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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

* Corresponding author.
E-mail address: m.collinson@amrc.co.uk (M. Collinson).
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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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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.

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:

e Reduce viscosity of the resin;
o to ensure full wet-out and adhesion to reinforcement
o to allow voids to exit
o to allow the resin to flow out of the part and increase the fibre
volume fraction
e Ensure crosslinking occurs and the gel point is reached
e Accelerate crosslinking and therefore reduce cure duration
e 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
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Table 1

Overview of cure methods reviewed here, their pros and cons, and references to

previous studies on these heating methods.
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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;

e MW cure - the ability to only cure certain areas on a part [31],

e Direct electric cure - to produce overall lower void content com-
posites [14] and

e 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

Heating Advantages Challenges Reference
type
MW e Energy efficient e Arcing, localised [15,16,31,
heating process heating and burning 33-36,
e Non-contact method can occur 53-74]
e Heat generated e Particular health and
within the safety requirements
component e Requires compatible
consumables
e Potential high capital
cost of commercial
MWs
Electric e Energy efficient e Requires electrode [14,32,37,
Cure heating process contact on, or within 38,75-89]
e Lower void content the component
and higher flexural o Electrically insulated
modulus components tooling required
e Specific component
setup required
e Localised heating and
burning can occur
RF e High energy e Large knowledge gap [49,90,91]
efficiency concerning composites
Induction e High heating rates e Specific coil design [51,
e Not RF based so low required for each 92-103]

health and safety
requirements

heating pattern/
component geometry
Inductor coil must be
close to the heating area

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.

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
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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 x 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
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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 = 2nfe"E? (@]

where P is the power (W), f is the frequency (Hz) of the EM radiation, &
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]:

ce’

- 2
d 2nfe’ 2
where d is the penetration depth (m), c is the speed of light in a vacuum
(m/s) and €° is the dielectric constant of free space. Power absorption is
also affected by penetration depth, exponentially decaying via the
following relationship [105]

P(x) = Ppe™™™ 3

Where P(x) is power dissipated at depth x, Py is the power at the surface
and o is the attenuation constant, which is a function of wavelength (m),
loss tangent and relative dielectric constant. It is noted that Eqgs. 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:

e 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).

Composites Part C: Open Access 9 (2022) 100293

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

Fig. 5. - Robotic MW cell at AIMPLAS pilot plant developed during the
WAVECOM project [71]

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 Votsch 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 Votsch 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 Votsch 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
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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. Diaz 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]. Borrés 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 uQ.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
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Fig. 8. Temperature distribution over a 450 x 250mm CFRP panel cured at 120°C [37]

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
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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.
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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:

e “Highly irregular shapes may heat non-uniformly in certain
applications”
e “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.
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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 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 Gurit WE91-2 CFRP prepreg. Votsch Hephaistos MW. 10°C/min to 90, 100, 110 and Industrial MW designed for composites. 10%
[57] 120°C dwells. increase in tensile strength.

Xuehong et al
[60]

Xuehong et al
[61]

Li et al [64]

Lee and
Springer[53]

Papargyris et
al [62]

Thostenson
and Chou
[65]

Nubhiji et al
[15]

Green et al
[31]

Kwak et al

[56]

Nubhiji et al
[67]

Feher and
Thumm [68]

Zhou et al [36]

Zhou et al

[107]

Zhou et al
[108]

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

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

BMI UD CF, 100 x 100 mm, 1.5 mm
thickness.

Hercules AS/3501-6 carbon and
Fiberite S2/9134B glass prepregs,
203 x 203 mm, 32 plies.
Araldite LY5052/HY5052 epoxy,
satin weave T300 CFs,

200 x 300 x 3 mm.

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

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

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

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

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

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

Short fibre CFRP composite (T300
fibres), 200 x 200 x 2 mm

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

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

WZD1S-03 Nanjing Sanle MW
Technology Development Co.

WZD1S-03 Nanjing Sanle MW
Technology Development Co

Custom design by Nanjing
University. Fibre Bragg Gratings

(FBG) used for strain monitoring.

Commercial 700 W MW oven.

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

6 kW of MW power at 2.45 Ghz.

Votsch HEPHAISTOS VHM 180/
200.

Modified domestic MW,
Panasonic NN-CF778.

Vétsch Hephaistos MW 100/100
system.

Votsch HEPHAISTOS VHM 180/
200.

DLR custom HEPHAISTOS-SA/
CA.

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

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

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

Power based cured cycles, up
to 220°C.

Power based cured cycles, up
to 220°C.

1.5°C/min up to 200°C.

177°C, ramp rate not specified.

100°C cure.

5°C/min up to 165°C.

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

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

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

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

20°C/min up to 130°C.

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

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

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

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

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

95% reduction in residual cure-induced strain,
64 % reduction in cycle time. Lower spring back
in L-shaped components, by up to 1.2 °.

90 % reduction in gel time. Agreement between
modelling and experimental.

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

Reduction in processing time, inside out MW
processing reduced matrix cracking compared to
autoclave cured samples.

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

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

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

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

Details the process on developing industrial MW
system suitable for composite processing at
pressure.

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

Able to independently zonally heat CFRP with
multimode RSI films. Allows for MW curing of
components with non-uniform thickness.
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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

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

Ultem® powder
(polyetherimide)

U-Nyte epoxy coated tow

Silver paste and copper
wires

S.A. Sarles & D.J. Leo
[81]
H Fukuda [76]

Crocodile clips
Torayca P3060 pre-preg Aluminium foil. Edge to
edge & through the
thickness (Fig. 6)

Copper blocks on each ply,
edge to edge (Fig. 7)
Copper foil, stacked between
plies

C. Joseph [75] Hexcel 914c pre-preg
Unidirectional
T700SC unidirectional (UD)

Carbon, DGEBA E51 resin

Y. Gu et al. [38]

N. Athanasopoulos et
al (2008) [78]

CF preform/Epocast52
epoxy, UD sigrafil E022 pre-

Copper electrodes

preg
S. Hayes et al. [37] Cycom 950-1 plain weave Copper foil or Copper/
pre-preg flexible printed circuit board
(PCB)

S. Liuetal [14] UIN10000/T800 UD pre-

preg

Copper strips, 10mm wide

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

custom weave

Press plates as electrodes,
900-2500mm?. Through
thickness.

1000°C on 2 mm fibres

300°C on 76 mm fibres at low
current, 0-6 mA

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

Conductivity increase with temperature
CNT doped PAN fibres

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

Up to 200°C following the cure
cycle. 50°C/min ramp rate.
Proportional integral derivative
(PID) control to cure cycle. Up to
180°C.

Followed cure cycle up to 175°C

Proving the technology for alternate curing
situations such as inflatable space structures
Electrode layouts reviewed. Power reduction
observed.

Increased mechanical properties. Power reduction.

Followed cure cycle up to
120°C, 30°C/min ramp rate.
13°C A over panel.
Followed cure cycle, up to
130°C

Dry fibre infusion experimental process. Rapid
heating rates, however poor temperature
distribution. Highlighted issues with tooling.
Matching mechanical properties to oven cured.
Comparison between pre-preg and infusion
samples. Accurate power data

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

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

Combination of press and joule heating to reduce
cycle time

Followed cure cycle, up to
160°C

Followed cure cycle, up to
120°C

222°C (T™") within 15 seconds

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.
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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
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Table 4 Table 4 (continued)
Surr.lmary f)f key studies of induction heating of composites for curing and ad- Author Material Experimental Processing Significant
hesive curing. setup specification  outcomes
Author Material Experimental Proc.essin.g Significant epoxy voids being increase in
setup specification  outcomes adhesive, created. void content.
Pitchumani Woven CF 32 x 68 mm Not directly Localised Cytec MTM
and mat, coil size, observed. heating for . 44-1 CFRP. .
Johnson 305 x 305 mounted to Feedback active flow Kim et al 3M F’1§3'2 Carbon 12'00(: for 90 Induction
[99] mm (BFG motion stage control based front control [102] K adhesive patched flo}lble m'lnutes for samples
Industries), for active RTM.  off flow front.  of vacuum film, AL- lap aluminium  direct matched
Epon 815C assisted resin 6061-T6 joints for use in  comparison oven cured
epoxy resin. transfer aluminjum. repairs. to oven cured  samples
moulding Compared samples. bond
(VARTM). oven and strength.
Ramulu et al  Polyether Comparison of Forced Less than induction.
[103] ether induction and cooling on the 10%
ketone autoclave induction difference in
(PEEK), processing of samples. No in flexural cycle times using an oven. Higher shear strength values were obtained in
PIXA-M, thermoplastic data on and tensile all cases where the adhesive was cured via induction, compared to the
Hybrid laminates. temperature.  properties. oven baseline. This proved the possibility of heating the composite to
titanium Significantly . . .
. . conductively cure the adhesive and could do so from one side and
composite quicker X
laminate. processing rapidly.
time. Cebrian et al. [101] used magnetic induction to heat CFRP laminates
Rudolfetal ~ Process Understanding  Investigated Heat only to cure adhesive via conduction alongside a model simulating and pre-
o4 parameter coil setup different coil - generated in dicting the DoC. The model was validated using SLS specimens that were
setup on parameters on geometries, closed fibre .
CF-PPS, heating frequency, loops, i.e UD monitored for temperature and DoC, and the results showed a good
2mm thick,  performance. power, fibres. correlation between predictive and actual values.
laminate Continuous distance from  Maximum Kim et. al. [102] investigated CFRP patch repairs of aluminium
structure induction laminate. temperature double lap-shear joints using either oven cure or induction heating. Two
tests on CF welding is limited by o . . .
. types of patches, bonded to the aluminium via a single layer of film
polyamide process. power. R ’ R K
66. Through adhesive, were investigated: pre-cured and co-cured UD composite.
thickness Additional samples were prepared with 0.5 %wt. CNTs in a resin mix
temperature was applied to the bonding surfaces before adhesive application. The
distribution authors found that the co-curing of CFRP patches and film adhesive
e ielded higher shear strengths than bonding with d patches. N
Tay et al Hysol Curing of paste  Copper Copper yielded higher shear strengths than bonding with pre-cured patches. No
[98] EA9394 adhesive for susceptor susceptor difference in shear strength was found between the oven and induction
epoxy paste  composite introduced in  reduced heating when bonding pre-cured patches, although oven co-curing
é‘;}]f;“’e’ rega‘r to . adhesive. Sffe;‘%‘hb presented 8% higher shear strengths compared to induction co-cured.
reduce cycle slightly, but . . . .
. Y guty The inclusion of CNTs at the bond interface increased shear strengths
substrate, time, tested reduced X X . . .
34 plies, 3 with single lap scatter of in all cases. For patch repair applications, this is advantageous because it
mm. shears. data. would remove the need for IR heaters, heated blankets/mats, or trans-
Reduced ferring large sections to an autoclave or oven to complete the repair —
?yde an(l)eh provided a means of applying sufficient consolidation was implemented.
rom IS . .
015 This saves on process time, energy, floor space and storage re-
minutes. quirements. There is a need for further research to validate the tech-
Severijns et EC9323 One-turn and Iron particles  Iron particles nique on larger components and to develop the process.
al [93] epoxy paste pancake coils introduced reduced
adhesive, tested. Tested into adhesive shear 3. Fut hall
GFRP with single lap as susceptor. strength by - ruture challenges
substrates, shear bonding. Varying 15-20 % in
8 plies. process all samples, The research presented shows some of the challenges and solutions
parameters but induction to a range of EM curing methods, however in the following section are
for heating cured three main themes that have occurred frequently and will need further
performance. samples were . .
6 % higher research as the methods become more industrially relevant and frequent
than oven 1n use.
cured
samples. . o . .
. . ; 3.1. Sustainability and economics of novel curing methods
Frauenhofer HexPly 913 Testing Varying Penetration
etal [100] CF-epoxy consolidation frequencies depth higher
laminates, of laminates tested to than metals. One of the most significant benefits of many of these novel cure
UD and and subsequent  determine Able to heat methods is the low energy consumption when compared to oven or
woven. ILSS and heating both side of autoclave methods. This is due to the direct heating nature of these
Henkel flexural performance, SLS and cure techni described in Fig. 1, meaning that the ener ing into th
Loctite EA strength. SLS 120°C cure. adhesive ec. ques eéc € _g' ’ aning that the energy going 1nto the
9394 test of adhesive effectively. curing system is only heating the component. The cost has always been a
adhesive. bonded parts. strong driver in any manufacturing situation, however with sustain-
Sanchez Huntsman 2 part heating  Stepped cure  Cure time ability now reaching similar importance, it is expected that the energy
Cebridnet  ME10049-  method to cycle, up to reduced from consumption is given more scrutiny. Reduction in energy usage will lead
al [101] 4/LMB reduce 140-180°C, at 4 h to 30 min 1 ¢ 1 . h inabili £
6687-2 volatiles and 25°C/min. without to lower costs of a process as well as improve the sustainability o

existing processes, particularly in aerospace where changes to materials
and processes can take years due to the high cost of qualification.
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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.Kimetal. [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].
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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 Votsch 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
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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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