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Abstract

Lightweight composite structures have become essential in modern aerospace
engineering, where increasing demands for fuel efficiency, reduced emissions,
and improved operational reliability place new requirements on both materials
and manufacturing. As composite components grow more advanced, featuring
co-cured components, complex geometries, and thinner design margins, the
need for improved insight into their internal behaviour becomes critical.
Existing sensing technologies struggle to provide local, in-situ information from
the composite’s interior during manufacturing or throughout its service life,
without compromising structural integrity. This creates a gap between the
capability of current sensing approaches and the monitoring demands required
by the complexity of next-generation composites.

This thesis addresses this gap by investigating the feasibility of embedding
nanomaterial-based sensing structures, primarily vertically aligned carbon
nanotube (VACNT) forests, into fibre-reinforced polymer composites. The
overarching aim is to explore how such sensors can be integrated with minimal
structural intrusion, from where their sensing behaviour originates, and how
they can provide reliable, multifunctional monitoring both during
manufacturing and in the cured state. The work spans the development of
embedding and contacting strategies, bottom-up characterisation to investigate
sensing mechanisms, and the exploration of both direct current (DC) and
alternating current (AC) measurement approaches. Collectively, the research
seeks to expand the understanding of how nanomaterial sensors interact with
composite materials and how they can support the design of future
multifunctional aerospace structures.



The findings demonstrate that VACNT forests can be embedded into composite
laminates without compromising the composite’s mechanical structure, while
providing robust and reproducible sensing capabilities. A bottom-up analysis
helps determine that the embedded VACNT forests’ thermoresistive behaviour
is governed by fluctuation-assisted tunnelling, and their linear piezoresistive
response originates in the intrinsic piezoresistivity of individual CNTs. The
VACNT forests enable local in-situ cure monitoring of prepreg laminate,
detecting key process transitions. Strategies for sensing in conductive carbon
fibre environments are established, as well as comparisons with alternative
nanomaterial-based sensors such as graphene coatings. Finally, by transitioning
from DC resistance to AC impedance measurements, the work shows that
embedded CNT structures can detect high transverse pressures and exhibit
frequency-dependent sensing sensitivity.

Together, these results establish VACNT forests as a promising, multifunctional,
and structurally compatible sensing concept for advanced composite structures,
offering new pathways for embedded process monitoring, structural health
monitoring, and the development of next-generation multifunctional aerospace
components.

Keywords
Embedded Sensing, Cure Monitoring, Structural Health Monitoring, Vertically
Aligned Carbon Nanotubes, Resistive Sensing, Impedance Spectroscopy



Sammanfattning

Latta kompositstrukturer har blivit avgérande inom modern flygteknik, déar
okade krav pa brinsleeffektivitet, minskade utslapp och forbattrad driftsiakerhet
stiller nya krav pa bade material och tillverkningsprocesser. I takt med att
kompositkomponenter blir allt mer avancerade, med samhirdade
komponenter, komplexa geometrier och tunnare konstruktionsmarginaler, blir
behovet av forbattrad insyn i deras interna beteende allt mer kritiskt. Befintlig
sensorteknologi har svart att ge lokal, in-situ information fran kompositens inre
under tillverkning samt under dess livslangd, utan att kompromissa med den
strukturella integriteten. Detta skapar ett gap mellan formagan hos nuvarande
sensorlosningar och de 6vervakningskrav som uppkommer i och med nista
generations komplexa kompositstrukturer.

Denna avhandling adresserar detta gap genom att undersoka majligheten att
integrera nanomaterialbaserade sensorstrukturer, framst vertikalt riktade
kolnanororsskogar (VACNT), i fiberforstarkta polymerkompositer. Det
overgripande malet ar att utforska hur sddana sensorer kan integreras med
minimal strukturell paverkan, varifran deras sensorbeteende har sitt ursprung,
och hur de kan erbjuda tillforlitlig och multifunktionell 6vervakning bide under
tillverkning och i det hirdade tillstdindet. Arbetet omfattar utveckling av
strategier for integrering och elektrisk kontaktering av sensorn, bottom-up-
karakterisering for att understka sensormekanismer, samt utforskning av
miatmetoder baserade pd bade likstrom (DC) och vixelstrom (AC).
Overgripande syftar forskningen till att utvidga och oka forstielsen for hur
nanomaterialbaserade sensorer interagerar med kompositmaterial och hur de
kan stodja utvecklingen av framtida multifunktionella flygstrukturer.



Resultaten visar att VACNT-skogar kan integreras in i kompositlaminat utan att
paverka laminatet negativt mekaniskt, samtidigt som de erbjuder robusta och
reproducerbara sensorfunktioner. En bottom-up-analys faststiller att de
inbdddade @ VACNT-skogarnas  termoresistiva  beteende  styrs av
fluktuationsassisterad tunnling, och att dess linjira piezoresistiva beteende
harrér fran den piezoresistiva effekten hos enskilda kolnanoror.
VACNT-skogarna mojliggor lokal in-situ 6vervakning av hardningsprocessen i
prepreglaminat, dir betydande processovergangar kan 6vervakas. Strategier for
matningar i konduktiva kolfibermiljéer etableras, liksom jamforelser med
alternativa nanomaterialbaserade sensorer sisom ytbeldggningar av grafen.
Slutligen visar 6vergangen fran DC-resistans till AC-impedansmétningar att de
inbdddade CNT-strukturerna kan detektera hoga transversella tryck och
uppvisa frekvensberoende sensorkinslighet.

Sammanfattningsvis etablerar dessa resultat VACNT-skogar som ett lovande,
multifunktionellt och strukturellt kompatibelt sensorkoncept fér avancerade
kompositstrukturer, som erbjuder nya mdgjligheter for inbaddad
processovervakning, strukturell hilsomonitorering och utveckling av nista
generations multifunktionella flygkomponenter.

Nyckelord
Inbyggd sensorteknik, Hirdningsovervakning, Strukturell halso6vervakning,
Vertikalt riktade kolnanoror, Resistiv mitning, Impedansspektroskopi.
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Introduction

1.1 Background

Fibre-reinforced polymer composites (FRPCs) are increasingly employed in
high-performance structural applications where minimising structural mass is
critical, particularly in aerospace. Their adoption is primarily driven by their
high specific stiffness and strength, which enable load-bearing components with
substantially reduced weight compared with metallic alternatives.
Due to their anisotropic nature, FRPCs also offer extensive design flexibility.
This is achieved by adjusting fibre orientation, fibre volume fraction, stacking
sequence, and the selection of fibre and matrix systems. Although complex, such
design flexibility allows engineers to optimise the stiffness and strength of
components, adapted to meet specific performance requirements.

For these reasons, the adoption of FRPCs has played a decisive role in reducing
the structural weight of modern airliners. The Airbus A350 consists of
approximately 53% composite materials by weight, and the Boeing 787
Dreamliner uses around 50%. In contrast, earlier aircraft such as the Boeing 767
incorporated only about 3% composites, relying primarily on aluminium, which
constituted roughly 77% of its structural mass. The extensive integration of
FRPCs in the A350 and 787 airframes has contributed to substantial
improvements in fuel efficiency, with reported reductions of 20—22% compared
with earlier-generation aircraft [1]. Reducing weight to achieve fuel savings is
one of the reasons for the increased use of FRPCs.

FRPCs also have widespread use beyond aerospace, particularly in the energy
and maritime sectors. In wind energy, glass-fibre composites are the dominant
material for turbine blades due to their high specific strength and stiffness, low



weight, and inherent corrosion resistance. Similarly, glass-fibre composites
have long been established in marine structures, where their superior fatigue
performance and non-corrosive nature provide significantly longer service life
compared with metallic hulls.

The examples above show how composites have found specialised roles in
applications where their properties offer clear advantages to traditional metallic
structures. However, continued weight savings in aerospace are increasingly
more complex. A strategy to achieve continued weight savings is to design and

co-cure more intricate components in an effort to reduce the number of parts
needed to be joined together in assembly. The consequence of this, apart from
cheaper and more efficient manufacturing, is the reduction in the number of
fasteners required in assembly, the fasteners themselves constituting a very
significant amount of weight. An example of this design philosophy is presented
in Fig. 1, presenting an integral composite part where the stringers, rib feet and
shell have been co-cured to reduce the number of fasteners.

Figure 1: Integral composite part with co-cured stingers and rib feet with the shell. From Clean Sky
project, courtesy of Saab AB

What has been discussed up to this point concerning weight has exclusively
regarded the structural weight of the aircraft. However, an aircraft is more than
its structural weight. The total weight of the aircraft consists of the weight of the
mechanical structure, the airframe, and the systems operating the aircraft. This
includes computers, radars, engines, and more. An example contrasting the
different weights is given in Fig. 2, where the airframe of the Gripen E from
SAAB is approximately 37 % of the total weight, and 63 % consists of systems.
This example illustrates that reducing structural weight alone has a limited
impact on the overall aircraft weight. This relation is not the same for civilian
aircraft, where about 50 % of the total weight is the structural airframe weight



when unloaded. To achieve further weight savings, one approach is to rethink
the design of systems in an effort to fit more functions into the airframe in
parallel with its pure mechanical function, achieving multifunctionality.

Airframe System

~37 % of total weight ~63 % of total weight
”~

-
/ o

”~
.

Figure 2: Comparison of airframe and system weights to the total weight of a Gripen E. Courtesy of Saab
AB

Multifunctionality of composite structures is defined by having more than one
functionality, adding to the mechanical functionality. Some examples, such as
radar transparency, are a matter of material selection, choosing to manufacture
randoms by glass fibre rather than conductive carbon fibres, to achieve
transparency. This is an example of a passive multifunctional structure, which
can also include lightning strike protection and anti-icing surfaces, for example.
Active multifunctionality in composite structures is also a topic, which can
include morphing structures [2], de-icing solutions [3,4], structural batteries
[5—8], and embedded sensing strategies [9,10].

The examples above illustrate that multifunctionality in composite structures
can encompass a wide range of added functionalities. In this thesis, embedded
sensing refers to sensor elements or sensing structures that are integrated within
the composite material itself, rather than applied externally as surface-mounted
devices. The purpose of embedding the sensor is to obtain in-situ
measurements, capturing information from within the material volume and
thereby enabling monitoring capabilities not achievable with surface-based
techniques. This includes sensing during the manufacturing of thermosetting
matrix systems as well as during the operational life of the component, where
structural health monitoring (SHM) is performed.

Although embedded sensing does not directly reduce the structural weight of an
airframe, it may offer several long-term benefits. First, during the design of
composite structures, safety factors and knock-down factors are applied to



account for uncertainties in material behaviour. Improved insight from SHM
could, over time, enable a refinement of these design factors by providing a more
accurate understanding of in-service performance, ultimately allowing for
lighter structural designs. Second, embedded sensing has the potential to
significantly reduce maintenance costs. Approximately 90% of maintenance
time is spent disassembling components to reach inspection points and
subsequently reassembling them. By enabling condition-based (directed)
maintenance rather than scheduled maintenance, SHM systems could reduce
both time and cost. Third, efforts to reduce weight increasingly rely on more
advanced and co-cured components. These new complex geometries introduce
new challenges for inspection and require sensors to monitor them.

Embedded sensing in composite structures is the central theme of this thesis.
Numerous sensing approaches have been reported in the literature, including
optical, resistive, dielectric, and nanomaterial-based methods. When designing
a sensor for embedment into the composite structure, the size of the sensor is
critical in order to not interfere with, or deteriorate, the mechanical structure.

In this thesis, nanomaterial-based sensing structures have been the primary
focus, while optical fibres were evaluated in an initial pre-study for
benchmarking purposes. Consequently, the discussion of embedded sensing in
FRPCs throughout this thesis concentrates mainly on nanomaterials (Chapter
3), with optical methods considered as a secondary method (Chapter 5).



1.2 Aim and Scope of Work

The aim of this work is to investigate the feasibility and performance of
embedded sensing in structural composites using VACNT forests and related

nanomaterial-based sensing structures. The overall objective is to understand
how such nanomaterial structures can be embedded into fibre-reinforced
polymer composites to enable reliable, multifunctional sensing throughout both
its manufacturing and later continue during its operational life.

The scope of the thesis encompasses five interconnected research themes:

1.

Embedding, characterisation and sensor functionalities of
VACNT forests

Developing methods to embed VACNT forests into prepreg-based
composite laminates without compromising structural integrity and
determine the origin of their sensing behaviour in the cured state
through a bottom-up characterisation of the forests at the nano-,
micro-, and mesoscales.

In-situ cure monitoring

Evaluating the capability of embedded VACNT forests to resistively
monitor events and processes during curing of thermosetting matrix
and prepreg laminates.

Resistive sensing in conductive carbon-fibre environment
Investigating strategies to electrically isolate embedded VACNT forests
from surrounding conductive carbon fibre environment to enable
reliable resistive measurements.

Exploration of alternative conductive nanomaterials
Broadening the sensing concept by assessing other nanomaterials and
structures — such as graphene coatings — and comparing their
behaviours with VACNT-based sensors.

Transition from DC to AC-based sensing

Studying impedance-based measurement strategies to investigate
additional sensing capabilities of VACNT forests, exploring their
dielectric properties and the influence of measurement frequency on
both resistive and dielectric properties to explore their potential for
multi-parameter sensing.

Together, these efforts aim to clarify how embedded nanomaterial sensors can
be designed, implemented, and optimised for monitoring during
manufacturing and for SHM throughout the operational life of advanced

composite structures.






2 Manufacturing of Composite Components

Composite materials, by definition, consist of two or more distinct constituent
materials to create a new material. Here, FRPCs are studied in application for
lightweight structures. FRPCs, as the name implies, consist of fibres and
polymers, where the fibres are the load-bearing component of the material,
whilst the polymer fixes the fibres and transfers mechanical load onto them.
Polymers can be divided into two groups, which are thermoplastic and
thermosetting polymers. Thermoplastics are a group of polymers with the
common property that the polymer chains are held together by intermolecular
forces, such as van der Waals and hydrogen bonding, which weaken in strength
as the polymer is heated. Consequently, thermoplastics become viscous and
formable, and solidify again when the temperature is lowered, as the
intermolecular forces increase in magnitude. This is different to thermosetting
polymers, where, during the curing process, irreversible chemical bonds are
formed, creating an insoluble network of interlinked polymers. Due to the
chemical nature of thermosets, they are set in their shape once cured. In
aerospace, thermosetting polymers are dominantly used today, although an
increased interest has appeared in thermoplastics for speed and cost of
manufacturing and recycling purposes. The thermoset industry standard in
aerospace is epoxy for structural composites, although bismaleimides (BMI) are
used for higher temperature applications.

The reinforcement in FRPCs consists of fibres. The most common ones in
aerospace are carbon fibres (CF), glass fibres (GF), and aramid fibres (such as
Kevlar). In this work, glass fibres are mostly used due to their non-conductive
(electrical) nature. However, in structural composites in aerospace, carbon
fibres are favoured due to their higher specific mechanical strength and



modulus. Continuous fibres are used for structural composites. To arrange the
fibres in FRPCs, they can be unidirectional, in weaves of different patterns
(plain, twill, satin), spread tows and non-crimp fabrics.

There are two avenues to manufacture FRPCs. The first uses dry fibres and
impregnates the fibres with matrix during the manufacturing of the component.
Processes using this avenue are traditional hand lay-up, resin transfer moulding
(RTM), vacuum-assisted resin transfer moulding (VARTM), and vacuum-
infusion moulding. The second avenue uses prepregs. Prepregs are plies of fibres
in the form of weaves or unidirectional fibres pre-impregnated with matrix prior
to manufacturing of the component. For this reason, prepregs need to be stored
in a freezer, below the glass transition temperature (Tg) of the uncured prepregs,
reducing the reactivity of the pre-blended matrix. The most prevalent method in
the aerospace sector to produce FRPCs is prepreg technology. It starts with the
lay-up of the prepregs on a flat surface according to the design of the laminate,
which can be performed by hand or automated with an automated tape lay
(ATL) or automated fibre placement (AFP). Thereafter, the laminate is pre-
consolidated under vacuum to evacuate air, if the lay-up was performed by hand.
The automated processes roll the prepregs after lay-up, therefore not requiring
pre-consolidation.

If a flat laminate is desired, the laminate is placed on a flat substrate, and a
vacuum bag (including breather and peel ply or release film) is constructed
around the laminate to apply vacuum pressure during the curing in order to
evacuate remaining air during the cure cycle. Traditionally, resin-saturated
prepregs have been the material of choice in the aerospace industry, relying on
processing with elevated temperatures and pressures to collapse voids and
evacuate entrapped air during the cure cycle. In recent years, however, vacuum-
bag-only (VBO) prepreg systems have emerged as an alternative, requiring only
vacuum pressure and heat in order to reduce manufacturing costs and energy
consumption. Unlike conventional resin-saturated prepregs, VBO prepregs rely
more on specifically engineered air-evacuation channels (see Fig. 3) to remove
air from the laminate. These pathways remain open during the early stages of
heating and are subsequently closed by resin flow at elevated temperatures,
terminating the air-evacuation [11—15].
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Figure 3: Air-evacuation channels in SEM, Courtesy of Séren Nilsson, Swerea Sicomp

2.1 Forming

Most components are not flat laminates and require forming of the laminate
prior to cure. This can be done layer-by-layer by hand onto the curing tool, or by
forming several plies thick laminates. The laminate can be formed using
mechanical tooling or a flexible membrane and vacuum. Examples of simple
profiles achieved with forming are shown below in Fig. 4.

a) b) c)
Figure 4: a) L-profile, b) U-profile, and c) T-profile

a) b)

Figure 5: a) Flat laminate on forming tool prior to forming, b) Laminate on forming tool after forming



A commonly used forming method within the aerospace sector when
manufacturing beams is hot-forming. Here, the laid-up flat laminate is heated
up and formed onto a tool, see Fig. 5, using mechanical tooling or a flexible
membrane and vacuum. Since the fibres cannot stretch, hot forming requires
complex deformation both within individual plies and at their interfaces.
Typically, controlled heating is essential to sufficiently reduce the resin viscosity
and enable the necessary ply movement. Complex parts may require several
layed up laminates and shells to be formed before being transferred to a cure
tool, onto which the laminate is supported and bagged around during the cure
cycle. An example of this is a standard T-section, see Fig. 5 C and Fig. 6, where
two curvatures (L-profile) have been formed and later co-cured with a flat shell
to form a T-profile.

d=3192 mm

Figure 6: Micrograph of a co-cured T-profile cross-section, with a noodle. Courtesy of Saab AB

2.2 Curing

The cure of the thermosetting composite is performed in an autoclave or out-of-
autoclave using a cure cycle, consisting of a temperature and a pressure cycle
combined. The temperature cycle has three major phases, the ramp-up, a dwell
at curing temperature, and a ramp-down. Two examples of cure cycles are
shown in Fig. 7, using a curing temperature of 180°C. The temperature increases
from room temperature up to the dwell at the curing temperature is called the
ramp-up and must be carefully defined. The ramp-up is typically a few degrees
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per minute, allowing for further compaction and consolidation of the laminate
stacking to occur as the viscosity of the thermosetting matrix decreases, filling
in the voids easier. If the ramp-up rate is too high, a loss of control of the
exothermic reaction may occur, causing an uncontrolled increase in
temperature causing damage to the component. Therefore, a ramp-up rate and
schedule need to be carefully designed. For thicker components, it is common
to use an intermediate dwell during the ramp-up, prior to reaching curing
temperature, at an elevated temperature where the viscosity of the thermoset is
low, allowing for the complete consolidation of the laminate before curing, see
Fig. 7 cycle 2.
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Figure 7: Two cure cycles with and without an intermediate dwell

Approaching the dwell at curing temperature, the curing of the thermoset
initiates at a specific temperature, the hardener being activated thermally. As
the cure continues, the degree of cure increases as the polymer network becomes
increasingly cross-linked. Eventually, the gel-point is reached, from where the
polymer network is cross-linked enough in order to not be soluble. From the gel-
point, the matrix is able to carry mechanical load. The time at the curing
temperature dwell lasts a few hours, depending on the matrix system and chosen
cure cycle. As the cross-linking of the thermoset continues, the Tg increases.
Curing above the Ty facilitates segmental motion of the polymeric chains in the
matrix, allowing easier curing. However, when the Tg approaches the curing
temperature, the matrix transitions from amorphous to glassy state.
Consequently, the segmental motion of the polymeric chains drastically reduces
and thereby slows down the curing process. This event is called the point of
vitrification.
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A consequence with thermosetting matrices as the degree of cure increases is
the cure-induced volumetric shrinkage caused by the crosslinking. The cure-
induced volumetric shrinkage is unique for every system, but a typical cure-
induced volumetric shrinkage of an epoxy is 3.5 — 4.5 % [16,17]. To end the cure
cycle, the temperature is lowered to room temperature with a ramp-down. The
decrease in temperature causes further shrinkage of the cured component due
to thermal contraction. These two combined, the cure-induced volumetric
shrinkage of the matrix, and the different thermal expansions of the fibres and
thermoset matrix during the cool down builds up residual stresses in the cured
component. This happens no matter the shape of the component, from flat to
formed laminates. The more complex the part, such as a T-profile (see Fig. 6),
the residual stresses become more complex, affecting their mechanical
properties after cure. Today, the development of composite manufacturing is
towards more complex and co-cured composite components to cut costs and to
save weight. The weight saving is primarily due to the reduction in the number
of fasteners required and consequently the redesign of the laminate, not
requiring dimensioning of the design of the laminate’s thickness for bearing
stress. Therefore, these increasingly complex structures will require monitoring,
equally during manufacturing/curing, and later during their operational life.
Today, cure monitoring of aerospace composite parts is rudimentary,
monitoring the laminate temperature with thermocouples in the edges and
monitoring the vacuum in the tube to the vacuum bag. In the future, ideally, it
would be of interest to measure and/or monitor the following during the curing
and processing of thermosetting polymers:

e Tgof uncured prepreg

e Viscous flows of matrix during consolidation
e Degree of cure

e Viscosity of matrix

e The gel point

¢ The point of vitrification

e Residual stresses

The potential to better monitor the cure cycle is attractive and has been
investigated in paper B “In-situ cure monitoring of structural composite by
embedment of vertically aligned carbon nanotube forests.” in this thesis.
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Nanomaterials for Embedded Sensing

An approach to achieve embedded sensing in FRPCs is with the use of
nanomaterials. Here, their use may range from the choice of nanomaterial, the
properties of the chosen nanomaterial, the morphology of the sensing structure,
and the choice of measurement method. Properties of interest for the chosen
nanomaterials can be conductive, semiconductive, dielectric, and more. From
the properties that the nanomaterial possesses, the morphology and aim of the
sensing structure should be defined. What should be measured by the sensor?
Where should the sensing be performed? What production method is used to
manufacture the FRPC? These questions are good to have in mind when
designing and planning for the sensing.

In literature, the most studied nanomaterials for sensing applications in
connection to FRPCs or polymer composites are carbon black [18—21], carbon
nanotubes (CNTSs) [9,10,22—46], and graphene [27,47—-57], with some emerging
materials as MXenes [58—61] gathering interest. However, in this work, the
carbon-based nanomaterials CNTs and graphene are in focus, with an emphasis
on CNTs.

3.1 Graphene and Carbon Nanotubes

The discovery of graphene and CNTs have both contributed to the field of
nanomaterials. Graphene is a single layer of carbon atoms arranged in a
hexagonal structure and bonded together by sp2 carbon-carbon orbitals. Due to
its structure, pure graphene is a zero-band gap semiconductor on the border
between metallic and semiconducting behaviour [62]. Due to its exceptionally
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high charge carrier mobility [63] and the remaining unhybridized p-orbitals
extending out-of-plane to form a delocalized pi-bonding system, graphene
possesses high electrical conductivity [64].

CNTs share the hexagonal carbon-carbon structure with graphene. However,
instead of a 2-dimensional structure, the hexagonal structure is rolled up,
forming a nanotube. The electrical properties of CNTs have proved to be
complex. The chirality, describing the hexagonal structure of the tube along its
axis, i.e. how the graphene closes to become a tube, is described by a vector, the
chiral vector:

Cy = na; + ma, )]

where a; and a, are the unit vectors in the hexagonal lattice, n and m are integers
indicating the length and direction of the chiral vector based on the unit vectors,
see Fig. 8 for examples. From the chiral vector, it is also possible to calculate the
diameter of a single-walled CNT (SWCNT):

d=%\/n2+nm+m2 2)

the unit vector a being 0.246 nm [65]. In addition, it has been discovered that
if (2n + m) equals a multiple of 3, the SWCNT’s electronic structure is metallic.
From this, it is determined that 1/3 of all SWCNTs are metallic and 2/3 are
semiconducting, see Fig. 8 for more examples.
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Figure 8: Chirality of carbon nanotubes. Integers inside the hexagons are n and m, describing the chiral
vector
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Additionally, the electronic band gap of semiconducting SWCNTs is dependent
on the tube diameter, becoming smaller as the diameter increases [66,67].
Excellent current capacity has been observed in individual CNTs, exceeding
those of highly conductive metals. It has been determined that the impressive
current capacity of individual CNTs is due to ballistic conduction [68], being
reported in both metallic [69—71] and semiconducting [72,73] SWCNTs as well
as in multi-walled CNTs (MWCNTSs) [74—77]. However, diffusive conduction
has also been observed in experiments using MWCNTSs [69,78]. By definition,
ballistic conduction in CNTs occurs when the electron mean free path is longer
than the conduction channel, i.e., the length of the CNT. The electron mean free
path of CNTs depends on their structure, increasing with an increase in diameter
[71], and decreasing with an increase in the number of dislocations and
impurities, acting as scattering sites [79]. MWCNTSs, which are commonly
described as consisting of several concentric SWCNTs, have an electronic
behaviour depending on their constituent tubes. However, it has been concluded
that most individual MWCNTs exhibit metallic properties [62,80].

At this time, it is difficult to control all these parameters of CNTs during
production, especially the chirality of SWCNTs, which has held back the
progress of using CNTs in microelectronics. For applications relevant to this
work, with embedded sensing in FRPCs, the properties of individual CNTs
and/or graphene are not the target. Rather, larger conductive structures
consisting of CNTs or graphene are of interest.

3.2 Conductive Structures and Percolated Systems

Several sensing structures out of graphene and CNTs have been reported in
literature. Using graphene, coatings on fibres [27,47,48], papers and films [49—
57], and nanocomposites, i.e., nanomaterial dispersed in a polymer matrix
[81,82] have been reported to measure strain [49—-54,56,57,81,82], temperature
[55,81], and to monitor the curing and processing of thermosetting polymers
[27,47,48].

Similarly, sensing structures consisting of CNTs have been reported in literature
in the form of coatings on fibres [22—28], sheets and buckypapers (paper
morphology using CNTs) [29—35], yarns [43], nanocomposites [25,36—42], and
forests [9,10,44—46]. The CNT structures have been used to measure strain

[9,23,25,31-33,37-41,44], temperature [9,29,30,33,36,42,45,46], pressure
[22,43,44], and to monitor the curing and processing of thermosetting polymers
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[10,23,24,26—28,30,34,35]. In the mentioned works above, the dominant
measurement method for sensing is the measurement of resistance under direct
current conditions.

Fundamental work done by Skakalova et al reported in [83] studied conductive
networks only consisting of SWCNTSs. Four “thin networks” are studied and a
buckypaper of SWCNT, where the thin networks are added in SWCNT
deposition from one to the next, network 1 being the thinnest (network 4 = 4 x
network 1). Here, the thinnest conductive SWCNT network reveals a
semiconductive behaviour in I-V sweeps, especially pronounced at low
temperatures, whilst the thicker networks show more ohmic behaviour. Later,
measuring the temperature dependence of the conductance of the networks, the
thinnest network’s conductance goes towards zero as the temperature
approaches 0 Kelvin (4.3 Kelvin). The thicker networks also decrease their
conductance as the temperature drops, however, the conductance remains
higher as the temperature approaches o Kelvin. In contrast, the SWCNT
buckypaper retains 40 % of its room temperature conductivity when
approaching o Kelvin, exhibiting metallic behaviour. This work indicates the
influence of the nanomaterial chosen in the conductive network. The
semiconductive response of the thinnest network is caused by the intrinsic
properties of the SWCNTSs, where 2/3 are semiconductive due to their chirality
and 1/3 metallic (see Fig. 8). The conductive networks span a distance by
propagating charge carriers, i.e. electrons, from one SWCNT to another in the
networks. The number of conduction paths depends on the concentration of
SWCNTs (in this work) and the current flows through the channels of least
resistance, i.e. principle of least resistance. Due to this, if the network is
sufficiently sparse, SWCNTs with semiconducting properties will define the
conduction path of the current, hence why semiconducting behaviour is
observed. As the network gets thicker, more conduction channels appear and
the chance of them being dominated by metallic SWCNTs increases,
transitioning towards the ohmic behaviour, ending up in a saturated SWCNT
network in the SWCNT buckypaper. Although this study is not necessarily
applicable to sensors in FRPCs, it explains the fundamentals of the conductive
networks using SWCNTs and the importance of knowing which nanomaterial is
used, as the choice of nanomaterial may influence the conductive network.

In practice, most of the reported sensing structures mentioned above use
MWCNTs. As previously stated, most MWCNTSs possess metallic properties, and
the conductive networks of these are described by statistics and the number of
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conduction channels. This is described by percolation theory. As the sensing
structures are going to be embedded within FRPCs, they will by their
embedment be infused with polymer resin. Percolation in polymer composites
describes the transition from an electrically insulating material to a conductive
one as conductive fillers are added and begin to form a continuous network of
conductive particles. At low filler contents, conductive particles are isolated
within the polymer matrix and electrical transport is negligible because charge
carriers cannot move between fillers. As the filler concentration increases,
particles approach one another and the probability of forming conductive
pathways rises. Once a critical concentration, known as the percolation
threshold, is reached, a continuous or quasi-continuous network spans the
material, enabling long-range charge transport. Beyond this point, the
composite’s DC conductivity increases sharply, often by several orders of
magnitude, with further filler addition. The nature of the percolating network
depends strongly on the filler morphology. Carbon black consists of roughly
spherical or fractal aggregates with relatively low aspect ratios. As a result, a
relatively high-volume fraction is required before particles touch or come close
enough to form a continuous network. CNTs, by contrast, are one-dimensional
fillers with extremely high aspect ratios. Their elongated geometry allows them
to span large distances in the polymer matrix, dramatically reducing the
percolation threshold compared with carbon black. A conductive network can
form with very low percolation thresholds, sometimes below 0.1 wt% [84],
depending on the form factor of the CNTs and matrix. This is illustrated in Fig.

0.
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Figure 9: Illustration of CNT network percolation threshold, compared with carbon black

17



Graphene-based composites occupy an intermediate regime. Graphene and
graphene nanoplatelets are two-dimensional fillers with high in-plane
conductivity and large surface areas but lower effective aspect ratios than CNTs
when dispersed as platelets. Their percolation thresholds are typically lower
than those of carbon black but higher than those of CNTs, depending on flake
size, thickness, and dispersion quality.

3.3 Sensing Mechanisms

The majority of work using conductive CNTs (and graphene) structures for
sensing applications has used DC in order to measure their resistive response to
stimuli. An easy representation of the resistance of a CNT conductive structure
can be given by Eq. 3:

RTotal = RCNTs + R]unction + RTunneling (3)

, where the total resistance of the sensor and conductive structure is dependent
on three factors, being the: i) R;yrs, the intrinsic resistance of the CNTs in the
conductive network. ii) Rj,nction, the resistance of the junctions between CNTs,
consisting of the physical contact resistance between CNTs, and iii) Rrynneiing
the tunnelling resistance between CNTs. This equation will serve as a base when
discussing the resistive response of CNT-based sensors (and graphene)
embedded in polymer during their production and later during their operational
life.

3.3.1 Production and Cure Monitoring

As mentioned previously, CNT and graphene conductive structures have been
used for process and cure monitoring of FRPCs. CNT conductive structures in
the form of coatings on fibres have been used to monitor the processing and
curing using VARTM [26—28]. In these works, the flow front of the matrix [26]
and the resin infiltration into the CNT structure [27] has been monitored.
Similarly, buckypapers [30,35] and SWCNT coated fibres [23] have monitored
the resin infiltration of the conductive structures in prepreg systems. These
occurrences appear as a significant resistance increase. The resistance increase
observed is due to changes in the Rj,ction, where the infiltration of resin into
the conductive network breaks up CNT-CNT contacts (physical).
Simultaneously, the resin infiltration introduces a polymer into the CNT-CNT
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junction, increasing the potential barrier for the tunnelling to occur at the same
time also increasing the inter-distance between CNTSs, increasing Rrynneting-
Collectively, these are conclusions in the literature given to the increase of
resistance in CNT and graphene structures as resin is infiltrating the structures.
The resin infiltration is noticed as a resistance peak in these works, followed by
a resistance decrease. In [27], the peak was correlated to the gel-point in the
VARTM process, using a polyester resin. The subsequent resistance decrease
was determined to be due to the cure-induced volumetric shrinkage. It is known
from literature that the significant shrinkage occurs after the gel-point [16,17] .
The cure-induced volumetric shrinkage of the polyester affects the Rrynneting,
decreasing the distance between individual CNTs, therefore decreasing the
tunnelling resistance. In the same work, the same observations and conclusions
were drawn using a reduced graphene oxide (rGO) coated fabric. Other works
have made similar observations and concluded that the cure-induced shrinkage
is monitored using CNTs [23,35,48] and graphene [27,48].

In a paper [30], the authors attempt to determine the curing degree of their
component through the temperature resistance coefficient (TCR) of embedded
buckypapers, calculated from the ramp-down after having cured laminates at
different temperatures. According to the authors, the TCRs from the different
cure cycles can help map out and later be used to determine the curing degree.
This, they claim, is caused by the shifting Rjuction @and Rrynneiing Of the
buckypaper correlating to the different cure cycles and subsequent curing
degree.

Reports in literature on the measurement of residual stresses using CNTs or
graphene are few. In two papers by the same group [27,48], the authors claim
to have measured a build-up of stresses onto their rGO-coated fibres caused by
the cure-induced volumetric shrinkage by the matrix which is observed as a
resistance increase in the post-cure. However, methods to verify the resistance
increase to be caused by build-up of residual stresses needs to be presented.
The same observation is not seen in the CNT-coated fibres in the same articles.
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3.3.2 Structural Health Monitoring

3.3.2.1 Deformation

The use of CNT and graphene conductive structures to perform SHM has been
exemplified above, measuring strain, pressure and temperature. Regarding
strain and pressure, the sensor’s signal originates from a deformation of the
conductive network. Discussing Eq. 3 again, the mechanisms of the
piezoresistive effect in CNT/polymer-based sensors are:

i) the piezoresistive effect from individual CNTs [33,37]
ii) the break-up of conductive paths in the percolated system [25,85,86]
iii) change in tunnelling distance between CNTs [37—39]

Which effect is dominant depends on the CNT architecture, the aspect ratio of
the CNTs, and the studied strain range. A common strategy to achieve higher
sensitivity of the sensor is to design the sensor’s CNT (or graphene) content to
be close to the percolation threshold. Since the percolation threshold consists of
a major resistivity change in a narrow concentration interval, small changes in
inter-particle distance are envisioned to produce highly sensitive sensors. The
drawback of this method is dispersion and agglomeration issues with CNTs and
graphene due to their high surface area facilitating agglomeration. The other
strategy is to avoid the percolation threshold, using a saturated conductive
network. Under these conditions inter-particle distance is not as significant an
effect. Rather, saturated systems tend to have lower sensitivity and often their
piezoresistive response caused by the collective piezoresistive response of the
individual nanomaterial, i.e. changing the Ry, see Eq. 3.

More than one of the piezoresistive mechanisms mentioned above can be
present in a sensor using CNTs, depending on which strain interval is studied.
Boztepe et al. [31] embedded a buckypaper layer into a carbon-fibre/epoxy
composite, electrically insulating the buckypaper from the surrounding
conductive carbon fibre by introducing an epoxy adhesive film. This ensured
that the electrical conduction occurred solely through the buckypaper. During
fatigue testing, the sensor exhibited an initial negative parabolic piezoresistive
response up to 0.4% strain. This behaviour was attributed to the Poisson-
induced transverse compression of the buckypaper, which reduced the
tunnelling distance between adjacent CNTs. Beyond this strain level, the
response transitioned into a positive and linear piezoresistive behaviour.
Similarly, Aly et al. [32] investigated embedded aligned buckypapers in
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glass-fibre/epoxy composites for damage detection and strain monitoring. The
sensor exhibited a negative linear piezoresistive response up to 0.6% strain, also
attributed to the Poisson effect, reducing the inter-tube distance within the
CNT-network. Beyond this point, the response shifted to a positive and linear
piezoresistivity until failure. The transition in behaviour was attributed to the
intrinsic piezoresistivity of individual CNTs, progressive damage accumulation
within the composite, and a reduction in contact points between the stacked
buckypaper layers. Luo et al. [23] investigated SWCNT-coated fibres for lifelong
sensing in FRPCs. Using a spray-coating technique, SWCNTs were deposited
onto the surfaces of glass, polyaramid, and nylon fibres, which were
subsequently embedded within the interlaminar region of glass-fibre/epoxy
prepreg laminates. The sensors exhibited distinct piezoresistive behaviours
depending on their orientation relative to the applied load. When aligned with
the loading direction, the transverse compressive strain induced by the Poisson
effect caused a reduction in inter-tube distance within the resin-infiltrated CNT
coating, resulting in a negative piezoresistive response. Conversely, when
positioned perpendicular to the applied load, tensile strain in the fibre’s
transverse direction increased the inter-tube spacing, producing a positive
piezoresistive response. Lastly, Yin et al. [37] reported that the piezoresistive
response of their CNT-based nanocomposites was governed by the collective
piezoresistive behaviour of the individual nanotubes. They concluded that the
aspect ratio of the CNTs dictates the dominant sensing mechanism:
nanocomposites incorporating CNTs with lower aspect ratios (>100) exhibited
tunnelling-dominated  piezoresistivity, = whereas = those  containing
higher-aspect-ratio CNTs (500-1500) demonstrated piezoresistivity driven
primarily by the intrinsic piezoresistive properties of the nanotubes themselves.

3.3.2.2 Temperature

Typical metallic behaviour is characterised by an increase in resistance with
increasing temperature, arising from phonon-scattering events. This behaviour
has been observed in both individual metallic SWCNTs [87] and in dense
SWCNT networks [83]. In contrast, the negative resistance—temperature
coefficient (NRC) behaviour reported for most CNT-based temperature sensors
is commonly attributed to either variable-range hopping (VRH) or fluctuation-
assisted tunnelling (FAT) mechanisms [80]. VRH, frequently observed in
semiconducting materials, involves charge transport via thermally activated
hopping between localised states. FAT, on the other hand, describes conduction
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through metallic channels embedded within an insulating matrix, where
tunnelling between adjacent metallic regions is facilitated by thermal
fluctuations. The dominant transport mechanism in a given CNT architecture
depends on the CNT volume fraction within the percolated network, as well as
on whether SWCNTs or MWCNTs are used [62,83].

3.3.3 Direct Current versus Alternating Current for Sensing

In the literature, resistance measurements under DC conditions are the
dominant approach when using CNT- or graphene-based conductive structures
for sensing in FRPCs. In contrast, only limited work has explored sensing using
AC methods. This thesis examines this gap further in Paper E, where AC
measurements are investigated, exploring dielectric behaviour, sensing
capabilities, and frequency-dependent effects.
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The VACNT Forests and Embedment into
FRPCs

In this work, the VACNT forests from N12 Technologies have been used to
evaluate their sensor properties when embedded into structural composites.
Grown on a stainless-steel substrate through a chemical vapour deposition
(CVD) method, the VACNT forests were still attached to the substrate upon
delivery and used without further modification. Previously studied as
z-reinforcement, the VACNT forests are known to not deteriorate the
mechanical properties of the laminates [88—91], which further justifies their
suitability as embedded sensors. In this work, the laminates have been produced
using prepregs. In order to embed the VACNT forests into the lay-up prior to
curing, the VACNT forests have been deposited onto prepreg surfaces. This can
be seen in Fig. 10 below, where in Fig. 10 a, where a substrate with the as-grown
VACNT forests (black) rests on top of a glass fibre prepreg. Later, in Fig. 10 b, is
the same glass fibre prepreg with VACNT forests deposited onto the surface.

The deposition was performed in a set-up consisting of a heating plate,
encapsulated by a vacuum bag connected to a vacaum pump. Using this set-up,
both temperature and vacuum can be controlled. To deposit the VACNT forest,
the prepreg was placed on top of the heating plate followed by the stainless-steel
substrate on top of the prepreg, with the VACNT forest facing the prepreg
surface. Thereafter, the vacuum bag was sealed. The heating plate raises the
temperature of the prepreg, monitored by thermocouples, to a predetermined
temperature (depending on which prepreg system is used). As the prepreg
reaches the predetermined temperature, the vacuum is applied, and the vacuum
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bag presses down the substrate onto the surface. After some time, which
depends on the prepreg system used, the vacuum is released, the vacuum bag
opened and the stainless-steel substrates removed, leaving behind the VACNT
forests on the prepreg surface.

Figure 10: a) Glass fibre prepreg with VACNT forests on stainless steel resting on top. b) Glass fibre
prepreg with VACNT forest deposited onto prepreg surface. Reprinted from paper A [9] without changes
With this simple deposition method, it is possible to place the sensor anywhere
during the lay-up of the laminate for localised sensing. After the deposition,
moving to the lay-up of the laminate, the deposited VACNT forests need to be
contacted with a material functioning as an electrode in order to perform
resistive measurements on the embedded VACNT forests. The selected material
in this work to function as electrodes has been a variety of carbon fibre veils of
different surface weights and with/without different metal coatings, provided by
Technical Fibre Products Ltd, now James Cropper PLC. Measurements on the
embedded VACNT forest have only been performed in one interlaminar region
per sample, building thickness around the interlaminar region. An illustration
of a standard sample is presented in Fig. 11. Most work in this thesis has been
performed on a coupon level.

\ Carbon Fibre Veil

Contacts

Carbon Nanotubes

Figure 11: Sample used in papers A, Band D
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During and after curing, the contacts are connected to the measurement device,
performing the measurements presented in this work.

Prior to studying the sensing functionalities of the embedded VACNT forests, a
characterisation of the as-received VACNT forests was performed. Individual
CNTs were studied using Transmission Electron Microscopy (TEM), see Fig. 12
and the VACNT forest was studied by Scanning Electron Microscopy (SEM)
when still attached to the substrate. This was motivated by requiring a
fundamental understanding of the nanomaterial used in this research, the
number of walls of the CNTs, and the height of the forest, in order to eventually
determine the volume fraction of CNTs embedded into the CNT-rich region of
the laminates. Through this process, it was decided that the conductive network
was saturated, not close to the percolation threshold. More information is found
in paper A.

Figure 12: a) SEM of the VACNT forest still attached to the stainless-steel substrate. Credit to Thirza Poot
at Linképing University. b) TEM picture of an individual CNT from the VACNT forest. Credit to Fang Liu
at Chalmers University of Technology. Reprinted from Paper A [9] without changes

25






Comparison with Optical Methods for
Embedded Sensing

Fibre optical sensing methods are typically classified into three categories based
on their working principle: Grating-based sensors, interferometric sensors and
distributed sensors [92]. Out of these, fibre Bragg grating (FBG) sensors are by
far the most used for embedded sensing within FRPCs. FBGs have been used in
a pre-study for benchmarking CNT-based sensing during this thesis.
A FBG is fabricated by illuminating a short section of the core of a single-mode
fibre with a periodic pattern of laser light. This process creates a permanent
refractive index modulation according to the exposure pattern, called a grating.
As light travels through this region in the FBG, a small amount of light is
reflected at each periodic refraction change. When the wavelength of the light
source is twice the grating period, the reflected components interfere
constructively, producing an intense reflected signal. The wavelength at which
this reflection occurs is called the Bragg wavelength [93]:

Apragg = 2nA 4)

where Bragg wavelength, 4,44, depends on the index of refraction, n, and the
spatial period of the grating, A. Therefore, any external phenomena or stimuli
that affect either of the two parameters will create a shift in the Bragg
wavelength. Since both parameters have linear strain and temperature
dependence, so will the Bragg wavelength. Fig. 13 illustrates the application of
FBGs as strain sensors.
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Figure 13: Working principle of an FBG

FBGs have been widely employed for SHM due to their capability to be
seamlessly embedded into materials, immunity to electromagnetic interference,
high multipoint sensing capability in a single optical fibre and high sensitivity to
strain and temperature [92].

FBGs have been embedded into FRPCs to measure strain [94,95], temperature
[95,96], and to monitor the processing and cure of thermosetting polymers [96—
98]. However, although the FBG and its system are a mature sensing technique,
several practical challenges remain for the reliable use of FBGs as embedded
sensors in FRPCs:

« Interaction with the surrounding composite:
The adhesion between the optical fibre and the FRPC governs how
stresses are transferred to the FBG. Variations at this interface influence
the accuracy and interpretation of the measured signal.

« Temperature-related constraints:
Differences in the coefficient of thermal expansion (CTE) between the
fibre and the composite can introduce additional strain components.
Whether the fibre is free to expand thermally or constrained by the
laminate should be considered.

o Complex signal interpretation:
Because the FBG responds to strain in the fibre itself, interpreting the
signal becomes challenging in environments where both temperature
and mechanical loads vary simultaneously.
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o Handling and manufacturing limitations:
FBGs are fragile and difficult to embed without damage. Where the fibre
exits the laminate, it is particularly susceptible to bending during
vacuum bagging, which can permanently degrade or extinguish the
signal.

« Limited capability during processing:
Since the sensor responds to deformation of the optical fibre, it is not
suitable for detecting resin flow or similar phenomena during
manufacturing.

5.1 Pre-study Benchmarking using FBGs

Presented in this section are results from trials using embedded FBGs in glass
fibre laminates, monitoring the bending of the laminate. The measurements
were performed at an early stage of the thesis as a pre-study benchmarking using
a mature sensing technique for embedded sensing, to which later resistive CNT-
based measurements could have early comparisons. The FBG-based
measurements were performed by the Fiber Optics and Photonics Unit at RISE,
Research Institute of Sweden.

Samples with FBGs and VACNTs were manufactured in parallel. The samples
were produced of 20 glass fibre prepreg plies in thickness, placing the sensors 5
plies into the laminate from one surface. Due to bending being studied in the
pre-study, it was essential to place the FBG or VACNT forest offset from the
neutral midplane to experience bending-induced compression or tension,
depending on which side of the sample laminate the bending was performed.
Due to this, the samples were tested from both sides in an effort to measure the
effects of tension and compression.

Three-point bending was performed, using a 120 mm distance between the
supports. The tests were performed in an Instron 4505. For the FBG samples,
the mid-point of the sample was vertically displaced 5 mm, bending the sample.
The measured and converted micro-strain by the FBG is presented in Fig. 14.
For the VACNT sample, the same set-up was used, however, the vertical
displacement was increased to 10 mm. The resistance response of the embedded
VACNT forest to the bending is presented in Fig. 15.

Observing Fig. 14, the measured micro-strain of the embedded FBG is
presented; a) in tension configuration and b) in compression configuration. The
FBG is able to detect strain in both tension and compression and is a sensitive
measurement with a linear response to the vertical displacement.
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Figure 14: Bending measured by the FBG in (a) tension configuration and (b) compression configuration
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Figure 15: Bending measured by VACNT in (a) tension configuration and (b) compression configuration

Similarly, the resistive measurements on the embedded VACNT forests have
captured bending caused by tension in Fig. 15 a. This is further strengthened in
paper A, where a resistance increase is measured in embedded VACNT forests
during tensile testing. Bending the sample from the other side, Fig. 15 b, the
embedded VACNT forest is in the region experiencing compression. The
resistance decrease indicates that the embedded VACNT forests are susceptible
to compression. Although the resistive measurements are suffering from noise,
they also exhibit a linear trend in response to the vertical displacement. In
addition, the sensitivity of the resistive measurements is low. However, the
comparison between the mature and established FBG-based sensing system and
the resistive measurements on the VACNT forest was valuable early in the work
leading up to this thesis. The results encouraged the continued work and
refinement of the measurement method using VACNT forests instead of
continuing to other conductive structures.
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Summary of Papers

The appended papers collectively address the thesis aim of developing and
evaluating embedded nanomaterial-based sensing concepts, primarily VACNT
forests, for both manufacturing monitoring and structural health monitoring of
composite materials. The work progresses from fundamental characterisation
of the VACNT forests to their integration into prepreg laminates, followed by
resistive in-situ cure monitoring of thermosetting prepreg laminates, strategies
for sensing in conductive carbon fibre environments, comparisons with
alternative nanomaterials such as graphene, and finally the introduction of AC-
based impedance measurements to expand sensing capabilities.
This chapter summarises how each paper contributes to these themes and
clarifies the specific role each plays in advancing embedded sensing in fibre-
reinforced polymer composites.

31



Paper A — Sensing abilities of embedded vertically aligned carbon nanotube
forests in structural composites: From nanoscale properties to mesoscale
functionalities.

The paper presents a thorough characterisation of VACNT forests and their use
as resistive sensors when embedded into two different glass fibre/epoxy
systems. A bottom-up approach has been adopted, starting with an initial study
of the used VACNT forests prior to being deposited onto prepreg surfaces and
subsequently embedded into the laminate. This involved a TEM study of
individual CNTs from the VACNT forests, determining their thickness, number
of walls and the spread of these. Thereafter, a SEM study of the VACNT forest
was conducted, determining the height of the forest. The weight of the VACNT
forests was determined by Thermogravimetric Analysis (TGA). The results from
the TEM and SEM helped determine the aspect ratio of CNTs, and the weight
from the TGA helped determine the volume fraction of the CNTs in the VACNT
forest, important data to better understand the percolation network of the
VACNT forest once deposited into the laminates, where it was evaluated as a
strain and temperature sensor. The characterisation determined the percolated
CNT network to be saturated, not being close to the percolation threshold,
influencing the sensing mechanism. The ohmic nature of the sensor is
determined by the linearity seen in voltage-current sweeps, expected from a
percolated network of multi-walled CNTs. These observations are/were input
required for the determination of the sensing mechanisms to temperature and
strain. First, the thermoresistive behaviour was determined to be caused by
Fluctuation-Assisted Tunnelling, reported for between metallic particles (The
MWCNTSs) in a non-conductive environment (the epoxy). Secondly, the linear
piezoresistive response to strain is determined to be caused by the collective
piezoresistive effect of individual CNTs in the sensor, as the system is
determined to be saturated and therefore not sensitive to changes inter-distance
between CNTs at the studied strain interval (up to 1 % strain). These conclusions
were based on the bottom-up approach used, explained from nanoscale
properties up to mesoscale functionalities.
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Paper B — In-situ cure monitoring of structural composite by embedment of
vertically aligned carbon nanotube forests.

The paper investigates in-situ resistive cure monitoring of aerospace-grade glass
fibre/epoxy prepreg laminates performed by embedded VACNT forests. The
measured resistance during the cure cycle is interpreted by studying the
morphology of the VACNT forest, cure kinetics and viscosity of the resin, and
volumetric changes of both resin and laminate during sections of the same cure
cycle. From these studies, the resistive signal is determined to detect the
transition between the air-evacuation and consolidation regimes of the laminate
compaction and the gel point of the epoxy. Interestingly, the measurements do
not appear to be directly sensitive to the cure-induced shrinkage in this epoxy
system. Rather, a resistance increase is observed after the gel-point, where a
resistance decrease would be expected from a cure-induced shrinkage. The
increase in resistance is theorised, therefore, to be caused by the build-up of
residual stresses in the glass fibre/epoxy laminate, appearing due to the
interplay between the cure-induced shrinkage of the epoxy and the fixed fibre
bed of the laminate. This is further supported by the fact that the mentioned
resistance increase is not observed when curing an epoxy film according to the
same method, without the glass fibres. The proposed cure monitoring sensor
system offers great flexibility, being able to monitor the curing process locally
anywhere in the laminate. Additionally, the proposed sensor offers a lifelong
multifunctionality to the produced component, possessing strain and
temperature sensing capabilities in the cured state, ideal for SHM, already
established in paper A.
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Paper C —Isolation strategies of carbon nanotubes for resistive sensing in
carbon fibre prepreg laminates.

Paper C approaches the challenge of performing resistive sensing in a
conductive carbon fibre environment. The study looks into two strategies to
isolate the resistive sensor, VACNT forests, from the carbon fibre by adding a
barrier between the two. The first strategy involves a non-permeable separator,
a Kapton film, placed between the VACNT forest and the carbon fibre structure,
avoiding physical contact. However, the method requires the addition of an
epoxy film in order to deposit the VACNT forest and build thickness in the
sensing region. The second strategy involves the use of a permeable separator.
This approach utilises a consolidation step prior to curing, where the permeable
separator is infused by resin from the prepreg stack, leaving an epoxy layer on
its surface onto which the VACNT sensor can be deposited, separating it from
the carbon fibres. The two strategies are monitored during the curing of
laminates to ensure the integrity of the sensors remains intact. Thereafter, the
sensors are tested in the cured components as temperature and strain sensors.

Paper D — Comparative study of graphene coated glass fibers and carbon
nanotube forests as embedded structural health monitoring systems.

Paper D evaluates a graphene coating on glass fibre weave as an embedded
sensing material in glass fibre/epoxy composite. Due to no prior experience
working with graphene, the new material was compared to previous work on
VACNT forests as sensors as a baseline. Initially, the graphene coating is
evaluated as a resistive cure-monitoring sensor when embedded in a
thermosetting glass fibre/epoxy laminate during manufacturing. The graphene
coating exhibits a resistive behaviour comparable to that of the VACNT forests
during curing. However, unlike the VACNT sensors, the graphene coating shows
a distinct divergence in its resistive response upon reaching the cure
temperature, characterised by a continuous decrease in resistance. This
behaviour suggests sensitivity to cure-induced shrinkage of the epoxy, a
response not observed with CNT sensors. In the cured state, the embedded
graphene coating demonstrates excellent temperature-sensing capability,
exhibiting a negative thermoresistive effect. In contrast, its strain-sensing
performance is inferior to that of embedded CNT sensors, as it displays an initial
resistance drift during the first loading cycle, additional drift under constant
strain, and further drift upon unloading.
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Paper E - Sensing of Transverse Pressure in Structural Composite by
Impedance Spectroscopy on Embedded Carbon Nanotube Sensing Structures.

In this paper, two sensing structures using CNTs are evaluated as pressure
sensors. Embedded into an aerospace-grade glass fibre/epoxy prepreg laminate,
the sensing structures measure pressures up to 20 MPa. The paper explores a
transition in sensing measurements based on direct current to alternating
current in pursuit of higher sensing sensitivity using impedance spectroscopy.
The first sensing structure is embedded VACNT forests, as these have been
studied before. The second sensing structure, two embedded VACNT forests
with a Kapton film separating them is emulating a capacitor structure in the
thickness direction of the laminate. This sensing structure would not have been
feasible using direct current. With the transition to alternating current, a
characterisation of the two sensing structures is performed. The resistive and
polarisation mechanisms of the two sensing structures are studied using a
Faraday cage, providing a constant and stable stray capacitance while at the
same time blocking outside electromagnetic interference. Thereafter, a
measurement procedure is presented, evaluating the sensing structures’
susceptibility to stray capacitance prior to pressure sensing.

The first sensing structure, embedded VACNT forests, exhibits sensitivity to
pressure, the resistive sensitivity increasing at frequencies above the critical
frequency of the system, justifying the shift from DC to AC. The reactance is also
sensitive to pressure, however, around 1 MHz, insensitivity to pressure is
detected, making it an interesting frequency range for sensing of other stimuli,
possibly enabling multi-sensing in the same sensor, simply by the choice of
measurement frequency.

The second sensing structure is two embedded VACNT forests with a Kapton
film separating them. The measured impedance is determined to have a Kapton-
dominated frequency range and a CNT-dominated frequency range, with a
transition frequency interval in between. This is reflected in the pressure
sensitivity, where the used frequency determines which constituent is measured
on, the two constituents having different sensitivities to the applied pressure.
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Contributions to the Field

The use of nanomaterials for embedded sensing in composite structures had not
received great attention at the start of this thesis. This thesis has contributed to
a greater understanding of VACNT forests as embedded sensors through the
characterisation approach of the resistive measurements presented in papers A
and B, and later, the potential of impedance measurements in paper E.

Paper A is, to the authors' knowledge, the first work on VACNT forests as
embedded sensors in structural composites, proving to be a robust sensor
system as the gauge factor does not depend on the CNT concentration, already
being a saturated percolated network. Through the bottom-up approach applied
in this work, studying the VACNT forest and its constituent tubes on the
nanoscale, determining the CNT conductive structure to be saturated on the
microscale, and up to the sensing abilities of the manufactured sample on the
mesoscale, it is concluded that these piezoresistive properties are due to the
intrinsic piezoresistivity of the individual tubes. A thorough bottom-up
approach is essential to determine the origin of the piezoresistive response of
the embedded VACNT forests to strain, an approach not often reported on in
literature. Interfacial issues of the sensing structure are also avoided within the
structural composite, as the VACNT forest is not a stand-alone sensor being
embedded, like an FBG. Instead, the sensing system is formed whilst curing of
the composite component, measuring in the matrix.

Regarding cure monitoring and paper B, a thorough characterisation of the
prepreg system is performed to decipher the resistive signal. Although similar
studies on other CNT structures have been presented, no work on VACNT
forests has been reported. Kinetic and rheological methods have been used in
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other works to interpret the resistive signal, however, paper B contributes to the
cure monitoring field with its volumetric measurements on both laminates and
matrix to help interpret the resistive signal. Due to this approach, it can be
concluded, confidently, that cure-induced volumetric shrinkage does not affect
the measured resistance directly. The use of volumetric measurements to better
understand the used matrix system is recommended, as the initialisation of the
cure exotherm does not signify an instant reduction in volume of the matrix,
affecting tunnelling conditions. This conclusion further supports the
conclusions drawn in paper A, where the changing tunnelling distance between
CNTs is not dominating the measured resistance when increasing in strain, nor
when decreasing with the cure-induced volumetric shrinkage. The presented
work is the only reported work on cure monitoring, using CNTs, implying to be
sensitive to the build-up of residual stresses during the cure cycle. In the future,
the method presented in paper B is envisioned as a supporting measurement
method to optimise cure cycles for thermosetting composites. With this work,
together with paper A, it is demonstrated that the studied VACNT forest offers
lifelong multifunctionality to the produced component, first functioning as a
cure monitoring sensor and later, in the cured state, being able to function as a
strain and temperature sensor for structural health monitoring.

Paper C contributes to the challenge of resistive sensing in a conductive carbon
fibre structure. The work proposes two solutions to isolate the embedded
VACNT sensing structure from the carbon fibre structure, avoiding short
circuiting of the sensor.

Paper D presents a comparison between the use of graphene and CNTs for
embedded sensing, where the interface of the studied graphene coating to the
glass fibre is in focus, emphasising the importance of the embedment conditions
of the sensing structure to function as a capable sensor. This involves the choice
of sensing environment, i.e. in the matrix in comparison to a fibre coating, and
the choice of nanomaterial, CNTs in comparison to graphene.

Paper E demonstrates the possibility to measure high transversal pressures
using embedded sensing structures in structural composites. The paper justifies
a transition from DC to AC-based measurements in pursuit of higher sensitivity
in sensing measurements. With this transition, a characterisation and
measurement procedure is presented and justified, required for reliable
measurements. The higher sensitivity in the CNT configuration is based on the
transition from a CNT-piezoresistive effect to a CNT-CNT junction sensitive
measurement when using frequencies higher than the critical frequency. The
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paper is the first reported work on embedded sensing using CNTs to measure
high pressures, relevant for composite structures for fasteners. The paper
contributes new ideas on embedded sensor design in structural composites,
exploring a capacitor configuration for sensing applications.
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Future Work

Future work, based on the appended papers in this thesis is first presented.
Thereafter, thoughts and future work in the broader field are presented.

In paper A, the embedded VACNT forest is sensitive to strain and temperature.
Future work needs to be carried out in how to separate the two stimuli in the
signal to measure each separately. In addition, further work is required to
distinguish different mechanical deformations of the sensing structure, such as
bending,

In paper B, different cure cycles using the same prepreg system, HexPly 6376,
should be evaluated to explore if more events can be captured with the in-situ
resistive cure monitoring. Examples are to include an intermediate dwell during
the ramp-up, other ramp-up rates and different curing temperatures. In
addition, different prepreg systems should be studied with the method to
conclude if the sensor is sensitive to the specific prepreg system or if the
embedded CNT structure captures the same events and processes, independent
of which prepreg system is used.

The resistance increase observed after the gel-point, suspected to be caused by
a build-up of residual stresses, should be studied further. The cure monitoring
should be applied to more complicated structures where the need for monitoring
is relevant, such as in T-sections, having problems with residual stresses
originating from the curing. Finally, a transition to AC for cure monitoring
should be evaluated.

In paper C, the method for isolation can be improved, reducing the thickness
and amount of material in the interlaminar region containing the VACNT forest.
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Other avenues to avoid the VACNT forest short-circuiting to the carbon fibre
structure should be explored.

In paper D, evaluating the functionalised graphene coating, the infiltration of
the coating needs to be studied further. It is suspected that the initial drift in the
strain sensing is caused by the coating not being infiltrated during the cure cycle
by epoxy, giving a weak adhesion to the glass fibre weave. A SEM study is
recommended.

In paper E, the transition from DC to AC is of interest for future work. This
includes an investigation into more load cases apart from transverse pressure,
e.g., strain and bending. Temperature measurements using AC measurements
on the embedded VACNT forest should be investigated. Lastly, the possibility
for multi-sensing using the embedded VACNT forest should be investigated, if
two stimuli can simultaneously be measured in the same embedded VACNT
forest, at different frequencies.

Regarding the broader field of nanomaterials, here conductive structures using
CNTs or graphene, most work is performed characterising and applying the
sensing structures. In the future, there should be more work on designing the
sensor for the sensing purpose, not investigating the sensing capability and
mechanisms of an already existing conductive structure.
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