tiveness of novel curing methods [136] which commonly heavily rely on 
conductive fibres. Nanocomposites without reinforcing fibres have been 
cured using MWs [73,74], RF [49], direct electric [80,86–88] and in-
duction [102] successfully. 

An electrically conductive matrix in a CFRP composite would be 
more isotopically electrically conductive, therefore potentially more 
isotropic heating within novel curing methods. Mas et al [89] high-
lighted three examples of how CNT loaded epoxy could be used with 
electric cure, for composite fabrication, composite repair, and as elec-
tronic adhesive/solder. In all situations, it was possible to cure the 
epoxy, without the requirement of CFs as a conducting element. 

3.4. Modelling of heating methods 

Modelling of curing is vital for the acceleration of development of 
these methods, as experimentation is time consuming and costly. The 
majority of the methods mentioned require multi-physics modelling to 
provide effective and accurate results and due to the low TRL of this area 
of research, it is more accessible to do so on these less complex systems. 
Tertrais et al [137,138] have published initial modelling of a Vötsch MW 
cavity. The publications detailed the mathematical equation necessary 
to calculate in-plane and out-of-plane thermo-chemical analysis but 
included no results. 

Kim et al [139] successfully modelled the representative volume 
element of an electrically cured chopped strand CF composite, charac-
terising the heating behaviour dependent on fibre volume fraction. 

Nuhiji et al [67] successfully modelled and simulated an industrial 
scale MW using COMSOL Multiphysics. A quarter-scale model of the 
Votsch MW system was generated and a parametric study of heating a 
composite panel using a variety of frequencies and magnetron config-
urations. The analysis showed that as frequency increased from 500 
MHz to 2.45 GHz, the heat distribution within the panel became less 
homogeneous. The authors’ findings indicated that by altering the fre-
quency or the number of magnetrons, the heat distribution changed. 
This could then be used to inform future control algorithms to improve 
the composite curing process. 

Mitschang and Neitzel [140] used a predictive Finite Element model 
to generate parameters for use in a Continuous Induction Welding (CIW) 
process. The model aimed to reduce the quantity of physical testing 
required to validate the process parameters, reducing overall effort, 
time, and costs. The outputs were validated using a limited set of 
single-lap welded panels, using PPS reinforced with either plain weave 
or 5-Harness Satin. 

4. Conclusion 

Existing composite curing methods produce consistently high- 
quality components; however, this is one of their few advantages. The 
research covered in this paper shows that novel curing methods can 
produce equivalently high, or higher quality composites, and using 
considerably less energy. Depending on the method used there are also 
other significant advantages apart from the component quality, for 
example, increased heating rates, safer operation in thicker layups, and 
lower capital expenditure equipment. 

The low TRL of these curing methods means that the expertise, 
equipment, and time required to produce components of the same 
quality as existing methods are not feasible currently. As these methods 
are developed, standardisation will follow, allowing further research at 
higher TRLs and implementation in components in small specific cases. 

After the review of a wide range of novel curing methods, it is 

M. Collinson et al.                                                                                                                                                                                                                              



Composites Part C: Open Access 9 (2022) 100293

15

expected that the themes of future research in these areas will be:  

• Environmental impact: One of the most significant benefits of these 
novel cure methods is their energy efficiency compared to standard 
cure methods, however, this is explored in very little detail by most 
of the papers reviewed. As more scrutiny is put on the energy effi-
ciency of the composite supply chain,  

• Modelling of the novel cure methods: A Complex multiphysics 
methodology is required and has not been explored for many curing 
scenarios. For example, it has been investigated in detail for MW 
curing, however very little for electric cure.  

• Industrialisation and compatibility with existing methods: A lot of 
the research covered rarely considers how the process will work in 
industry, or how this transition can be made. This is expected in with 
low TRL research, however as these cure methods are developed, 
industrialisation needs to be considered in more detail.  

• Characterisation on component level: Significant research has been 
completed on the thermal and mechanical characterisation of com-
ponents manufactured using novel cure methods, which allows for 
easy comparison to existing cure methods. The next step for these 
comparisons is the component level comparisons, including the 
practicality and capital expenditure over a production series of a 
component. 

Research needs to continue in these areas to overcome these chal-
lenges to ensure the benefits start to outweigh the issues that still occur. 
Once these are solved, they can start to be tested in service and data 
collected with prolonged use, which will help wider adoption in high 
value industries such as automotive or aerospace. These future curing 
methods can solve the future requirements of these industries for quality 
and quantity, as well as meeting future energy saving requirements. 
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4. Materials and methods 
This section covers in more depth the materials and methods used in the studies covered 
throughout the thesis. The section further demonstrates the potential applicability of the methods 
to aerospace applications. 

4.1. Joule heating and self-sensing equipment 

The methods developed for Joule heating and electrical resistance monitoring for self-sensing are 
discussed in further detail below. 

4.1.1. Hardware selection: 

National Instruments equipment was primarily used throughout for both Joule heating and electrical 
self-sensing, mainly due to the wide range of data acquisition and control hardware that was 
available at the time within one chassis. A PXI (PCI eXtensions for Instrumentation) system was used, 
which integrated a controller for LabVIEW programming, with the following modules installed, 
categorised by their use cases: 

 Electrical self-sensing: 
o PXIe-4080 Digital Multimeter (DMM) – Enabling resistance monitoring in 2-point and 

4-point modes, with automatic adjustment of input current depending on resistance 
[1]. 

o PXI-2530B 128-Channel 4-wire multiplexer module – This enables a 4 wire 
connection to be switched over 32 resistance monitoring points, or a 2-wire 
connection over 64 resistance monitoring points [2]. This enabled a single DMM to 
scan and measure a large number of resistances in a short period. 

 Direct electric cure: 
o PXI-6229 Multifunction IO [3]: This equipment’s digital output was used to control 

relays to switch off the PSU in case of a system failure and provided the potential for 
future modulation of relays. It also monitored the safety controls such as emergency 
stop. 

o PXIe-4353 Temperature input module – This is a 32-channel thermocouple input 
module, with cold junction compensation [4]. The number of channels allowed for 
large amount of data to be monitored in areas of components being cured. 

o NI RMX-4124 programmable power supply unit (PSU) – This PSU provided high 
current limit to ensure it could provide enough power to the low resistance loads of 
the CFRP components [5]. It was also had drivers for LabVIEW, ensuring easy 
development of software. 

The DMM module was also reused for monitoring the resistance during piezoresistance testing of 
nanocomposites in chapter 8.  

4.1.2. Self-curing hardware and software setup 

A block diagram of the setup described in the previous section can be seen in Figure 23. 
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Figure 23: A block diagram of the direct electric cure setup, including NI PXI modules, power supplies and 
custom-made hardware. 

The relay and emergency switch off equipment was originally designed to be able to switch on and 
off multiple heating zones within the CFRP panel. This was to enable zonal heating, which would 
result in a more uniform temperature over the CFRP surface if modulated correctly. However, due to 
time constraints it wasn’t possible to implement and test this approach.  Nevertheless, it was used 
as an extra safety measure. The switching was utilised during the de-icing testing, where it was used 
to power two zones at different power levels.  

The thermocouple module had the capacity to monitor up to 32 thermocouples simultaneously, 
however the maximum used on the larger components was around 12. 

The LabVIEW code is too complex to fully cover in this section and is only a supporting feature.   
However, some of its highlights are detailed here. A screenshot of the final graphical user interface 
(GUI) can be seen in Figure 24. 
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Figure 24: A screenshot of the user interface of the direct electric cure LabVIEW software. 

The code was written as a producer consumer architecture, which worked effectively for this use 
case as there was data collected from many sources at varying sample rates. This architecture also 
allowed for accurate cycle timing, cycling every second. The program had the following features: 

 Generation of complex temperature cure cycles though a graphical user interface. 
 Simple PID temperature and power control, of which parameters could be adjusted during a 

cure cycle. 
 Calculation and adjustment of calculated power (using a secondary PID loop), allowing the 

PSU to be power controlled. The PSU was only controllable in constant current mode, some 
of the safety implications are discussed in the DEC paper in section 8. 

 Ability to control from any thermocouple, or the thermocouple showing the highest or 
lowest reading. 

 Logging metadata of the component, such as thermocouple positions over a panel, panel 
size, electrode setup, time & date. 

 Debug controls to adjust parameters during cure, such as PSU output and current limits. 
 Automatic CSV logging of all cure and control parameters. 
 Visual GUI for setting up cure parameters, such as thermocouple position. 
 Thorough error logging to assist with debugging. 
 Algorithm for the switching for de-icing modes, discussed further in section 5 de-icing work. 

4.1.3. Self-sensing hardware and software setup 

A block diagram of the self-sensing hardware setup can be seen in Figure 25. 
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Figure 25: A block diagram of the self-sensing setup, including NI PXI modules. 

Due to the limitation of the number switching inputs on the matrix module, there were multiple sets 
of ribbon cables, depending on the setup or electrodes that needed to be monitored. There were 
two sets for the panel PCB setup, one addressing only the electrodes on the perimeter of the panel 
(used by XY  scan pattern), and one that addressed the electrodes in the centre of the panel and 
alternating the perimeter electrodes (used by the 2PZ & 4PZ scan patterns, effectively half density of 
all electrodes available), therefore only some electrodes being used in both use cases. In the case of 
the modular scanning setup, the ribbon cable could connect to 4 modular PCBs at the same time. For 
an area covered by more than 4 PCBs, it would allow for a set of 4 to be scanned, then move the 
ribbon cable from the 1st to the 5th PCB, then rescan. This could be repeated as many times as 
required depending on the size of the scan area. Further details on this setup are described in 
chapter 8. 

The software was written in multiple stages and different programs were written for different panel 
and PCB configurations.  However, they followed the main reoccurring design pattern, namely: 

 Input the exact number of electrodes in the set configuration to the GUI. 
 Software calculates the electrode positions and numbering. 
 A scan pattern based on the PCB and scan mode used is generated. 
 This is converted to NI proprietary code for switching driver to run. 
 Collect data and log resistance values into a CSV. 
 Interrogate data manually, or 
 Convert datapoints into a matrix, interpolate and generate a heat map. 

Because the electrode positions and resulting switch connection were so different between 
methods, a separate program was created for each method for logging the data and automatic 
interpretation. For trials on the panel PCB setups, such as XY and 4-point zone, the results could be 
interpreted within Excel. Larger data sets such as 2-point zone, or data collected with the modular 
PCB’s were processed automatically in LabVIEW. This enabled the removal or replacement of Not a 
Number (NaN) readings, interpolation between values and generation of heat maps.  
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4.2. Other methods and equipment 

4.2.1. Impact tower setup 

For the self-sensing development in chapter 8, impact damage was generated in samples using a 
Imatek IM1C impact testing machine, seen in Figure 26. It has a maximum drop height of 1.5 metres, 
with an impact energy range from 1 J to 98 J. This equipment is specifically designed to impact 
samples according to ASTM D7136, with a composite specific frame for 200 x 100 mm samples to be 
secured. It has features such as a second impact protection system, where the impactor is lifted 
away from the sample after the first impact, so further damage doesn’t occur. It also has force 
measurement transducer in the impactor head, however this data was only used to verify the impact 
was successful.  

 

Figure 26: Imatek IM1C impact tower installed at the AMRC. 

To determine the energy required to generate barely visible impact damage, 200 x 100 mm clamped 
samples of the same layup and materials as the panel PCB samples were used (8-plies of Cycom 
5320-1) except without the PCB interleave. This was done by impacting a set of samples with 
increasingly higher impact energy and visually inspecting the damage that occurred. The impact 
tower’s clamping system was configured for 200 x 100 mm samples, therefore it had to be modified 
for the larger PCB panel samples.  

4.2.2. Differential Scanning Calorimetry (DSC) for degree of cure monitoring 

For all DoC monitoring in the studies in this thesis, a Perkin Elmer DSC 4000 with an intracooler was 
used. Any analysis was completed using the software supplied with the hardware (Pyris), which 
enables calculation of the energy generated per gram. Samples were weighed with a 4-point scale 
prior to testing. 
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Figure 27: Perkin Elmer DSC 4000 [6]. 

This Differential Scanning Calorimetry (DSC) equipment was used to provide estimates of degree of 
cure of the components manufactured using direct electric cure and the cure modelling algorithm.  
DSC works by comparing the heat (calorific) output of a sample to an empty reference sample, hence 
the differential in the name. It monitors the heat output over time, which is commonly completed 
with a temperature scan, in this study from 30 °C to 300 °C. The total heat output per gram of 
sample can provide an indication of the degree of cure, as the crosslinking process in epoxy cure is 
an exothermic process. There are multiple ways to interpret these results, as degree of cure is not 
well defined, and this can cause the results to seem better than they are. 

One way to interpret it is on a scale of 0-100 %, where 0 % DoC is the sample state when the energy 
in the sample after the initial epoxy-hardener mixing, or 0 hours out life if pre-preg (despite being b-
staged during manufacture), and 100 % cured has J of energy released/remaining from the sample 
during testing. This will give a good indication of the remaining percentage of molecules that remain 
to crosslink. However, it is very rare for cure cycles for commercial resin systems to designed to 
achieve 100 % DoC after a cure and post cure, despite the high temperature and lengths of some of 
these cycles. The resulting DoC using this measurement can be anywhere from 85 to 97 %, which 
could be misinterpreted as all results being under cured, or not completing a cure cycle correctly. 
However, this under curing is intentional, as it allows for refinement of the material properties of the 
end component, particularly allowing desirable reduction in the flexural stiffness of the resulting 
resin or component. 

Another approach is to define 100 % cure as the energy remaining after completion of the 
manufacturer’s recommended cure cycle. This again can be confusing, as it allows for results of over 
100 % DoC to occur. 
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4.2.3. C-scan equipment 

An Olympus Omniscan MX-1 unit with a phased array ultrasonic module was available to verify 
impact damage in composite samples.  An encoder wheel was used to enable C-scan data to be 
collected.  

 

Figure 28: Olympus Omniscan MX [7]. 

It is relatively simple to setup the unit to detect different the ultrasonics characteristics and flaw 
sizes within composites.  However it is complex to setup effective reporting, and the file format does 
not enable copying for later post-processing using a PC.  Given these limitations this older unit was 
used for BVID verification only. 

The details on how ultrasonics can be used to detect damage in composites can be found in chapter 
2. 
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5.1. Author declaration, background and reflection 

This conference proceeding was conceptualised, investigated, authored, edited and presented by 
Matthew Collinson for the 2nd CIRP conference on composite material parts manufacturing in 2019. 
Simon Hayes assisted with the conceptualisation, supervision and reviewing of the paper. Stefanos 
Petropoulos assisted with the experimental work and post processing of the data generated. 

This work was early during my PhD studies, where previous literature had indicated that increasing 
the conductivity of the matrix could improve the performance the DEC and self-sensing 
technologies, which I was developing in parallel. Working with nanoparticles in this study led to the 
realisation that the method is not robust or repeatable to increase conductivity, nor was it 
compatible or easily applicable to pre-preg or VARTM manufacturing processes. The resulting 
nanocomposites were tested in de-icing and self-sensing experiments as electrode-carbon fibre 
interface, however there was little or no system conductivity increase. In many cases, it increased 
the range of the conductivity readings due to the low homogeny of the nanocomposites, or led to 
conductivity decreases, resulting in hotspots, and burning during the Joule heating experiments. I 
believe that CNTs are unlikely to find commercial success in composite matrix systems, due to the 
complexity of processing [1], the occupational health risk they pose [2], and their current enormous 
energy input required to manufacture [3]. 

5.2. Amendments and clarifications 

In Section 3.2, paragraph 1 and 2, it is stated the conductivity of the graphite mixed samples doesn’t 
change between mixing methods. This is incorrect, as it can be seen in Table 2, that when hand 
mixed, both batches of graphite have significant increases in conductivity, compared to mechanical 
methods. This discussed later in section 3.4. 

In the conclusion, it is stated that there is no significant change in gauge factor in respect to 
manufacturing methods and loading percentage of the nano particles. This is meant to conclude that 
there are limited conclusions and trends that can be taken from the gauge factor data. The gauge 
factors of hand mixed samples are lower on average compared to mechanical methods.  The gauge 
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factor of shear mixed samples appears to rise with loading percentage, however not enough samples 
were tested to confidently conclude this.  
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1. Introduction

Nanocomposites, the combination of a polymer matrix and 
a nanoscale reinforcement, have attracted significant research 
interest, particularly with the increased commercial availability 
of carbon-based nanostructures such as carbon nanotubes, 
graphene and graphite. Combining polymer matrices such as 
thermoplastics or epoxy resins, which are all electrically 
insulating, with these nanofillers has shown increased material 
properties. In particular fracture toughness and thermal 
conductivity, and also enhancing the material with new 
properties, such as conductivity and piezoresistance. The 
realisation of these properties allows for exciting developments 
in design of composite materials, in particular, multifunctional 

composites. These include, but are not limited to: piezoresistive 
sensors, antistatic protection, localised joule effect heating and 
increased heat dispersion, meaning extra external devices on 
the part are not required.

Benefits like these are of interest to the aerospace and 
automotive industries, where light weighting is of significant 
importance due to legislation limiting emissions, which leads 
to reducing fuel usage, resulting in increased profitability. 

Manufacturing of nanocomposites is a difficult process for 
most standard composite part manufacturers. Unprocessed 
carbon nanotubes and graphene need functionalisation, which 
is the enabling chemical compatibility between the filler and 
the matrix. This requires a strong knowledge of the nanofillers 
and the resin, as well as specialised chemical processes. These 
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Abstract

Nanocomposite materials are attracting significant interest as matrices for conventional composite materials, where their 
increased electrical conductivity present the possibility of multi-functional properties, such as embedded heating and 
electromagnetic shielding. One problem facing the increased use of the nanocomposites is their rapid and efficient production. 
Three different mixing methods: 3-roll mill, shear mixing and hand mixing were tested to mix carbon nanotubes (CNTs) and 
graphite into epoxy resin. The electrical conductivity and piezoresistive response of the resulting nanocomposites were measured 
and compared to the relative rate of nanocomposite could be produced. Maximisation of the functional properties is important, 
but speed of throughput is also essential, thus enabling larger and production ready components to take advantage of the 
additional functionality. Because of health and safety concerns during material handling of nanoparticles, this study employed a 
premixed CNT masterbatch (Arkema) and graphite powders (Superior Graphite), as these do not require specialised health and 
safety equipment to process, making industrial application more viable. It was found that the 3-roll provided the largest increase 
in conductivity out of the three mixing methods, and hand mixing and shear mixing performed similarly. Piezoresistivity was 
seen in all modified samples, however gauge factors were difficult to determine due to underdeveloped sample contact and 
preparation methods.
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nanoparticles also in their raw form require strict and costly
health and safety controls, due to their comparison to asbestos 
and potential carcinogenic nature [1].

Once these issues are resolved, for nanocomposites to be 
effectively integrated into a component to enable smart 
functionalities, they need to be able to be processed using a 
medium to high throughput processes. Many previous studies 
have used a variety of mixing and dispersion methods, such as 
sonication [2], solvent evaporation [3], ball milling, dissolver 
disk mixing [4], shear mixing and 3-roll mill [5]. These all have 
varying levels of success at dispersing the nanoparticles evenly 
in a matrix, but have not been considered for manufacture 
beyond laboratory scale. Whilst it is important to obtain a high 
level of dispersion and therefore improvements in material 
properties, in this case primarily electrical conductivity, the 
ability to manufacture at a higher rate needs to be taken into 
account. 

For this study, processability and practicality have been 
prioritised, from the material selection to the equipment used 
to manufacture the nanocomposites, in view to manufacture 
fibre based composites in the future. This means that 
conductivity vs filler content needs to be scrutinised, as 
manufacturing a composite with a high percentage of 
nanofillers is difficult due to the filtering effect when infusing. 
This can be alleviated with different manufacturing techniques 
such as pre-pregging, however are costly and prohibitive in a 
development environment, and also not relevant to industries 
such as automotive. Keeping the nanofiller weight percentage 
low will allow for the resin to retain its low viscosity, whilst 
having fewer nanoparticles to be filtered out when 
manufacturing along the length larger scale fibre composites.

The materials selected are either pre-functionalised in a 
DGEBA-CNT masterbatch (Arkema), or do not require any 
functionalisation, namely super expanded graphite flake
(Superior Graphite) which will be mixed directly into resin. 
The CNTs used are Multi Walled CNTs, having 10-15 walls of 
10-15nm in diameter, with an aspect ratio of 600-700. The 
graphite used is a super expanded graphite flake, with 90% of 
the particles being 17.6µm or smaller.

The mixing methods have been selected based on
effectiveness, market availability, time to process and cost. The 
3-roll mill was selected as it was a recommended method by 
the CNT masterbatch manufacturer (Arkema) as the optimal 
dispersion method and therefore the method has also been 
replicated for graphite. Another industrial method suggested by 
the literature and the manufacturer is a high shear mixer, which 
is seen more commonly in industry for efficient mixing and 
dispersion of solutions. The final method used in this study is 
hand mixing of the materials into the resin, which is used as a 
low effort comparative baseline, to show what conductivity can 
be achieved with little equipment expenditure.  

CNTs were primarily investigated in this study due to their 
higher conductivity to weight ratio compared to graphite, and 
therefore more dispersions at different percentages were 
manufactured. Future consideration needs to be taken into 
account when these nanocomposites are to be used as matrices 
in fibre composites, where it is important that low as possible 
percentages of filler are used so that they can be infused and 
distributed between fibres evenly. When high percentages of 

larger particles are used, filtration occurs between and through 
fibres when infusing along a fabric, and on a smaller scale, 
through thickness, which leads to uneven distribution, and 
inhomogeneous material properties [6]. Another reason to use 
lower percentage weight of nanoparticles is to limit the change 
in mechanical properties, whilst they are commonly reported as 
an increase, in some cases they can reduce some mechanical 
properties.

The piezoresistive mechanism of these nanocomposites is a 
complex one and not yet fully understood.  It is know that there 
is high contact resistance between the nanoparticles in the 
polymer matrix, also known as the tunneling effect, of which 
when strained increases this contact resistance. This tunneling 
effect is influenced by the makeup of the internal percolation 
conductive network, such as weight % loading, particle 
conductivity, cross sectional area and particle alignment [7].

2. Experimental 

2.1. Resin preparation and dispersion method

An toughened epoxy system (Gurit Prime 180 [8]) suitable 
for RTM and infusion was selected as the matrix for the 
nanocomposites, due to its low ambient viscosity and overall 
high processability. Two types of nanocomposites were 
manufactured, at different percentage loadings, to evaluate 
conductivity and piezoresistivity depending on the dispersion 
method used. The base materials for the two mixtures were 
MWCNTs pre-dispersed at 25% by weight in a DGEBA resin,
supplied by Arkema (CS1-25), and super expanded graphite 
flake, supplied by Superior Graphite (FormulaBT LBG8010).

The CNT masterbatch requires mixing and coarsely 
dispersing into the resin, before any further mechanical mixing 
or processing. This was done by hand mixing the pellet style 
masterbatch into the resin at 80 °C, leaving overnight at 
temperature, then mixing by hand periodically until the pellets 
had visibly dispersed into the resin. CNT samples were 
prepared at 0.1, 0.25, 0.5 0.75 and 1% by weight, recommended 
by the manufacturer and previous studies on MWCNTs [9] .

The graphite nanocomposites were processed in a similar 
way, with the graphite being hand mixed in, then left over night 
and mixed periodically until visible dispersion had been 
achieved. Graphite samples were prepared at 5.3% and 6.5%
by weight [10].

Table 1 : Summary of materials used, processing method and weight 
percentages tested.

Material Processing method Wt. %

CNT

Shear mixed 0.1, 0.25, 0.5 0.75 and 
1%3-Roll milled

Hand mixed

Graphite

Shear mixed

5.3% and 6.5%3-Roll milled

Hand mixed

A batch of 500 ml resin and filler was prepared for each 
dispersion and mixing type, then the mixtures were dispersed 
further in the three different ways (Table 1). All these processes 
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were completed with the resin at 80 °C at the start of the mixing 
processes.

A 3-Roll mill (Exakt) was used to then further disperse the 
fillers into the resin. The resins were processed twice, from 90 
microns to 30, and then from 15 to 5 microns, which was the 
minimum gap possible with this equipment.

Shear mixing (Greaves) was used on the pre-mixed batches 
at 1500 RPM for 60 minutes, using a stator mixer head.

Hand mixing was completed as per the preparation for the 
two mechanical dispersion methods. Heating was instead 
completed on a hotplate, and hand mixing was done for 30 
minutes continuously, ensuring that the pellets were dispersed 
in the case of the CNTs

2.2. Sample manufacture

Once the nanocomposite blends had been prepared, 
hardener was added at 50% of the original resin weight used, 
which was mechanically mixed in with a stirrer. Immediately 
after stirring they were cast in dog bone style silicone moulds, 
at 6 casts per sample, with the sample geometry conforming to 
ASTM D638 [11], and placed in a curing oven at 120 °C. 
Particularly in the case of the CNTs, agglomeration starts
immediately, which can reduce the electrical and mechanical 
properties of the samples. Some agglomeration is required so 
that a connected electrical network is made, however if allowed 
to develop further, the agglomerations become so large that the 
electrical network is lost. This is further discussed in Section 0. 
After curing, the meniscus of the samples was removed using 
a water assisted polishing wheel, which also ensured correct
sample thickness was achieved. 

2.3. Measurement of conductivity

The 4-probe resistivity method was used, which has 
previously been used successfully to measure conductivity of 
composites and nanocomposites accurately. This method can 
be practically applied in a composite part design situation as it 
doesn’t require significant design changes to the composite 
[12].

The polishing of the samples during manufacture also 
provided adequate surface preparation for applying highly 
loaded silver epoxy adhesive (RS Components). This ensured
contact resistance was minimized during conductance and 
piezoresistance testing. A National Instruments PXI 4080 
digital multimeter was used for the 4 point conductivity 
measurement, which was recorded values every 100 ms during 
the piezoresistive testing. Resistance was automatically 
calculated by the National Instruments drivers, with using a 
current injection value depending on the resistance of the 
sample being tested. This allowed a large range of sample 
conductivities can be accounted for, whilst still providing 
accurate resistivity values.

Fig. 1. Experimental setup for piezoresistive testing of dog bone samples, 
with the 4-point method attached to the sample whilst in the grips of the 

tensile testing machine.

The resistance value is then corrected for cross section of 
the sample, and the length between the electrodes for 
measuring voltage, seen in Equation 1.

𝑅𝑅 = 𝑉𝑉
𝐼𝐼
𝑤𝑤𝑤𝑤
𝐿𝐿 𝛺𝛺. 𝑐𝑐𝑐𝑐 (1)

Where 𝑉𝑉 is voltage, 𝐼𝐼 is current, 𝑤𝑤 & 𝑡𝑡 are width and 
thickness of the sample, and 𝐿𝐿 is the distance between the 
electrodes for measuring voltage.

Flat, crocodile style clips were used to clamp onto the 
sample, with the side not prepared with silver epoxy being 
insulated from the clip, of which can be seen in Fig.1. The 
sample was insulated from the tensile test clamp to ensure no 
electrical interference.

Piezoresistance is a change in a materials resistance in 
response to mechanical strain. Gauge factor (GF) is a way of 
quantifying this response, as seen in the equation below.

𝐺𝐺𝐺𝐺 = ∆𝑅𝑅 𝑅𝑅0⁄
𝜀𝜀 (2)

Where 𝑅𝑅 is the resistance of the sample, ∆𝑅𝑅 is the change in 
resistance and 𝜀𝜀 is the strain of the sample. This allows for 
characterisation of the response of the material, depending on 
the sample tested. If a material’s conductivity change can be 
measured in service, and the gauge factor is known, then the 
strain can be estimated.

2.4. Measurement of strain

Tensile testing was completed with a Shimadzu EZ Test 
machine, run at 2 mm/min as per the ASTM specification. 

Machine compliance was tested using an unloaded epoxy 
sample with a strain gauge applied. Clip gauges were tested as 
a possible re-usable strain sensor, however these short circuited
the resistance measurement and proved unreliable when 
insulated, hence the use of calibrated machine measured strain.

Strain was therefore assumed to be the change in length of 
the sample against the original length of the sample, as 
described in Equation 3 below.

Copper 
contact clip 
on silver 
adhesive

Prepared 
sample in 
tensile grip

4 Point 
conductivity 
test probes 
to DMM
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𝜀𝜀 = 𝑙𝑙𝑇𝑇−𝑙𝑙0
𝑙𝑙0

(3)

Where 𝜀𝜀 is strain, l is the length of the unloaded sample, and 
𝛿𝛿l is the change in length in respect to the unloaded sample. 
These restrictions will mean that sample slippage in the grips 
will not be accounted for, which would be if a strain gauge was 
used for example.

3. Results and discussion

3.1. Manufacturing observations and considerations

As seen in previous studies [13] and in practice, the 
manufacture of high quality dog bone samples in epoxy resin 
is a challenging process. Issues included manufacturing a void 
free sample, with defect free edges, without a meniscus, which 
could lead to premature sample failure. In unmodified epoxy 
samples, voids were visible, however in modified opaque 
samples, potential voids were no longer visible, particularly in 
highly loaded samples. For the opaque samples, manufacturing 
methods were improved where the voids were visible, then 
were eventually eliminated through improvements in 
procedure.

The polishing of the samples also proved to have the 
benefits of removing the meniscus, bringing the thickness of 
the samples to specification, and providing repeatable surface 
preparation conditions for the application of the silver epoxy 
adhesive.

3.2. Sample conductivity

Of all the samples, the 3-roll mill proved to be a more 
consistent dispersion method compared to the shear mixer and 
the hand mixing for CNT composites, providing higher
conductivities at equivalent percentage loading of fillers, 
summarised in Table 2 and Fig.2. Not enough data was 
collected to determine if this effect was experienced in the
graphite mixtures, with little variance in conductivity between 
the manufacturing methods. Shear mixing did not provide an 
increase in conductivity over hand mixing in CNT samples, 
which would have been expected for it being a high shear 
process. With all mixing methods the percolation threshold was 
0.25-0.5% for CNTs, with this being much closer to 0.25% for 
the 3-roll mill processed samples. It wasn’t possible to 

determine the percolation threshold for the graphite 
nanocomposites with the data available.

The CNT masterbatch requires high shear forces to break up 
the pellets and coarsely disperse into the resin, whereas it 
appears the graphite in powder forms require only basic mixing 
to disperse effectively. This is highlighted when comparing the 
increase in conductivity from hand mixed to the 3-roll mill for 
both fillers: CNTs have a large increase, whereas graphite 
powders do not change.

The increases between mixing methods for the CNTs may 
be due to the heavily loaded masterbatch requiring high shear 
to be broken apart properly, which the shear mixer cannot
provide. Another reason, suggested by the manufacturer, is that 
shear mixing can on occasion damage the CNTs, breaking the 
walls or making them shorter. This would damage the 
connections within a percolation network, however there is 
little evidence of this in any previous studies that suggest that 
shear mixing doesn’t have the energy density to damage CNTs 
[14].

Another reason for the lower conductivity of the shear 
mixed samples could be due to the way that the mixer head sits 
in a batch of epoxy-nanoparticle mixture. With this 
configuration, it is not always guaranteed that all the resin is 
processed evenly, or is passed through the mixer head an equal 
amount of time. Full processing of the mixture is more 
guaranteed with a 3-roll mill, which would be more suitable for 
a continuous process.

Fig. 2. Conductivity of the CNT dispersions, comparing 3-roll mill to shear 
mixing and hand mixing.
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Table 2 : Mean conductivities for CNT and graphite, for hand mixing, shear mixing and 3-roll mill

Material & loading wt. 
% 

Conductivity 3-roll 
mill mS.cm

SD Conductivity shear 
mixing mS.cm

SD Conductivity hand 
mixing mS.cm

SD

0.1% CNT 7.71E-04 ±4.57E-04 5.85E-04 ±4.00E-04 2.29E-04 ±1.11E-04

0.25% CNT 7.51E-03 ±1.29E-03 1.48E-03 ±5.19E-04 2.66E-03 ±2.52E-03

0.5% CNT 1.82E-02 ±8.53E-03 5.44E-03 ±3.02E-03 3.60E-02 ±7.71E-03

0.75% CNT 8.35E-02 ±7.11E-03 6.62E-02 ±3.64E-03 5.61E-02 ±1.42E-02

1% CNT 3.97E-01 ±3.62E-02 8.21E-02 ±8.61E-03 1.08E-01 ±4.40E-02

5.3% Graphite 8.75E-04 ±1.86E-05 9.19E-04 ±1.36E-04 1.25E-01 ±2.19E-02

7.5% Graphite 1.66E-03 ±6.02E-04 2.41E-03 ±1.41E-03 3.09E-01 ±3.85E-03
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Re-agglomeration of the nanoparticles is a crucial process 
that occurs enabling the conductivity of samples. A 
theoretically 100% distributed epoxy-particle mixture would 
result in no particles touching one another, which would give a 
homogeneous mixture, however would give the mixture 
electrical conductivity equivalent of the matrix, resulting in an 
insulator. Van der Waals forces are present between the 
conductive particles, leading to the particles to bunch together 
in groups, also known as agglomeration. The interaction of 
these particles leads to the conductivity of the resin increasing 
due to the percolation network growing, allowing more paths 
for the current to flow.

The agglomeration of the particles is something that 
continues to happen over time, leading to larger agglomerates. 
If left over a long period, the agglomerates continue to increase 
in size up to the point they become large enough so the 
percolation network becomes disconnected. The agglomerates 
no longer have links between them, therefore the conductivity 
is reduced, leading to a similar problem to perfectly distributed 
particles.

Agglomeration of CNTs in epoxy resin was investigated by 
Inam and Peijs [15], looking at average agglomerate size over 
time in epoxy resin, hardener and after mixture of the two. 
Agglomeration size stays low over time when mixed with just 
the epoxy for all variations of CNTs. Once CNTs were mixed 
with hardener, they agglomerated very quickly, leading to 
agglomerations four times larger than was observed in the 
epoxy after 200 minutes. This is in line with many studies that 
explicitly initially always mix the CNTs with the resin as
opposed to the hardener component, and with what was 
observed by the naked eye in this study (Fig.3). CNT-Epoxy 
mixture was stored for days with no visual agglomerations, 
whereas when mixed with the hardener, agglomerations were 
visible if left to cure at room temperature, seen in Fig.3.

Agglomeration of the graphites were not seen visually, most 
likely due to the larger particle size, of which Van der Waals 
forces do not affect in the same way. This is also confirmed by 
the little difference in conductivities between mixing methods.
This effect may have been further helped by the low viscosity 
of the resin used in this study, which would have enabled 
accelerated movement of particles, and therefore quicker 
agglomeration.

Fig. 3. Example of extreme visual CNT agglomeration in epoxy resin at 0.5% 
wt.

3.3. Sample piezoresistivity

All the epoxy samples that were modified with either CNTs 
or graphite showed a piezoresistive response. All graphite 
samples had a higher gauge factor than the CNT samples, 
however when corrected for their higher loading percentages, 
the loading efficiency was lower than the CNTs. When 
correcting for the wt.% loading of the filler in each sample, it 
appears that the lower the CNT loading, the more efficient the 
gauge factor response is.

One of the largest factors in obtaining a good quality 
piezoresistive signal was the quality of the connection between 
the DMM and the sample, with clip connectors seen in Fig.1. 
Poor connections and electrical interference from the 
conducting grips on the tensile testing machine led to noisy 
results, which were inconclusive. Tighter grips and insulating 
the part from the grips led to more consistent results, of which 
an example can be seen in Fig.4. These responses were 
consistently in line with the axial strain when normalised. The 
change in resistance and the axial stress were normalised in 
respect to axial strain, of which the response of the resistance 
change is directly related to the stress. Whilst there were only 
a few of these samples that showed this positive response, 
showing good replication of the samples, the overall method 
had poor repeatability.

Fig. 4. Example of a piezoresistive response from a 0.25% by wt. CNT epoxy 
sample processed in the 3-roll mill.

Gauge factor was determined for each concentration and 
manufacturing method, which ranged from 0.5 to 3.1 for CNT 
composites, and from 7.8 to 33.4 for graphite composites, as
summarised in Table 3.

Even though there were 6 samples manufactured per method 
and concentration, there were only one or two good results per 
set. This led to large variability and inconsistency in the results,
which have been presented in Table 3. Where results aren’t 
presented, it wasn’t possible to get a piezoresistive response.
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Table 3 : Mean gauge factors for all samples tested.
Material & 
loading

Gauge factor 3-
roll mill

Gauge factor 
shear mixing

Gauge factor 
hand mixing

0.1% CNT 0.49 N/A N/A

0.25% CNT 2.85 1.37 1.10

0.5% CNT 3.09 0.72 2.10

0.75% CNT 2.39 2.62 1.88

1% CNT 0.89 2.94 1.87

5.3% 
Graphite

7.84 8.81 13.6

7.5% 
Graphite

27.75 33.39 7.40

For the graphite samples, an increase in gauge factor was 
seen in the mechanically mixed samples when loading was 
increased, however this same pattern did not occur for the hand 
mixed samples. It seems that when using high shear mixing 
methods on the graphite samples, the gauge factors are similar, 
however see a large change, for better or worse when hand 
mixing is used. This may be due to lack of consistency of the 
hand mixing method, of which is significantly less controlled 
than the mechanical mixing methods.

The noise issues and variances in gauge factor may have 
also been affected by the resistivity and therefore gauge factor 
of the connection method, which could have dominated the 
response. Whilst attempts to reduce contact resistance were 
taken, it is possible that the negative gauge factors of the 
contacts were interfering with the results. This is more 
frequently seen in the measurement of CFRP piezoresistive 
samples [16], but still could be possible in the testing 
completed here. 

It would be recommended to directly bond on the wires to 
the samples with conductive adhesive, rather than using clips, 
to ensure that the connection is more repeatable and consistent. 
On in service parts, the connectors are likely to be integrated 
into the part during manufacture and therefore be more durable, 
however there is limited research in this area and therefore 
wasn’t pursued during this study.

The responses and gauge factors seen in the samples allows
for potential composite smart functionalities, if these resins 
were to be integrated into or applied to the surface of 
composites. The gauge factors seen in this study would allow 
for smart sensors, replacing strain gauges at low cost, where 
typically a gauge factor of a Constantan or nickel-chromium
strain gauge is around 2 [17]. The quality of the response, when 
a good connection was available was high, giving a very 
consistent and high quality response, comparable to a strain 
gauge. This case, and other investigations on nanocomposites 
consistently get within this gauge factor range [18]. This could 
allow lower cost and less sensitive equipment to detect strain, 
and eventually damage in composites, without having to apply 
a strain gauge to the structure, which is a time consuming and 
expensive operation.

Consistency of the measuring of composite samples is still 
an issue, of which a standard test method needs to be developed 
and agreed upon. Even when taking in to account 
recommendations from previous studies, it is still a challenge 

to get consistent contact resistance when applying electrodes to 
a sample.

3.4. Manufacturing rate

3-Roll mill, high shear mixing and hand mixing were 
selected as mixing methods as they vary largely in initial cost, 
ease of use and processing time. 3-roll mill and shear mixing 
are commonly used techniques for particle dispersion in 
mixtures, with hand mixing used as example of minimum effort
and cost of what can be achieved.

To compare the methods, literature was examined to ensure 
the highest level of dispersion was achieved using each 
method, taking into account the low viscosity resin being used, 
as described in section 2.1.

The 3-roll mill was the most time consuming and hands on
method for dispersion, as the resin mixture has to be fed 
through slowly, and requires careful cleanup after use. To feed 
through 500 ml of resin containing fillers takes around 20 
minutes, which increases in duration as the gap between the 
rollers is reduced. This process has to be repeated more than 
once and requires user supervision throughout. The pouring of 
the resin from old containers to new, to not contaminate 
samples, leads to resin waste, as does resin that is stuck on 
rollers and not processed. This process could be adapted to be 
run continuously, which would not require cleaning as often, 
and would reduce wastage.

High shear mixing is easier to run when working with 
batches, as the mixture can be left to run without supervision. 
The samples for this study were mixed for 60 minutes, but were 
left unsupervised during this time, making it more suitable as 
an industrial process. Mixers of this type are also available that 
convert the method from a batch process to a continuous one.

Hand mixing was the most simple, however most labour
intensive, and operator dependent on the final dispersion. In 
small batches this method is a useful comparison, but unlike 
the other methods, it isn’t suitable for scaling up to large 
manufacturing rates.

In the case of the CNTs, the high shear methods were the 
only ones that provided the higher conductivities and therefore 
more even distribution. This is partly due to the highly loaded 
masterbatch format they are provided in, requiring force and 
heat to break them apart.

Graphite mixtures did not benefit from the mechanical 
dispersion methods as shown by the conductivities seen in 
Table 2.

3.5. Future use cases

With all the research activity around nanocomposites, 
particularly around their benefits to increasing material 
properties, it is important to know how to process and test the
resulting nanocomposites to ensure that they are being 
manufactured optimally and obtaining the expected final 
properties. This study was completed to understand these 
dispersion methods and the factors that affect the final 
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conductivities of the samples, particularly the interface method 
between the sensing equipment and the nanocomposites. 

Being able to measure the conductivity and piezoresistivity 
of a composite, or nanocomposite accurately opens up 
opportunities for multifunctional composites, beyond a 
structural material. The primary additional function would be 
integrated structural health monitoring (SHM) systems, being 
able measure strain in a structure, as well as impact damages.
Other uses for conductive composites could be for other 
electrical interfaces, such as effective static dissipation and 
joule heating applications such as direct electric cure.

4. Conclusion

The processing and mixing methods of fillers in epoxies are 
critical to getting the required performance, in this case 
electrical conductivity, and subsequently piezoresistivity. 
CNT-epoxy composites had higher conductivities compared to 
graphite-epoxy composites for a much higher loading content. 
Significantly higher conductivities were found when mixing in 
CNT masterbatch when using the 3-roll mill, compared to the 
shear mixer and hand mixing, which performed similarly.

Piezoresistivity was found in all composite samples, with 
there being no significant change in gauge factor between 
manufacturing methods and loading percentage.

Measuring conductivity whilst loading the sample proved 
difficult, with signals dropping out, and giving consistently 
different gauge factors within the same set of samples, even 
when conductive paint and copper clips were used to achieve a 
high conductivity connection. More research is required to 
enable consistent piezoresistive testing, so that studies can be 
compared more easily, and results within studies are more 
consistent.

This study has shown that it is possible to manufacture and 
process nanoparticle modified resins with high conductivities, 
without requiring high expenditure equipment or health and 
safety controls or processes, enabling more accessible research 
and product development into multifunctional materials.
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6.1. Author declaration, background and reflection 

As the first author, I authored, developed the methodology, completed experimentation and edited 
the paper. The concept was developed by Simon Hayes, built on earlier work he authored, and I 
developed the experimental work [1]. Over the 3 years of developing the technology, all authors 
assisted in the experimental work, particularly Matthew Bower when it came to the larger more 
complex layups. Tim Swait, Betime Nuhiji and Simon Hayes provided supervision throughout, and 
helped with the final paper editing. I was responsible for submission and responding to the peer 
review process.  

The larger leading-edge components were used in section 7.1 for de-icing, as they also contained the 
plies near the surface that enabled Joule heating. The performance and potential of the de-icing 
components, led to further grant funding for the Joule heated composite tooling in section 7.2. 

6.2. Amendments and clarifications 

In section 3.2, paragraph 5, it describes that edge trimming is used in many component manufacturing 
situations. If DEC isn’t able to heat the edge of the component fully, as seen in Figure 4, this trimming 
operation could be used to trim areas that are not fully cured. If this is considered during the design 
phase, additional material or insulation could be added in these areas to assist the cure and ensure 
that the final trimmed part is fully cured.  

In the same paragraph it also describes the patterns seen in figure 4, which show that average 
temperatures are lower at the end of the dwell, than the start. To clarify, it is expected that the higher 
power inputs seen during the ramp phase can ensure more even heating.  

The description of figure 5 isn’t clear, it should read “Summary of DSC results of 575 × 575 mm pre-
preg panel, comparing relative DoC from oven cured to DEC cured.” 

The Nomex core described in section 3.5 was 5 mm thick. 

In section 3.6, BigHead fasteners are described as electrodes, however they are only part of the 
electrode setup. The fasteners used were steel, with no mechanical connection to the copper sheets 
used as the main contact electrode, which would reduce robustness. The materials used within the 
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composite would induce galvanic corrosion if not removed. This isn’t an issue if the electrodes are 
removed after DEC, however it may be an issue in later Joule heating technologies where they are left 
in the product.  
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A B S T R A C T   

Curing aerospace composites is time-consuming with high energy requirements, particularly when using 
methods such as autoclaves, ovens and heated presses. This study investigates direct electric cure (DEC), which 
uses the Joule effect to directly heat carbon fibre composites to their cure temperature. Its benefits include a 
significant increase in energy efficiency, control over the cure temperature and low void content compared to 
oven curing. Samples were manufactured with vacuum-assisted resin transfer moulding (VARTM) and prepreg, 
as well as curing a two-meter-long leading-edge component, to demonstrate and evaluate the curing method at 
scale. The average void content for VARTM DEC samples was lower by 0.82 % compared to the oven-cured panel, 
however, the average degree of cure (DoC) decreased by 6.25 %. Normalised energy consumption for the cure 
was significantly reduced for all DEC cures, with VARTM cures using 99 % less energy than oven-cured 
components.   

1. Introduction 

High-performance carbon fibre reinforced polymer (CFRP) compos-
ites for aerospace are traditionally cured in high-pressure autoclaves or 
ovens. This equipment can be prohibitively expensive, energy ineffi-
cient, time-intensive to operate and the components manufactured are 
limited by the size of the chamber [1]. However, they consistently 
produce parts with a void volume fraction (VVF) below 0.5% which is 
the critical VVF for high performance epoxy composites [2]. The rate of 
manufacture also needs to be addressed, with Boeing predicting that 171 
aircraft a month will be manufactured from 2022 to 2041 [3]. To enable 
this throughput whilst minimising environmental impact, capital 
expenditure and energy consumption of current manufacturing methods 
needs to be reduced, or new materials and methods need to be 
introduced. 

Direct electric cure (DEC) is the application of a current through 
conductive carbon fibres in a CFRP component, to heat the component 
to its cure temperature via the Joule effect. This has been used to cure 
panels on a small scale, showing the benefits in improvements to DoC, 
VVF, cure energy and time to cure [4–6]. It has significant energy-saving 
advantages over convection-based methods, up to 99 % [7,8]. These 
advantages show promise for DEC to be a future heating or curing 

method for composite materials [9]. 
Autoclave curing is the preferred method of manufacture of primary 

aerospace structures, as high pressure (6–20 bar) ensures voids are 
compressed or eliminated. Out of Autoclave (OoA) pre-preg systems 
have been developed to provide low VVF whilst using atmospheric 
pressures, allowing ovens or heated tools to be used. This reduces initial 
equipment and running costs, such as energy consumption. It is also 
possible to heat these material systems at rates of 10 ◦C/min or higher 
without degradation of final cure properties. This aligns well with novel 
cure methods such as DEC that are capable of reaching these heating 
rates [9]. 

A significant limitation of autoclave or oven curing is the that the 
cured component can’t be larger than the heating chamber, limiting 
large component manufacture to those who can afford the high capital 
equipment expenditure. DEC has the potential to cure large components 
using comparatively low-cost power supplies, control equipment and 
consumables, significantly reducing the cost of increasing the manu-
facture rate of large CFRP components. 

The resistivity of carbon fibres is low, with a 3 k tow being less than 
25 Ω/m [10]. The matrix, commonly epoxy resin, is electrically insu-
lating and used in high voltage applications with a breakdown voltage of 
400 V/mm [11]. This contrast in conductivities results in issues when 
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trying to electrically interface with the composite, with areas of high 
resistance causing excessive heat generation and uneven cure temper-
atures [12]. 

Copper electrodes have commonly been used to introduce current for 
DEC, either through copper clamps [13] or copper sheets [4,5,14–16] 
introduced in a vacuum bag. Previous investigations have shown the 
cure carbon tows [17,18] and pre-preg components, made up of unidi-
rectional (UD) [5,14,15] and plain weave (PW) [4] plies. DoC has been 
shown to match or improve properties over oven-cured samples and be 
close to autoclave. VVF has also been compared, in some cases showing 
that it can be reduced over oven and autoclave cured samples, theorised 
to be enabled by the inside-out heating mode, as opposed to outside-in 
with conduction [15]. Power requirements for DEC are extremely low 
as there are very few losses in the process, compared to oven curing. As 
the component is the heating element, it can also be locally insulated for 
further energy efficiency gains, not possible in other curing methods. 

In addition to component curing, Joule heating of composites has 
been previously researched in a wide variety of use cases and industries. 
Examples include it being used for foldable space applications [17,19], 
patch repairs [20], curing of multiple-zoned irregular shapes [14], 
heated tooling [21,22], preheating [12], anti-icing [23]and controlled 
curing of thick laminates [15]. The methods developed in this study will 
have multiple use cases and provide important data for future Joule 
heated composites. All of these studies share common characteristics 
and issues, such as contact resistance, temperature uniformity and 
control systems. 

To cure a composite effectively, the temperature distribution needs 
to be uniform over the surface and through the thickness, which is a 
challenge with DEC [14]. UD plies can improve the uniformity of 
heating, however, it is important to consider universal compatibility 
with components, and not restrict the layup of a component to a certain 
curing method. As the scale of the component is increased, the tem-
perature differentials can become larger and harder to control. Little 
research has been completed on compatibility with manufacturing 
methods and materials, such as dry fibre infusion, ply breaks, thickness 
changes and core materials. 

This study builds on the pre-preg processes established in previous 
literature [4,5] of curing components with the DEC method and 
obtaining increased manufacturing and component characteristics. It 
develops the process for dry fibre vacuum-assisted resin transfer 
moulding (VARTM), and for larger laminates, up to 2 m in length. It also 
investigates other standard composite features such as ply breaks and 
core materials, increasing the methods compatibility with aerospace 
composite requirements. With these changes to the method, issues in 
laminate quality are encountered, however, suggestions for future 
research and development are suggested. If these were implemented, 
DEC would enable future large aerospace structures to be cured using 
this low power method, whilst retaining the benefits such as low void 
content and higher controllability over temperature and DoC. 

2. Methods and materials 

2.1. Materials and composite layup 

Pre-preg experiments used Cycom 5320–1 plain weave which con-
tained 3 K Toray T650 fibres. The cure cycle used in this study is the 
recommended cycle from the manufacturer as follows: Ramp from room 
temperature (RT) at 3 ◦C min− 1 up to 120 ◦C min− 1, hold for 2 h, then 
2 ◦C min− 1 ramp up to 180 ◦C, hold for 2 h and then ramp down to RT at 
2 ◦C min− 1. 

For the VARTM experiments, Chomarat plain weave 3 K fabric was 
used, containing Toray T300 fibres, matching the plain weave pattern 
used in the Cycom 5320–1 pre-preg material. This should ensure the 
conducting fibres should act similarly. The infusion resin system was 
Huntsman Araldite CY 179/ Aradur 917, which has a cure cycle defined 
as 100 ◦C for 2 h, and 160 ◦C for 6 h, with no defined ramp rates. The 

layup sequences used were [0/90]s for 4 ply, and [0/90/0/90]s for 8 
plies. 

2.2. Tooling and ancillary materials 

For all cures, vacuum was applied to the composite using vacuum 
bagging (Tygavac). For pre-preg cures breather fabric and release films 
were applied, and for VARTM peel ply and resin transfer mesh were 
applied (all obtained from Tygavac). During initial experimentation, the 
composites were cured on a ceramic tile covered in Polytetrafluoro-
ethylene (PTFE). Later in development, glass fibre reinforced plastic 
(GRFP) tooling was used to ensure the composite was electrically insu-
lated. Two layers of ¼ inch thick rock wool insulation (Morgan 
Advanced Materials) was used in experiments where thermal insulation 
is described. 

2.3. Power supply, control, and data acquisition systems 

An RMX-4124 (NI) power supply unit (PSU) was used to deliver 
power to the composite, at 0–30 V and up to 150 A, with a maximum 
power output of 1500 W. This was controlled by an PXI computer (NI) 
running a software PID controller programmed in LabVIEW. Up to 12 K- 
type thermocouples (TC Direct) were used to monitor and control the 
cure using a PXIe 4353 (NI). A FLIR AC655 (Teledyne) was used to 
monitor the temperature of the surface of the vacuum bag, to provide a 
reading of the temperature distribution over the panel during initial 
experimentation. 

2.4. Component electric curing setup 

A 0.035 mm thick copper sheet (CCI Eurolam) was used as the 
electrode material, which was laminated between plies at the edge of the 
composite. An overlap of the copper was left at the edge of the com-
posite, which was hole-punched and bolted to crimped power cables, as 
seen on the left of Fig. 1. For VARTM, flat-ended bolts were used with 
penny washers and tacky tape to provide a vacuum seal, as seen in the 
right of Fig. 1. This was to ensure that air was not introduced into the 
bag through the multicore copper cable used. 

2.5. Energy consumption measurements 

The power output from the DEC power system was directly recorded 
for each component from the LabVIEW interface. Power usage data for 
oven curing was collected using a CUBE 400 (ND Metering Solutions) on 
a composite curing oven (Caltherm), measuring 3000 × 3000 × 3000 
mm, with a 95 kW power output, and a smaller curing oven (Hedinair), 
measuring 1000 × 1000 × 1000 mm, with a 12 kW power output. 

2.6. Characterisation 

A Perkin Elmer DSC 4000 was used to determine the DoC. Sample 
weights were 20 µg, and followed the heating cycle from 30 ◦C up to 
300 ◦C at 10 ◦C min− 1. 

To determine fibre volume fraction (FVF) and VVF, samples were cut 
and cast in a potting resin, then polished (Struers). The samples were 
then imaged with a Zeiss LSM 800, then automatically processed using 
image recognition software to find VVF. 

3. Results and discussion 

3.1. Development methodology 

The aim of this work was to increase the scale of the components 
cured, whilst maintaining the benefits of electric cure such as low power 
requirements, high heating rates, high DoC and low VVF. The safety of 
the curing method, difficulty of setup, compatibility with common 
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composite layup techniques such as ply overlaps and the inclusion of 
core materials were also considered. 

The initial work completed in this study was completed on pre-preg 
materials, building on previous literature, covered in sections 3.2 to 3.5. 
Once the fundamentals of the process had been understood, they were 
transferred and adapted for VARTM and to larger components, covered 
in sections 3.7 to 3.9. The culmination of these developments was 
demonstrated and tested with 2-meter-long leading-edge sections, 
manufactured with both pre-preg and VARTM, described in section 4. 

3.2. Temperature distribution assessment 

Achieving even temperature distribution over a CFRP component is a 
crucial step to implementing this technology as it directly correlates to 
DoC and the final mechanical properties. Previous research with woven 
CFRP produced an uneven temperature over the composite and with the 
optimal use of UD CFRP this temperature delta was improved, however 
the results were not fully optimal. These temperature differentials were 
expected to scale with the size of the component, so temperature dis-
tribution of the curing process was monitored. 

A thermal imaging camera was used on a 200 × 300 mm pre-preg 
panel being heated to 90 ◦C, as seen in Fig. 2. The heating appears in 
a band in the centre of the composite, with the edges of the composite 

being considerably cooler, primarily due to higher thermal losses at the 
edges. This may be exacerbated by the negative resistance to tempera-
ture gradient of CFRP tows [24] Excessive heating is also observed 
around the electrodes, which is further discussed in section 3.6. Ther-
mally insulating the tooling and surface of the composite reduces overall 
temperature differential. When using thermal insulation, line of sight is 
blocked to a thermal imaging camera, limiting the usefulness of this tool 
in this investigation. Therefore, in subsequent cures, an array of ther-
mocouples was used to monitor temperature, particularly at edges and 
at the electrodes, monitoring for lower and higher temperatures 
respectively. 

To investigate the cooling edge effect further, a 200 × 300 mm pre- 
preg panel was cured. A line of thermocouples was spaced 10 mm apart, 
from the centre to the edge, as seen in Fig. 3. 

The central thermocouple was used as PID control input and was set 
to dwell temperatures of 120 ◦C and 180 ◦C, as seen in Fig. 4, without 
thermal insulation. 

The temperature reduction from centre to edge for 120 ◦C and 180 ◦C 
set temperatures at the end of the dwell are 50 ◦C and 77 ◦C respectively. 
There is an increase in the temperature differential at the edge of the 
panel, meaning that the temperature is within 20 ◦C for 70 % of the 
width. For most components there is an edge trimming operation, which 
if designed carefully could allow for the under-cured sections to be 
removed. Temperatures at the start of the dwell are higher than at the 
end of the dwell end at both temperatures, which is immediately after a 
high-power input in order to raise the temperature. 

Low frequency pulse width modulation (PWM) of the DC supply 
therefore could potentially provide more uniform heating. Zonal heating 
of UD CFRP sections has been used to uniformly heat complex geome-
tries [25], which could also be applied to uniformly heat other layup 
scenarios, such as PW layups, or thickness changes. Selective insulation 
of the edges may be another means to improve temperature uniformity. 

3.3. Degree of cure 

Considering the temperature differentials seen in heating PW com-
posites, seen in section 3.2, it is important to evaluate the DoC at 
different points on a component. A 575 × 575 mm, 8 ply pre-preg panel 
was cured, of which the temperature profile can be seen in Fig. 11. 
Samples were taken in the centre and edge of the panel, and a point 
between the two, of which the results can be seen in Fig. 5. 

These results align closely with the temperature trends seen in Fig. 4, 
the temperature reduction at the edge of the panel has directly resulted 
in a significant drop in DoC of approximately 36 %. This percentage drop 
is less than the temperature drop, due to this cure being thermally 
insulated, however it is unacceptable at present and requires further 

Fig. 1. Left: Example of a simple direct electric cure setup with reduced breather material to show layup sequence, Right: Example of through bag electrode setup, 
showing penny washers and tape fastened to the bag to ensure vacuum integrity of the bag. 

Fig. 2. Thermal image of a 200 × 300 mm panel, showing the temperature 
differences over the panel. Set points (Sp) show temperature points over the 
surface, whereas the line (Li) shows the hottest and coolest part, which are the 
centre and the edge, indicated by up and down triangles respectively. 
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development to address. Previous literature states that when using UD 
plies, temperature and therefore DoC over the surface is more uniform, 
therefore being similar to oven or autoclave cure, if the same cure cycle 
is used [5]. This assumption, however, is not possible when using plain 
weave plies as the main heating elements in the composite. 

3.4. Safety considerations 

There are multiple safety considerations to be made when using this 
method, due to the way high current is used to heat the component, and 
the associated risks with potential burning, and interactions that could 
occur with the tooling and consumables. Fig. 6 shows the current and 
voltages used to cure for various geometry samples. 

The PSU used in this study was controlled in constant current mode. 
In this mode, there were slight setup inconsistencies with the electrodes, 
causing localised high resistance, resulting in hotspots around the 
electrodes. In rare cases, this would develop into burning when higher 
ramp rates were used, as the temperature increased beyond the thermal 
breakdown temperature of the epoxy. During a cure, these were iden-
tified by the user and the system powered down, to avoid further 
damage. Burning led to an increase in resistance of the component, and 
in constant current mode, would lead to spikes in power input to the 
panel seen in the left of Fig. 7. This power increase would compound the 

Fig. 3. Electric cured panel, showing the setup to monitor temperature drop off from centre to the edge.  

Fig. 4. Temperature reduction from centre of a panel to the edge at 120 ◦C and 
180 ◦C set temperatures. Note that this is without thermal insulation, so the 
reduction is exaggerated compared to other experiments detailed in this study. 

Fig. 5. Summary of DSC results of 575 × 575 mm pre-preg panel which has 
been electrically cured. 

Fig. 6. Bar chart showing the current and voltage peaks of various pre-preg 
panels manufactured using DEC. The peaks were all recorded during the 
ramp up to their set temperature. 
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burning, which could lead to a dangerous runaway situation, as seen in 
the right of Fig. 7. 

The control system was changed to control the calculated power 
reported by the PSU, which will reduce the severity of burning and allow 
for more time to intervene. 

3.5. Ply breaks and core materials 

The use of core materials and ply breaks are common in composite 
manufacturing, to increase component stiffness [26] and to change the 
thickness or join large sections together. Both features were tested for 
compatibility with the electric cure method. The following layup was 
used to test if core materials were compatible with DEC: [0/90/0/ 
90]s[GFRP/Nomex/GFRP] [0/90/0/90]s. The carbon plies were heated 
to cure temperature, which through conduction cured the adhesive ply, 
bonding the Nomex to the adhesive ply. This was then repeated with 
GFRP ply laid up on top of the Nomex, then 8 plies joule heated, to form 
a sandwich structure. The cure cycle was completed as expected, and 
through visual inspection, the Nomex was successfully bonded within 
the sandwich structure. 

Ply breaks were tested on a 2000 × 700 mm, 8-ply pre-preg panel 
that had a single 10 mm overlap, alternating directions every ply. There 
was a slight increase in temperature of 2–5 ◦C on the overlap where 

resistance increased. This overlap is too small to provide optimal me-
chanical strength [27], therefore could be increased to reduce temper-
ature difference further. It was observed that the temperature increase 
was maintained along the width of the ply drop, rather than reducing in 
temperature towards the edge of the laminate, as seen in previous ex-
periments in section 3.2. 

3.6. Contact arrangement 

The electrodes were copper sheets applied along the full length of 
opposite edges of the uncured carbon fibre, or dry fibre for VARTM. 
Previous literature suggested that placing electrodes on the short edges 
of higher aspect ratio geometry had the best heating performance and 
efficiency [4] so this approach was adopted. As seen in Fig. 2, localised 
heating can occur at the electrode contact, caused by the contact resis-
tance from the epoxy between the conductive copper and carbon fibres, 
as noted by Çelik et al [12]. If not controlled carefully, overheating can 
lead to damage to the component and its tooling, as seen in Fig. 7. 
Therefore, various layouts of electrodes were tested to reduce this effect, 
as seen in Fig. 8. 

The main observations on the variation of contacts on temperature 
are: 

Fig. 7. Left: Graph showing the temperature runaway during a burning event. The behaviour of the part temperature is due to manual limits being applied to the 
output current. Note the sharp increase in resistance, leading to a 200 W spike in power input at the peak. Right: Component and PTFE plate burn damage 
after curing. 

Fig. 8. Examples of copper electrodes used in electric cure: A & B: Demonstrating the use of more layers to sandwich a composite to increase contact area, C & D: 
Demonstrating the depth of the electrode within the composite to change contact area, E & F: Demonstrating the gaps between multiple electrodes and how these can 
cause unwanted localised heating. 
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• Efficient use of surface area in contact with the composite. Fig. 8A 
shows two electrodes with 2 contact surfaces, whereas Fig. 8B shows 
one contact with 2 contact surfaces, reducing contact resistance by 
half.  

• Increasing depth into the composite from the edge, increasing the 
contact area. Fig. 8E generates more local heating compared to 
Fig. 8D. If the electrode is placed too deep into the layup, the current 
does not flow at the edge of the composite and is left unheated.  

• Reducing gaps between multiple electrodes. When electrodes are 
placed with a gap between them as in Fig. 8E, the gap between the 
electrodes becomes a significant hotspot. Reducing this eliminates 
the hotspot as in Fig. 8F, however, this makes layup more difficult, 
particularly when this method is adapted for more complex geome-
tries. Multiple electrodes will be essential for zonal heating, to be 
explored in future studies. 

The peak power requirement during the cure cycle is the ramp, 
meaning heat is also generated at the electrode interface. Therefore, if 
the ramp rate was increased or lowered, there would be overheating of 
the electrodes or under-curing of the edges of the component respec-
tively. Therefore, the electrode size and position need to be carefully 
considered for each cure of a different component geometry. 

Full-length, single-piece electrodes were tested to enable a simpler 
layup, Fig. 8F and G. Multiple electrodes on the same edge had also been 
tested to enable current to be run through certain sections of the com-
posite, to enable zonal heating. This was not compatible with PW 
causing excessive heating around the electrodes, however, which will be 
investigated in future work to modify the heating profile. 

BigHead composite fasteners were used as electrodes, enabling the 
electrode to be fully integrated into the layup as seen in Fig. 8B, which 
gives composite fasteners dual use post-curing. Integrating a robust 
electrode within the surface, rather than at the edge, which allows for 
other joule heating use cases, such as anti-icing or heated composite 
tooling. 

3.7. Infusion development 

Adaptations to the process were made to ensure that DEC was 
compatible with dry fibre, vacuum-assisted resin transfer moulding. The 
procedure for VARTM is as follows:  

1. Apply the electrodes to the dry fibres and secure them with high- 
temperature tape.  

2. Apply vacuum and do a vacuum drop test on the bag. Any leak can 
lead to significant localised heating around the electrodes.  

3. Infuse the resin into the component. Once the infusion is complete, 
then start the cure cycle and apply current to the composite. 

Multicore cable cannot be sufficiently vacuum-sealed, allowing air 
into the bag when the cable was passed through into the bag, using tacky 
tape to seal the insulation. The interface was replaced with a bolt, that 
provided a mechanical lock, power transfer and vacuum seal and 
enabled a quicker setup. This setup was used on all cures afterwards, 
including the large-scale components. 

Using this method, it is possible to preheat the fibres and the tooling 
before infusion (heating the fibres without resin), which would decrease 
the viscosity of the resin during infusion. This may enable the infusion of 
high viscosity resins with thermoplastic hardeners or fillers to be infused 
using VARTM methods. 

3.8. Cure kinetics and power delivery 

DEC has high controllability of the power going into the component, 
compared to closed cavity curing, which offers novel opportunities for 
temperature control. 

The first is to increase the ramp rates beyond 1–3 ◦C/min which is 

standard for many pre-preg systems, including the ones used in this 
study. To test the potential of higher ramp rates, a small 200 × 300 mm, 
6 ply panel of pre-preg was laid up with the electrode arrangement of 
Fig. 8. 

C was cured at 120 ◦C with a 10 ◦C/min ramp. The cure system was 
able to maintain the set temperature at this ramp rate, as seen in Fig. 9. 

The peak power output of this ramp was 608 W, meaning that for 
curing larger components, the control system used in this study wouldn’t 
be suitable for this heating rate. With increased power limits on the 
power supply, it would be possible to ramp cures at 10 ◦C/min or more. 

Another opportunity is the low thermal mass of the system and how 
this can be used to further reduce the cure power consumption of the 
cure. Heat generated in the exothermic reaction of the epoxy can be 
controlled to further heat the part, without the danger of a runaway 
reaction. To test this, an infusion resin with a low activation and cure 
temperature (Gurit T-Prime 130) was infused into a 4-ply, 1000 × 350 
mm preform. To ensure a safe, self-sustaining exothermic reaction takes 
place, the temperature was raised up to 60 ◦C at 3 ◦C/min, which can be 
seen in Fig. 10. 

The initial temperature increase set off the exothermic reaction, 
which continued beyond the cure temperature up to 66 ◦C, after the 
control system turned off the power. This exotherm lasted for 1 h in 
duration, ensuring that the composite was at the cure temperature 
without any external power input. With a more carefully controlled 
initial power input, the overshoot could have been reduced and time at 
zero power input increased. The average power after this section was 37 
W, with the entire 2-hour 15-minute cure requiring 85.8 Wh. 

The increased control over the temperature of components would 
allow for more custom cure cycles to be developed, which would be 
controlled by the cure kinetics of the resin. If the heat losses from the 
cure to the environment and resin cure kinetics could be calculated, then 
cure cycle time and energy could be minimised, whilst not having a 
runaway exothermic reaction. Unfortunately this is out of scope of this 
study, however, it provides another way of energy and cycle time 
reduction. 

3.9. Resistance observations during cure 

In Fig. 11, the resistance of the component can be compared to the 
cure temperature, at the start and throughout the cure. The resistance 
could be used to detect irregularities in the layup, i.e., if there was a ply 
missing or an irregularity in the electrode setup. In this case it shows 
changes to the component during the cure, with electrical resistance 
increasing in respect to component temperature. 

Fig. 9. Example of a sample being heated using DEC at 10 ◦C/min.  
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Thermal expansion during heating induces the piezoresistive effect, 
increasing the electrical resistance of the panel. A combination of these 
effects leads to an increase in resistance (0.0804 Ω to 0.0977 Ω, 18 % 
increase) from 120 ◦C to 180 ◦C. It is unlikely that this could be used as 
an accurate temperature measurement method, however, it could be 
used to monitor when the component reaches excessive temperatures. 
This could be useful to detect when sections of a component are over the 
glass transition (Tg) or thermal degradation temperature. 

There is also an increase in resistance during the first isothermal 
dwell at 120 ◦C, where there is an increase from 0.0772 Ω to 0.0804 Ω, a 
4 % increase. This also occurs at the beginning of the second dwell at 
180 ◦C, from 0.0910 Ω to 0.0977 Ω, a 7 % increase. This trend is also 
seen in other pre-preg and VARTM panels. A physical change that occurs 
during the cure is the degree of polymerisation of the epoxy, which 
could account for the increase in the resistance. DC cure monitoring is a 
method to monitor the electrical resistance of epoxy resin, which can 
increase by a factor of 104 MΩ during a cure [28]. These resistance 
changes are also affected by the average temperature over the panel, 
(Right of Fig. 10) which shows a combination of these effects. During 
both dwells, the average temperature decreases by around 2–3 ◦C, 
whereas resistance increases during the first dwell, where the majority 
of the cure takes place, approximately 75 % [29]. During the second 

dwell, there is a downtrend in resistance, which matches the average 
temperature trend, and the smaller amount of curing that happens in the 
post cure. In future experiments, this could be matched to the degree of 
cure more closely, and resistance changes to be used as an indicator to 
move to the post-cure. 

4. Large component manufacturing and cure evaluation 

The research and results described in the previous sections were used 
as the basis for the trial manufacture of two large scale components. 
Their cured material properties, energy efficiency and ease of manu-
facture were all evaluated. The two parts’ geometries were identical, 
with one being manufactured with pre-preg and the other VARTM. The 
plies were 2000 × 700 mm, including a Nomex core mid-ply of a 16-ply 
layup. This was cured in a GFRP tool that had the geometry of a NACA 
2412 aerofoil, as seen in Fig. 12. The pre-preg cure was completed in one 
cure, whereas the VARTM cure had to be completed in multiple steps to 
ensure the Nomex core was not filled with resin during the infusion. 

4.1. Heating uniformity and degree of cure 

Curing effectiveness was evaluated by comparing the temperature 
uniformity and DoC with oven cured samples (following the manufac-
turers recommended cure cycle). This was done at six different positions 
on the component, as seen in Fig. 12. Based on previous work on DEC 
methods [5], it was assumed that if the temperature was matched to an 
oven cure, the DoC and consolidation of the component would also be 
the same. DoC for VARTM and pre-preg samples can be seen in Fig. 13. 

For VARTM, the average DoC for the six locations is within 6.25 % of 
the oven cured samples. This includes sample position 2 which is almost 
17 % under cured compared to the oven sample. Position 2 is edge of the 
part having the lowest temperature during the 3 cure stages, which is a 
result of the non-uniform temperature during the cures. The average is 
very close to the oven cured samples and shows the potential of the 
curing method to provide uniform DoC over a component. The range of 
thermocouple temperatures can be seen against the set temperature for 
the final cure stage, seen in Fig. 14. 

After the ramp to dwell temperature, and the subsequent control 
system settling, the average range of temperatures is approximately 
20 ◦C. A common standard for curing in aerospace ovens (SAE AMS 
2750F Class 2 [30]) requires no more than ± 6 ◦C temperature unifor-
mity tolerance. Whilst that has not been achieved in this work, ± 20 ◦C 
has been achieved with sub optimal materials and setup, at a signifi-
cantly larger scale than that has been observed previously. 

Fig. 10. Graph showing power and temperature of a panel cured partially using 
exothermic energy. 

Fig. 11. Left: Graph showing a comparison of temperature and resistance over time during a cure of Cycom 5320–1, Right: Average of temperatures recorded and 
resistance over the same cure period. 
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For the pre-preg cure, due to power limitations of the PSU, the full 
180 ◦C post-cure temperature was not possible, therefore a 160 ◦C post 
cure was used, see the 700 × 2000 mm 16 ply sample in Fig. 6. During 
the cure, the temperature range was over 30 ◦C, meaning some areas 
reached only 90 ◦C during the cure and 130 ◦C during the post cure. 
These are significantly under the desired set temperatures leading to 
sections of the component being up to 35.77 % under-cured, compared 
to the 180 ◦C oven post-cured samples. 

4.2. Void volume fraction 

VVF was tested for electric cure samples and compared to oven cured 
samples to assess if the cure method had any detrimental effect. The 
results can be found in Fig. 13. 

The VARTM component followed the cure cycle ensuring a DoC 6.25 
% lower than oven, therefore it is expected the VVF would be similar. 
However, is it significantly lower, averaging 0.55 %, which is closer to 
that expected of autoclave cured samples. It is significant that the VVF is 
lower in the VARTM electric cured components, considering they were 
prepared similarly and followed the same cure cycles. If this is a 
consistent trend with DEC, it would be of interest to compare DEC 
components against autoclave cured ones. 

The pre-preg VVF average and standard deviation were significantly 
higher than the oven cured samples, suggesting whist it is possible to 
achieve low VVF, it is not as consistent. This is likely due to the uneven 
temperature profiles being applied leading to void formation, of which 
examples can be seen in microscopy in Fig. 15. 

4.3. Energy consumption analysis 

One of the key opportunities with DEC is the increases in energy 
efficiency of the process, compared to ovens and autoclaves. Energy 
consumption was compared by normalizing the energy used per hour of 
cure cycle, which gives an estimation of the efficiency of the curing 
methods for high temperature cures. Most significantly, the average 
normalised power usage was reduced by at least 99.15 %, as seen in 
Fig. 16. 

It would be possible to cure more than one of these components in an 
oven at a time, increasing the efficiency as more are added. In the case of 
this comparison, even if 25 components could be cured in an oven, using 
DEC would still results in energy saving of greater than 95%. 

Fig. 12. Leading edge geometry used for large-scale cure evaluation, with 
numbers indicating sample positions for DoC and VVF evaluations. 

Fig. 13. DoC and void content for both VARTM (left) and pre-preg (right) large 
scale components. 

Fig. 14. Range in temperatures on the last stage of cure against set temperature 
for VARTM component. 
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5. Conclusion 

This paper outlines the development of the DEC method, culminating 
in the manufacture of large-scale aerospace inspired components with 
plain weave VARTM and pre-preg materials. Safety and part quality was 
improved compared to previous trials through modifications to the 
control systems employed. Modifications to the electrodes were made to 
reduce hotspots, VARTM manufacturing was introduced and practicality 
of the setup was increased. Energy efficiency was significantly higher 
than oven curing, with 99 % less energy used when curing large com-
ponents using the same cure cycle. 

Pre-preg samples produced a lower DoC and higher void content, 
partially due to PW pre-preg composites performing poorer in producing 
uniform heating, as well as problems in reaching the 180 ◦C post cure 
temperature due to limitations in the available PSU. 

The use of PW reduced the heating uniformity compared to studies 
that used UD, however in the case of VARTM, it produced samples 
within an average DoC within 6.25 % of an oven cured part, and 0.82 % 
lower void content. This shows that it is possible to cure components 
using DEC, achieving a DoC close to oven-cured samples with compa-
rable or improved void content, whilst achieving a significant energy 
saving. 

Through testing the limits of PW cured with DEC, it increases the 
knowledgebase on what range of materials it is compatible with, and 
how best to apply it to new and existing layups. 

Future research must address the temperature uniformity and 
resulting DoC, which is essential to application in curing aerospace 
structures. Another significant boundary to adoption is the added 
complexity of the layup to enable DEC. For small structures, the benefits 
of this method may not outweigh the time and cost required to apply 
electrodes. For larger structures, like the ones demonstrated in the last 
section of this study, the benefits start to outweigh the negatives. When 
these issues related to the cure are resolved, the cost reduction in 
manufacturing large structures will be significant, whilst reducing 
overall environmental impact. There are also opportunities to use a cure 
kinetic modelling system coupled with the ability to rapidly heat and 
closely control the temperature and exotherms to reduce cure times and 
input energies further. In the meantime research will be of use to other 
Joule heating applications such as anti-icing or heated tooling, which 
can be exploited in a shorter timeframe. 
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7. Joule heating composites for de-icing and heated tooling 
applications. 
7.1. Development of CFRP Joule heated multifunctional aerospace de-icing system 

The background to this study was to aim to develop multifunctional composites for uses in aerospace. 
Early on in the conceptualisation phase, it was evident that Joule heating could have dual use cases, 
to cure a leading-edge section, and heat the section for de-icing. The development of Joule heated 
composites was completed for DEC, which was then transferred to the de-icing, which is why there is 
less extensive experimental detail in this section. Experimental work in this section was assisted by 
Matthew Bower, who assisted in the layup of the components, and setup of the components in the 
climate chamber. The climate chamber was run by the University of Sheffield’s Lab for Verification and 
Validation.  

7.1.1. Introduction 

Regulatory requirements for more sustainable aircraft and lower CO2 emissions are driving two major 
trends in the commercial aerospace industry.   The first is the light weighting of aerospace structures, 
using CFRP and other composite materials.  This has been increasing for the last 40 years [1], continues 
to ramp up and increasingly forms a major proportion of new commercial airframes.  The second, 
electrification of aircraft systems, is increasing the efficiency of existing jet turbine engines and to 
develop powertrains for battery and hydrogen power sources [2]. 

One system that is significantly affected by electrification is the ice removal systems on flight control 
surfaces of aircraft. On jet turbine aircraft, it is common to heat the wings to remove or prevent ice 
buildup, by bleeding hot air from the turbine and feeding it through channels along the wing’s leading 
edge. This is a simple and effective method, however, it reduces the efficiency of the engine during 
operation, and without a jet turbine engine, this method isn’t feasible.  

Manufacturers are therefore introducing electrothermal anti-icing systems as an alternative. An 
example of this already in production is in the Boeing 787 where a metallic resistive heater mat was 
embedded in the leading-edge layup.  

This study takes a multifunctional materials approach, attempting to use existing manufacturing 
methods and materials to develop a Joule heated de-icing system, with the carbon fibres themselves 
as the heating element. The conductive carbon fibres within the composite enable the use of the Joule 
effect in unidirectional plies, to heat sections of a component. This has previously been successfully 
used to cure composites [3], however, hasn’t been investigated for this specific use case which utilises 
the UD fibres. 

In this study two components were tested in a climatic chamber for their ability to remove ice from 
their surfaces using the in-built Joule heating. The first was a 500 x 500 mm flat CFRP panel, and the 
second was a representative aerospace component with the geometry of a leading edge (LE) section. 
Both were manufactured using pre-preg materials.  
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7.1.2. Aerospace ice removal methods 

Icing on aircraft refers to the build-up of ice on aerodynamic surfaces, typically when flying through 
clouds at temperatures below 0 °C. It was first identified in the 1920’s and became a more frequent 
problem in the 1940’s as aircraft reached higher altitudes to enable longer distance routes [4].  

Simple systems were developed using engine exhaust heat to control ice build-up, or freezing point 
depressant liquid was delivered to the wing surface to prevent build up. These preventative measures 
that stop build up in the first place are called anti-icing methods, where ice is prevented from building 
up in icing conditions. Other novel anti-icing methods include icephobic surfaces, which allow for rapid 
removal of water before freezing, or less ice to be accumulated overall. An example of this by Yang 
used PTFE particles in epoxy to achieve this effect, reducing ice accumulation [5]. However, this 
approach is not yet common in aviation. 

Other systems developed involve inflatable bladders on the leading edges of wings, called boots, 
which change geometry to remove, or de-ice the surfaces [6,7]. This system is classed as a de-icing 
system, as it removes ice that builds up on an aerodynamic surface, and continues this cycle as long 
as is required. These are common on smaller aircraft due to their simplicity and effectiveness, not 
impacting performance or being costly to install aftermarket. 

Electro-thermal heating systems can be run in both anti and de-icing modes, but are primarily used 
for the former as this is deemed more reliable and a safer mode of running. They consist of metallic 
heater elements embedded in, or attached to, the critical aerodynamic surfaces. Like the metallic 
meshes that are added to aerospace composites to protect from lightning strikes [8] these are unlikely 
to provide any structural benefit to the composite. 

There are many examples of Joule heating of nanocomposites with the aim of ice removal, such as 
embedded bucky paper [9], graphite [10], carbon nanotubes [11] and graphene [12,13]. These 
perform well on smaller scales but will likely face issues when scaling up to component scale, such as 
manufacturability, weight, cost and environmental impact. 

There are few examples of using CFRP as the heating element for Joule heating for the purposes of 
anti-icing. Martinez-Diaz et al [14] manufactured a chopped strand carbon fibre coating and bulk 
material from recycled carbon fibres. The resulting materials had a low conductivity and were able to 
be heated to high temperatures quickly. However, the preparation of the chopped strands required 
an extra sonication mixing step.  

Idris et al [15] directly printed silver inks onto cured CFRP substrates, which were used as electrodes 
to induce the Joule effect. Pairs of electrodes were printed onto a complex surface, measuring 20 x 5 
mm, with 100 mm distance from each other, using a Voltera PCB printer. A variety of substrates were 
tested which had different weave patterns. It was found that 3K twill fabric gave the most uniform 
heating performance opposed to 6K twill and unidirectional carbon.  

7.1.3. Methodology and component design 

The Joule heating system suitable for CFRP was adapted from the method developed by M. Collinson 
[3], which were used previously to Joule heat composites to their cure temperature. This study applied 
this method to unidirectional fibres with the aim to heating performance and uniformity in a related, 
but different end use case. 
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Two components were manufactured and tested. The first was a flat panel, 500 x 500 mm, to test the 
concept and its functionality outside of the icing testing. Once the concept had been proven out, the 
manufacturing method and any improvements could be applied on the second component, a larger 
leading-edge section, 2000 mm long with a surface ply width of 700 mm.  

Both LE and flat panel components had the following layup: 

 200 GSM epoxy resin film (SHD)  
 Copper electrodes (0.035 mm copper sheet)  
 UD CFRP (Cycom 5320-1) 
 Copper electrodes 
 200 GSM epoxy resin film (SHD)  
 8 Plies of PW CFRP (Cycom 5320-1) 
 5 mm Nomex core 
 8 Plies of PW CFRP (Cycom 5320-1) 

Both components were cured using the direct electric cure method, of which more details can be 
found in the paper on direct electric cure in chapter 7.  

Each component used CNT modified epoxy resin between the copper electrodes and the UD CFRP, 
which can be seen in the right image in Figure 2. This was prepared at 10 % by weight from a 25 % 
masterbatch of CS1-25 MWCNTs (Arkema), using a high shear mixer (Silverson). 

The smaller flat panel component was manufactured and tested first in a lab environment to ensure 
the UD plies heated on the surface as intended, as seen on the left of Figure 1. 

  
Figure 1: Left; Flat panel static dry heating test, Right; Thermal image showing even temperature distribution. 

On the right of Figure 1 shows a thermal image of the component when heated, which was primarily 
to evaluate the temperature difference over the surface, rather than absolute temperature, as this 
camera was not calibrated to the emissivity of the sample. The heating was controlled from the central 
thermocouple, which reached the set temperature of 40 °C for this test. The temperature difference 
measured with thermocouples and IR camera is estimated to be lower than 5 °C. This is a positive 
result, as Joule heating for electric cure has significant issues with temperature distribution. It was the 
results from this test that suggested this method may be suitable for Joule heated composite tooling, 
seen later in this chapter.  
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7.1.4. Manufacture of test components 

The LE demonstrator was designed to have 3 heating zones for de-icing, one primary zone at the 
leading edge, measuring 200 mm wide, and two secondary heaters on the top and bottom of the 
leading edge, 100 mm wide each. In a real de-icing scenario, the area at the front of the wing will have 
the most surface area facing into the oncoming airflow and will be subject to highest heat transfer. 
The secondary heaters are required to ensure that the recently melted ice from the leading edge does 
not refreeze further down the surface of the component, which can be common in an airstream in 
icing conditions. 

A mix of rollers and hard PFTE hand tools were used to apply the plies, which is standard practice for 
the layup of composite components. Copper sheet was cut into T-shapes and then laid up for the de-
icing electrodes. The tab at the end meant that there was a good contact between the copper 
electrodes on each side of the de-icing UD carbon ply, which is the de-icing heating connector. The 
CNT resin was applied to the contacts using a paintbrush, seen in Figure 2. On top of these copper 
electrodes, bighead connectors were placed, and narrow cuts were made in the plies above to allow 
the thread through the thickness of the component. The base of the bighead thread was insulated 
with PTFE tape so that the de-icing circuit was not in contact with any other carbon in the layup to 
avoid a short circuit. A thin gauge thermocouple was placed in the centre of the component, to be 
used to monitor the temperature of the de-icing operation.  

 

Figure 2: Stages of laying up the de-icing electrodes.  

After the second glass ply, 8 plies of pre-preg were laid up directly on top one by one, with electrodes 
being applied at each carbon layer. Every 4 plies, a vacuum bag was applied to the layup and vacuum 
applied to debulk the ply stack. 

The Nomex plies were directly laid up onto the pre-preg, no adhesive layer was required as the pre-
preg can provide this adhesion without filling the Nomex cells with resin. After this, another set of 8 
carbon pre-preg plies was laid up directly onto the Nomex.  

The cure followed was Room Temperature (RT) to 120 °C at 2 °C/min, dwell for 2 hours, 120 °C to 160 
°C at 2 °C/min, dwell for 2 hours, ramp down to RT. 
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The surface finish can be seen in Figure 3. Issues with tooling manufacture resulted in some bubbling 
on the surface of the component, however this was away from the heating zones, and only slightly 
effected the area around the electrodes. The surface finish was deemed smooth enough for ice 
accretion to occur, and for semi melted ice to slide from the surface effectively. 

 

Figure 3: Leading edge component after demoulding and trimming of the DEC electrodes.  

7.1.5. Ice build-up test environment 

Testing was completed in a large environmental chamber at the University of Sheffield Lab for 
Verification and Validation (LVV), approximately 6 x 3 x 3 m in size. It was possible to change the air  
temperature from -20 °C up to room temperature. Ice build-up was completed by using compressed 
air through an atomiser nozzle, which drew through de-ionised water. A series of these were setup 
next to each other to evenly spray over the length of the demonstrators, show in Figure 4. Only one 
nozzle was used for the test panel. These nozzles were not able to be restarted during the test 
otherwise they would freeze up, therefore were started at room temperature, and then the chamber 
was reduced to -10 °C to ensure ice build-up would occur.   
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Figure 4: Nozzle setup used to spray water onto the components to build up ice. 

Once the climatic chamber had reduced the ambient air temperature to -10 °C, the water that sprayed 
onto the components becomes super-cooled and instantly freezes when it hits the surface. This rime 
ice build-up is typical in ice accretion during inflight icing situations, and is characterized by its rough 
and crystalline appearance, with an opaque white colour, of which an example can be seen in Figure 
5. The system was run for a set amount of time for both use cases to build up a set thickness of ice. 
Due to the uneven ice deposition, it is difficult to determine the thickness, but it was estimated to be 
a minimum thickness of 5 mm, and a maximum of 10 mm. 

 
Figure 5: Ice build-up on the test panel, showing typical rime ice build-up. 

A GoPro camera was used to monitor the ice removal on the surface. A thermocouple was taped to 
the centre of the panel to be used for PID control if required. A FLIR thermal camera was also used to 
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evaluate surface temperatures. As seen later, this was sometimes ineffective, as surface ice blocked 
the view, giving little data on the component temperature. 

The LE was mounted onto a Bosch Rexroth frame, allowing it to be suspended into the air, around 300 
mm from the chamber floor. The sample was powered and heated prior to being tested in the climatic 
chamber and was found to have small hotspots on the surface around the electrodes, where the CNT 
resin had been applied. These limited the power that heating system could be run at, as otherwise 
localised burning would occur. The hottest of these were repaired by the removal of material local to 
the heat generation with a diamond tipped rotary tool, then using quick dry epoxy to ensure the area 
was electrically insulated, circled in red in Figure 6. It was also for this reason that no ice prevention 
tests were completed, only de-icing tests were completed. 

 
Figure 6: Image of an area of overheating that required removal and temporary repair, circled in red. 

The panel demonstrator had a single thermocouple monitoring the temperature in the centre of the 
heating zone. The LE had four thermocouples, three were placed on the centre point of each of the 
heating zones, and the fourth was attached near the frame, away from the demonstrator to record 
the ambient temperature of the chamber, as seen in Figure 7. 

 
Figure 7: Image showing thermocouple position of two of the heater zones in view on the LE. The other half of 

the secondary heating zone is on the reverse side of the LE, out of view. 
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The thermocouples were threaded through a hole in the wall (top of Figure 7) as well as the power 
cables for powering the heating zones. Due to the extreme conditions, it was only possible to 
photograph the test at short intervals. GoPro cameras were used to record the ice melt and shedding, 
and a FLIR AC655sc IR camera was used to record the surface temperature. 

7.1.6. Results for the test panel demonstrator 

Images from the GoPro timelapse can be seen in the storyboard in Table 1. Visually, the ice is removed 
in 17 minutes from the start of the power being turned on. Due to the panel being in the upright 
position, it is difficult to tell how much of the ice is being supported by the un-melted ice directly 
below. As close observation was not possible during the test whilst it was running, there is a chance 
that the ice directly on the surface of the heater was melted, however was still visually covered with 
ice. When observed in real time on the video, the first sections on melting occurred gradually (top left 
of heating zone) whereas the last sections dropped off in large sections right at the end, suggesting 
the ice was being supported elsewhere. 

Table 1: Timelapse images showing the de-icing process, with an image every 2 minutes until the ice has been 
removed. 

00:00 - Start 2:00 4:00 6:00 

    
8:00 10:00 12:00 14:00 

    
16:00 18:00 - End   

  

  

 
The thermocouple log and power output to the de-icing zone can be seen in Figure 8. Power was 
controlled in a combination of automatic and manual modes, as it was difficult to predict the power 
requirements of this use case. Power was increased quickly to 170 W within 5 minutes to ensure 
melting could occur as quickly as possible and to test the power density of the system. The sharp rise 
in temperature around the 10-minute mark could be due to the ice locally moving away from the 
thermocouple being monitored. Ice was melting quickest at the top of the panel, moving down. This 
heated water could have assisted this rapid rise in temperature, which occurred with very little 
additional power at this time. 
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Figure 8: Part temperature and power out to the heating zone on the panel demonstrator. 

It is noted that the thermocouple is reading -3 °C at the start of the experiment in Figure 8, opposed 
to being nearer -10 °C, which is the temperature of the air in the chamber. Figure 9 shows an IR image 
with a minimum temperature of -7.6 °C, it is expected that these discrepancies are due to the 
experiment starting shortly after minimum air temperature was reached, opposed to part 
temperature. 

Thermal images were taken throughout the heating cycle, a sample image mid-way (10 minutes)  
through the testing can be seen in Figure 9. 

 
Figure 9: IR image showing the heating during the panel icing test. Coldest temperature shown in blue is -7.6 °C 

and warmest in yellow is 0.0 °C 
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7.1.7. Results for the LE  

Given the limitations of the maximum power due to the hotspots identified during the test, the focus 
was turned to finding the power limits of the heater zones and to better understanding the test setup. 
Figure 10 shows a close up of the ice build-up immediately after the nozzles have been shut off prior 
to de-icing testing. The chamber was kept at -10 °C during the testing. 

 
Figure 10: A closeup image of the ice build-up on the LE demonstrator leading edge, prior to de-icing testing. 

Once the power limits were understood (due to hot spots), the LE was then covered in ice, after which 
the zones were run near their maximum possible power.  This was ~80 W for the primary zone and 
~150 W for the secondary zones. As the power supply and control system was unable to control the 
heaters simultaneously at different power levels, they were switched every 3 seconds, with the power 
changing independently on the relay switch. Throughout the de-icing test the timing and ratio of this 
switching was changed to attain optimal performance of the system, and ensure the zones were 
heating at a similar rate. Similar to the panel sample, a timelapse was created, seen in Table 2, which 
shows the de-icing process at 5-minute intervals. 
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Table 2: Timelapse images showing the de-icing process of the leading edge, with an image every 5 minutes until 
the ice has been removed. 

00:00 - Start 5:00 

  
10:00 15:00 

  
20:00 25:00 

  
30:00 35:00 

  
40:00 45:00 

  
50:00 - End 
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These were adjusted throughout in response to the hotspots, seen in the power and temperature 
traces in Figure 11 and Figure 12. Note the differences in scale, particularly for power, which is 
significantly higher for the secondary heaters.  

 
Figure 11: Graph showing the power and temperature to the primary heater during the de-icing process for the 

LE. 

 
Figure 12: Graph showing the power and temperature to the secondary heater during the de-icing process for 
the LE. 

IR images were also taken during the icing test, of which an example can be seen in Figure 13. 



80 
 

 
Figure 13: IR image showing the heating during the LE de-icing test. Coldest temperature shown in blue is -6.5 
°C and warmest in yellow is 25.0 °C. 

The main hotspot that limited the power going into the primary heater can be seen in Figure 13 on 
the left side. Two further smaller hot spots can be seen in the centre of the image.  

7.1.8. Discussion  

The panel component enabled a high-power test of the de-icing systems. The heating zone was 200 x 
400 mm, with a maximum power of 200 W used, meaning the ice was fully shed in a 17 minute period. 
This raised the surface temperature to 45 °C by the end of the test. There were no hotpots recorded 
during lab testing or icing testing.  

The IR image shown in Figure 9 shows a very even temperature distribution over the heating area, 
even behind the larger pieces of ice. It appears that there is a hot spot in the top left of the heater 
zone, however this is where there is a slight gap in where the ice has formed. The even spread of 
heating is a good indicator for the capability of a high-performance heating mode. 

When reviewing the timelapse of the leading edge in Table 2, the higher power of the secondary 
heaters is evident, as the ice on the top heaters away from the leading edge melt the ice much sooner 
than on the leading edge. The ice appears to mechanically hold on to the leading edge for around 40 
minutes, after which the majority of the ice falls together. The surface roughness of the LE could be 
improved as it retained the pattern of the PTFE from the tool, resulting in ice sticking more readily. If 
this system was running in airflow, the ice would have shed sooner due to the mechanical assistance. 
The aim of this test was to evaluate the heating mode, not whether the surface roughness would 
improve the de-icing performance, but this could easily be improved in future work. 

When collating information from the time/temperature/power graphs in Figure 11 and Figure 12, it 
can be seen that the secondary heaters had de-iced their sections by the 25–30-minute mark. At this 
point, the power was reduced and more time and power was allocated to the primary heater to 
remove the rest of the ice. This is the reason that the temperature of the primary heater increased 
after 30 minutes, and from the timelapse the ice in the primary zone was removed after this point. 
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The peak power densities for the primary and secondary heater zones of the LE were 0.025 W/cm2 
and 0.053 W/cm2 which are significantly lower than the 0.25 W/cm2 achieved on the test panel. It was 
not possible deliver higher power levels, as the IR camera indicated that the material was over 100 °C 
at the hot spot locations and would have likely been higher sub surface. If the power had been 
extrapolated to the level used in the test panel, it would have used 800 W. If the full power of the PSU 
had been used (1500 W) and extrapolating these results would have resulted in the wing having been 
cleared of ice in around 8 minutes or sooner. 

7.1.9. Future work 

Understanding of the power requirements for use in commercial aircraft is still required, as it needs 
to be compatible with alternating current at higher voltages, such as 240V. The resistance of the 
heaters used in this study ranged from 0.35 to 1.5 Ω which isn’t compatible with these range of 
voltages currently. The use of transformers is not desired for a system like this, therefore modifications 
to the carbon layout to modify the resistance would be required. There are a few ways to achieve this, 
through the use of Tailored Fibre Placement (TFP) or Automated Filament Placement (AFP), longer 
thinner traces of carbon tow could be placed on a wing to increase the resistance of the system.  

If the issues with localised burning were not present, and the power requirements were tuned closer 
to what is required by aerospace, this method could be a viable method for lightweight electrothermal 
de-icing or anti-icing. The testing here showcases the potential, however, needs to be evaluated in a 
full icing wind tunnel to understand if this method would be suitable for aerospace in the future.  

It does highlight some of the significant disadvantages of the use of CNT’s in composites, where they 
limited the maximum performance of the demonstrators, particularly with the LE, where the hot spots 
were generated. There are a few reasons why they could have changed characteristics between the 
panel and LE tests. The application of resins to the surfaces wasn’t optimal and would be difficult to 
recreate. It is significant that there were no hot spots on the test panel, showing it is possible to use 
them effectively, however the LE shows that this is not consistently achievable.  As discussed in 
chapter 5, the processing and preparation of CNT-epoxy blends is important, as is the amount of time 
they are stored after processing.  
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7.2. Development of CFRP Joule heated tooling for aerospace applications 

Following the application of UD fibres in a composite layup for de-icing applications, the technology 
was developed further to enable low-cost Joule heated tooling. The project was conceptualised by 
Matthew Collinson, with help from Dr Stu Morris, Director of Engineering at Pentaxia, which was 
successful in obtaining grant funding from NATEP. This work covers the first stage of this “EcoTool” 
project, covering adaptations to the process to enable compatibility with composite tooling, and the 
curing of a small-scale wing skin section. This work is still ongoing; however, it is highlighted to show 
further use cases for this technology, that have real world applications.  

7.2.1. Abstract 

The previously developed direct electric cure (DEC) technology for Joule heating of CFRP was adapted 
and implemented to manufacture a heated tool and subsequently heat and cure CFRP components. 
Unidirectional carbon fibre pre-preg was laid up as a heater element in the middle of a standard 1-8-
1 tooling layup, which was then used to cure the tooling pre-preg itself, as well as components on the 
tool after this initial cure. Electrical connectors and adhesive film were used to pass the electrical 
connection through the resulting carbon tooling plies, to ensure even temperature distribution and 
safe operation in a manufacturing environment. A custom power distribution setup and custom 
software to heat multiple heating zones equally was developed. A demonstrator tools were developed 
with the shape of a generic wing skin, to test the technique on larger components, as well as testing 
more complex geometries with tapers with multiple heating zones.  

7.2.2. Introduction 

The composite manufacturing industry is continuously looking for novel manufacturing solutions that 
achieve increased manufacturing rates, reduce energy consumption and reduce manufacturing costs. 
This is happening across many sectors, particularly in aerospace, automotive and energy.  

Direct electric cure has previously been developed and discussed as a potential way of achieving these 
improvements. It would be challenging to introduce to the aerospace industry, given the certification 
requirements for a novel curing method which introduces fundamental changes to materials and 
process. Recertification of novel cure methods reviewed in chapter 3 would require significant 
investment as most fundamentally change how heat is delivered to the component. Heated composite 
tooling is used in some aerospace applications to manufacture parts already. Therefore, there is an 
opportunity to use the technology and developments for DEC and apply them to composite tooling to 
get similar benefits, but with lower certification requirements.  

Heated tooling for composite manufacturing has been used for the curing of composites since their 
inception, using technologies such as heater mats, heated fluid, heater lamps and resistive heating to 
provide heat [16]. Common heating methods for metallic tooling comes in the form of fluid heating 
channels within the tool, embedded heater cartridges or having the tool within a heated press. All of 
these methods are effective for curing of pre-pregs and resins, helping increase throughput, however 
they have limited benefits in energy efficiency and cost to run.  

The heating of composite tooling using Joule effect heating has been explored in a small number of 
previous studies using UD plies [17,18] or tailored fibre placement (TFP) [19]. In the area of TFP heater 
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elements, it is clear that there are many private operations heating carbon in this way, however there 
aren’t any identified instances of technical publications.  

Weiland et al [18] simulated a CFRP mould with inbuilt resistive heaters to study the effects of non-
uniform heating of resistive heating methods, which could be caused by the low thermal conductivity 
of CFRP compared to metallic tooling. It was possible to predict the temperatures up to thermocouple 
accuracy, however this was only completed on very simple geometry. Athanasopoulos et al [20] 
manufactured a top hat geometry resin transfer moulding (RTM) tool that used the embedded carbon 
fibres as heating elements, in particular to assist resin flow during the infusion process. The carbon 
fibre heating elements were embedded near to the A surface, using a gel coat to ensure a high-quality 
surface finish as well as electrically insulating the fibres. Degree of Cure (DoC) was found to be within 
< 1 % of components cured in the oven, however there were thermal gradients on the tool surface, 
which were attributed to the heat transfer at the edges of the part to the environment.   

7.2.3. Objectives 

This study used previous knowledge from Joule heating of CFRP and understanding of composite 
tooling for aerospace components, to manufacture and test a Joule heated CFRP tool. Modulated 
MOSFETs were used to control power output to multiple zones of a tool, to enable even temperatures 
to be reached over the surface of a more complex tool geometry. This method was previously 
demonstrated as effective for improving temperature distribution over multiple complex heating 
zones when joule heating composites by Liu et al [21]. The curing performance was verified using a 
thermal survey and DSC testing of components cured on it.  

The manufacturability of the tool is also of importance, as many commercial or custom heated tooling 
solutions are cost prohibitive, negating the positives of low energy consumption and shorter cycle 
times. This study aims to use standardised composite materials and methods to ensure that the 
resulting heated tooling has a minimal impact to the overall cost. 

The larger tools demonstrated in this study were cured in an oven, however, it will be of interest to 
cure the tooling pre-preg itself using the Joule effect heating so that an oven or autoclave isn’t 
required at all as part of the processes. This not only lowers the cost barrier to composite 
manufacturing, but it also presents the opportunity to manufacture components larger than the 
constraints of the size of heating chamber that is available, such as oven or autoclave. This could 
enable large monolithic composite structures for aerospace, such as wing skins, without the 
requirement of extremely large autoclaves. 

7.2.4. Methods and hardware 

The experimental hardware from previous experiments in CFRP Joule heating [3] was updated to 
ensure that was easier to program, now in Python, and subsequently using more open-source 
hardware. The National Instruments (NI) and TDK power supply units (PSU) were controlled using the 
standard command for programmable instruments (SCPI) commands over a local area network (LAN) 
connection. Off the shelf thermocouple amplifiers and PWM controllers from Adafruit were used to 
log temperature data and modulate the MOSFETs respectively. The control software was written in 
Python and provided a PID loop of equivalent energy to each zone as required based on the 
temperature feedback. A user interface was written in Plotly Dash. 
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The layup, including the copper electrodes, UD plies, glass insulation and bolts for the power pass 
through, can be seen in Figure 14. Bolts were used to easily pass through the remaining bulk and 
surface plies in the tooling layup, as well as being easy to attach onto power cables post cure. The 
base of the bolts were insulated to ensure that they are electrically isolated from the other carbon 
plies. 

  
Figure 14: Photos of the process of laying electrodes in tool. 1. Layup of copper electrode, 2. GFRP used to hold 

in place bolts to allow for passthrough 3. Final layup with bolts through the thickness of the remaining ply 
layups. 

The electrical insulation was required to ensure that Joule heating wasn’t occurring in any other plies, 
and to ensure that the tooling would be safe for a user to touch whilst it is operational. To verify this 
had been achieved, a Megger insulation tester was used to test the insulation between the electrodes 
and the surface of the tool, as seen in Figure 15. 

1. 2. 3. 

200 mm 
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Figure 15: Megger insulation tester attached to a tool. 

The clamp was attached to the surface of the tool and then each electrode was probed to test the 
insulation. 50 V was first tested, as this is within the operating voltage range of the tool during cure. 
Additionally, higher voltages were also tested in case any overload situations occurred. As the primary 
area for current to enter the bulk plies was around the bolt. The electrical insulation was improved 
until the tools passed the 1 kV test. This was achieved through additional debulking steps, occurring 
after every GFRP ply, and improved insulation of the brass bolts at their base, where there is possible 
contact with bulk carbon plies. After these improvements, complete electrical insulation from the 
heating plies to the external surfaces was demonstrated. 

Two geometries were tested. The first was a 300 x 300 mm flat plate with the UD carbon heater plies 
laid up to within 5 mm of the edges of the plate. The second was based on an aerospace component, 
which was a top wing skin of a NACA 2412 aerofoil, which has been tapered from a chord of 340 mm 
to 250mm. These two tooling designs can be seen in Figure 16.  
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Figure 16: Left: Small flat plate tool, Right: Example of a cured tool with embedded electrodes (sub-surface).  

Components being cured on the tools are made of SHD VTC410, which cures at 120 °C and post cure 
at 180 °C. The smaller tool was cured using the Joule effect itself, whereas the larger wing skin 
geometry was cured in an oven, as the heating elements were only placed where the component was 
to be cured. 

7.2.5. Experimental 

The small flat plate tool was used to do initial assessment of the Joule heating to cure the tooling pre-
preg, and of curing components using the heated tool itself. Two 200 x 200 mm panels of 8 plies thick 
UD SHD VTC 410 pre-preg were cured, one using the Joule heated tooling and the other cured in an 
oven to compare the curing methods. Both followed the same recommended cure cycle of 1 hour at 
120 C. Samples were taken from two opposite corners and the centre of the panels and tested in a 
DSC.  The results can be seen in Figure 17. ΔH is the energy released by the sample after the cure when 
raised to 300 °C, then adjusted for the samples mass. ΔH is directly related to the DoC, a low ΔH would 
indicate a higher DoC.  

 

   

DSC curve peak temperature (Tg)  
Oven 
(C) 

Joule 
heated 
tooling (C) 

Bot Left 181.45 181.85 

Middle 170.43 174.26 

Top 
Right 

163.11 162.30 

   

Figure 17: Graph: Data showing ΔH (J/g), Table: Temperature peak from ΔH curve. 

As it can be seen from the DSC data, the degree of cure is very similar between the Joule heated tooling 
and the oven cure when following the same cure cycle, with the heated tooling performing slightly 
better than the oven cure. The DoC’s both follow a similar pattern, with the bottom left of both 
samples being significantly more cured than the other areas. This position on the heated tooling is 
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nearer the electrodes, which can heat up more than the rest of the panel, as seen in Figure 18. It is 
unclear as to why this same pattern has occurred with the oven cured components. It could be due to 
the position of the part being not being central to the caul plate, leading to uneven heat transfer, 
leading to hot spots on the component.  

 
Figure 18: Thermal image showing that additional heating can occur around the electrodes, see the left side of 

the panel. 

When scaling up, the excess heating around the electrodes can be reduced to acceptable level by 
increasing the electrode area, reducing the contact resistance. Composite tooling commonly has 
excess material around the edge of where the component is being cured, therefore the area required 
for the electrode can potentially be accommodated in the tooling design. 

The small flat plate tool was cured using the in-built heater plies, however the larger tool with the 
aerofoil geometry was cured in an oven, as there was no current way to fully cure the 
flanges/stiffening structure using the Joule effect curing method. Future developments aim to cure 
the whole tool using this method, to reduce reliance on ovens, and allow for larger components to be 
manufactured.  Due to the tapered complex geometry, the tool was split into 3 separate heating zones 
to ensure that an even temperature could be achieved. Once the tool was cured, the zones were 
tested individually to ensure that they were working as expected with no shorting or major 
temperature changes, of which thermal images can be seen in Figure 19. 

      
Figure 19: Thermal images showing the temperature distribution over one zone (left image) and all three zones 

(right image). 
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The zones heat up at slightly different rates, however this isn’t expected to affect the overall heating 
performance during cures. The addition of the component plies (to be cured) and thermal insulation 
is expected to significantly reduce this effect and provide more even heating. Compared to previous 
Joule heating completed on plain weave composites (see direct electric cure), here the heating occurs 
at edge of the composite, rather than reducing as it gets closer to the edge. This previously resulted 
in under-cured components, however as seen in the previous section, this appears to no longer be the 
case. 

To test the aerofoil geometry tool, 8 plies of pre-preg were laid up onto the tool, leaving a 50 mm gap 
to the edge of the tool at each end. A cure cycle at 120 C was completed, for which the time and 
temperature trace at thermocouple 1 can be seen in Figure 20. During this cure, the tool was insulated 
using rock wool, over 100 mm in thickness.  

 
Figure 20: Power and temperature traces for a shortened cure cycle using heated tooling with complex 

geometry. 

The total power usage for this cure cycle is 0.455 kWhr, which has then been normalised to per hour 
of cure to enable comparison with other novel cure methods, such as DEC and oven cure. Examples 
of normalised energy per cure can be seen in Table 3. It is noted that the oven used for comparison is 
3 x 3 meter and can fit multiple equivalent tools of this size, and the DEC are for different size and 
geometry components (2-meter-long leading-edge section). 

Table 3: Comparison of Joule heated tooling energy consumption to other cure methods. 

Cure method Normalised energy per cure 
hour per hour, kW/hr2 

Oven Cure (180 C) 66.58 

DEC VARTM (140 C) 0.64 

DEC Pre-preg (120 C) 0.56 

Joule heated tooling (120 C) 0.61 

Joule heated tooling 
component scaled (120 C) 
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The component cured here is roughly 40 % smaller than the DEC examples, so when adjusted for this 
scale, it is slightly less energy efficient. However it is still significantly more efficient than oven or 
autoclave curing. The increased energy efficiency combined with the lower labour cost to implement 
this system are likely to make it attractive in a manufacturing situation if the required quality and 
reliability can be achieved. 

Three thermocouples were placed on the surface of the component being cured to understand the 
heat distribution. They were placed along the centre line of the component layup, one at each end of 
the layup and one in the centre of the component. The range of the thermocouples, indicating 
temperature distribution, was calculated and can be seen in Figure 21. 

 

Figure 21: Range of thermocouples compared to the cure temperature of the tool during a 120 C cure. 

During the ramp stage the range does not reach higher than 3 C, and during the dwell settles to under 
1 C. This is a significant improvement over previous DEC cures, where the range increased 
significantly during the ramp, above 60 C, and was at minimum 20 C difference by the end of the 
cure. 

7.2.6. Discussion and conclusion 

In this experimental work, the concept of using DEC principles in composite tooling to develop Joule 
heated composite tooling was demonstrated with promising results. Small- and large-scale 
components were tested, with their heating and energy efficiency performance compared to oven 
cured components. The DSC testing of the smaller flat plate showed that heating through the thickness 
of the tooling layup was possible and resulted in comparable DOC to oven cured components.  

When scaling up the tooling size, energy efficiency could be compared to previous DEC and oven cures.  
It was found to be less efficient that DEC, but still significantly more efficient than oven curing. Initial 
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temperature mapping showed significant improvements in heating uniformity compared to DEC, 
which would be within aerospace specifications for curing. This improvement is likely due to the use 
of UD plies as the heating elements, however other improvements such as being able to apply 
insulation closer to the part (no additional tooling required) would also assist with this.  

Future work should concentrate on verifying these initial results, by DSC testing components cured on 
the larger tooling. Additional heater plies can be applied to the complex geometry example, which 
would allow for the whole tool to be cured using Joule heating, including the flanges/support 
structure, which would then fully remove the requirement of an oven for curing. If this could be 
achieved, then tooling and components that are larger than common oven or autoclave sizes could be 
manufactured. This could lead to components such as wing skins or spars being manufactured without 
the requirement for heating chambers to be manufactured beyond this size.  
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7.3. Cure optimisation for rapid and low energy processing of thermosetting composite 
systems 

The following paper on a cure optimisation for rapid curing, considers the exothermic heat generated 
in the component during curing, and heat loss to the environment, in order to enable shorter curing 
cycles that use less energy. This has been included to show the potential of the technology if other 
aspects of composite manufacturing, such as cure cycles, were updated to be compatible with the 
technology.  

The project was conceptualised, and cure optimisation code was developed by Tim Swait. The use of 
the cure optimisation setup, adaptation to a heater plate and experimentation was completed by 
Matthew Collinson with experimental assistance from Matthew Bower. The paper was authored by 
Matthew Collinson, with supervision and reviewing from Tim Swait and Betime Nuhiji.  

7.3.1. Abstract 

The cure kinetics of a commercially available epoxy resin system were modelled, then cured using the 
models’ predicted outputs, taking into account the curing environment, for reductions in time and 
power usage. The model was derived from first principles with kinetic cure constants generated by 
Differential Scanning Calorimetry (DSC) traces. The model calculates exothermic energy and energy 
transferred to the environment and tooling, depending on the time temperature profile inputted. 
Optimised cure cycles were completed using a heated tooling plate, resulting in an 87 % shorter cure 
cycle, whilst achieving the target degree of cure (only 0.14 % lower than baseline), with no runaway 
exothermic reaction. These optimisations resulted in an estimated 95 % energy saving compared to 
an equivalent oven cure. This study demonstrates when a resin system is coupled with an optimised 
cure cycle, significant manufacturing and sustainably improvements can be made over cure cycles 
provided by manufacturers. 

7.3.2. Introduction 

Time-temperature cure schedules for thermosetting resin systems are currently specified based on 
the assumption that the component will be cured by a wide range of convection-based curing 
methods, typically oven or autoclave [22]. These conventional curing methods result in high quality 
parts, however, are expensive to acquire and run, and have in many cases, unnecessarily long cure 
cycles. They are unable to apply rapid changes in thermal energy to the component due to their large 
thermal masses. This is reflected in cure schedules designed to assume a worst case in terms of part 
thickness and equipment heating performance. This results in conservative schedules with slow, 
constant rate heat up ramps and long isothermal dwells, which reduces component throughput and 
increases energy usage. Novel rapid curing methods such as microwave [23,24], induction [25], direct 
electric [26] or heated tooling [16,27] can apply and reduce energy input far more rapidly to the part 
[28]. Some of these methods have the capability to heat at 10 °C/min or higher in a controlled manner 
[3], however there are few materials for which these heating rates are recommended. Accordingly, 
these novel methods are currently restricted to following the same cure schedules as the convective 
methods, meaning that the potential benefits offered by these advanced curing methods cannot be 
realised. 

Control algorithms for these novel curing methods are shared with the convective methods, 
proportional, integral, differential (PID) based controllers. The underlying assumptions behind these 
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control algorithms aren’t ideally suited to heating [29], therefore additional levels of complexity such 
as gain scheduling, autotuning or multiple “cascade” PID are used to improve heating performance 
[30,31]. With appropriate tuning and set up these can provide acceptable results and are used in 
industrial settings. However, this process is complex, and users are often unaware of how to set up 
these functions effectively due to tuning being dependent on the complete system of part, tool and 
curing equipment.  

Cure optimisation through the use of kinetic models has been investigated previously. Karkanas et al 
[32] investigated the use of an autocatalytic model to predict the kinetic response of Hexcel RTM6 
resin. This was built using data from Differential Scanning Calorimetry (DSC), providing good 
correlation to experimental cures. P. Hubert [33] characterised parameters of Hexcel 8552 resin for a 
modified empirical model, allowing for predictions in glass transition temperature (Tg) and viscosity. 
A similar method was used Kratz et al [34] to produce thermal, viscosity and Tg models for two 
commercial out-of-autoclave resins, which were verified by curing thick ply composites.  

J. Lopez-Becerio et al [35] defined a non-Arrhenius reaction order model, which was accurate in 
specific use cases. Accuracy would reduce at higher temperatures not accounted for in the model. It 
was observed that adding more complex parameters to improve accuracy in these cases compromises 
the physical significance of the original inputs to the model. The models described all accurately 
manage to predict physical parameters such as degree of cure (DoC), Tg or viscosity, and in some cases 
have been verified with experimental trials.  

The authors were unable to find any studies that have applied these predictive models to a 
manufacturing environment to make improvements to a cure, such as reducing energy usage and cure 
cycle time. The model in this study is not as complex as the ones reviewed, however, it is time and 
temperature dependent, considering the heating method and heat loss to the environment. 

The objective of this study was to create and test a model of the full curing system environment, 
comprising the Carbon Fibre Reinforced Polymer (CFRP) component, tooling, and the curing 
equipment. This serves two important purposes. The first is that the model may be used predict the 
outcomes of cure schedules to achieve an optimal solution for a given system of component, material, 
and heating equipment. Secondly, the model could form the basis of a more advanced algorithm to 
control the cure process in real time, further increasing the potential of advanced curing equipment. 
This study does not cover running the models in real time, allowing for feedback to be introduced, 
however, the methodology allows for it in the future. This allows for future potential application of 
modern machine learning and artificial intelligence algorithms beyond estimations and assumptions 
made in this study. 

7.3.3. Cure kinetics in composite manufacturing 

Curing of epoxy thermoset materials is driven by the crosslinking mechanism, which is exothermic 
[36]. This effect is particularly evident when large quantities are mixed for a manufacturing process, 
the reaction starts as soon as the constituents interact. Depending on the resin type, the epoxy can 
heat rapidly if the heat cannot be dissipated as quickly as it is generated. If not monitored, or used 
shortly after mixing, this can evolve into a dangerous runaway exothermic reaction, as the heat 
generated increases the speed of the reaction further [37].  
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Figure 22 demonstrates this graphically with energy release measurements using a DSC, which 
measures the thermal outputs of a resin sample as it cures. Increasing the heating rate of the test 
results in a higher peak thermal output and heat flow rate from the resin. The area under the curve 
shows the increased energy output that the epoxy is generating if the heating rates are too high. 

 

  

Figure 22: DSC curves of an epoxy resin at different heating rates, showing the higher heating rates increases 
the peak heat output. 

If uncontrolled, it can lead to a runaway exothermic reaction, which can be a fire risk and cause 
significant damage within composites, requiring the whole part to be scrapped. Common damage due 
to a runaway reaction on a composite part are reduction in strength [38,39] and discoloured or burnt 
areas. 

An aim of this study is to manipulate this curing reaction so that the heat generated during a cure can 
be harnessed to assist heating of the panel. This would reduce the time and energy input of the cure 
whilst increasing safety by predicting peak temperature during the cure. 

7.3.4. Cure kinetics for predictive cure 

The thermal reaction of epoxy resin is described by a set of equations that define the cure kinetics and 
the resulting properties. These equations will be used in this study to define a model, allowing cure 
cycles to be reduced in length, whilst ensuring similar degree of cure compared to the manufacturers 
cure cycle. 

(Equation 1) [36]  defines the degree of cure. This ratio defines the crosslinking that has occurred 
within a resin, compared to the amount of free reactive groups remaining unreacted in the epoxy 
crosslinking network. In an uncured system that has been mixed at time=0, this will be at its maximum 
possible value, as no reactions will have occurred. Once a sample has started reacting and crosslinking, 
the number of reactive groups start to reduce to a point at the end of the cure where very few reactive 
groups remain. 
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 𝛼 =
𝑥 − 𝑥௧

𝑥
 (Equation 1) 

where 𝛼 is the extent of reaction, 𝑥 and 𝑥௧ being the amount of reactive epoxide groups available 
at the start of the reaction and at the final cure time, 𝑡𝑐.  

A post cure leads to an almost 100 % cure where there are very few remaining reactive groups, and 
the properties of the material can no longer change. Depending on the final property requirements of 
a resin, a cure cycle is usually designed to only react up to 85-98 % of the available reactive groups. 
An example of this can be seen in the cure percentages in Table 4, with a resin after a post cure 
reaching 97.80 % DoC. 

The degree of cure is found in practice using a DSC, which is a technique that measures the total energy 
output of an exothermic reaction of a sample as it is heated. Cure percentage compares the energy 
available in an uncured sample to a cured sample with the same mass [40]. To determine the degree 
of cure at any point in the cure cycle, a kinetic model must be applied which relates time and 
temperature to degree of cure. Epoxy resins are commonly considered to cure according to an 
autocatalytic model equation [33,36,41,42]. This model is based upon two equations. The first is the 
Arrhenius Equation, (Equation 2), which allows the effect of temperature of reaction rates to be 
calculated, also defined as the rate constant, 𝑘. 

 
𝑘 = 𝐴𝑒

ቀ
ିா
ோ்

ቁ (Equation 2) 

where 𝐴 is a pre-exponential or frequency factor, which is experimentally defined, 𝐸 is the activation 
energy, 𝑅 is the universal gas constant, and 𝑇 is the temperature in Kelvin.  

The second is the rate equation [33,36], (Equation 3), which defines the change of degree of cure over 
time. 

 𝑑𝛼

𝑑𝑡
= 𝑘𝛼(1 − 𝛼) (Equation 3) 

where 𝑚 and 𝑛 are the concentration of the reactive groups in the reactants and products of a 
reaction, respectively.  

Equations 1-3 form the basis of the kinetic model developed in this study; however, it is noted that 
the autocatalytic model is a simplification of most epoxy resins in practice. In reality, there may be a 
mixture of reactive species present, and some (for example latent hardeners) may not react to 
temperature in the manner described by the Arrhenius equation [43]. These additional secondary 
species’ cure constants were calculated in practice using curve fitting. Parameters such as 𝑇 and 
viscosity may also be modelled as a function of time, temperature, and degree of cure. The exothermic 
heat generated is taken to be proportional to the rate of change of degree of cure as given in (Equation 
4). 

 𝑑𝐻

𝑑𝑡
= 𝐻

𝑑𝛼

𝑑𝑡
 (Equation 4) 
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where dH/dt is the rate of heat flow in W and Hr is the total heat of reaction in J/kg. 

A Kissinger plot is one method that allows for the pre-exponential constant, 𝐴, and the activation 
energy, 𝐸, from (Equation 2) to be calculated from multiple DSC plots. This method is used to measure 
the heat of reaction of a thermosetting system, commonly at a constant rate of 10 °C/min [33].  

The temperature at the peak of the DSC trace is related logarithmically to the rate of heating, which 
is summarised in (Equation 5), [33,36]. 

 
𝑙𝑛 ቆ

𝛽

𝑇
ଶ
ቇ = 𝑙𝑛 ൬

𝐴𝑅

𝐸
൰ −

𝐸
𝑅𝑇

 (Equation 5) 

where 𝛽 is the heating rate of the DSC trace and 𝑇 is the temperature peak of the reaction at the 
specified heating rate. This equation is derived by the derivative of the Equations 3-4, and assuming 
the reaction rate is maximum at 𝑇 which can be seen in the DSC trace to be true. Therefore, if DSC 
traces are taken at varying heating rates, 𝛽 plotted against 𝑇, then the resulting cure constants can 
be determined, as seen in Figure 23. 

 

Figure 23: Kissinger plot of values from Figure 22 giving the cure constants for an example resin. 

7.3.5. Experiment methodology and model development 

This section covers how the cure kinetic equations described in section 7.3.4 were used to create a 
model written in Python. The model can predict the kinetic response of certain mass of resin when a 
heating profile is applied, as well properties such as DoC. This needs to be linked to a representative 
heating condition, therefore heat loss and heat capacity for a basic heated tooling plate was 
calculated. The assumptions used within these calculations are also detailed. 

Curing techniques and materials 

The heated tooling plate used a RS Pro 400W 240V heater mat, measuring 200mm x 300mm, bonded 
to a 2 mm thick aluminium plate of the same size. This was controlled using pulse width modulation 
with a solid-state relay in LabVIEW. It was assumed that all the power inputted was converted to heat 
to the composite without losses, however a proportion of this heat will be lost to the environment. A 
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K type thermocouple was embedded in the heater mat to monitor part temperature, and another was 
mounted away from the equipment to monitor the ambient temperature of the environment. This 
ambient temperature was used to calculate heat loss coefficients of the heater plate. 

The pre-preg used was SHD LTC210, a plain weave carbon fibre used for tooling applications. It is 
characterised by a low activation energy and long cure cycle, so that it can be cured at low 
temperatures in medium to thick sections. This was chosen so that a large exothermic response could 
be achieved with low energy input. It has multiple cure cycle options, from 45 °C for 24 to 40 hours, 
to 70 °C curing in 4 hours. For this study the following cycle was used for the oven cure comparison: 
Initial cure of 1 °C/min up to 60 °C for 8 hours and a post-cure of 0.3 °C/min up to 200 °C for 8 hours. 

Determination of thermo-kinetic parameters 
Thermal analysis of the epoxy thermosetting systems was conducted using a Perkin Elmer DSC 4000 
with a cryogenic chiller unit for thermal stability. The parameters required for the thermo-kinetic 
model are derived from fitting to a set of DSC traces conducted at various constant heating rates in a 
3 dimensional space. Using a constant heating rate for each trace, the traces can then be plotted onto 
a 3D surface using the three dimensions of time, temperature and heat flow as per Figure 24 A. To 
ensure that a consistent surface could be created without gaps, a range of heating rate trials were 
required, so 1 °C/min to 20 °C/min at 1 °C/min intervals were used which can be seen in Figure 24 B. 
This range was also chosen as it was within the range of heating rates the heater mat could achieve. 
The materials were tested from 30 °C up to 300 °C, which is within the range of the activation energy 
of the resin system. 

 

Figure 24: A) DSC traces of different heating rates plotted on a 3D graph, B) Results extrapolated for full range 
of heating rates using 3D curve fitting. 

Determining the cure kinetic constants accurately using a Kissinger plot is not possible when there are 
multiple undefined components such as latent hardeners [44] within the resin. This is due to having 
more than one peak in the DSC trace, which are activated at different temperatures. Therefore, 3D 
curve fitting was used as a more accurate way to determine the multiple kinetic constants. By plotting 
the multiple curves at different heating generated through DSC, then applying a 3D curve fit, the 
parameters can be more accurately determined. Curve fitting was then used to generate a surface of 
which the model can refer to at any point, not being restrained to using the DSC data available. Using 
a 3D plot additional parameters can be programmatically derived allowing this method to be used 
regardless of resin type or formulation. 



97 
 

Determination of exothermic energy generation 

The rate constant is first calculated at each discrete time interval, 1/s, using a predetermined 
temperature profile, of which two are used in this study. Each temperature point is first referenced 
on the Kissinger surface plot to determine the cure constants, which then allow for calculation of the 
cure constants at those conditions.  

The following parameters are then calculated iteratively at each time interval. The rate of reaction is 
calculated (Equation 3, using estimates of m=1.06 and n=1.57), assuming at the beginning of the cure, 
DoC and rate of reaction are 0. The DoC can then be calculated by summing the previous iteration’s 
DoC and rate change between intervals. The heat generated at each time interval can be estimated 
using the total heat of reaction of the resin, multiplied by the rate of reaction. 

Determination of environmental tooling parameters 

As the power input control was directly to the heater mat using a LabVIEW program, the temperature 
response to power input could be recorded. The heat capacity and thermal loss coefficient of the tool, 
including bagging and breather material was determined experimentally. By running a simple stepped 
power output profile to the heater mat and monitoring the temperature in relation to the 
environment temperature, the tool heat loss coefficient and heat capacity was determined, as lumped 
masses. These can then be used to predict the heat capacity and loss of the tooling and environment 
at discrete time intervals during a cure profile.  

Model development and testing 

To determine the total power output of the system, the following inputs need to be summed at each 
time interval:  Power output of the heater mat + Exothermic power – Heat loss to the environment – 
Power required to heat tool at current rate. 

The resulting power output is the required power input to the system via the heater mat, to reach the 
desired temperature profile. In the current iteration of the model’s code, the temperature profile is 
inputted through a graphical user interface, which allows for the final power requirements and DoC 
to be tuned to requirements. This power output profile is then followed by the LabVIEW program to 
output to the heater mat in an open loop configuration.  

For example, a negative total power output from the model means that the desired temperature 
cannot be achieved without forced cooling, therefore an uncontrolled temperature rise will occur. The 
cure cycle can be designed to be near this limit, to minimise energy input from the heater mat, 
reducing cure energy. This can also be used to heat a thin component at a high heating rate or find 
the heating rate limits for a thick component without experiencing an uncontrolled exothermic 
reaction. 

In the example given in the right of Figure 25 it can be seen the rapid heating rate results the 
exothermic power peaking at around 200 W, indicated as a negative required input by the model. The 
required total power output to the heated tool (blue line) drops significantly in order to maintain the 
temperature profile. If the power to raise the temperature wasn’t adjusted for the energy generated 
in the composite, the temperature would deviate significantly, and a runaway exotherm could occur. 
It is also not possible to cool the part to room temperature as rapidly as demanded, seen as a large 
negative energy requirement at the end of the cure.  
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7.3.6. Results 

Two custom cure cycles were modelled, tested, and analysed using the heater mat and the LTC210 
pre-preg system. The first cure cycle invoked a conservative exothermic reaction, to evaluate if the 
model could predict the timing and amplitude of the reaction. The second cure cycle was to optimise 
the cure time, DoC and energy usage, by using high heating rates to reach 100 % DoC whilst running 
close to the exothermic runaway conditions. The two cure cycles can be seen in Figure 25, showing 
the temperature cycle, power generated by the component and total power output to the heater mat.  

 

Figure 25: Left: Low ramp rate cure cycle, generating an exotherm around 20 minutes after the start. Right: The 
higher rate custom cure cycle, designed to have a large exothermic reaction at around 10 minutes. 

The time-power outputs from these two cure cycles were then used to power the heater mat, in open 
loop power control. The resulting temperature profile of the first cure can be seen in Figure 26.  

 

Figure 26: Part temperature against predicted part temperature during the first heater mat cure. 
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The cure was unintentionally reduced in duration due to technical difficulties with the LabVIEW code. 
However, the key part of the cure in the first hour of the cure, showing the exothermic reaction was 
recorded. The temperature profile of the second cure can be seen in Figure 27. 

 

Figure 27: Part temperature against predicted part temperature during the second heater mat cure. 

7.3.7. Discussion 

The model that has been developed was run as an open loop system, which predicts the temperature 
of the composite from the amount of energy that is being placed in from the heater mat. This means 
there was no temperature feedback loop to correct for any temperature deviation. It does this whilst 
also endeavouring to predict the heat loss to the surroundings and the heat generated in the 
composite from the exothermic reaction as the composite cures. To identify how effectively the model 
can predict sample temperature, a direct comparison of the expected set temperature to the part 
temperature during the cure can be made. These comparisons can be seen in Figure 26 and Figure 27. 
The differences between these temperatures were calculated, seen in Figure 28 for both optimised 
cures. 

For most of the time of both cures, the difference was less than 10°C, with a peak of 20°C during the 
ramp where the main exothermic reaction occurred. These figures suggest that the assumptions in 
the model are broadly correct, as it follows the cure cycle closely, and accounts for significant 
exothermic reactions at the correct time. 
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Figure 28: Graphs showing the temperature difference between the set temperature and part temperature for 
cure 1 (left) and cure 2 (right). 

For the first cure, a large temperature difference is seen before and after the exothermic reaction, 
which peaks at about 30 minutes and 60 minutes into the cure. This large swing from under 
temperature to over temperature suggests the exotherm happens later than the kinetic model 
predicts. This could be due to the ramp rates used here being much quicker than the model was 
characterised with, and not reaching the expected temperature. After these fluctuations, it settles to 
a 5 °C overshoot during the second dwell. 

The second cure cycle with higher ramp rates also has a large temperature differential at the beginning 
of the cure, as well as during the expected peak of the exothermic reaction. In both cases, the model 
has overestimated the initial heat up phase, which is significant as at this stage there are no external 
factors to influence this. The ramp rates during the initial phases are both high, at 7.5 °C/min and 17.3 
°C/min, which starts instantly as the cure starts. This gives little time for the model to account for the 
heating lag of the curing system. During these phases, the power into the system from the model is at 
its highest and in the case of the second cure cycle, is near the 400 W maximum output of the heater 
mat. Future cures could provide a short room temperature dwell so that the control system can 
account for this better. 

Aerospace standards for composite curing ovens [45] require commonly ± 6 °C temperature tolerance, 
however in some cases can be as tight as ± 3 °C. During the temperature ramps and peak points during 
the exothermic reaction, both were outside the ± 6 °C specification. 

DSC tests were conducted on the heater mat cured panels and two oven cured baseline samples to 
allow for comparison of different cure stages. The first oven cured sample was cured at 70 °C for 4 
hours with no post cure, then the second was cured at 60 °C for 8 hours, then post cured at 200 °C 
which can be seen in Table 4. Tg is taken from the exothermic peak of the DSC traces for oven cured 
and heater mat samples. 
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Table 4: Summary of DSC results and cure times of oven cure, post cure and heater mat cure. 

Sample Name DSC Glass 
transition 
temperature, Tg 
°C 

Predicted 
DoC 

DoC % Cure length, 
minutes 

kW.hr 

Oven with no post 
cure average 

125.13  61.32 300 0.582 

Oven with post 
cure average 

212.02  97.80 1180 24.278 

Heater mat cure 1 164.63 95.12% 91.28 135 0.345 
Heater mat cure 2 209.52 97.27%  97.66 52 0.252 
Datasheet values 210  N/A 1180 N/A 

 
The second heater mat cure closely matches the DoC of the post cured sample, being only 0.14 % 
lower. It achieves this whilst reducing the time to cure to 5 % of time for the oven cured sample. It 
also reduces the energy consumption to 1 % of the oven cured sample. It is noted that a lot of the 
efficiency gains will be due to the change from oven cure to heater mat cure.  As a full cure cycle 
wasn’t completed on the heater mat, an estimation was made with existing data, which would be ~ 5 
kW.hr, therefore using this model results in a 95% reduction in energy usage. Future implementations 
of the code will look at directly controlling the power output of an oven, so a direct power 
consumption comparison can be made of an established cure process. A reduction in cure time of 87 
% compared to the recommended cure cycle is significant for production where takt time is a key 
factor. 

7.3.8. Conclusion  

The objective of this study was to develop and implement a kinetic model that could be used to predict 
the kinetic response of a composite cure system. Data input to the model was collected using DSC 
testing of composite materials and monitoring the heating response of the curing system. Using a 
heater mat setup, the concept was proven successful, with the kinetic variations such as exothermic 
energy and convective cooling being predicted accurately, through low temperature differences seen 
during short cure cycles. In the shortest cure tested, over 200 W of excess exothermic energy was 
accounted for, whilst maintaining the temperature to within 15 °C of the predicated set point in an 
open loop setup. The model predicts the cure kinetics well, and external disturbances could be 
accounted for with temperature feedback in future work. It may not be necessary to remove these 
however, as they may further modify the calculated DoC. Future models could consider these transient 
heat transfer coefficients to ensure the correct amount of kinetic energy is going into the composite. 

The work described here is the foundation for allowing custom cure cycles on a variety of heating 
methods, to the maximum of their capability. With simple characterisation of the heating method and 
the material, cure cycles can be shortened without compromising DoC or Tg. This will allow for 
improvements with existing convective cure methods and improving adoption of newer methods such 
as microwave or direct electric cure.  

The existing model does provide useful use cases, for example safely reducing the length cure cycle of 
a reactive pre-preg resin system as seen in this study. Other uses for the existing model could be to 
predict the maximum safe cure cycle for thick laminates.  

A limitation of this model currently is the ability to predict other important parameters such as 



102 
 

viscosity and Tg, as well as the accuracy of more complex resin formulations and heating methods. 
Adding these features to this model to account for more factors would allow it to be more accurate in 
some situations. However, this increases complexity of the setup and would have an increase in 
unknown factors to ensure the model produces accurate results. These types of blind adjustments are 
common in a manufacturing environment, where this is likely to be deployed. To develop this concept, 
further process data could be processed by a machine learning algorithm that can account for all these 
unknown factors, without having to fully understand the physical properties of the process itself.  
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8. Development of large scale electrical self-sensing of CFRP 
composites 

This chapter is a paper in preparation on the development of electrical response-based impact 
detection methods within CFRP composites, also known as self-sensing. This was developed over a 3-
year period alongside the DEC work.  

It is an experimental paper on scaling up existing and newly developed self-sensing methodologies to 
detect barely visible impact damage on larger components. It covers review and experimental work 
on a variety of previously published techniques, and establishes new and complementary methods, 
so that method can be scaled up for practical implementation in representative manufacturing 
environments. 

Experimental work, authorship and editing by Matthew Collinson, with sample manufacturing assisted 
by Matthew Bower. Reviewing and supervision was completed by Simon Hayes, Tim Swait and Betime 
Nuhiji. 

8.1. Abstract 

This study investigates the scale-up of the electrical self-sensing method, for damage detection 
through electrical resistance monitoring of carbon fibre-reinforced plastic (CFRP) samples.  The 
resistance increases locally to the impact location due to both fibre breakage and the piezoresistive 
effect. Electrodes were embedded during the manufacturing of CFRP to enable a scalable resistance 
monitoring method, whilst adding minimal weight and complexity to the component. Damage 
detection was possible for some configurations, however, it was inconsistent in its detection of impact 
position and intensity. It was possible to locate barely visible impact damage (BVID) in some samples, 
whilst in others, there was no response or false positives were encountered. The scale was increased 
to a detection area of 560 x 400 mm, with no significant reductions in sensing sensitivity. Whilst it 
wasn’t always possible to identify the impact location, in the majority of samples it was possible to 
detect that a change had occurred because of an impact. Recommendations have been given on 
potential fundamental improvements to this process to enhance detection capability and 
repeatability. 

8.2. Introduction 

Use of composite materials in the aerospace sector is increasing as the requirement for lower 
emissions and electrification drives light weighting [1].  However, there remains an absence of reliable 
and accurate methods for structural health monitoring and damage detection for these composites 
[2]. The brittle nature of the epoxy results in barely visible impact damage (BVID) [3], which can lead 
to catastrophic failure of the structure [4].  

When an impact occurs on a composite, the surface impacted undergoes compression, commonly 
with little surface damage, whereas the opposite surface undergoes significant strain. This can cause, 
in order of increasing severity of resulting damage; matrix cracking, fibre pull out, fibre breakage and 
delamination between plies [5,6]. It can be difficult to visually inspect for BVID in aerospace structures 
without disassembly, for example a wing skin. Methods available for detection of these impacts are 
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C-Scan or acoustic emission (AE). However, respectively, these require highly skilled operators or 
complex solving algorithms for effective detection [7,8].  

This study investigates self-sensing, a method that monitors the electrical resistivity of plain weave 
(PW) composites to detect changes resulting from impact damage. It builds on previously established 
methods as described in the following section, however in this study it is developed to be more 
manufacturable and establishes newly developed detection strategies. Previous studies have 
developed different techniques used to detect damage, all requiring different electrode positioning 
or current injection patterns on the surface or within a laminate. These previous attempts have been 
successful at detecting impact damage, but have been on a small scale, so are not suitable for 
aerospace structures. 

To increase the scale, a multiple-mode flexible printed circuit board (PCB) was designed to integrate 
into the composite easily during the manufacture, allowing the damage area to be increased 
significantly from previous attempts. It also allowed for different layouts of electrodes and current 
injection patterns, to determine the most effective method for electrical self-sensing. The knowledge 
gained was used to develop a modular flexible PCB, which was integrated into larger components, to 
enable a detection area of 560 x 400 mm. Investigations were on aerospace pre-preg components and 
composites manufactured with vacuum-assisted resin transfer moulding (VARTM).  

8.3. Electrical self-sensing concepts 

Carbon fibres are highly conductive, and therefore a CFRP composite can be considered as a network 
of conductive paths. If conductivity is monitored along the fibre direction, when an impact occurs 
resulting in fibre breakage, a change in resistance will occur. If the conductivity is measured in different 
segments or different axis of a woven or Quasi-Isotropic (QI) composite surface, then the damage can 
be located on a surface.  

There are two methodologies for measuring electrical resistance of materials, 2-point and 4-point.  
The 2-point method applies current between two electrodes and monitors voltage from the same 
electrodes, which is then used to calculate resistance. As it uses two electrodes, it is easy to 
implement, however it includes the contact resistance of the electrodes and wires of the whole 
monitoring system. For composites, this can lead to reliability issues due to the insulating matrix [9–
11]. 4-point resistance testing is a more reliable, repeatable testing method.  It applies current at 
separate locations outside to the electrodes where voltage is measured (or voltage can be applied and 
voltage measured). This method has been used successfully in measuring composite resistance 
[12,13], as well as measuring resistance change when damage has occurred [14]. It has been found 
that the inconsistencies with the 2-point method is primarily due to the contact resistance between 
the composite [15].  Wang et al [12] investigated the setup requirements for the 4-point resistance 
technique, finding that the 4-point technique was much more sensitive to damage, giving a larger 
proportional change to resistance than the 2-point method.   

Research has covered the piezoresistive and damage detection properties of carbon fibres [16], 
carbon fibre composites [17] and nanocomposites [18]. However, there is limited research at the 
component scale, which is needed to make the technique usable for in-service or industrial 
applications [19]. Swait et al [20] manufactured flexible PCBs with paired electrodes and embedded 
them into unidirectional (UD) composites. Resistance was monitored using the 2-point technique [21], 
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which was accurate enough to provide data on an impact’s position within the laminate surface, 
however limited the sensitivity of the system. This study was limited by size (110 mm x 110 mm) and 
damage detection was only demonstrated with UD composites. 

A. Alsaadi et al [22,23] used the 4-point resistivity method with a flexible PCB bonded to woven CFRP 
with high-conductivity silver adhesive. The 4-point method approach enabled truer conductivity 
values of the composite to be recorded, providing damage detection with an repeatability of 85%. 

Electrical impedance tomography (EIT) has been used by S.Nonn et al [24], R. Schueler et al [25], A. 
and Baltopoulos et al [26,27]; taking electrical conductivity measurements across a panel at the panel 
edges and using electrical tomography to post-process the data. It was found possible to locate the 
damage on panels up to 250 x 250 mm, locating the damage more accurately due to the larger range 
of measurements taken from the panel. EIT has higher demands in computational and hardware 
requirements, but it has the potential to be highly accurate in damage detection. 

This study develops the methods from these previous studies for self-sensing damage detection on a 
larger scale, so that they can be used more readily in composite components. Methods were tested 
on a development panel setup with an interleave flexible PCB, which provided considerable setup 
flexibility. The results then informed the design and methods adopted for a modular PCB system, to 
seek to increase scale whilst maintaining detection accuracy. This study concentrated on PW 
composites, to represent an industry standard layup and to have controllable and repeatable results. 
It is more challenging to monitor the electrical resistivity of a PW than the UD composites that previous 
studies have concentrated on. It is expected that if the sensing system is shown to be effective for PW, 
the concepts are to be likely also applicable to UD composites. The authors didn’t want to limit the 
sensing system based on the layup or the material types used.  

8.4. Experimental setup 

Materials 
Two types of CFRP laminates were manufactured. For pre-preg experiments, PW Cycom 5320-1 was 
used, and for VARTM, Huntsman Araldite CY 179/ Aradur 917 resin system with Chomarat C-Weave 
3K PW carbon fibre was used. The manufacturers recommended cure cycle was used for both. For all 
initial experiments, 4 plies were used.  The difference in the two laminate types were expected to 
influence the results of the sensitivity of the method. VARTM samples are expected to have closer 
contact with the fibres, whereas pre-preg will have an insulating epoxy barrier during their layup. This 
may result in lower contact resistance values for VARTM samples, and therefore improved sensitivity. 

A flexible Kapton-Copper PCB (DuPont) was designed and manufactured so that it could be integrated 
into the composite during the manufacture, see Figure 1. It had a copper thickness of 35 m and a 
Kapton thickness of 25m. Using a PCB ensured that the electrode material and positioning were 
consistent between samples. The PCBs were cleaned with an isopropyl alcohol wipe before being 
laminated into the composite.  
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Figure 1: Left, Flexible PCB design, showing electrode positions, right, Test setup, showing PCB integrated into a 

CFRP panel, connected to the data acquisition system. 

The electrode pads were 15 by 15 mm and were spaced 45 mm apart centre to centre around the 
edge, with 9 centre electrodes spaced 90 mm apart centre to centre, in the PCB’s central area. The 
results from this PCB layout are detailed in their own section, referred to as panel PCB samples in the 
remainder of this study. Based upon the results from the panel PCB samples, for the scale up of the 
method, a modular PCB was designed and used, as seen in Figure 2.  

 
Figure 2: Example of the modular PCB’s laid up in a leading-edge component. 

The modular arrangement allows many PCB’s to be placed side by side, meaning the sensing zone can 
be increased in increments by adding PCBs, as well as enabling monitoring of more complex 
geometries such as a wing leading edge. The electrodes on these were smaller, 5 mm by 5 mm, and 
were 80 mm apart, centre to centre, however the distance between electrodes was the same as the 
panel PCB, due to the reduction in electrode area. The PCBs were laid up to ensure that the electrodes 
between separate PCBs were 80 mm apart. Where the PCBs were bonded to the surface, they were 
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bonded with a high conductivity silver loaded epoxy resin. 6 modular PCBs were integrated into larger 
components, resulting in a detection area of 560 x 400 mm. 

Data acquisition  
A National Instruments (NI) PXIe data acquisition (DAQ) chassis (NI PXIe 1078) was equipped with a 
high accuracy digital multimeter (DMM, NI PXI 4080) and a matrix module (NI PXI 2530B). For 
resistance monitoring of loads lower than 100 Ω, a test current of 1 mA is used, resulting in µV 
responses from the lowest resistance composite samples. This may result in the introduction of noise 
from the environment due to the low voltages involved.  However, it isn’t practical to change this 
without the development of custom equipment. This has been detailed further in the future research 
section.  

This data acquisition arrangement enabled resistance monitoring of the composite between 32 
electrodes, in both 2-point and 4-point modes. For the “panel” PCB, this allowed full scanning of the 
component with dual 20-pin IDE connectors. For the modular PCBs data had to be collected 
progressively by moving 1 of 4 connectors over the length of the component at a time and scanning 
at each section. After this, the data was compiled to appear as one set of data.   

Damage induction 
BVID and high energy impacts to puncture holes in the panel were induced by Imatek IM1C impact 
tower machine, with a 16mm hemispherical impactor head. An example of the impactor inducing BVID 
can be seen in images in Figure 3, taken from slow motion footage of an impact.  

 

Figure 3: Impact testing showing the induction of BVID, from left to right: Undamaged panel before impact, 
panel at the peak of deflection, panel after the impact showing the surface damage of the BVID. 

It is noted that the integration of a thermoplastic interleave ply (such as Kapton flexible PCB) in a 
composite can affect its impact resistance [28], however as the PCB interleave is in all samples, its 
effect can be considered negated. Thermoplastics are commonly used as toughening agents within 
epoxies and laminates, therefore flexible PCBs could be engineered to achieve this effect.  

The energy of impact to cause BVID was determined on a separate set of baseline panels of the same 
layup, by increasing the energy of the impact until impact damage was visible on the impacted surface, 
after close inspection. This was verified using an Olympus Omniscan MX with a phased array C-Scan 
module, generating the output seen in Figure 4. 
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Figure 4: C-Scan image of example BVID induced in samples. The impactor position induces small matrix 
damage on the surface, however the reverse side to the impact induces delamination, seen in green and yellow 

on the C-Scan image. 

After BVID was induced and analysed on the baseline panels, an impact energy of 5 Joules was selected 
for use on the panels with integrated PCBs. To induce puncture damage, 15 Joules was used to ensure 
significant damage so the system was most likely to detect the damage.  

8.5. Experimental methodology 

In the first set of experiments, the PCBs were integrated into the layup with no conductive adhesive, 
to minimise the impact on manufacturing. In later experiments with the modular PCBs, conductive 
adhesive was used to seek improvements in contact resistance. In all cases, the electrodes were 
applied towards the face where the impact occurred.   

The panel PCBs were designed to investigate different types of scan patterns, with a repeatable 
electrode material and environment. This method ensured that multiple scan types could be examined 
from the same impact on the same panel, reducing experimental variables. This provided an 
understanding of what variables were important for damage detection such as electrode spacing and 
scan pattern types, which were then integrated into the modular PCB design. 

A summary of the samples tested in this study, including material, plies, PCB type and position are 
listed in Table 1. 

Table 1: A summary of the samples manufactured with panel PCB’s and the modular PCB’s and their properties. 

Panel PCB Samples 
Sample reference 

Material Plies Electrode interface PCB Position 

Cycom 5320-1 8 None 
Mid ply Panel-Prepreg-Midply 
Bottom ply Panel-Prepreg-Botply 

Araldite CY 179/ 
Aradur 917 VARTM 

8 None Bottom ply Panel-VARTM-Botply 

Modular PCB Samples  

Cycom 5320-1 
8 

None Mid ply Modular-Prepreg-Midply 
Silver loaded 
epoxy 

Bottom ply Modular-Prepreg-Silver 

Araldite CY 179/ 
Aradur 917 VARTM 16 

None Mid ply Modular-VARTM-Midply 
Silver loaded 
epoxy 

Bottom ply Modular-VARTM-Silver 
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With these PCBs, and the grid of electrodes they provide, it is possible to test a range of resistance 
testing patterns, or “scan” types over the composite components. These scans were completed after 
manufacturing of the panel to get baseline readings and then after impact damage, to get the 
damaged resistance readings.  

X-Y Scan 
This method monitors resistance across the whole width of the panel at set intervals, along the 0° 
orientation of the fibres, and then repeating in the 90° direction. When damage is induced, the 
electrodes will monitor for an increase in resistance in 0° & 90° directions, providing X & Y coordinates 
(hence the X-Y scan name), seen in Figure 5. It uses the 2-point resistance monitoring method, which 
minimizes the number of electrodes required. This method is similar to that used by Swait et al [20], 
however the scale is increased, and PW fabric is used. 

 

Figure 5: Diagrams showing the “XY” resistance monitoring scan pattern. Resistance is monitored between the 
electrodes indicated by the red arrows, then is tested on the next set of electrodes in scan direction 1. This is 

then repeated in the other direction, indicated by scan direction 2. 

4-Point zone scan 
This method monitors resistance between electrodes in the centre of a panel using the 4-point 
method. This was completed in X & Y directions over the panel, where a resistance map was built up 
to locate the damage.  As can be seen in Figure 6, 4-point resistance monitoring requires fewer 
electrodes to monitor from, whilst monitoring the same area. Despite this, the scanning pattern is 
more complex and leaves areas at the corners and of the panel that cannot be monitored. This is 
similar to the methods used Alsaadi et al [22,23], though the size of panel and number of electrodes 
used has been increased. 
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Figure 6: Diagram showing the “4-Point zone” resistance monitoring scan pattern. Voltage is monitored 
between the electrodes indicated by the red arrows from which resistance is calculated using the known 

current applied across the yellow arrows, then monitors electrodes along scan area 1 and scan area 2. This is 
then repeated at 90 ° to cover a larger area. 

2-Point zone scan 
This method uses the 2-point measurement method to measure between pairs of electrodes on an 
equally spaced grid of electrodes on a panel. Unit cells are made up of 4 electrodes in a square, where 
conductivity between every pair of electrodes is tested, including the 45  between the opposite 
corners, 6 measurements in total in each square, seen in Figure 7. Results for the average of the unit 
cell are then compared before and after. Once all unit cells are measured, a map of the resistance 
change can be generated to locate impact damage. 

 

Figure 7: Diagram showing the “2-Point area” resistance monitoring scan pattern. Resistance is monitored 
between the electrodes indicated by the red arrows. This is then repeated for each unit cell in the direction of 

the scan pattern to acquire data for the full area of the panel. 



115 
 

8.6. Panel PCB results 

This section considers the results of the electrical testing of the panel PCB samples, before and after 
the impact testing. The effectiveness of each technique can be evaluated by looking at the 
repeatability of the resistance values before impact. Contact resistance can be estimated by 
comparing results from 2-point and 4-point for the same area. Post impact data is reviewed from a 
statistical viewpoint (average and standard deviation) and then locally to see if impact damage can be 
detected, located and its energy can be determined. 

Analysis before impact 
Analysis of the resistance before impact was undertaken to evaluate the contact resistance, reliability 
of the damage detection and differences in resistance monitoring methods used. First, the averages 
and standard deviations were calculated which can be seen in Table 2. For the 2-point zone values, 45 
° measurements are taken out to avoid artificially increasing the standard deviations (SD) due to the 
longer distance measured. 

Table 2: Statistical analysis of baseline resistance values for the X-Y, 4-point zone and 2-point zone results before 
damage has occurred for the Panel PCB samples. 

Panel Average XY, Ω SD % Average 4PZ, Ω SD % Average 2PZ, Ω SD % 
Pre-preg PCB MID 3.715 15.92 0.033 33.500 3.454 9.936 
Pre-preg PCB Bot 3.503 11.86 0.015 33.381 3.330 11.116 
VARTM PCB Bot 10.107 26.12 0.053 29.776 9.526 22.257 

 
The values that have been recorded with the 2 point method exhibit significantly higher resistances, 
compared to the ones with the 4 point method, being from 100-200 times larger.  The pre-preg 
samples have a lower average resistance, compared to a VARTM cured sample. For the 4-point 
measurement where contact resistance is removed, the resistance is still higher for VARTM 
manufactured panels, however the standard deviation is similar for all sample types.  

Standard deviation of all the sample sets are all above 10 %, with the 4 point zone samples reaching 
30%. This suggests that there is significant variation between measurements that should be all the 
same, as they are measuring the same material of the same length. This variation doesn’t necessarily 
mean that the resistance changes will be lost in the noise of the variation, it means that the 
assumption of using PCBs to improve consistency of results hasn't been as successful as expected, or 
there is significantly more systemic variation in the monitoring of CFRP. The standard deviations for 
the VARTM panel using 2-point measurement are significantly higher than pre-preg, suggesting the 
implementation of the contacts is less consistent. 

There is a large difference between the 4-point averages from the two pre-preg manufactured panels, 
with the PCB on the bottom ply having less than half the resistance. This could be accounted for by 
the increased volume of conductive carbon the bottom ply PCB can transfer current through. This may 
explain why Swait and Alsaadi [20,22] had increased response by applying the PCBs on the bottom 
face of the composite. 

Contact resistance can be estimated by subtracting the 4-point measurements from the 2-point 
measurements, of which an average can be seen in Table 3.  
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Table 3: Estimates of contact resistance for the Panel PCB samples. 

Panel Contact resistance, Ω Percentage of total, % 
Pre-preg PCB MID 3.367 90.62 
Pre-preg PCB Bot 3.155 90.06 
VARTM PCB Bot 9.759 96.55 

These results suggest that contact resistance accounts for a large percentage of the recorded 
resistance response. This means that there is a 90% systematic error of true resistance for the 2-point 
measurement, which reduces the sensitivity of this method significantly. The estimated contact 
resistance for the VARTM samples are higher than the pre-preg samples, this could be due to the 
reduced control over the resin introduced ply to ply with VARTM, compared to pre-preg where the 
resin volume is tightly controlled.  

As later results will show, the lower the contact resistance, and percentage this is of 2-point readings, 
the better the results for the sample will be. This is clear from the 2-point results, where the pre-preg 
samples with a lower contact resistance percentage perform better than the VARTM sample.  

Post-Impact analysis of Panel PCB samples 

XY Scan Analysis 
The response to damage for the XY scan samples was very poor, with very few samples providing a 
response that was linked to the location of the induced damage. It was only in the VARTM BVID results 
where location was indicated in the X direction, which can be seen in Figure 8. In this case, there was 
a decrease in resistance around the damaged area after BVID, whereas for puncture damage, this 
pattern was then reversed.  In most cases, there was a slight increase in resistance in all 
measurements, however with no indication of location.  

 

Figure 8: VARTM XY results in the Y direction after BVID (left) and puncture (right), with the damage occurring 
in the centre of the panel. 

As the VARTM values showed the highest contact resistance of all samples, it is unusual that these 
samples provide the only interpretable data. Because of this, it could be considered that the impacts 
are inducing strain around the electrode and changing the contact resistance. The increase in distance 
between electrodes is expected to negatively impact the effectiveness and sensitivity of this method 
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compared to previous studies. Previous studies also suggest the use of PW would limit the sensitivity 
compared to UD, as it gives other pathways for current to travel once resistance increases locally. A 
summary of the percentage changes and range of resistances between BVID and puncture can be seen 
in Figure 9. 

 

Figure 9: Bar chart showing percentage resistance changes in response to damage for the XY scan method. 

Whilst it isn’t possible to locate the damage consistently, for the pre-preg samples there is an 
resistance increase between the two impacts. This indicates that the 2-point method has the potential 
to be used to evaluate the severity of damage.  

2-point zone analysis 
To analyse the resistance data collected with electrodes in the centre of the PCB, a heat map 
visualisation was produced in LabVIEW to indicate where resistance increases on the panel occurred, 
as seen in Table 4. The scale is from black where there is no change, to white is the largest change, 
relative to the resistance range during that test. 
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Table 4: Intensity charts showing the resistance response using the 2-point zone method. Note that the impact 
was in the centre of these samples, indicated by the cross. 
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In a few of the puncture cases, electrodes were damaged leading to “Not A Number” (NaN) readings 
from the LabVIEW software. This would indicate that the electrode had debonded from the composite 
and a reading couldn’t be made. As these were due to extreme damage, the values were replaced 
with a resistance at the level of the maximum resistance recorded in the panel’s dataset. This would 
represent a relative response to the damage, which scaled to the response seen in the panel. These 
were compared to the baseline values, of which the percentage difference can be seen in Figure 10.  

 

Figure 10: Bar chart showing the percentage increase in resistance between impact energies to the baseline 
readings for the 3 panel PCB samples, using the 2-point method.  
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The strongest response to BVID is seen in the pre-preg samples, with the PCB positioned on the bottom 
ply resulting in the strongest response and locating the damage accurately (Middle top of Table 4). 
The VARTM sample had the strongest response to higher impact energies, maybe suggesting the 
change in manufacturing method ensured the electrodes were less likely to dis-bond compared to the 
pre-preg samples. 

4-point zone analysis 
A heatmap of the data was produced in LabVIEW, where linear interpolation was used due to the 
uneven spacing of the data points. Table 5 shows the resulting heatmaps, where noise dominates the 
results for all the BVID results. An anomaly was that in some of the punctured samples, the DMM was 
producing negative resistance values, which was likely due to the damage of some of the electrodes. 
These negative results were replaced with zeros to produce the heatmaps in the 3rd row of results in 
Table 5. For the pre-preg results, this made the damage location clearer on the heatmap. 

Table 5: Interpolated intensity charts of the resistance response using the 4-point zone method. Note that the 
impact was in the centre of these samples, indicated by the cross. 
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There was a stronger response for the punctured samples, where damage was located with reasonable 
accuracy for the pre-preg materials. The VARTM manufactured samples provided no indication as to 
the location of the induced damage. There was little percentage increase in average values between 
BVID and puncture damage for the pre-preg samples, however more NaN’s were produced. The 
VARTM which showed an increase of 3.25 % for BVID and 54.44 % increase for puncture damage. 

8.7. Panel PCB conclusion 

From the initial statistical analysis, there was evidence that the PCB on the bottom pre-preg ply had 
the highest potential to record the true resistance values of the carbon fibres. It had the lowest 
resistance values recorded in both 2-point and 4-point as well as having the lowest calculated contact 
resistance. It had the highest sensitivity in the 2-point tests for BVID, accurately locating and indicating 
the severity of the damage. The X-Y scan mode wasn’t successful in indicating damage in woven 
laminates, and as the scale of the methodology is increased, it is likely to be less effective, therefore 
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the method won’t be used on the larger samples in the remaining samples tested.  The 4-point zone 
was ineffective at detecting BVID, however was able to detect larger impact energies so will be 
included going forward. VARTM manufactured samples were poor at damage detection in all cases, 
however, will be included in the modular PCB testing, given the trend towards the manufacture of 
large aerospace structures in this manner [29]. 

The calculations of the contact resistance were a good indicator of which samples would have sensing 
systems that were sensitive to damage. With the modular PCB, there is an opportunity to reduce 
contact resistance between the electrode and the sample through the use of conductive adhesive. 
There is also an opportunity to change the design, in order to make it more sensitive to damage. A 
brief study was completed on the effectiveness of damage detection using different sized silver 
adhesive based electrodes. Multiple samples with electrodes of 25 mm2, 100 mm2 and 225 mm2 were 
prepared onto 8 plies of pre-preg CFRP, with all electrodes 100 mm apart. They were impacted with 
BVID and puncture damage as per the previous panel PCB samples, and it was found that the smaller 
electrode size provided significantly stronger response to impact damage, despite having higher 
overall resistance. This is the reasoning for the reduction in electrode size from the panel PCB samples 
to the modular PCB samples, from 225 mm2 to 25 mm2.  

8.8. Modular PCB results 

The modular PCBs were used with both VARTM and pre-preg manufactured samples, of which an 
example can be seen in Figure 2. After the analysis showing that contact resistance for 2 point 
measurements was still high comparatively to the composite measurement, a method was introduced 
where the PCBs were bonded to the composite surface using silver adhesive to seek a reduction in 
contact resistance. For the silver adhesive, the surface was prepared using abrasive tools to expose 
the carbon fibres to the surface, to which the adhesive was applied and was oven cured at 65 °C for 2 
hours. In some cases, embedded and silver bonded PCBs were used on the same sample to allow for 
comparison with fewer variables, as seen in Table 1. Whilst the samples were large in scale (2000 x 
700 mm) the sensing area was smaller, resulting in an area of 560 x 400 mm being sensed. Due to the 
increase in the size of the components, it was no longer possible to impact the components using an 
impact tower. The samples were manually impacted with a ball bearing of same diameter of the 
impactor head, impacted from set heights. Therefore, it wasn’t possible to test BVID, dent or puncture 
in all cases, due to the inaccuracies introduced with this new method. 

Statistical analysis before impact 
The average resistance values and standard deviation were calculated for the 2-point zone and 4-point 
zone method, which can be seen in Table 6. 

Table 6: Average resistance values and standard deviations of the 2PZ and 4PZ. 

Panel Average 2PZ, Ω SD % Average 4PZ, Ω SD % 
VARTM modular 0.0104 123.7 0.85455 376.2 
VARTM with silver modular 0.0128 32.0 0.00018 266.1 
Pre-preg modular 0.0053 12.2 0.00001 50.5 
Pre-preg silver modular 0.0061 19.7 0.15715 616.0 
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Resistance values for both methods are lower than the panel PCB manufactured values. There is a 
significant increase in SD for almost all cases. The variability could be due to the placement of the PCBs 
being completed by hand, rather than the PCB providing the positioning. The geometry is more 
complex, which could introduce opportunities for variation in the layup also. As per the panel PCB 
samples, this standard deviation is representative of the variation between samples, and not 
necessarily representative of the reliability of the measurement method. Contact resistance was also 
estimated, Table 7, which is significantly lower than the Panel PCB samples. 

Table 7: Contact resistance estimations for the modular PCB samples. 

Panel Contact resistance, Ω Percentage of total, % 
VARTM modular 0.0078 73.66% 
VARTM with silver modular 0.0126 98.58% 
Pre-preg modular 0.0050 99.71% 
Pre-preg silver modular 0.0061 78.64% 

 
These results are very mixed, however following the panel PCB results, the higher percentage of the 
total is the contact resistance, the poorer they will perform.  It is expected that the VARTM and pre-
preg with silver will be most sensitive to damage, however this may be skewed as the 4-point 
resistances are significantly higher than the previous examples. This may be due to variations in 
contact resistance leading to higher recorded values.  

The silver modified samples all have higher estimated contact resistance compared to the unmodified 
samples. This may be due to the variations introduced with modifying the surface to obtain contact 
with the fibres, opposed to being consistent as part of the curing process.  This may lead to more 
inconsistent results from the silver modified samples.  

Post impact results VARTM modular 
The 4-point zone values resulted with very little location information, however there were indications 
of damage levels, similar to the panel PCB results, which can be seen in Figure 11. 
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Figure 11: Average percentage increases over the baseline of electrical resistance of the VARTM results 

There was a strong indication for BVID in the VARTM only sample, with an increase to 167 % of the 
baseline, however this was reduced to 97 % after a 15 J impact, and 138 % after the NaN values had 
been replaced. This inconsistency between significant impact energies suggests that this method is 
unreliable. The silver modified samples showed a strong progression of resistance increase with 
increased impact energy.  

The heatmaps in Table 8 show the predicted damage position for the 2-point zone VARTM modular 
PCB samples. The damage was induced in the left of the centre, indicated by the orange cross. 

Table 8: VARTM self-sensing heatmaps of BVID 15 Joule and 30 Joule energy impacts using 2-point resistance 
monitoring. Note that the impact was in the left side of these samples, indicated by the cross. 

BVID 15 Joule 30 Joule 

 
In the BVID heatmap, the area is spread over a larger area and has a low maximum change in 
resistance, 0.00012 Ω. As the damage increases for the 15 Joule impact, the zone size decreases as the 
resistance difference increases to 0.00028 Ω. For the 30 Joule impact, the resistance change does not 
increase, however the area becomes more concentrated.  The average values before and after impact 
can be seen in Figure 12. 
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Figure 12: Table of average resistance values and standard deviations from different scans of damage. 

One of the main results seen in the averages is that it increases as the level of damage increases, most 
significantly after BVID, however slightly more as the level of damage increases. This is a strong 
indicator that this method can be used to indicate that damage has occurred.  

Post impact results pre-preg modular 
Modular PCB testing was completed on pre-preg with the embedded and silver electrodes. The 
average values for BVID and higher impact energies for both 2-point and 4-point do not provide clear 
patterns in order to detect impact damage. Figure 13 shows the increases between the baseline and 
BVID and 15 Joule impacts, highlighting the changes when NaN values are replaced. 
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Figure 13: Average percentage increases for all pre-preg samples, for 2-point and 4-point testing. 

As expected from the contact resistance estimates, the silver pre-preg samples are showing larger 
increases in resistance, whereas the pre-preg only samples have more variable responses. The 
consistent positive response to damage from the silver modified samples suggests that it is having a 
positive impact on the detecting capability of the system. 

Heatmaps for both 4-point zone and 2-point zone can be seen in Table 9 and Table 10, and provide 
clearer information on the damage location. 

Table 9: Pre-preg silver conductive resin bonded self-sensing heatmap results. Damage position is indicated by 
the cross. 

Damage location: Far right section 

Silver BVID 2-point zone Silver BVID 4-point zone 

Silver Puncture 2-point zone Silver Puncture 4-point zone 

The silver bonded results in Table 9 provide a very strong response for BVID and puncture for 4-point 
zone, indicating damage in the correct area of the panel. These results line up with the responses 
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summarised in Figure 13. The 2-point zone silver bonded heatmaps in Table 10 indicated damage in 
the correct zone, however they were less accurate and spread out.  

Table 10: Pre-preg embedded electrode self-sensing heatmap results. Damage position is indicated by the cross. 

Damage location: Centre left 

Embedded BVID 2-point zone Embedded BVID 4-point zone 

Embedded Puncture 2-point zone Embedded Puncture 4-point zone 

The embedded electrode heatmaps provide inaccurate damage indication and seemingly random 
responses. The 2-point zone embedded electrodes have a response from the left side, however the 
heatmap is inconclusive.  

8.9. Conclusion 

This study has shown the possibility of scaling up a self-sensing system based on the monitoring of the 
electrical resistance of carbon fibres in CFRP components. It was scaled up to large scale (560 x 400 
mm) components where it was possible to detect BVID and puncture damage with certain detection 
modes and material setups. The method allowed for simple integration of the electrodes during 
manufacture, ensuring there was minimal impact to the properties of the component, and a robust 
electrical connection to the testing system. Throughout the study, there were issues with the 
effectiveness of the method, which was linked to the contact resistance between the electrodes and 
the CFRP. It was clear that where contact resistance was low, both 4-point and 2-point methods were 
more sensitive and provided accurate location of the damage and indications of its severity. Efforts 
were made to decrease the contact resistance of the samples through the use of silver adhesive to 
the composite as seen in previous studies, however as per earlier samples, the contact resistance had 
significant variance between samples. Despite these difficulties with the electrode contact resistance, 
in the majority of cases there was an increase in resistance in almost all samples, and in the majority 
of cases this was after BVID damage, which is most important to detect for in-service applications. 
Improvements to allow for more accurate and consistent detection have been made, with varying 
levels of success. The process is now better understood, has shown its potential value in some use 
cases and has provided a pathway for future development in this area. 
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8.10. Future recommendations 

For electrical self-sensing to more reliably detect BVID, the following recommendations have been 
made: 

 Understanding of the electrode-carbon interface: An investigation on the performance of 

different electrode types, including micrographs of the electrode-carbon interface to provide 

insight into the surface area in contact, as well the differences between pre-preg, VARTM and 

bonded electrodes. 

 Material format changes: Previous studies indicated that UD provided improved change in 

resistance in response to damage. Potentially the whole component doesn’t need to be made 

of UD to enable this method. A PCB-UD prepreg plies could be used within any layup to provide 

structural rigidity and damage detection. Similarly, this could be applied to non-crimp fabrics, 

which contain bidirectional UD fibres. 

 Application in other manufacturing methods: Electrical self-sensing could be applied to 

methods such as filament winding (FW), where there are long tows of UD used to layup parts. 

A hoop wound section of a FW part could be split into sections, and be used to monitor 

piezoresistive strain, or responses to impact damage. 

 Reduced contact resistance: Currently the PCB method doesn’t provide low contact resistance 

with the fibres. Further research on electrode types, surface preparation and adhesive types 

should be completed. With VARTM systems it may be an option to bond the electrode directly 

to the dry fibres themselves.  

 Evaluation methods: Currently the review of the performance is very subjective, which is to 

be expected for this type of development at this early stage, however a more systematic 

evaluation system needs to be determined, to evaluate changes with the system. 

 Custom build of 4-point resistance measuring equipment with a tuneable excitation current. 

This could increase the sensitivity with less noise when measuring very low resistances, under 

1 Ω, of which are the majority of resistance measurements seen in this study. 
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9. Conclusions and Recommendations for Further Work 

This thesis has investigated novel multifunctional composites, in particular DEC and self-sensing, and 
their applicability to, and benefits for, aerospace applications. It has sought to bridge the gap between 
lab-based concepts and practical application for manufacturing, by studying use cases with real world 
potential.  It recognises the challenges of applying and adapting wholly new functionalities to 
materials already in use, to enable self-sensing, direct electrical cure, and self-de-icing. 

The experimental work started with investigating the issue of low conductivity in epoxy resins, and 
the possibility of improving conductivity further increase the performance of multifunctional 
composites. Industrial scale mixing methods were tested for their ability to disperse CNT’s and 
graphite into epoxy effectively. Whilst the main objective was achieved, which was to increase the 
conductivity of the resin, there were other issues that weren’t possible to overcome for manufacturing 
larger components. The quick agglomeration of the resulting CNT-epoxy resins led to unsustainable 
processing times between mixing and infusion. It also wasn’t possible to manufacture a composite 
with an even distribution of particles over the panel. It wasn’t possible to engineer a way around this 
without significant waste, therefore these nano-composite weren’t used as bulk materials within the 
multifunctional composites being developed. There were opportunities for them to be used as 
conductive adhesives within the de-icing and self-sensing applications, however their addition had a  
negligible or in some cases a negative impact on performance. This was particularly the case for de-
icing, where the uneven conductivity caused overheating and burning in some cases.  

Chapter 6 covered the development of Direct Electric Cure, an alternative low-power curing method, 
which uses the Joule effect to directly heat up the carbon fibre composite. This was scaled up from 
200 x 300 mm panels up to 2000 x 700 mm panels (leading edge) using up to 16 plies during a single 
cure for pre-preg and 8 plies with VARTM. DoC for VARTM matched oven curing well, whilst pre-preg 
had issues with temperature uniformity and reaching the cure temperature. Similar results were 
achieved with the void content, VARTM components cured with DEC had slightly lower void content, 
whereas the pre-preg components could not match oven cured ones. Therefore with VARTM it 
matched the curing performance of existing cure methods, in this case oven cure. It is likely with more 
work, this can also be achieved with pre-preg components. For energy usage, in all cases it 
outperformed oven curing, consistently 95-99 % less energy used over a cure. 

There are still some issues remaining for DEC, such as higher heating rates not being achieved, and 
excessive local heating in some scenarios. One significant issue, particularly for deployment in industry 
was the ease of manufacture compared to oven curing. The additional requirement of specific 
electrodes, and the knowledge on where to put them adds additional cost and time to the 
manufacture of components, which are unlikely to be offset by energy savings. 

This disadvantage of the DEC method was only affected by its specific use case. When applied on a 
leading edge for the purposes of anti-icing or within a composite tool to enable heated tooling, the 
electrodes get used multiple times, not only once during manufacture. 
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When adapting the DEC heating for de-icing, it was set up to only heat 1 ply of unidirectional carbon, 
laid up near the surface of the demonstrators, which minimised weight impact and layup complexity. 
It was tested in an environmental chamber at -10 °C, with a build-up of rime ice, that was deemed 
representative for TRL5. When powered, it provided a very even heating distribution, and provided 
enough power density to remove the build-up of ice. The more uniform heating response supports 
the theory and evidence that UD plies would also provide benefits for heated tooling, and self-sensing 
purposes. Whilst it is difficult to directly compare performance against existing aerospace de-icing 
solutions, it was possible to compare the power density output of the system, which exceeded 
performance of existing systems. This was despite having to be run in a low power mode, due to 
extreme localised heating due to CNT epoxy used at the electrode-CFRP interfaces. The results here 
show that it has potential as an alternative de-icing method, however it is likely that a weight-cost 
analysis would need to be completed to see if it is commercially viable for it to be developed further. 
Due to its low complexity, it appears likely that it would adapt well to further industrialisation.  

The DEC and de-icing developments also enabled opportunities for the Joule heating of composites in 
other areas, such as heated tooling. A single UD ply was laid up into the mid ply of a 1-8-1 tooling layup 
and heated in order to raise the tool surface up to cure temperature. This was implemented on a small 
flat panel and subsequently on a more complex aerospace style tool. Cured components on the flat 
panel tool matched the degree of cure of oven cured samples on equivalent tooling. One of the main 
concerns and limiting factors of DEC was the time needed to connect the electrodes into the plies, and 
the requirement to trim and dispose of them after the manufacture. Embedding them removes this 
concern and reduces investment required to implement this technology. Enhancing the heating 
uniformity performance means that future efforts can be made in increasing scale and further refining 
the usability of these tools, which is currently being explored in the EcoTool grant funded project. 

To further enhance the performance and efficiency of novel curing methods, the effectiveness of the 
cure cycles was investigated. Cure kinetics of epoxy resins are well understood, however there have 
been few instances where they have been modelled and tested to reduce time and cure energy. In 
Chapter 7.3 a prototype curing algorithm was tested on high heating rate heater mats with tooling 
pre-preg, resulting in up to an 87 % cycle time reduction and 95 % reduction in energy usage.  

To achieve this DSC data was taken from the resin system being cured to calculate the exothermic 
energy generated depending on the inputted cure cycle. Coupled with the heat loss from the tooling, 
it enabled the generation of cure cycles with high heating rates that could run near the run-away 
exothermic limit. It was designed to be adaptable and be easily applied to various heating methods, 
including novel methods such as DEC and microwave curing. Its future challenges will include 
improving accuracy through the addition of closed loop feedback, as well as proving that laminates 
match other thermal properties, such as Tg and viscosity. If more confidence was built in the models 
outputs, then manufacturers could apply this to existing cure methods and still obtain time and energy 
savings.  

In Chapter 8, an experimental damage detection system was developed and scaled up, based on the 
electrical resistance monitoring of carbon fibres. Specific equipment and software were setup and 
developed for the purpose, including data acquisition, bespoke flexible printed circuit boards and 
custom data visualisation software. 
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The scaling up of the self-sensing method made improvements to the process, however the system 
was not able to consistently detect impact damages throughout the testing. It was scaled up to 560 x 
400 mm and was possible to detect BVID and other impact damages with certain detection modes and 
material setups. Flexible PCBs were developed to enable sensing on a larger scale, and with more 
modularity and scalability than previously capable. Resistance of the panels increased in the majority 
of the cases after BVID and all cases after larger impact energies. The precise location of the damage 
was less consistent in its detection, frequently providing noisy images and location data. 

Previous studies results were difficult to replicate, therefore completing fundamental testing to 
understand key parameters would have been beneficial to understanding key parameters. Using 
alternative materials such as unidirectional carbon was previously demonstrated to increase the 
performance and repeatability and is suggested to be used in future studies. The use of dry fibre 
formats such as bi-axial NCF could enable bi-directional sensing on unidirectional plies. 

This thesis provided a lot of important learning on the challenges and practical implementation of 
scaling up multifunctional composite systems from lab scale to component scale. It showed almost all 
aspects need to be considered, from equipment, tooling, materials and post processing of the data. 
These considerations ensured that the TRL target objectives were reached in most of the 
developments. These considerations at scale are what makes this information useful for future 
researchers, and industrial integrators of these technologies, meaning the research will have a wide 
impact across sectors.  
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