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Abstract

Self-healing composites are composite materials capable of automatic recovery when
damaged. They are inspired by biological systems such as the human skin which are
naturally able to heal themselves. Over the past two decades, two major self-healing
concepts — based respectively on the use of capsules and vascular networks containing
healing agents - have been proposed and material property recovery has been enhanced
from 60% to nearly 100%. However, this improvement is still not sufficient to allow self-
healing composites to be applied in practice because the healing capability varies with
many external factors such as ambient temperatures and damage conditions. The key to
the practical application of self-healing composites is to promote the sustainability of

healing capacity to make the recovery robust.

The thesis presents various techniques to enhance the healing capacity of fibre-
reinforced composites to realise strong recovery regardless of ambient temperatures or
material types. It presents the effects of various popular configurations of vascular
networks on the flexural properties and healing performances of fibre-reinforced
composites. The thesis demonstrates a design enabling recovery at ultra-low temperatures
by using hollow vascular networks and porous heating elements. It also presents a new
healing mechanism to repair the broken structural carbon fibres by incorporating
conventional healing agents with short carbon fibres which could be aligned in an in situ
electric field. The mechanism was also adopted to enable the restoration of the
conductivity of a fibre-reinforced composite incorporating a porous conductive element, a

carbon nanotube sheet, which could be used as a heating actuator or a sensing



component. Thus, the development reported in this thesis have contributed to promoting

the sustainability of the recovery of self-healing composites.
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Chapter 1 - Introduction

1.1. Background

Self-healing composite materials are artificial materials that can heal after damage. They
were originally inspired by the healing processes in natural biological systems. A popular
method to make self-healing composites is to incorporate into the host material
microcapsules or microvessels filled with a healing agent capable of repairing cracks.
When damage to the material causes the capsules or vessels to be ruptured, the healing
agent is released to seal the crack, as shown in Fig. 1.1. Self-healing composite materials
can potentially be employed to make critical systems such as aircraft, satellites and off-

shore structures.

Figure 1.1. Schematics of self-healing composites incorporating microcapsules or
microvessels [1].

In the past two decades, developments in self-healing materials have enabled some
of the challenging areas within self-healing materials to be overcome. When self-healing
materials were first proposed, the reported percentage of recovery was only 60% after a

48h curing period [2]. Nowadays, the recovery has been raised to near 100% and even



over 100% as can be seen in many academic review papers [3], [4]. The time required for
curing has also decreased from 48 h to a few seconds due to the employment of newly
synthesised healing agents [5]. The vessel-based design enables the refilling of healing
agents so that recovery from large-scale damage [6] and multi-cycle damage [7] becomes
possible. Fig. 1.2 presents the number of academic articles (indexed by Google Scholar)

published each year starting from 2001, indicating a strong growth in the research intensity

in the field.
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Figure 1.2. Number of academic publications between January 2001 and August
2016 (based on Google Scholar).

However, self-healing composite materials are not yet applicable in practice. The
most significant barrier is inconsistent healing performance. For example, damage to fibre-
reinforced composites, which are widely adopted in critical systems such as airplanes and
satellites, is of two general types: debonding and fracture of structural fibres. Established

self-healing mechanisms can cure debonding, as it is the fracture of the matrix, which

2



could be repaired by polymer healing agents. However, when fracture of structural fibres is
the primary type of damage, established healing agents are no longer effective. Also, in
almost all studies where strong recovery was achieved, good conditions for the healing
processes such as suitably high temperatures were adopted. However, such conditions
are not realistic in practice. For example, airplanes need to endure temperatures as low as
-60 °C, at which almost all healing agents would be frozen and cannot be activated.
Therefore, the key to the practical application of self-healing composites is the

sustainability of healing capacity, which is discussed in Chapter 2.

1.2. Aim, objectives and hypotheses

The aim of the research was to promote the sustainability of healing capacity by
developing novel healing mechanisms or new composite structures so that strong recovery
is achievable regardless of ambient conditions and material types. Fibre-reinforced
composites will be the main study objects, but similar designs can be applied to other host

materials.

The objectives of the research are structured as follows:

Objective 1 (OBJ. 1). Investigate popular vessel configurations to reveal the effects of

vessel configurations on healing performances and flexural properties of host materials.

Objective 2 (OBJ. 2). Propose and verify a new design to enable sustainable self-healing

at ultra-low temperatures.

Objective 3 (OBJ. 3). Propose and verify a new healing mechanism to enable the

recovery of structural carbon fibres.



Objective 4 (OBJ. 4). Propose and verify a new healing mechanism to enable the

recovery of conductive elements.

The above objectives will be achieved if the following hypotheses hold:

Hypothesis 1 (HO. 1). Healing performance and flexural properties can be altered by
using various vessel configurations because the coverage of vessels and the volumes of

voids introduced are different.

Hypothesis 2 (HO. 2). Materials are able to recover at ultra-low temperatures if they can
generate heat internally to maintain their temperatures in a range where healing agents

are active.

Hypothesis 3 (HO. 3). Broken structural carbon fibres could be repaired if short carbon
fibres could be delivered to the crack and be aligned autonomously to reconnect the

broken fibres.

Hypothesis 4 (HO. 4). Fractured conductive elements could be repaired if suitable
conductive particles could be delivered to the crack and be aligned autonomously in the

gap to reconnect the conductive elements.

The relationships between objectives, hypotheses and the overall aim are shown in

Fig. 1.3



Figure 1.3. Relationships between aim, objectives and hypotheses. Objective 1 and
Hypothesis 1 support the work on healing at low temperatures (Objective 2 and
Hypothesis 2) and healing of different materials (Objectives 3 and 4 and Hypotheses
3 and 4) which is aimed at achieving sustainable self-healing.

1.3. Outline of the thesis
Chapter 1 presents a general introduction to self-healing composites and highlights key

barriers in practice. The aim and objectives of the project are given and explained.

Chapter 2 gives a detailed literature review on self-healing composite materials, in
which established healing mechanisms and fabrication techniques are summarised. The

concept of sustainable self-healing is proposed and its importance explained.

Chapter 3 reports on an experimental investigation into the effects of vessel
configurations on the healing performance and flexural properties of fibre-reinforced
composites. The results obtained indicate that, when the composites are designed using a
correct vessel configuration, the vessels only have a minor effect on the flexural properties,

and more than 100% healing efficiency is achievable. Otherwise, the healing efficiency can



be very poor. Thus, in this study, Objective 1 is accomplished and Hypothesis 1 is

verified. The results of the study are used to guide the research reported in Chapters 4-6.

Chapter 4 presents a new self-healing material incorporating vascular networks
and heating elements so that sustainable self-healing at temperatures as low as -60 °C
can be achieved. The effects of the heating element on the interlaminar and tensile
properties are experimentally investigated. In this work, Objective 2 is accomplished and

Hypothesis 2 is verified.

Chapter 5 describes a carbon fibre composite that can repair its structural fibres
and restore its mechanical properties after it has been subjected to damage by using an
embedded vascular self-healing system. Damage is healed through the application of an
epoxy-based resin containing short carbon fibres that can reconnect the fractured carbon
fibres upon electric alignment and curing. In this study, Objective 3 is accomplished and

Hypothesis 3 is verified.

Chapter 6 presents a polymer composite incorporating a carbon nanotube sheet
(CNS) as a conductive element. The composite can inherently restore its electrical
conductivity after damage. Hollow vessels are embedded in the composite to deliver a
healing agent containing short carbon fibres (SCFs) to the damaged areas to repair broken
CNS. Experimental results demonstrate that an average recovery of 54% is achievable,
and recovery as high as 100% has been observed. Objective 4 is accomplished and

Hypothesis 4 is verified in this work.

Chapter 7 summarises the conclusions and contributions of the research and

suggests directions for further work.



Chapter 2 - Literature review

2.1. Introduction to self-healing composites

For centuries, man has been searching for and creating tougher and more durable
structural materials. However, from the perspective of other natural creatures, protection
and defence are not fulfilled only by their hard coats or shells, but also adaptively as in the
healing of the human skin and the regeneration of the lizard’s tail. Inspired by this design,
intelligent material systems defined as self-healing composites have been developed. Two
examples are shown in Fig. 2.1. The left picture presents a specimen recovered from a
puncture by delivering healing agents to the crack through microvessels. The right picture
shows the ‘bleeding’ in a sample incorporating microcapsules. The crack causes the
microcapsules to burst to release the healing agents. They are capable of automatic
recovery and adaptation to environmental changes in a dynamic manner, unlike traditional
tough and static composites. Through self-healing, it is expected that safety and reliability
will improve, the cost of maintaining artificial composites will decrease and material life will
be extended. This area has rapidly developed for near two decades and seen a number of

significant achievements.

Figure 2.1. Self-healing material examples [8][9].



Current self-healing composites can be categorised into three groups: capsule-
based, vessel-based and intrinsic self-healing materials [3], [10]. In capsule-based self-
healing materials, small capsules containing a liquid able to fill and close cracks are
embedded under the material surface. When the material is damaged, cracks cause some
capsules to rupture, releasing the liquid and closing the gap. For vessel-based self-healing
materials, the capsules are replaced by a vascular structure similar to a tunnel network, in
which various functional liquids flow. These functional liquids will also fill the gap when a
crack occurs and breaks the vascular network. The material contained inside a capsule or
a vascular network is called a healing agent. The mechanism and behaviour of healing
agents are fundamental to the recovery process and restoration of mechanical properties.
Intrinsic self-healing materials heal through inherent reversibility of chemical or physical
bonding instead of structure design [11], such as the swelling of shape memory polymers
[12], the melting and solidification of thermoplastic materials [13], and increasing
viscosities of pH-sensitive micro-gels [14]. Consequently, the healing mechanisms of
intrinsic self-healing materials are fundamentally different from those of capsule-based and

vessel-based self-healing composites.

Since the first review of self-healing materials in 2007 [15], a number of articles
have summarised and analysed this field [3], [4], [10], [16]-[26]. A gap has emerged
between capsule-based/vascular self-healing composites and intrinsic self-healing
materials in recent years. For capsule-based/vascular designs, research is generally
focused on not only healing agents, but also the rupture process, mixing process and
microstructure fabrication techniques. In comparison, most research about intrinsic self-
healing composites still concentrates on developing new healing mechanisms to achieve

higher healing strength. This is because for both capsule-based and vascular designs, not



only healing mechanisms, but also structural factors (e.g. size, shape and pattern) and
dynamic factors (e.g. flow, pressure and mixing) have significant effects on healing
performance. On the other hand, for intrinsic self-healing materials, the healing
mechanism is purely the reversibility of the material itself. Moreover, in capsule-
based/vascular self-healing composites, the development focus has shifted from healing

strength to the sustainability of healing capacity.

This chapter reviews the development of self-healing materials, especially that of
self-healing composite structures. The healing and mechanical performances of the
established self-healing composites are discussed, as well as related fabrication
techniques. For clarity, the chapter concentrates on polymer materials, but similar

concepts can also be applied to other material systems, such as concrete and ceramics.

The remainder of the chapter is organised as follows. Mechanisms, fabrication
methods, mechanical effects and healing performance for capsule-based and vascular
self-healing composites are reviewed in Section 2.2 and Section 2.3 respectively.
Section 2.4 analyses historical and future trends in self-healing composite systems,
highlighting key barriers and potential solutions. Finally, a brief summary is given in

Section 2.5.

2.2. Capsule-based self-healing structures

In the natural biological world, the unit that carries out self-healing is the cell, in which
different liquids accomplish specific functions. Inspired by this design, small artificial
capsules capable of bridging gaps when a crack occurs have been developed using

encapsulation techniques, as shown in Fig. 2.2.
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Figure 2.2. Prototype of capsule-based self-healing composite [2].

2.2.1. Mechanisms

I.  Ring-Opening Metathesis Polymerisation (ROMP)

The University of lllinois at Urbana-Champaign presented a prototype capsule-based self-
healing material [2]. In the prototype, cell-like capsules containing dicyclopentadiene
(DCPD) and Grubbs’ catalyst were dispersed in a polymer matrix during material
formulation. When the material is damaged and a crack occurs, the healing agent
contained in the capsules will be released due to the fracture of the poly (urea-
formaldehyde) (PUF) capsule shell. The healing agent floods the crack and clots under the
ring-opening metathesis polymerisation (ROMP) of DCPD catalysed by Grubbs’ catalyst.
ROMP is a chain growth polymerisation process where a mixture of cyclic olefin is
converted to a polymeric material by opening the strained rings in monomers and

reconnecting them to form long chains. As a result, almost 75% toughness can be
10



recovered in 48 hours at room temperature. This technology was later applied to fibre-
reinforced composites to produce self-healing fibre-reinforced composites by curing the
host material that contained the healing-agent-filled capsules. Kessler et al. developed
capsules loaded with DCPD and embedded inside fibre-reinforced composites to repair
delamination and extend material life [27], [28] and Brown et al. also used the same
method to heal fatigue cracks in fibre-reinforced composites [29]. In addition to mixing the
capsules with host materials, Blaiszik et al.[30] and Jones et al. [31], [32] described the
integration of capsules onto surfaces of reinforcement fibres thus enabling healing of

interfacial bonding between the fibres and the matrix.

Capsule-based self-healing materials can be improved in a number of respects,
among which the healing mechanism is the most fundamental. In the case of capsule-
based materials, this means using more advanced healing agents. For DCPD and Grubbs’
catalyst, there are several drawbacks. The stability of Grubbs’ catalyst is weak because of
its low melting point at 153 °C [33] and its reactivity is also influenced by prolonged
exposure to oxygen and moisture [34]. Additionally, its application is also limited by its
toxicity and high price [35]. As for DCPD, it also has a low melting point and requires large
amounts of catalysts for rapid reaction [36]. To increase the stability of the healing process,
Kamsphaus et al. [33] tested tungsten chloride (WClg) as an alternative ROMP catalyst
because of its relatively high melting point at 275 °C and lower cost at the same time. In
another work [37], the DCPD healing agent was replaced by the cost-effective material 5-
ethylidene-2-norbornene (ENB) which is known for much faster ROMP reaction. However,
the main disadvantage of ENB is that the formed crossed-link structure is less strong than
the polymerised linear chain structure created by using DCPD [36]. To produce a balanced

result, Liu et al.[38] introduced a blending plan in which DCPD and ENB were both
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encapsulated, as DCPD reactivity built tough and reliable bonds and ENB reactivity
provided immediate aid. Afterwards, Huang et al. [39] tested a number of the factors
including blend ratio, healing temperature and healing time that affected healing

performance and proposed an improved blending plan.

Other kinds of catalysts were also taken into consideration [40], such as Grubbs’
second-generation catalyst, Hoveyda—Grubbs’ first generation catalyst, and Hoveyda—
Grubbs’ second generation catalyst. These new catalysts allow a cure temperature up to
170 °C without becoming deactivated and showed high levels of healing efficiency. The
establishment of alternative healing agents and catalysts provides more options in the
application of ROMP-reaction-based self-healing materials when higher operating

temperatures and lower costs are required.

II. Polycondensation

Polycondensation is a chemical condensation to formulate a polymer by linking single or
multiple kinds of monomers to form long chains and releasing water or a similar simple
substance. Cho et al. [41] developed a polycondensation-based mechanism by using di-n-
butyltin dilaurate (DBTL) as the catalyst and a mixture of hydroxyl end-functionalised
poly(dimethylsiloxane) (HOPDMS) and poly(diethoxy siloxane) (PDES) as the healing
agent. The new mechanism had a lower efficiency compared to that of DCPD and Grubbs’
catalyst. However, it is more resistant to deactivation by air, water and the vinyl ester
matrix and has a lower cost, expanding its application fields and making it more suitable
for real use [35]. Self-healing coatings [42] and woven fibre reinforced composites [43] had
been developed based on this mechanism and it was claimed that the healing efficiency

had been increased to achieve a nearly full recovery.
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lll. Epoxy-based system

Epoxy-based healing reactions have gained popularity in recent years. In an epoxy-
hardener system the epoxy resin and hardener are separately encapsulated and
embedded inside the composite matrix. When a crack occurs, both kinds of capsules
rupture and the outflowing epoxy resin and hardener are mixed to heal the crack [34],
[44]-[47]. In addition, solvent and epoxy-solvent capsule healing systems were also
developed for polymer composites [48]-[50]. When the encapsulated solvent is released, it
locally swells and entangles the matrix across the plane and heals the crack. Epoxy resin
can also be added into capsules with solvent, promoting crosslinking reaction. Epoxy-
based mechanisms have become the most popular compared to ROMP-reaction-based
and polycondensation-based mechanisms as they are easily accessible. Capsules
containing different kinds of amines for anti-corrosion of steel sheets were developed by
Choi et al. [51]. The characterisation for epoxy-based coating healing performance was
analysed and summarised by Liao et al. [52] and Liu et al. [53]. More information about
epoxy-amine mechanisms for self-healing can be found in the reviews by Zhang et al. [54],

[55].

V. Others

In addition to polymeric composites, capsule-based structures have been adopted in other
areas such as construction [56], [57]. Dry et al. [58] made use of cylindrical glass capsules
filled with cyanoacrylate to heal cracks in concrete and a two-part epoxy system was also
used in self-healing cementitious composite materials [59]. Related research to increase
the stability of bitumen [60] has also evolved to a very detailed level. More information can

be found in the review by Van Tittelboom et al. [61].
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2.2.2. Fabrication processes

Fabrication of capsule-based self-healing composites normally involves two processes:
encapsulation of healing agents and integration of capsules with matrix materials. Existing
encapsulation techniques, which have already been widely employed in the food industry

and medical applications, can also be used for the encapsulation of healing agents.

Currently, in situ polymerisation in an oil-in-water emulsion is the most popular and
effective method for developing capsules containing healing agents. With this method, the
polymerisation of shell monomers is carried out on the surface of core materials. In the
work of Brown et al. [62], poly (urea-formaldehyde) (PUF) was used as shell material to
encapsulate DCPD healing agents and the process of in situ polymerisation in an oil-in-
water emulsion was presented in their paper in a very clear and detailed fashion. Liu et al.
[63] followed a similar method to encapsulate ENB using melamine-urea-formaldehyde
(MUF) as shell materials. For two-part epoxy, PUF [45], [48] Poly (melamine-formaldehyde)
(PMF) [46] and Poly (methyl-methacrylate) (PMMA) [64], [65] have all been used to build
shell walls by different groups around the world. During in situ polymerisation in an oil-in-
water emulsion, agitation is critical to the size of capsules and the size of the produced
capsules follows a Gaussian distribution. Zuev et al. [66] presented a statistical analysis of
the size of the produced capsules. For smaller capsules, Blaiszik et al. [67] used ultra-
sonication to assist nano-capsule generation and created nano-capsules with a diameter
as small as 220 nm. In addition, shell materials for capsules can be incorporated with
nanoparticles to improve capsule quality. Fereidoon et al. [68] improved the morphology,
thermal properties and water resistance of microcapsules by introducing either single-

walled carbon nanotubes or aluminium oxide nanoparticles into the wall material, UF resin,
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as shown in Fig. 2.3. The microcapsules were synthesised via in situ polymerisation in an
oil-in-water emulsion. After the emulsion had stabilised, formaldehyde mixed with the
particles were added to the emulsion, which was then heated, cooled, rinsed, filtered and
dried in sequence to produce the new capsules. Test results proved that the introduction of
nanoparticles to the shell wall could reduce the surface roughness and size of the
microcapsules, and the thermal stability was also improved. Yang et al. developed
microcapsules loaded with ethyl phenylacetate (EPA) and the PU/PMF shell walls were
incorporated with silica nanoparticle [69]. SiO, nanoparticles can be absorbed at the
interface between oil and water to stabilise the emulsions, and the size of the produced
microcapsules can be altered depending on the concentration of SiO, nanoparticles [69].
The shell made of hybrid materials makes a rough exterior surface for capsules and

promote their thermal conductivities and dispersion stability.

In addition, other encapsulation techniques have also been employed to fabricate
capsule-based self-healing materials to suit various material properties such as solubility
and viscosity. Rule et al. [70] encapsulated Grubbs’ catalyst with wax shell by rapidly
cooling hot and stirred wax mixed with the catalyst. Cho et al. [41] and Mcllroy et al. [71]
used interfacial polymerisation to encapsulate DBTL and amine for epoxy-based self-
healing systems. Chen et al. [72] described the self-assembly phenomenon of Poly
(acrylate amide) shells, containing Polystyrene as core under the principle of atom transfer
radical polymerisation (ATRP). Zhang et al. [73], [74] created a fabrication method to build
etched glass bubbles as healing agent containers as they would be more brittle and easy
to rupture, by using diluted hydrofluoric acid in a specially designed mixer. Furthermore,
the shell can also be formed of more than one kind of materials. Jin et al. [75] developed a

two-layer capsule shell so that the thermal stability of the capsule can be improved without
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influencing the rupture performance. More information about encapsulation techniques can

be found in the work of Jyothi et al. [76].
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Figure 2.3. SEM images of (a) traditional, (b) SWCNT-modified, and (c) nano-
alumina-modified microcapsules; wall thicknesses of (d) traditional and (e) modified
microcapsules [68].

The integration of capsules into matrix materials is another process that affects the
healing quality. Sometimes, when a capsule-based material cracks, the capsules simply
detach from the matrix material instead of rupturing, resulting in no healing agent outflows.
Most of the recent investigations into unsatisfactory releasing of healing agents tend to
investigate the influence of the encapsulation process on the quality of the capsules and

the triggering of the release of healing agents. However, integration techniques and
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integration quality, especially mechanical properties of the interface between shells and

matrix materials, are yet to be systematically studied.

2.2.3. Mechanical effects

Several researchers have investigated the influence of capsules on the overall mechanical
properties. Zhang et al. [77] tested glass fibre-reinforced composite with embedded
capsules and concluded that the tensile strength and elastic modulus would decrease. The
fracture toughness of epoxy embedded with capsules containing DCPD was found to
increase compared to that of pure epoxy [78]. However, for epoxy adhesives, the fracture
toughness is reduced by the addition of capsules [79]. The size of the capsules also has
effects on the fracture toughness of FRC and the interlaminar fracture toughness is higher
with a smaller capsule size [80]. Regarding the effects of different kinds of capsules, it was
demonstrated numerically that the carrying capacity almost unrelated to Young's modulus
of the microcapsules [81]. Also, the microcapsule shell wall material did not play any

significant role in defining the mechanical properties of the composites [82].

2.2.4. Healing performance analysis

A summary of the main capsule-based self-healing materials and their healing
performances is shown in Table 2.1. It is worth noting that a particular healing
performance cannot be guaranteed even if the same mechanism and healing conditions
are adopted due to differences in application areas, host material properties and

manufacturing techniques. The point of the table is to describe the range of possible
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outcomes that may be achieved by using a certain mechanism, and to provide a general

idea of the potential of capsule-based self-healing composites.

Table 2.1. Summary of healing performance of capsule-based self-healing materials

Mechanism Recovery rate He_allng Heal'lr.lg Host Material Referen

Time Condition ces

Room [2],
DCPD+Grubbs 75-100% 10-48 h | Temperature Epoxy [83]-
(RT) [85]

DCPD+Grubbs ~30% 24 h RT Ep%’ge"r'”y' [86]
67-100% [27]

DCPD+Grubbs | (dePendingon | g, RT Epoxy+CFR | g7,
the extent of C [88]

damage)

DCPD+WCl, 20-64.9% 24h | 22°C—50°C Epoxy [[%%]]'
ENB + Grubbs | 45% and 80% 48 h RT and 80 °C Epoxy [37]
ENB/DCPD + 0

Grubbs 85% 48 h RT Epoxy [38]
ENB + Hoveyda 0 0
Grubbs 95% 2h 170 °C Epoxy [40]
HOPDMS and 0 Epoxy vinyl
PDES 24% 24 h 50 °C aster [41]
HOPDMS and
PDES 100% 48 h 150 °C Epoxy+FRC [43]
[49],
Epoxy and 82-100% 24 h RT Epoxy [50],
Solvent 67]
Epoxy and
Solvent + 0 0
scandium (111) > 80% 48 h 80 °C Epoxy [34]
triflate
Epoxy+ oc —
CuBr(2)(2- 111% 1r?1ir?1)0 130 OCC 180 Epoxy [[‘g(")]]’
Melm)(4)
Epoxy + 104% 24 h 20 °C Epoxy [46]
mercaptan
Epoxy + MBM 0 0
tetrathiol 121% 5 days 25°C Epoxy [35]
Epoxy + RT, 0.2Mpa
antimony 71% 15-20 s P Epoxy [5]
. pressure
pentafluoride
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Capsule-based self-healing materials have the ability to heal small and moderate
fractures in one single healing cycle. The original ROMP reaction of DCPD facilitated by
Grubbs’ catalyst as the basic mechanism has a healing efficiency of 75% in 48h [2]. Brown
et al. [83] explained that the healing efficiency depended largely on the concentration of
catalyst. Full healing is achievable when the concentration of Grubbs’ catalyst: DCPD is
higher than 10:1. However, it is obvious that this will significantly increase the cost. Also,
the mechanical properties of the overall composite system can be greatly affected with an
increased number of capsules inside the host material. WCI6, as an alternative to Grubbs’
catalyst, has a relatively low healing efficiency at room temperature [33], [91]. As for ENB,
it is powerless when used alone [37], but the healing efficiency rises significantly when it is
blended with DCPD [38]. Increasing the temperature combined with using Hoyeyda-

Grubbs’ catalyst will also greatly improve healing strength and save healing time [40].

Apart from ROMP-reaction-based healing mechanisms, HOPDMS and PDES with
DBTL as catalysts have demonstrated great potential when the healing temperature is
high [41], [43]. Epoxy-solvent self-healing systems and epoxy-hardener systems have a
high applicability considering their high healing efficiency and mild healing conditions.
Yuan et al. [47], Billiet et al. [35] and Yin et al. [90] all developed epoxy-based self-healing
systems able to achieve a healing efficiency higher than 100%. Ye et al. [5] demonstrated
an ultra-fast epoxy-hardener system, in which healing could be activated instantly and
healing time was shortened to tens of seconds. All of these healing mechanisms have
added significant diversity to this field and brought new possibilities to smart material

design.

However, as seen in Table 2.1, the healing performance is not entirely determined

by the mechanisms. The temperature and healing time play a critical role in the healing
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process, which is often ignored in the discussion of healing performance. These factors

can be generally divided into two categories: structural factors and dynamic factors.

Structural factors:

» Capsule size, capsule shell thickness and roughness

The size of capsules and the thickness of the capsule shells directly influence rupture and
the triggering of healing reactions. With larger capsule sizes, more healing agents are
contained and larger cracks could be healed. Also, with a thinner shell wall, the capsule
can rupture more easily. The integration quality is also related to the roughness of the
capsule outer shell. In general, to secure a successful healing process, the capsule shell
should be thin and rough, and the size should be suitably large to provide sufficient healing

agents.

> Dispersion of capsules

The capacity of healing agents also depends on the amount of capsules dispersed inside
the matrix. Generally, with more locally dispersed capsules, more healing agents will be

available and local healing will be more effective.

> Ratio of different parts of a healing mechanism

For two-or-multiple-parts healing agents, the ratio of different parts directly influences the
healing efficiency. For example, the maximum healing efficiency of the Epoxy+latent
CuBr(2)(2-Melm)(4) catalyst system was achieved only when the concentrations of epoxy

and hardener were 10 wt.% and 2 wt.% respectively (Yin et al., 2008; Yin et al., 2007).

Dynamic factors:
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» Temperature, pressure and healing time

With higher temperature, higher pressure and longer healing time, the healing
performance will improve. For example, HOPEMS and PDES based healing systems can
only achieve a healing efficiency of 24% when the specimen is exposed to 50 °C for 24h
compared to 100% healing efficiency when the temperature is 150 °C and the exposure

time is 48h.

» Ageing and fatigue

The healing performance does not stay constant. For example, Neuser and Michaud (Sam
Neuser & Michaud, 2013; S. Neuser & Michaud, 2014) tested the effect of ageing and
established that the healing efficiency reduced from 77% for fresh samples to 13% for

samples aged at room temperatures for 77 days.

Structural and dynamic factors as well as healing agents decide healing
performance. At the same time, there are concerns about the effects of introducing
capsules on mechanical properties. If the capsule structure significantly reduces the
mechanical properties of the host material and makes it no longer able to meet the
mechanical requirements, then the self-healing function has no real value. The conflict
between healing and mechanical performance fundamentally determines future research

trends, which will be analysed in Section 2.4.

2.3. Vessel-based self-healing structures

If capsule-based self-healing composites mimic the natural healing process on a cellular

level, then vascular self-healing materials emulate, on a macro level, healing by the
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vascular and circulation systems in animals. With a circulation system, the healing agent
can be refilled, providing the potential for continuous healing agent delivery and flow

control.

2.3.1. Mechanisms

In the 1990s, Dry et al. [92]-[94] pioneered the development of hollow glass tubes as
containers preloaded with an epoxy-based healing agent. In their research, when the
hollow glass tubes cracked, the loaded healing agent filled the cracked surface and
solidified. These hollow fibres can be regarded as 1D vessels. Bleay et al. [95] fixed hollow
glass fibres with an external diameter of 15 um and an internal diameter of 5 pum into a
glass fibre reinforced composite. It was found that negative effects on the mechanical
properties of the host materials can be decreased [21], [25] by reducing the size of the
vessels. Vacuum-assisted capillary action filling was used to inject the healing agent into
the small fibres [25]. Pand and Band [96], [97] filled 60 um diameter hollow glass fibres
with a mixture of healing agents and UV fluorescent dye so that the ‘bleeding process’
could be observed. These researchers constructed prototypes of 1D self-healing material
structures based on hollow fibres, which are not only a healing agent container, but also a

part of the reinforcing material.

In 2007, 3-dimensional vascular self-healing materials were developed by Toohey
et al. [98]. The healing mechanism was ROMP reaction of DCPD enabled by Grubbs’
catalyst and the healing efficiency varied from 30% to 70% in different healing cycles.

Even though the healing efficiency was lower compared to the capsule-based healing
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mechanisms available then, this was the first time a self-healing composite capable of

multi-cycle healing was demonstrated.

Healing mechanisms for vascular self-healing composites are similar to those for
capsule-based self-healing composites. For one-dimensional vascular networks based on
hollow fibres, the healing agent can be a one-part adhesive like cyanoacrylate [95] or a
two-part epoxy resin [21], [99], [100]. On the other hand, for 3-dimensional networks,
ROMP reaction based on DCPD and Grubbs’ catalyst was initially developed [98].
Afterwards, Toohey et al. also developed a two-part epoxy-based self-healing
microvascular network [101]. They were the first to build two isolated 3D vascular networks
embedded in the same host materials, each containing a different liquid. White et al. [6]
developed a two-stage chemistry, involving a gel stage for gap-filling scaffolds and a
polymer stage for restoration of structural performance, so that a damaged area up to
35mm in diameter on a PMMA specimen can be healed. To secure good fluidity and
stability, the selection of healing agents is more rigorous and should consider a number of
new factors such as surface wettability and viscosity [10]. Such a selection also in turn

affects the design and development of the vascular network.

The vascular structure has been applied in developing self-healing fibre-reinforced
composites. William et al. have focused on embedding hollow glass fibres and forming
vasculatures inside fibre reinforced composites, especially for sandwich structures [100],
[102]. Nademi et al. also carried out similar research in FRCs containing hollow glass
fibres [103]. Chen et al. [104] considered inserting vascular layers to form a sandwich-like
structure as an alternative to embedding vasculatures. A two-part polyurethane was also

used in polymeric foam healing systems [105], and for mitigation of fatigue in an epoxy
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matrix [106]. ROMP based on DCPD and Grubbs’ catalyst was also investigated for its

potential in coating technology [107].

Cementitious materials with self-healing properties are another area where the
vascular self-healing function is popular. Material designs have included a single vessel
containing cyanoacrylate [108], [109] and multi-channels based on three-part MMA [93].

More information can be found in the review by Van Tittelboom et al. [61].

2.3.2. Fabrication process

Even though vascular self-healing composites share similar mechanisms with capsule-
based self-healing composites, research on this topic has been developing slowly due to
immature fabrication techniques. As small vessel diameters, large network coverage, high
vessel strength and high network interconnectivity are all required at the same time,
developing suitable fabrication techniques becomes difficult. In fact, as opposed to
capsule-based self-healing materials research where most of the effort has been on
developing new mechanisms to improve healing efficiencies, work on vascular self-healing
materials has concentrated on fabrication processes. In this section, popular fabrication

methods are categorised and analysed.

. Hollow fibres

Installing tubes containing the healing agent inside is one method to fabricate vascular
self-healing fibre reinforced composites [96], [97], [99], as shown in Figure 2.4. The hollow
fibres act as an isolating layer between the healing agent and the matrix. When the
material is damaged, some fibres rupture and release the healing agent. The process of

integrating hollow fibres with the host matrix is similar to that for a normal fibre-reinforced
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material (i.e. covering fibres with uncured epoxy resins followed by curing). When the
hollow fibres are aligned parallel to the reinforcement fibres, the mechanical effect of the
hollow fibres on the host composite is small (Kousourakis & Mouritz, 2010). However, the
main drawback of using hollow fibres is that the design cannot yield interconnected

networks and refilling is difficult.
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Figure 2.4. Polymers embedded with hollow fibres containing healing agent [99]. (a,
b) Laminating stacking sequence of hollow fibres and reinforcement fibres; (c, d)
Outflow of healing agents.

[l. Sacrificial fibres/scaffolds

Sacrificial fibres/scaffolds are a three-dimensional structure formed of materials easy to
remove, dissolve or degrade. Such a structure is integrated inside the polymeric host
material and should be able to survive the process of curing the host material. After the
polymeric system is fully cured, the sacrificial fibres/scaffolds are removed manually, or

simply by increasing the temperature or changing the pH of the environment to modify the
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state of the embedded sacrificial materials. This leaves a hollow microvascular network
inside the host material. For example, to build single-line channels, straight steel wire [110]
or nylon fibres [111] were placed inside the uncured host materials. After it was fully cured,
the wire or the fibre has a weak bond with the host materials and can be removed
manually, leaving hollow channels. However, this method can only be used to build 1-D
hollow structures inside composites and the sacrificial-wire/fibre-removing process may
introduce invisible damage. To build complex 3-D structures, the following methods have

been adopted.

e 3D printing of sacrificial scaffolds
A fugitive-ink 3D direct-write method to develop sacrificial microvascular networks was first
developed by Therriault, et al. [112] and Lewis, et al. [113] who used a robotic deposition
apparatus in a layerwise scheme to print paraffin-based organic ink in three dimensions,
as shown in Fig. 2.5a. After the integration of scaffold and polymeric host material, the
system was heated up to 60 °C under a light vacuum to remove the melted sacrificial
materials, leaving a hollow microvascular network inside. This technique was claimed to
be able to produce a scaffold with a diameter ranging from 10 to 300 um with a root-mean-
square (r.m.s.) surface roughness of 13.3x6.5 nm. Other fugitive inks were also
considered, such as a composition of 60 wt.% petroleum jelly and 40 wt.% microcrystalline
wax [98]. However, it is difficult to remove the melted sacrificial materials from vascular
networks and residues always exist when the diameters of vessels are small and liquids

are locked inside the vessels due to viscous force.

Poly (lactic acid) (PLA) is a good option for sacrificial materials as it will turn into
gas after thermal depolymerisation at high temperature. 3D-printed PLA has been used to

build sacrificial structures [114]. However, the high temperature during the sacrificial-
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materials-removing process may be harmful to the host material. Dong et al. [115]
discovered a catalytic reaction system based on catalysts such as tin(ll) oxalate that
improved the reaction rate of PLA depolymerisation from 1 wt.%/hr (weight percent per
hour) to 25 wt.%/hr, lowering the depolymerisation temperature approximately 100 °C. It is
worth noting that the heat distribution on samples to remove the sacrificial PLA component
must be even. Otherwise, the locally depolymerised monomers are possible to be locked
inside the composites and introduce high air pressure that may damage the samples.
Afterwards, the mixture of PLA and the catalyst was 3D-printed to form sacrificial
structures [116]. In addition, recent research has also improved the printed pattern from a
simple uniform pattern to a biomimetic pattern similar to a leaf venation [117], [118], as
shown in Fig. 2.5b. The varying diameter of the network was achieved by changing the
pressure inside the printing nozzle. To improve the printing efficiency, Hansen et al. [119]
developed a multi-nozzle array to print multiple lines simultaneously. The mechanical
properties of hollow channel structures were improved by integrating halloysite nanotubes
with sacrificial fibres as the nanotubes covered the inner surface of the microvascular

network after dissolving the fibres and provided structural reinforcement [120].

In addition to using nozzles, light-triggered solidification based on photopolymers
can also be employed to 3D-print sacrificial components. Jacobsen et al. [121], [122]
fabricated interconnected photopolymer waveguides based on self-propagation and
generated open-cellular micro-truss structures (Fig. 2.5c). This technique was further
developed to produce metallic vascular networks [123] (Fig. 2.5d) and bicontinuous fluid

networks [124].
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Figure 2.5. Fabrication of Scaffolds. (a) 3D printing using nozzles [112]; (b) 3D
printing of a bio-mimicking pattern [117]; (c) Self-propagated photopolymer [122];
(d) Fabricated metal interconnected vascular network based on photopolymer [123].

e Melt-spinning and Electro-spinning
Melt-spinning and electro-spinning generate fibres from liquids and the processes are
similar to the generation of cotton candy. In fact, the original equipment for melt-spinning
sacrificial fibres was simply a cotton candy machine [125]. After the sugar fibre was
fabricated, it was placed in a Teflon mould. Degassed uncured PDMS mixed at a resin:
hardener ratio of 10: 1 was then poured over the sugar, followed by 24h curing at room
temperature. Afterwards, the devices were placed in a bath of water and ethanol at 70°C

for several days to dissolve away the sugar structure, leaving a micro channel network
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inside the PDMS matrix. A similar method was applied to form vascular networks inside
gelatin by using shellac as sacrificial fibres, as shown in Fig. 2.6. Shellac is a kind of
natural material that exhibits pH-sensitive solubility in aqueous solutions and has an

appropriate melt temperature and viscosity.

Electro-spinning can be used to produce similar sacrificial fibres. Gualandi et al.
[126] used Pollulan as the fibre material and integrated the fibres with diameters as small
as 3um inside an epoxy matrix. Afterwards, the Pollulan degraded when heated up to
250°C. In addition, electro-spinning has the potential to build core-shell structures directly
as a vascular network, skipping the sacrificial fibre degradation process and healing agent
injection steps. This method was proposed by Gualandi et al. [126] and developed by Wu
et al. [127]. The DCPD healing agent was contained directly inside polyacrylonitrile shells
during electro-spinning. With the fibres embedded, when a crack occurred, the rupture of

the polyacrylonitrile shells released the DCPD healing agent to repair the damage.

The spun fibres can also be chemically or physically treated to improve the
performance of the sacrificial-material-removing process. As the authors mentioned, the
thermal depolymerisation of the PLA impregnated can be accelerated by using suitable
catalysts. Dong et al. [115] developed a technique to integrate PLA fibres with the catalyst
tin(ll) oxalate to lower its depolymerisation temperature, as shown in Fig. 2.7. To build a
microvascular network inside fibre-reinforced composite, PLA sacrificial fibres can be

wound with reinforcement fabrics [7], [128] followed by heat treatment.
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Figure 2.6. Vascular network formed in gelatin by using sacrificial melt-spun shellac
fibres [129].

By using melt-spinning and electro-spinning, the fabrication process to produce
small diameter fibres is simple and fast. However, this method is only used to generate
single sacrificial fibres and the installation of the fibres into a designed pattern can only be
done manually. Other advanced positioning techniques have not yet established. Core-
shell fibres are convenient for producing self-healing materials. However, this method
cannot be used to build interconnected networks and the healing agent cannot flow inside
the vessels and refilling is not possible. In this case, the material acts more like an

improved capsule-based self-healing material than a vascular self-healing material.
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Figure 2.7. Decomposition of PLA fibre [130].
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e Replication of existing patterns
Soft lithography is a powerful tool for fabricating micro-fluidics networks [131] and a similar
method can also be applied to fabricate microvascular networks for self-healing material
systems. Golden et al. [132] described a method using gelatin as sacrificial material to
form a hexagon beehive structure, as shown in Fig. 2.8. This method started with building
the pattern of a vascular network followed by replicating the pattern using a substrate
made of glass or pre-oxidised PDMS, forming a ‘negative’ version of the structure on the
substrate. The gelatin then filled up the cavity in the substrate. When the gelatin became
solid, it was removed from the substrate and integrated inside hydrogel, which was later
heat treated. After the molten gelatin was removed, a microvascular network in the pattern
was left inside the hydrogel. The diameter of the channels can be as small as 6 um. Many
natural systems also have suitable structures that can be replicated directly using PDMS.
He et al. [133] adopted a similar method to replicate the leaf venation to build

interconnected vascular networks, as shown in Fig. 2.9.

The replication of existing patterns can also be combined with other fabrication
methods. Bellan et al. [134] employed a melt-spinning technique to fabricate small

diameter fibres and used soft lithography to produce primary vessels.

The replication of existing patterns is suitable for mass production as it is a fast way
to copy large and complex networks precisely. However, this process is complex and

inefficient when only one item is to be produced.
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Figure 2.8. Soft lithography for building microfluidics devices [132]

Figure 2.9. Replication of a leaf venation [133]

lll. Electrostatic discharge

Electrostatic discharge is likely to be the most rapid fabrication method to build
microvascular networks following natural designs (e.g. Murray’s law). Huang et al. [135]
irradiated PMMA with an electron beam, causing electrical charges to accumulate inside
the material. The specimen was then connected to the ground and a process of rapid
discharge similar to lightning occurred, creating a tree-shape branched microvascular
network inside the specimen block, as shown in Fig. 2.10. Alternatively, a defect was

introduced on the surface of the block prior to irradiation that became a nucleation site
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allowing spontaneous discharge upon exposure to the electron beam. The diameter of the

vessels ranged from 10 to 500 pm.

This method is suitable for building vascular networks of any size rapidly and
efficiently. However, the generated pattern is not controllable, resulting in uncertain quality
of the network. Thus, this method still needs further investigation, especially as regards the

performance and property of the discharge process.
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Figure 2.10. Electrostatic discharge to fabricate vascular patterns [135].
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V. Laser direct-write

Laser direct-write techniques have been applied to fabricate channels in microfluidics

devices. These channels could act as vessels in vascular systems. Lim et al. [136] used

high-brightness diode-pumped Nd:YAG slab laser to manufacture microchannels on a

PDMS block. Lasers can be used to fabricate very complex 2D patterns directly on

polymeric materials. However, it is difficult to produce 3D structures by using lasers and

more work is needed to achieve this.

Table 2.2. Features of fabrication techniques for vascular networks

Sacrificial fibres/scaffold

1D - . Laser
roiiow | SO [ ap [ | Replcatio | SRRl | e
Fibres o printing P g n 9 write
1D vessels Yes Yes Yes Yes Yes Not Yes
predictable
Not
2D vessels No No Yes Yes Yes predictable Yes
Not
3D vessels No No Yes Yes Yes predictable No
Interco:necno No No Yes Yes Yes Yes Yes
Possible | Possible .
Refill but but Easy bEtO jﬁ:‘?c!ﬁl t Easy Easy Easy
difficult difficult
Doenp?hneds Depends
Size 10~ 500 | 10~ 500 10~ 500 5-300 um pattern to 20~300 um on the size
pum pm pum be of the laser
) beam
replicated
Fabtrilr(T:]aetlon Short Short Medium Medium Long Short Short
Large-scale Possible Possible Possible
f ge-se Yes Yes but but Yes Yes but
abrication . . . .. . .
inefficient inefficient inefficient
Possibility of Low High Low Low Low High Low
damage
Depends
Surface on the
Good Good Good Good pattern to Good Bad
roughness be

replicated




2.3.3. Mechanical effects

For vascular systems, Coppola et al. [128] tested the tensile strength of fibre-reinforced
composites with a wave-shaped vascular network architecture inside formed by using PLA
sacrificial fibres and found that vascular channels have a minimal effect on tensile
behaviour when fibre alignment is unaltered and the reinforcement fibre architecture is not
distorted. Zhou et al. [137] numerically showed the influence of microvessels on the
structural properties of laminated composites especially on stress concentration around
vessels and delamination cracking. Work by Kousourakis et al. [138] showed that hollow
fibres located along the mid-thickness plane of the composite material caused no change
to or a small reduction (less than a few percent) in the in-plane elastic modulus. The
tension and compression strengths did not change when hollow fibres were aligned to the
loading direction, but strength decreased when the fibres were normal to the load. Nguyen
et al. [139] did a similar work and highlighted fibre waviness angle as a key geometrical
parameter for structural performance. Norris et al. [140] found the compressive strength of
FRC embedded with hollow one-dimensional vessels reduced between 13% and 70% with

different vessel dimensions. Similar research has been reported by Huang et al. [141].

2.3.4. Healing performance analysis

There are two original motivations to build vascular structures: 1) giving self-healing
capability to fibre-reinforced composites, and 2) achieving multi-cycle self-healing. After
approximately 10 years of development, research along these two different paths has
largely converged and should be considered together and compared. A summary of the

main designs in this field and their healing performances is shown in Table 2.3.
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Table 2.3. Summary of healing performance of vessel-based self-healing materials

Mechanism Healing Healing Healing | Host References
Efficiency Condition Cycle Material
DCPD + 70% 12 h 7 Epoxy [98], [107]
Grubbs 250G
catalyst
Epoxy 60-90% 48 h 30 Epoxy [101], [142]
resin+Harden 30 °C
er
Epoxy 74% and 6h 1 Epoxy [143]
H o

resintHarden | 27% 70 °C and 30
er oC
Epoxy 87%-100% | Normally 1 FRC [71, [19], [21], [97],
resin+Harden higher than [99], [100], [110],
er RT [144], [145]
Two-stage 62% 20 min to fill 1 PMMA [6]
chemistry impacted

regions, 3h to

restore

mechanical

function, 125

°C

For vascular self-healing composites, healing efficiency is less than 80% under
most circumstances. This is relatively low compared to capsule-based self-healing
composites where a number of researchers have achieved a healing efficiency higher than
100 %. As seen from the table, different healing mechanisms did not make significant
differences to the healing efficiency. Other structural and dynamic factors, as categorised

as follows, have made a significant impact on healing performance.

Structural factors:
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» Vessel size and roughness.

The vessel size and the roughness of the vessel’s inner surface determine the efficiency of
liquid flow inside the vascular system [146]. A large size vessel is able to efficiently provide

adequate healing agents when a large-scale crack occurs.
» Vascular network pattern.

The healing behaviour is triggered by the rupture of the vascular network. Thus, in order to
create a high possibility of releasing the healing agent, the pattern of the network should
have a high coverage. However, a large volume of hollow structures inside composites
brings uncertain impact on mechanical properties. Thus, a balance between acceptable

pattern coverage and a compact pattern structure is required [147]-[150].

Dynamic factors:
» Temperature and healing time.

For two-part epoxy systems, suitably high temperatures and long healing time normally
result in high healing efficiency. For example, given the same healing time, Hansen et al.
[143] found that healing efficiency increased to 74% from 24% as the temperature
increased to 70 °C from 30 °C. Temperature is a common factor for both capsule-based

healing systems and vascular healing systems.
» Hydraulic pressure and mixing process.

The applied hydraulic pressure inside the vascular network not only determines the

amount of healing agents outflow, but also the mixing quality of the multiple-parts healing
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agents. With a suitably high hydraulic pressure inside vessels, continuous delivery of
healing agent to the crack location is possible. More importantly, when two-part-epoxy
healing agents are applied and epoxy resin and hardener contact at the crack location, the
mixing only takes place at the interfaces of those two viscous liquids and the mixing ratio
of the different parts is hard to control. By applying a suitable pumping strategy according
to the mixing process of viscous liquids, it is possible to enhance healing efficiency from 50%

to almost 100% [111].

» Other environmental factors.

Other factors like moisture and oxygen can also influence the healing performance. A
number of researchers have considered the effects of the environmental factors on
capsule-based healing systems. These factors should also be valid for vascular self-

healing composites but this is yet to be demonstrated.

As with capsule-based materials, structural and dynamic factors as well as healing
agents determine healing performance. However, the effects of vessels on mechanical
performance could be more significant compared to those of capsule-based structures.
Such concerns fundamentally determine future trends, which will be analysed in Section

2.4.

2.4. Trends

2.4.1. Shiftin development focus and new opportunities
Although researchers may claim to have greatly improved the healing performance of self-

healing composites, these products have yet to be used in practical applications owing to
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uncertainties in their performances. Some self-healing composites heal well only when
conditions are favourable and the damage is minor. For self-healing products to be
practically useful, it is essential that the material is able to achieve ‘sustainable healing’.
This means that healing can effectively carry on regardless of environmental conditions

and the size of the damage.

Sustainable healing consists of 3 main aspects: healing efficiency (healing strength),
healing rate and healing capability, as shown in Fig. 2.11. Healing rate and efficiency
represent the rate of curing and the strength of the repaired material, respectively. Healing
capability relates to the size of the damaged area and the range of materials that can be
healed. For example, vascular self-healing composites have a larger healing capability
than capsule-based self-healing composites, as vascular systems can heal larger areas,
although the types of healable materials are similar in both cases. In addition, sustainable
healing implies the ability to undergo multiple healing cycles and, ideally, means that the

healing rate, healing efficiency and healing capability remain unchanged throughout.

( Number of Possible Healing Cycles \

Healing
Capability

Healing

Healing rate efficiency

(strength) » Damage size
¢ Material type

N

Figure 2.11. The concept of sustainable self-healing
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The past ten years have seen great improvements in healing efficiency (strength).
Whether in capsule-based or vascular healing systems, when the size of the damage is
small or moderate and appropriate healing conditions are adopted, healing efficiencies of
more than 60% and sometimes even higher than 100% can be achieved. Thus, healing
strength is no longer an issue. By comparison, advances in healing rate and capability are
less obvious. To achieve sustainable healing, the healing rate must be controllable and the
healing capability must be improved to ensure that large damage sizes and a wide variety
of types of materials can be healed. Hence, the research focus will shift from healing
efficiency to healing rate and healing capability, as they have become the key barriers to

sustainable healing. New research opportunities are discussed below.

I. Healing rate

There are potentially a number of methods to increase healing rate, such as employing
advanced healing agents, increasing the healing temperature and adopting better mixing
strategies. On the other hand, the healing rate cannot be too high in some applications.
For example, one-part healing agents must have a medium healing rate to avoid solidifying
inside vascular networks. Fundamentally, once the type of healing mechanism has been
confirmed, the healing rate in a particular environment is intrinsically determined as well.
For sustainable healing, the healing rate must be controllable and kept in an appropriate

range regardless of environmental conditions. However, this has yet to be achieved.

Having a controllable healing rate means that the healing rate can be accelerated or
decelerated according to the situation. This will be a significant step towards sustainable
healing. As the healing rate is fundamentally determined by the energy provided, it

becomes controllable as long as a suitable energy delivery component able to supply
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energy to healing agents is available. Chu et al. and Zhang et al. [151] developed a carbon
nanotube paper for de-icing that is able to heat up a composite surface from -22 °C to 150
°C, which is an ideal temperature for accelerating reaction in two-part-epoxy systems.
Fehrman et al. [152] developed a method to deliver acoustic energy to certain target defect
locations. All of these techniques have the potential to provide energy in self-healing
composites. Vascular systems can be more easily actuated by controlling the pressure
and temperature of the liquids inside the network. Research on this topic will be strongly

related to studies of the characteristics and the design of vascular networks.

However, to achieve a controllable healing rate, it is not enough to have an energy
delivery component. A sensing system is also necessary. The sensing system is
particularly critical to the application of structural materials working in extreme

environments.

The devices studied include Brillouin distributed fibre sensors [153], Fibre Bragg
Gratings (FBG) , inkjet-printed sensors [154], carbon nanotubes based sensors [155], and
acoustic emission sensors [156]. Some of these sensing systems have been adopted for
detection of cracks in self-healing materials [36], [157], [158]. For example, Hong et al.
[159] designed a multifunctional healing and monitoring system based on the vascular
model by introducing conductive carbon powders and metallic micro-wires inside micro-
tubes. However, researchers have mainly focused on gathering crack information and the

feedback loop has not been built to guide healing process in real time.

Overall, through combining energy delivery control and sensing, it is possible to

achieve a controllable healing rate. The former is to ensure that the rate is in an

41



appropriate range, while the latter is to obtain crack and environmental information to

determine the appropriate energy control strategy.

[I. Healing capability

There have been two significant improvements regarding the healing scale: the
establishment of vascular self-healing composites to achieve multi-cycle healing and
moderate-scale healing [98], and the development of multi-phase healing mechanisms for
large-scale healing [6]. The authors believe that, ultimately, the healing size would be
infinite which means the damage can be healed regardless of its size. This situation might
be referred to as self-regeneration, a process similar to the regeneration of a lizard’s tail

which has yet to be artificially accomplished.

Regarding the types of materials able to self-heal, there have been no obvious
advances since the establishment of capsule-based self-healing composites. In any
composite formed of more than one substance, different parts have different functions.
Once a certain component in a composite has failed and cannot be healed, the
corresponding functions disappear. For example, the recovery in self-healing fibre-
reinforced composites can only be effective when the structures of the reinforcement fibres
remain intact. To restore all functions, it is essential that all types of materials can be
repaired or replaced by newly generated parts that are able to fulfil the same functions.
However, this is still not achievable at the moment. A new opportunity is to develop
mechanisms for healing reinforcement fibres, and other materials used in composite

systems.
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2.4.2. Comparison of and future trends in capsule-based and vascular structures

As mentioned previously, the two main topics in the area of self-healing composites are
healing performance and mechanical properties. As for healing performance, in most
cases, a capsule-based self-healing composite can only cope with very small cracks due
to the limited amount of healing agent contained inside the capsules. So this is especially
suitable for dealing with delamination and other kinds of damage to the micro level, which
is a common issue when using layered composites. Even though capsule-based structures
can provide higher healing strength compared to vascular structures, thanks to the
dispersion of capsules providing wide coverage, the key advantages of the vascular
structure are its capability for multi-cycle healing and large area healing, both of which are
essential to sustainable healing. As for large scale damage, capsule-based self-healing
structures become powerless while vascular self-healing composites can heal relatively
large gaps when healing agent refill and multi-phase healing are effective [6]. A multi-
phase healing mechanism can build a semi-solidified surface for later epoxy curing or solid
healing, just like the multi-phase healing behaviour in biological systems. Fig. 2.12 shows
the performance of multi-cycle healing, comparing vascular networks with micro-capsules.
Considering that the sustainability of healing behaviour becomes increasingly important,

the development of vascular structures is likely to be the focus of research in the future.
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Figure 2.12. Healing potential for multi-cycle healing [107]

Regarding the mechanical properties of capsule-based and vascular structures, the
size of the capsule and vessel makes a large difference to the mechanical properties of
the overall composite. Smaller sizes tend to introduce less effect on the host material. On
the other hand, smaller containers generally cannot provide adequate amounts of healing
agents. In order to minimise the mechanical effects of capsules and optimise the capacity
of healing agents, the crack location can be predicted [160] from the perspective of
structural optimisation and the location and number of capsules can be designed and
planned instead of being random. However, an upper limit of the capacity of healing
agents still exists and the conflict between having enough healing agent and satisfying
mechanical performance requests remains for capsule-based structure. The potential to
refill a vascular structure makes this problem solvable, and also makes vascular structure

more competitive in this regard.
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Even though a vascular structure has more advantages, it still cannot totally replace
capsule-based structure. Actually, in biological systems, healing is fulfilled by both cells
and vascular networks in combination. As the capsule-based structure is more suitable for
healing small crack and the vascular structure is more suitable for healing medium and
large crack, these two structures can be combined and used simultaneously to develop

sustainable healing systems to cope with all kinds of damage conditions.

2.5. Summary

Main developments in self-healing materials in the past decades have been reviewed in
this chapter. Capsule-based and vessel-based self-healing structures are the main routes
to building autonomous self-healing structures. Healing mechanisms, healing performance
and fabrication techniques for producing capsules and building vascular networks have
been summarised and analysed. Capsule-based self-healing materials are able to heal
small cracks while vascular systems are more suitable for healing larger damaged areas.
The healing performance varies from 24% to 121% depending on the types of healing

agents, different healing and damage conditions.

Future work in this area will still follow historical trends: (i) improvement of healing
performance and (ii) investigation of effects on mechanical properties. It is worth noting
that the development focus has been shifting from healing strength to the sustainability of
healing ability. Sustainability requires significant improvement on healing capability to
enable fast and robust recovery regardless of ambient conditions, material types and

damage size. As the vessel-based design enables recovery from extensive damage, the
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vessel-based design was adopted in this research. Chapters 3 to 6 report various new

designs and mechanisms promoting the sustainability of healing ability.
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Chapter 3 - Effects of vessel configurations on the flexural
properties and healing performances of vessel-based self-healing

composites: an experimental study

3.1. Preliminaries

The aim of the chapter is to answer some fundamental and common questions in the
design of vessel-based self-healing fibre-reinforced composites. First, what are the flexural
properties of composites incorporating complex vascular networks? Fibre-reinforced
composites become popular because of their exceptional strength and light weight. Hence,
they are favoured in applications where large-scale structural beams sustaining bending in
dynamic environments are required, such as aeroplane wings and wind turbine blades.
However, the influence of the embedded vascular networks on bending strength has yet to
be investigated. Second, what would be the effects of vessel configurations on the
recovery of the flexural properties? In the past 15 years, vessel configurations have
evolved from one dimension to three dimensions. However, whether the change of

configuration can significantly improve the healing performance remains unanswered.

The goal of this research is to investigate the effects of vessel configurations on the
flexural properties of host materials and healing performances, and to provide guidance on
how to design strong self-healing composites able to recover reliably. As the composites
sustain bending, damage conditions (debonding, delamination, and fracture of
reinforcement fibres) can be different. The study also reveals the effects of damage
conditions on healing performance to highlight what should be further improved in the
application of vessel-based self-healing fibre-reinforced composites. The role of the

chapter in the thesis is shown in Fig. 3.1.
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Figure 3.1. Role of Chapter 3 in the thesis (red area)

3.2. Methodology

3.2.1. General framework for experiment

The research has three stages. The first stage aims to examine the flexural properties of
vascular fibre-reinforced laminates. Three vessel configurations were tested: straight
channels in single layer, wave-like channels in multiple layers and herringbone-and-wave-
like channels in multiple layers. A standard glass fibre-reinforced composite (GFRC) was

also tested as a reference.

In the second stage, samples incorporating vessels of different configurations were
damaged in a standard way, followed by injecting a pre-mixed healing agent, the ‘blood’ of
the material, into the vessels to allow the samples to cure. Afterwards, the recovery was
assessed to reveal the effects of vessel configurations on healing performances. Based on
the test results from Stage 1 and Stage 2, the most suitable vessel configuration can be

experimentally confirmed.
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In the third stage, the effects of damage conditions were investigated. Samples
incorporating identical vessels were damaged by different bending strategies which
caused different levels of damage. The samples cured under the same healing conditions
and were re-assessed after healing to measure the percentage of the flexural strength

restored.

3.2.2. Definition

In the first and second stage, four types of composites were used. SO was a standard 8-
layer glass fibre-reinforced composite with no vascular network inside (Fig. 3.2). Testing
this type aimed to assess the strength and understand the damage process of a standard

fibre-reinforced laminates without vessels.

S1 contained hollow channels incorporated into a single layer of woven glass fibre
(Fig. 3.3a). In the 8-layer structure, the layer containing vascular networks was the
seventh layer from the bottom up, creating an asymmetric structure inside composites. As
the layer was very thin, the vessels were straight, similar to a tunnel. The configuration has
been a typical design in various established results [140], [161], [162]. S2 was embedded
with wave-like vessels placed in the four layers of the core as shown in Fig. 3.3b. The
vessels in S3 were in a herringbone-and-wave-like configuration (Fig. 3.3c). Both
configurations in S2 and S3 have been proposed and become popular because they

enable satisfactory recovery from Mode | fracture [7], [130].
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In the first stage, the flexural properties of S1, S2 and S3 were compared to that of
SO0 to measure the reduction of strength caused by different vessel configurations. In the
second stage, S1, S2 and S3 were damaged following a standard criteria and be injected
with the same amount of healing agents for curing. In the third stage, the candidate with
the best performance in Stage 1 and Stage 2 was tested to understand the effects of

damage conditions on healing performances.

3.2.3. Fabrication of samples

To fabricate the samples, resin infusion techniques and the vaporisation of sacrificial
components (VaSC) [7], [115], [116], [130], [163] were employed to make fibre-reinforced
composites embedded with hollow vessels. Glass-fibre fabrics ready for incorporating
sacrificial components (single layer for S1 and four layers for S2 and S3) were fixed on a
needlework frame (Q-Snap 11"%11”) to prevent the distortion of the woven architecture.
PLA sacrificial fibres (300um, CU Aerospace Ltd.) were manually incorporated into the
woven glass fibre. Afterwards, the fabrics incorporated with sacrificial components and
other unprocessed fabrics were placed on a PVA releasing agent (PVA-02, Easy
Composites Ltd.) covered polypropylene table and sealed in vacuum bagging film. Prior to
resin infusion process, the vacuum space was left for 1 hour and it was found no vacuum
drop, confirming its airtightness. Epoxy resin and hardener (EP-HTL, Easy Composites
Ltd.) were mixed at 100:35 parts by weight (pbw) and degassed at 35 °C for 30 minutes in
a vacuum chamber (DRK616A-1, Drick Instruments co., Ltd.). The epoxy resin was cured
for 36 h at room temperature followed by post-cure heating cycles at 40 °C, 60 °C, 80 °C,

100 °C and 120 °C each for one hour, and 140 °C for 3 hours.
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After the curing and the post-cure heating cycles, the specimens were cut into
rectangular shape 180 mm x 21 mm x 2 mm using a grit saw and polished with a sanding
paper. The cutting and polishing processes followed a high-speed-low-force strategy to
avoid possible damage. The final step was to remove the sacrificial fibres from the
composites and to generate hollow vessels. The specimens were given a heating
treatment at 200 °C in a vacuumed chamber for 24h. After the PLA sacrificial components
had been fully depolymerised, hollow vessels were generated with no residue, as in Fig.

3.4.

The healing agents were the mixed and degassed IN2 Epoxy Infusion Resins (EP-

IN2-S-1, Easy Composites Ltd.), dyed in red colour (Signal Red, Epoxy pigment paste,

West & Senior Ltd.).

Figure 3.4. Fabricated samples. a) Top view of samples; b) cross-section image of a
vessel.

3.2.4. Experimental procedures
Flexural properties were assessed based on a three-point bending test carried out on a

MTS Ciriterion Model 43 machine (MTS Criterion® Series 40 Electromechanical Universal
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Test Systems). The support span in the three-point bending fixture was fixed at 125 mm.
All the mechanical tests took place at room temperature with a displacement-control mode

such that the loading rate of 3 mm/min was applied.

In the first stage, the test started with reaching a displacement of 7.81mm, and the
collected data was used to calculate flexural modulus. The specimens were removed from
the fixture and observed using transmitting light photography and an optical microscope to
collect crack information. Afterwards, specimens were loaded again to reach peak stress,
creating large-scale cracks which were also observed. It is worth noting that the test on S1
was different compared with the tests on S2 and S3. S1 specimens were grouped into
S1.1 and S1.2. The aim of the test on S1.1 was to understand the response of specimens
when vessels were near to the compression surface, close to the loading pin. While in the

test on S1.2, vessels were near to the tension surface, close to the supporting span.

In the second stage, bending did not stop until peak load. Afterwards, 1 ml healing
agents were injected into the vessels using an analogue adhesive dispenser and the
samples self-healed at room temperature for 24h. Afterwards, the healed specimens were

tested again to measure the healing efficiency.

In the third stage, four groups of identical samples were tested separately by
different bending levels: 22mm, 26mm, 30mm and 34 mm. Different bending levels caused
various damage conditions. Afterwards, the samples recover and be re-assessed as in

Stage 2.

3.2.5. Assessment methods

The peak stress flexural moduli are calculated using Eq. 3.1 and Eq. 3.2 respectively.
53



3FL

0= (3.1)
L3
E = 4bgl3 (3.2)

where F=Peak load, L=Support span, b=Width of tested beam, d=Depth of tested beam

and m=The gradient of the initial straight-line portion of the load deflection curve

Healing efficiency is calculated using Eq. 3.3:

_ fHealed - fdamaged

x 100% (3.1)
fvirgin - fdamaged

where f refers to the property of interest (peak stress or flexural modulus).

3.3. Results and discussion

3.3.1. Effects of vessel configurations on the flexural properties

The flexural properties of samples incorporating different vessel configurations are shown
in Fig. 3.5. As expected, SO, the fibre-reinforced laminates with no incorporated vessels
are the strongest materials among all samples. Only S2 could have flexural modulus on
the similar level of SO, while the others are poorer than SO regarding both peak stress and
modulus. The reduction in peak stress varies from 11.8% to 31.7%, and that in flexural
modulus is in the range -10.02% to 29.8% (in fact, S2 presents a higher averaged flexural
modulus than S0). The comparison of S1.1 and S1.2 suggests that the location of the
vessels could cause differences in the flexural properties of the overall structures. Another

interesting observation is that although the increase in the complexity of vessel
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configurations brings more void into the structure, this does not cause more reduction in
flexural properties. As can be seen, even if S2 and S3 have the most sophisticated vessel
configurations, they are significantly stronger than S1.1 and S1.2. To explain the

phenomenon, damage conditions need to be looked into.
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For fibre-reinforced laminates, there are three popular types of crack: fine cracks on
a surface, debonding, and fracture of structural fibres. Fine cracks on a surface typically
happen on the tension surface of the matrix. Debonding is the separation of the polymer
matrix and structural fibres. When materials sustain bending, fine cracks on a surface may
propagate and reach the structural fibres, causing local fibres to debond. A special case in
debonding is delamination meaning a large area of structural fibres in one layer or several
layers leave their adjacent matrix, which usually occurs when the shear force is greater
than the interlaminar toughness. Fracture of structural fibres can be the most severe

damage in fibre-reinforced composites as the structural fibres buried in the matrix are the
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primary loading component. To explain the results in Fig. 3.5, different types of cracks

need to be identified for different samples.

Transmitting light photographs showing damage progression in SO, S1, S2 and S3
are given in Fig. 3.6. In the initial stage of bending SO, there were sounds of microcracks,
suggesting the emergence of fine cracks on a surface. There were no obvious cracks on
SO until the samples reaching failure. The dark spot is a debonding of matrix and
reinforcement fibres on the compression surface observed under an optical microscope,
shown in Fig. 3.7. For S1, it could be seen that with an increasing bending, transverse fine
cracks can be observed on the tension surface of S1.1 and S1.2. It can be seen a large
scale of delamination and debonding occurred near the compression surface of S1.1,
shown in Fig. 3.8. Even though S1.1 and S1.2 had internal hollow vessels, the location of
damage is on the surface of the composites, and internal damage remained on an invisible
scale. Delamination and debonding occurred on the compression surface and the density
of transverse micro cracks on the tension surface increased with bending. As discussed in
the last paragraph, the most possible reason for the reduction in flexural properties is
delamination. When vessels are placed close to a compression surface, the voids can
greatly increase the possibility of delamination near the compression surface. This could

be the reason that S1.2 has better flexural properties than S1.1.
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Figure 3.7. Dark spot on S0

Figure 3.8. Dark spot on S$1.1 is delamination and debonding on the compression
surface

For S2, it could be seen in Fig. 3.6 that there is only one dark spot in the second
picture but the number increases to three in the third picture. The crack is the fracture of
structural fibres that observed near the compression surface, as shown in Fig. 3.9.
Compared to SO, S2 has more cracks on the compression surface and the crack is a
combination of debonding and the fracture of structural fibres instead of single debonding.
For S3, there is no obvious major cracks in the second picture, but a very deep and large
scale damage can be seen in the third picture, as shown in Fig. 3.6. The detail of the big
damage is shown in Fig. 3.10. Obvious fracture of fibres made the layer on the surface not

capable of enduring loads. The cross section image indicates that damage occurred
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mainly on the surface of the composites, while the core of the composites was not greatly

deformed.

Figure 3.9. A combination of debonding and fracture of structural fibres on the
compression surface of S2.

Tension Face Compression face

Cross section

Figure 3.10. Optical micrograph of damaged specimen after flexure tests

The results in Fig. 3.5 can be explained as follows. When vessels are placed near
to a compression or tension surface, as in S1, the voids introduced could cause severe

debonding near the surface as shown in Fig. 3.8. This is the primary reason to explain the
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reduction of flexural properties observed in S1. When the vessels are placed in the core of
the composites, as in S2 and S3, the voids are in the core only, and the delamination near
the core is not worsened (Fig. 3.9 and 3.10). The final failure mode is the fracture of
structural fibres on the surface layers, instead of delamination, meaning a larger threshold
before the composites reaching the peak stress. Therefore, the S2 is significantly stronger
than S1. The comparison of S2 and S3 proves that the flexural properties of the
composites could be negatively influenced by the volume of voids in the core of the
composites. When the configuration is complex resulting in more introduced voids, the

material is weakened.

3.3.2. Effects of network configurations on healing performances.

After the materials are damaged by the bending, they recover for 24h, and healing
performances are shown in Fig. 3.11. S1 has the lowest healing efficiency in terms of both
peak stress and flexural modulus, compared to those of S2 and S3. The recovery of peak
stress in S2 and S3 is significantly higher than in S1. S3 has the best healing performance,
with the recovery of peak stress and flexural modulus near 50% and 150% respectively. It
could be concluded that network configuration adopted in S3 is able to provide the best

healing performance.
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Figure 3.11. Healing performances of composites embedded with different vessel
configurations. (a) Peak stress; (b) Flexural modulus; (c¢) Healing efficiency.

Fig. 3.12 shows healed samples under an optical microscope. In S1, the released
healing agents were not obvious, except for an inconspicuous ‘bruises’ near one vessel.
As vessels in S1 existed in only one layer, the outflowed healing agents cannot reach
other layers, resulting in a weak recovery. Regarding S2 and S3, adequate healing agents
were released and filled the gaps between different layers as the vessels pass through
multiple layers. At the same time, healing agents could also reach the surfaces. Compared
to S2, the red area on S3 is larger, indicating healing agents covered more cracks than
that in S2. The results prove that the vessel configuration adopted in S3 is able to provide

a larger coverage of healing agents. As a result, S3 presents the best healing performance.
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Overall, it could be summarised that network configurations have a large effect on
healing performances. To restore flexural properties, it is essential that vessels have a

large coverage, which consists of coverage in interlaminar plane and in multiple layers.

Top view Bottom view Cross section

S2

Figure 3.12. Healed samples under optical microscope

3.3.3. Effects of bending levels on healing performances

Considering that S2 presented minor effects on mechanical properties (Section 3.3.1),
and good level of healing performance (Section 3.3.2), this design was employed in this
section. The flexural responses of undamaged composites, damaged composites, and

healed composites are given in Fig. 3.13.
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Figure 3.13. Healing performances of composites endured different damaged
conditions. Bending conditions: (a) 22 mm; (b) 26 mm; (c¢) 30 mm; (d) 34 mm.

As can be seen, healing performances decreased significantly when bending
reaches 34 mm. Cracks in fibre-reinforced laminates are in different phases owing to
various bending levels. In the first phase (Fig. 3.13a and 3.13b), which is the mildest one,
transverse micro cracks on the surface are the primary cracks (Fig. 3.14a). With an
increasing bending force and displacement, the cracks propagate into the core and reach
vessels to cause the outflow of healing agents. Healing agents flow through the transverse
cracks to reach the surface (Fig. 3.14b). In this phase, composites can fully recover as
long as the healing agents could be released from the vessels. Therefore, it is essential
that vessels have a large coverage so that cracks have a large possibility to trigger the
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release. In the second phase (Fig. 3.13c), debonding starts to emerge, accompanied with
minor ruptures of structural fibres. During this phase, material could still achieve
satisfactory recovery, as healing agents can reach the gaps and solidify (Fig. 3.14c and
3.14d). Although parts of the reinforcement fibres have been damaged which cannot be
healed, the main architecture remains undamaged. When it comes to the third phase (Fig.
3.13d), in which bending forces entirely break the reinforcement structure, although
healing agents can still fill the gaps, the healing performance is poor as the polymer
healing agents cannot recover structural fibres (Fig. 3.14e and 3.14f). This result calls for

the development of new healing agents or mechanisms to recover structural fibres.

Figure 3.14. Healed samples under an optical microscope. (a) Transverse
microcracks; (b) Outflowed healing agents from transverse microcracks; (c) Healing
of delamination and cracks on the surface; (d) Cross section of a phase-two
damaged laminate; (e) Cross section of a phase-three damaged laminate; (f) Top of a
phase-three damaged laminate.

64



In conclusion, vessel-based self-healing composites can only heal debonding or
any other types of damage to the matrix. Cracks in composites initialise with transverse
micro cracks, and develop into debonding, delamination, and minor fracture of fibres on
the surface layer. In these cases, the composites are capable of full recovery. However,
when the bending continues and the damage thoroughly breaks the reinforcement fibres,

the composites can no longer recover.

3.4. Summary

The chapter investigated the effects of vessel configurations on the flexural properties and
healing performances of a 3D orthogonally woven glass/epoxy composite. The studied
vessel configurations were of three popular types: straight vessels in one layer, wave-like
vessels in multiple layers and herringbone-and-wave-like vessels in multiple layers. The
vessels were produced by the vaporisation of sacrificial PLA fibres. The following key

points can be concluded based on the experimental results.

1. Different vessel configurations can cause different levels of reduction in the flexural

properties of fibre-reinforced composites. Placing the vessels near the tension or

compression surface resulted in obvious reduction in flexural properties. In
comparison, when they were in the core, the modest decreases in strength and
modulus were statistically insignificant. However, the reduction became greater with
the amount of voids introduced.

2. Vessel configurations can significantly affect the healing performances. When

vessels only existed in one layer of the laminates, healing agents could not reach
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other layers to cure delamination/debonding, resulting in poor healing performances.
When vessels penetrated multiple layers, the healing performances improved
significantly. In addition, vessels having larger in-plane coverages could also
promote the recovery.

3. The healing efficiency of materials recovering from various levels of bending

damage can be different, although the same vessel configuration is employed.

When the damage was minor, mainly consisting of debonding and delamination, the
composites were able to achieve a high healing efficiency, even a full recovery.
However, when the place where structural fibres fractured became the primary
crack, the healing performance was poor. The result suggests that there is a need
for a new healing agent or mechanism to repair not only the matrix but also the
structural fibres.
The above principles should be taken into consideration when designing vessel-based
self-healing laminates. When the correct vessel configuration is adopted, the voids can
have minor effects on flexural properties, and a healing efficiency higher than 100% is
achievable as long as the damage does not break the structural fibres. Otherwise,

healing performance can be unsatisfactory.
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Chapter 4 - Sustainable self-healing at ultra-low temperatures in
structural composites incorporating hollow vessels and heating

elements

4.1. Preliminaries

The good healing performances reported so far were attained only when there were
favourable healing conditions, such as a suitably high ambient temperature or an
appropriate radiation treatment, which is often impossible to ensure in practical
applications. For instance, composites used on an aircraft may endure temperatures as
low as -60 °C, at which almost all healing liquids would be frozen and cannot be activated.
This has become one of the main barriers to the wider adoption of self-healing composites,
prompting efforts to develop systems that can self-heal regardless of environmental and
damage conditions. A few researchers have been trying to do this by employing new
healing liquids, and have reported healing agents able to heal at temperatures as low as
10°C [164], [165]. The effects of ultra-low temperatures on a typical healing agent have
also been investigated [166]. However, real high-efficiency healing at very low

temperatures (-40 °C to -80 °C) is still impossible.

This chapter reports a design to enable self-healing in fibre-reinforced composites
at ultra-low temperatures. With the proposed approach, healing was fulfilled by two
components: 3D vessels and a thin layer of conductive material. The vessels were
embedded inside the structural composites with the purpose of delivering and releasing
healing agents. The thin layer was to supply heat internally from the composites to cause
de-icing and provide a suitable temperature for healing. The vessel-based design instead

of a capsule-based design was selected because the former is capable of recovery from
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large-area damage, as healing agents can be continuously pumped into the vessels.
Furthermore, the vessel network would in general only have minor effects on the tensile
properties of the composites [128]. The fabricated composites are able to recover from
severe delamination with average efficiencies around 100% at ultra-low temperatures. It is
also discussed the effects of the conductive sheets on interlaminar and tensile properties
of the laminates. The experimental results in this chapter indicate that the sheets reduced
interlaminar strength but increased tensile properties. The role of the chapter in the thesis

is shown in Fig. 4.1.

Figure 4.1. Role of Chapter 4 in the thesis (red area)

4.2. Methods

4.2.1. Structure of the composite
The composite is a glass fibre-reinforced laminate embedded with wave-like hollow

vessels and conductive sheets, as shown in Fig. 4.2a. When delamination occurs at low
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temperature, cracks can propagate and break the vessels. Heat could be generated
internally through electrical heating to defrost, releasing liquid healing agents into the
cracks. Solidification of the agents could also be accelerated by the internal heat. The
healing process is shown in Fig. 4.2b. Here, we discuss the wave-like hollow vessels and

conductive sheets separately.

e Wave-like hollow vessels in the core
The wave-like configuration was proposed by Patrick et al. [7] who were the first to use it
as well as a herringbone configuration for self-healing in FRCs. The hollow vessels can be
made by the vaporisation of sacrificial components (VaSC) incorporated in the material
with the reinforcement fibres. PLA sacrificial fibres 300um in diameter were selected as
sacrificial components as they left little residues, greatly reducing the risk of blocking the
channels [7], [115], [116], [130]. Other methods to fabricate internal hollow structures
include using hollow fibres [97], [161], electrostatic discharging [135] and laser direct-
writing [136]. However, only VaSC can produce large-scale 3D vascular networks following

an accurate pre-designed pattern.
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Figure 4.2. (a) Internal structure of the composites; (b) Damage-bleeding-healing
process

e Conductive porous sheets
The conductive layer must satisfy two requirements: good electrical conductivity and good
thermal conductivity. To fabricate this conductive layer, two types of conductive sheet were
selected: porous copper foam sheet (CFS) and porous carbon nanotube sheet (CNS).
Metal foam has already been applied in batteries [167], heat exchange devices [168] and
energy absorbers [169]. The CFS (see Fig. 4.3a) had a thickness of 0.5 mm and a
porosity of 96~98%. It had a thermal conductivity around 10 W-m™-K™*, very high electrical
conductivity (around 3.9x10° S/m) and a large area of contact with the host material. The
other conductive sheet (see Fig. 4.3b), CNS, with a thickness of 40 um, had a stable
electrical conductivity of 1.25~1.38x10™ Q-mand a thermal conductivity estimated to be in

the range 100~1000 W-m™-K™*. The thermal conductivity was measured by using the
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method in the work of Wang et al. [170]. The CNS was fabricated by multiple steps of

single wall carbon nanotubes (SWCNTSs) dispersion and suspension filtration [151].

Copper foam sheet

Figure 4.3. a) Porous copper foam sheet; b) Porous carbon nanotube sheet.

4.2.2. Fabrication procedure

1) Fabrication of the core of the laminates. The core of the laminates (eight layers of
reinforcement fibres in the middle) was incorporated with PLA sacrificial fibre in a
wave-like configuration by needle stitching. To install the PLA sacrificial fibres, eight
layers of woven glass fibres (area density of 290 g/m2 for each layer) were fixed on a
needlework frame to prevent the distortion of the woven architecture. The PLA
sacrificial fibres (300um VascTech fibres, CU Aerospace Ltd.) were manually

embedded into the layers of woven glass fibres in a square-wave-like configuration.
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2)

3)

4)

5)

Resin Infusion preparation. A polypropylene table ready for resin infusion was
covered with PVA releasing agent to prevent damage during de-moulding. The
releasing agent became completely dry in 30 min at room temperature. The
incorporated reinforcement fibres and other untreated reinforcement fibres as well as
the conductive sheets were deposited layer by layer in the following sequence: Bottom
— Four layers of normal glass fibres — Eight layers of glass fibres with the sacrificial
components — two layers of normal glass fibres — conductive sheet — two layers of
normal glass fibres — Top. A nylon sheet was placed at the mid-plane position and
offset 30 mm from one of the edges. The sheet served as a crack created during the
fabrication of the composite. The laminates were covered with a peel ply, resin infusion
mesh and infusion spiral before sealing with sealant tape and vacuum bagging film.
Resin infusion. Air was extracted from the sealed space by using a vacuum pump and
a PVC vacuum hose to reach a vacuum level of 17 kPa. After the vacuum pump was
turned off, the sealed space was left for 1 hour to ensure no pressure drop. Epoxy resin
and hardener (Very High Temperature Epoxy, Easy Composites Ltd.) were mixed at a
ratio of 100:35 parts by weight and degassed at 35 °C for 30 minutes in a vacuum
chamber. Afterwards, the mixture was infused into the sealed space.

Curing. After infusion, the mixture was cured for 36 h at room temperature and then
put through post-cure heating cycles at 40 °C, 60 °C, 80 °C, 100 °C and 120 °C each
for one hour, and 140 °C for 3 hours, as suggested by the supplier.

Cutting. After the resin was fully cured, the composite was cut into identical specimens.
The fully cured composite which had a thickness of 4 mm was cut into 180 mm x 25

mm pieces using a grit saw and polished with sand paper. The cutting and polishing
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followed a high-speed-low-force strategy to avoid damage. The cross-section of the
samples are shown in Figs. 4.3a (FRCs + CFS) and 4.3b (FRCs + CNS).

6) VaSC. The specimens were heated up to 200 °C in the vacuum chamber for 24h to
remove the sacrificial components. This left a hollow vascular network inside the
composite in a wave-like configuration.

7) Injection of healing agents. After the fabrication of the hollow vessels, the healing
agent, which was a pre-mixed two-part epoxy (RT151, ResinTech Ltd.) dyed in red,

was injected into the vessels with a controllable liquid dispenser.

4.2.3. Healing performance assessment and analysis

The mechanical strength of the samples was assessed using the double cantilever beam
(DCB) test, as shown in Fig. 4.4a, following the procedure described in Section 4.2.5. For
each sample, a total of three DCB tests were conducted. The first test was to measure the
original interlaminar strength and to break the sample. Afterwards, the broken sample was
loaded again for the second test to reveal the residual strength. Then it was given a 24h
rest to heal at -60 °C before taking the third test to assess the healing performance. The
healing process started with a continuous injection of healing agents into the vessels,
followed by the specimens being placed in an ultra-low temperature (-60 °C) chamber.
During healing, the conductive layer was electrically heated. The power used was 7 W and
9.45W for CFS and CNS respectively. A thermometer was attached to the specimen to
monitor its temperature. The cross-section of the healed sample is shown in Fig. 4.4b.

During the test, cracks propagated and traversed the wave-like vessels as in Fig. 4.4c.
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Figure 4.4. (a) DCB test of a healed composite specimen incorporating CNS; (b)
Composites incorporating CNS and CFS; (c) Fibre-reinforced composite
incorporating wave-like micro vessels after DCB test.

e Calculation of healing efficiency

The healing efficiency in relation to peak load (n,) was calculated as [7], [171]:

= eded 5 100% (4.1)

Virgin

where Ly;,4in is the achieved maximum load before damage and Ly,gqeq is the maximum

load after the specimen has recovered from a 80 mm mode-I fracture.

The healing efficiency in relation to fracture energy (n,) was calculated as [7]:

r]2=M X 100% (4.2)

LVirgin
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where U; yeqreq @and U, yirginare the fracture energies of a specimen before damage and

after recovery respectively, derived from first principles as the area under the load—

displacement trace at a particular crack length.

4.2.4. Effects of the conductive sheets on interlaminar properties
The introduction of a conductive sheet created a new layer inside the laminates. The
effects of having this layer on interlaminar properties were revealed using DCB tests to

compare samples with and without the sheets.

Three groups of samples, each containing 5 specimens, were made using the
techniques described in Section 4.2.2. In the first group, specimens were fibre-reinforced
laminates with the carbon nanotube sheet in the middle layer. In the second group, the
carbon nanotube sheet was replaced by the copper foam sheet. Specimens in the third
group were ordinary fibre-reinforced laminates. All specimens were 120 mm in length, 20
mm in width and 4mm in thickness, and had 20 mm deep pre-crack on one edge. DCB

tests followed the procedure outlined in Section 4.2.5.

4.2.5. Double cantilever beam (DCB) test

Aluminium piano hinges were attached onto the specimen using a structural adhesive
(Loctite 330 Glue and Activator Multibond Kit). After heating for six hours at 60 °C, the
adhesive was fully cured and testing was carried out on a MTS Criterion Model 43
machine. The specimens were loaded through the bonded hinges in quasi-static tension to

induce mode-I| fracture propagation along the mid-ply interlaminar region until the crack

75



reached 80 mm. The displacement-controlled crosshead speed was 5 mm/min during

loading.

4.2.6. Effects of the conductive sheets on tensile properties

The effects on two types of composites were investigated: random-discontinuous cotton-
fibre-reinforced composites (type E) and woven carbon-fibre-reinforced composites (type
C), asin Fig. 4.5. E contained four layers of cotton breather cloth and C had four layers of
woven carbon fibres. As the fillers are different, E and C have different bearing strengths,

representing weak and strong polymer composites respectively.

E and C are further divided into two sub groups (E1/E2 and C1/C2) as shown in

Table 4.1. The effects of the CNT layer can be revealed through comparing E1 (or C1) to

E2 (or C2).
Table 4.1. Details of the sub-groups of composites
Sub-group Description Num_ber of
code Specimens
E1 Random-discontinuous cotton fibre composites 5
Random-discontinuous cotton fibre composites embedded
E2 ) 5
with porous CNT layer
C1 Woven carbon fibre composites 5
Woven carbon fibre composites embedded with porous
C2 5
CNT layer

The porous CNT layer was fabricated inside E2 and C2 by embedding a carbon

nanotube sheet using the techniques described in Section 2.2. After the resin was fully

76



cured, the composites were cut into 100 mm x 9 mm x 2 mm specimens. The specimens
were placed in a chamber at 50 C for 12h to release internal strain. A MTS Criterion
testing machine (MTS Criterion Model 43 Electromechanical Universal Test System) was
used to collect data. Each specimen was subject to tension parallel to its long edge whose
effective length is 15mm. The loading rate was 0.5mm/min. After tensile testing, the
samples were observed under optical and electron microscopy to reveal cracking patterns

and the nature of the fracture.

Matrix

Reinforcement
fibres

CNT sheet

random-
discontinuous
cotton fibre

CNT sheet

Woven carbon
fibres

SR

Aan

CNT sheet

Figure 4.5. a) Schematic of composite E; b) Schematic of composite C; c) CNT
porous sheet; d) Random-discontinuous cotton fibres and CNT sheet; e) Woven
carbon fibres and CNT sheet
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4.3. Results and discussion

4.3.1. De-icing performance

Fig. 4.6a shows the temperature of a sample incorporating CNS under electrical heating.
With the applied voltage maintained between 10V and 16V, the steady-state temperatures
of the specimens remained in the range 20°C to 85 °C (Fig. 4.6a), which was sufficiently
high to enable curing in 24h (Fig. 4.6b). There was no severe heat concentration due to
the use of a relatively low electrical current (200 mA) and its good thermal conductivity.
The composite was able to be fully de-iced in 90s (Fig. 4.6c) which also demonstrates the

efficiency of CNS.

The composite with CFS was able to keep the temperature in the range 5 °C to 20
°C. However, for the design using CFS, it was found that although the healing agent was
still active in the temperature range, 24h was not long enough for it to cure fully. Increasing
the electrical power to raise the internal temperature may seem a solution to this problem.
However, this was almost impossible as the copper foam had an extremely low resistivity,
and so a very large electrical current — 55 A in this case — was required to generate the
heat necessary to keep the healing agent active. Such a high electrical current might
generate extremely high temperature at the points of contact between the sample and the
power supply and may cause local melting. In our experiments, although four of the five
samples tested successfully healed themselves, there was still one that failed due to heat
concentration. Therefore, although increasing the supplied power will raise the internal

temperature, it also heightens the risk of local overheating as a side effect.
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Figure 4.6. (a) Temperature of the specimen as a function of time and applied
voltage; (b) Thermal distribution in the composite heated by CNS in an ultra-low
temperature chamber; (c) De-icing of composite with CNS.

4.3.2. Healing performance

After 24 h of healing at -60 °C, the recovered mechanical properties of the samples are

given in Table 4.2 and 4.3 and Fig. 4.7.

For the composite with CNS, an average healing efficiency of 108% for fracture
energy and 96% for peak load was achieved. The maximum healing efficiency for fracture

energy was 141%.
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Four samples of the composites with CFS out of five successfully recovered from

damage with an average healing efficiency of 63% for fracture energy and 59% for peak

load. The maximum healing efficiency for fracture energy was 128%.

Table 4.2. DCB tests results quantifying healing performances

GFRC+CNS
Specimen Original Recovered Original Recovered Healing Healing
No. peak  peak load fracture fracture efficiency  efficiency for
load (N) energy energy for peak fracture
(N) (N-mm) (N-mm) load energy
1 315 32.5 1544.2 2077.4 103% 135%
2 30 29.8 1437.5 728.8 99.30% 50.70%
3 31.2 26.6 1356.8 1329 85.30% 98%
4 28 26.44 1586.5 2238 99.40% 141%
5 32.3 30.4 1565.35 1783.5 94.10% 114%
GFRC+CFS
Specimen Original Recovered Original Recovered Healing Healing
No. peak peak load fracture fracture efficiency  efficiency for
load (N) energy energy for peak fracture
(N) (N-mm) (N-mm) load energy
1 65 40 3484.8 3298.4 61.50% 94.70%
2 62 45 2978.6 1837.3 72.60% 61.70%
3 58 30 3610.2 1141.7 51.70% 31.60%
4 51 55 2564.3 3284.1 108% 128%
5 55 N/A 3024.5 N/A 0% 0%

Table 4.3. Healing efficiency summary

Min. Ave.
healing
efficiency
peak

Min. Max.
healing healing

efficiency efficiency
peak for peak for

load load

Ave.
healing healing
efficiency efficiency efficiency
for for for for
fracture fracture fracture load
energy energy energy
141% 50.7% 107.7%

Number Max.

of healing
samples

GFRC+CNS 5 103% 85.3% 96.22%

GFRC+CFS 5 128% 0% 63.2% 108% 0% 58.8%
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Figure 4.7. (a) Healing efficiency of composite with and without the conductive
layer; (b) Displacement-load curve for a typical sample incorporating CNS.

The results indicate that the composite materials with either CFS or CNS are able to
self-heal at ultra-low temperatures. Furthermore, CNS is the better of the two types of
conductive layer. The electrical resistivity of CFS was too low and therefore a very high
electrical current was required to generate heat, causing potential overheating for
everything connected in series with the composite, especially at the contact points. Such a
high current may locally generate temperatures approaching 500 °C. Also, the thermal
conductivity of CFS is not high enough to allow heat transfer to other areas. This caused
parts of the composite to be damaged by heat concentration, while the rest remained so
cold that the healing agents could not function properly. As a result, the composite only
achieved an average healing efficiency no greater than 70%. CNS, on the other hand, had
an electrical resistivity which was much higher than that of CFS. Thus, only a small
electrical current was sufficient to generate the required heat. The thermal conductivity

was also sufficiently high to enable heat to flow rather than concentrate at local hot spots.
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To achieve satisfactory healing performances, another important factor was how
well the healing agent covers the composite materials. There have been concerns that the
wave-like design in which the vessels penetrate multiple layers cannot ensure a large
coverage and might be less effective than that adopted in straight hollow-fibre-based self-
healing composites [97], [135], [161]. However, the high healing efficiency proved that a

large coverage was achievable.

It might be possible to achieve self-healing at ultra-low temperatures using new
healing agents. However, it is worth noting that any healing agent will have an active
temperature range, out of which the healing process cannot take place. All established
healing agents so far have narrow active temperature ranges, and none of them is suitable
when a high healing efficiency over a wide temperature range, such as -60 °C to 100 °C, is
required. Even if a new healing agent can be developed for that temperature range, it
would become ineffective as soon as the operating temperature fell outside the range.
Thus, the development of new healing agents is not an effective way to achieve
sustainable self-healing. The essence of our approach is that there is no limitation relating
to types of healing agents and composites - all established composites that self-heal in
certain temperature ranges can be modified based on the design presented here to
achieve self-healing at ultra-low temperatures. By tuning the power provided to the
conductive layer, the internal temperature of composites can be altered regardless of the

ambient temperature to provide suitable conditions for any healing agent.
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4.3.3. Effects of conductive sheets on interlaminar properties

The mode | load vs. displacement curves for composites with and without conductive
sheets are shown in Figs. 4.8a to 4.8c. Each figure displays the load—displacement curves
for 5 tested specimens. Comparison of composites with and without conductive sheets
(Figs. 4.8d and 4.8e) indicates obvious reductions in fracture energy and peak loads. The
adoption of a porous sheet was to form a short-fibre-reinforced layer inside the composite
so that the layer could bond strongly to the host material. The results might be explained
by the possibility that the resin had not fully infiltrated the porous layer and that the
conductive sheet should have a very rough surface to strengthen the interface bonding
with the host material. A potential solution might be to optimise the surface pattern of the
sheet to help preserve the interlaminar strength while ensuring heating efficiency.
Techniques similar to those used with vascular networks for vessel-based self-healing
materials could be adopted as the same potential issue with delamination exists there also

[172]-[174].
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Figure 4.8. Mode | load vs. displacement curve for the laminates with (a) no
embedment, (b) a copper foam sheet and (c) a carbon nanotube sheet. Results of
DCB testing: (d) fracture energy and (e) peak load.

4.3.4. Effects of carbon nanotube sheets on tensile properties

The tensile properties of composites with and without the carbon nanotube sheets are
shown in Fig. 4.9. The experimental results indicate that CNTs can significantly improve
the tensile strength of polymer composites without much affecting their elasticity modulus.
For cotton fibre composites, failure happened with fracture of both the CNT sheet and the
surrounding material and there was no obvious delamination. Considering that the CNT

sheet was the primary loading component in cotton fibre composites, it can be expected
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that they failed once the sheet had reached its ultimate strain and ruptured. Unlike in
cotton fibre composites, failure in carbon fibre composites was the result of a combination
of rupture of the sheet, breaking of reinforcement fibres and delamination, as shown in Fig.
4.10. However, in a carbon fibre composite material, delamination always needs to
propagate through the matrix between two adjacent carbon fibre layers. When a layer of
carbon nanotubes is present, a crack would need to penetrate it before reaching the next
carbon fibre layer and this provides extra resistance to crack propagation and delamination.
This could be the reason why the introduction of carbon nanotube sheets improved the

tensile properties of carbon fibre composites.

Peak stress {Mpa) Strain at break (mm/mm) Modulus {Mpa)
20 0.06 3000
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.05 2500 T
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Figure 4.9. Tensile properties of composites with and without carbon nanotube
sheets.
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Figure 4.10. SEM images of carbon fibre composite incorporating carbon nanotube
sheets after tensile tests. SEM image of crack in carbon fibre-reinforced composite
incorporating carbon nanotube sheet. a,b) Cross section of a damaged sample; c-e)
Delamination of carbon fibres and matrix; f,g) Delamination of carbon nanotube
sheet and matrix

4.4. Summary

The chapter shows that self-healing at ultra-low temperatures can be implemented by
adding vessels and a porous conductive layer into a composite material. Healing agents
were continuously injected into the vessels and were released after the host material was
damaged. The conductive layer increased the temperature of the composites through
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electrical heating to assist the flow and curing of healing agents. Both the copper foam
sheet and the carbon nanotube sheet were able to act as a conductive layer. However, the
composite with the carbon nanotube sheet was able to self-heal more effectively and
stably. As a result, healing in fibre-reinforced composites at a temperature around -60 C
was achieved with an average recovery of 108% in fracture energy and 96% in peak load.
The effects of the conductive sheet on interlaminar properties and tensile properties were
experimentally investigated. It was found that the introduction of a carbon nanotube sheet
increased the tensile strength of polymer composites, but had negative effects on

interlaminar properties.
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Chapter 5 - Towards autonomous restoration of structural carbon
fibres in polymer composites using vascular systems and electric

alignment

5.1. Preliminaries

The chapter reports a carbon fibre-reinforced composite that can repair its structural fibres
and restore its mechanical properties after damage by using an embedded vascular self-
healing system. The healing agents in the vessels contain short carbon fibres (SCFs)
which could be aligned in an in situ electric field produced by charging the broken
structural carbon fibres. The aligned SCFs reconnect the broken carbon fibres, resulting in
recovered structural properties. Various variables and parameters were investigated to
observe their effects on the healing performance and determine the optimum healing
agent composition and conditions. This chapter also presents a model that can be used to
analyse healing performances. Under optimum conditions, the healing efficiency and
performance increased by 3788% and 153% respectively compared to an unprocessed
epoxy resin used in conventional self-healing materials, and as much as 45% of the
original strength could be restored. The role of the chapter in the thesis is shown in Fig.

5.1.
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Figure 5.1. Role of Chapter 5 in the thesis (red area)

5.2. Methodology

5.2.1. Healing mechanism

When CFRCs are embedded with hollow vessels, a healing agent mixed with SCFs can be
injected into the materials. As structural carbon fibres in CFRCs are damaged, they are
disconnected by a gap which causes the vessels to release the liquid. Meanwhile, the
short fibres are released into the gap along with the liquid. As the carbon fibres are
electrically conductive, when CFRCs are connected to a power supply, the fractured
carbon fibres produce an in situ electric field in the gap which can drive the short fibres to
align and form head-to-head contacts to reconnect the fractured carbon fibres. At the
meantime, the epoxy resin in the gap starts to cure and solidify. After curing, the aligned
SCFs are fixed in the resin and the reconnection complete. The concept enabling the

recovery of the structural carbon fibre can be seen in Fig. 5.2.
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Figure 5.2. Schematic of the recovery of structural carbon fibres

Fig. 5.2 shows how the procedure starts with an undamaged CFRC sample
incorporating hollow vessels. The sample is then damaged producing a visible gap which
breaks the structural carbon fibres and the vessel, resulting in the healing agent being
released to the crack. When the CFRC is connected to a power supply, the voltage
produces an electric field in the gap, resulting in the alignment of the SCFs in the healing
agent to reconnect the broken carbon fibres. After the healing agent is fully cured, the

aligned SCFs are fixed in the gap, and the CFRC recovers as a result.
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5.2.2. Investigated variables and parameters

An investigation of various variables was conducted to observe their effects on the healing
performance. Experimentation started with comparing the effect of healing the specimens
within an electric field. At the same time as this, the effect of introducing milled SCFs into
the healing agent was also tested. Once a conclusion was reached, the effect of the short
carbon fibre weight content of the healing agent, expressed as ‘%wt.’, was explored so

that a trend of SCFs effect can be established.

The effect of increasing the strength of the electric field was investigated. This was
done by altering the voltage producing the electric field, comparing the alignment strength
of the healed specimens in electric fields caused by 0V, 25V and 50V piecewise constant
voltage supplies. A custom circuit was created to avoid burn damage to specimens caused
by electrical heating, subjecting specimens to a rapid spike of high voltage (+/-50V) that

decayed to OV over a period of 2 seconds.

Healing agents containing carbon fibres of differing length were tested to reveal the
effects of fibre length on self-healing performance. The healing performance of healing
agents made from 150 pum (avg.) length short fibres was compared to a different
batch/brand of 100 um (avg.) to see if fibre length/type had an effect on the final healing

performance.

Finally, the addition of dispersant was tested to see if it had a positive effect on the
resultant healing performance. It was tested against a healing agent which didn’t contain
the additive, in an attempt to pinpoint its contribution to (or deduction from) the overall

healing performance.
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5.2.3. Fabrication of samples

The method to fabricate CFRC samples incorporating hollow vessels is shown in Fig. 5.3.
A polypropylene table was covered with PVA releasing agent to prevent damage during
removal. The releasing agent became completely dry in 30 min at room temperature.
Epoxy resin and hardener (Very High Temperature Epoxy Laminating Resin,
EasyComposites Ltd.) were mixed at a ratio of 100:35 parts by weight and degassed at 35
°C for 30 minutes in a vacuum chamber. Nylon fishing line 2 mm in diameter was fixed on
table by using a sealant tape which were also used to construct a rectangular barrier to
contain liquid. The uncured resin was poured onto the table and immersed the fishing lines,
followed by curing at room temperature for 24h. After curing, the nylon lines were pulled
out manually, leaving hollow vessels inside the material. Carbon fibre cloth fabrics (CF-PL-
200-100, EasyComposites Ltd.) were laminated onto the material using the same uncured
resin and a soft brush. After another 24 hours for curing at room temperature, post-cure
heating cycles were applied as instructed by the supplier. The fully cured composite which
had a thickness of 2 mm was cut into identical pieces 22 mm X 6 mm each containing a
hollow vessel and a carbon fibre reinforced layer on top, using a grit saw and polished with
sand paper. The cutting and polishing followed a high-speed-low-force strategy to avoid

damage.
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Figure 5.3. Fabrication procedure

5.2.4. Healing agent composition and synthesis

The healing agent used during experimentation, is made up from an epoxy resin base
(RT151, Resintech Ltd. ), short carbon fibres (Carbiso Milled Carbon Fibre,
EasyComposites Ltd. and AGM 99-150, Asbury Graphite Mills, Inc.), depending on
the %wt. of the desired healing agent, and dispersant (DISPERBYK-191, BYK-Chemie
GmbH) that are to be tested. Throughout this project, the range of healing agents used are
as follows; 0 wt%, 15 wt%, 18 wt%, and 20 wt% short carbon fibre content, 1 wt%, 2 wt%
and 3 wt% and 3% dispersant. Resin, short fibres and any other additives were mixed in a
magnetic stirrer for 1h, followed by adding the hardener and mixing for another ten

minutes.

5.2.5. Experimental procedure
The general test format was split into four phases/stages. First was the preparation phase

in which the specimens were purposefully damaged using an air grinder to fully cut
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through the carbon fibre layer, to simulate a crack, and prepared for healing. Secondly was
the alignment phase in which healing agent was applied to the specimens, after which they
were connected to a power supply for 24 hours in which an electric field is produced in the
gap to manipulate SCFs. The third phase was the curing phase, where the healed
specimens spent another 24 hours in an oven (40°C) to ensure the healing agent was fully
cured. The final phase was the tensile test phase, where the specimens were destructively
tested to find out the overall healing recovery of its original mechanical properties by
measuring the load required to fracture each specimen. A MTS Criterion testing machine
(MTS Ciriterion Model 43 Electromechanical Universal Test System) was used to collect
data. Loading rate was 0.05 mm/s. Conclusions were then arrived at, as the fracture loads
can be compared to the results for different variables or reference (undamaged)

specimens. Fig. 5.4 shows an undamaged, a damaged and a healed specimen for clarity.

Figure 5.4. Topside view of an undamaged (top), damaged (middle) and healed
(bottom) specimen.

To conclude the experimentation, once the optimum healing agent composition and
conditions for self-healing were found, they were used to heal a specimen by injecting from

the vessel by using a liquid dispenser to show that comparable levels of self-healing can
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be achieved, shown in Fig. 5.5, which replicates a real-world system, to prove this

research’s validity and potential commercial and industrial applicability.

Figure 5.5. An underside view of a damaged (left) and a healed (right) vessel
specimen.

5.2.6. Healing performance/efficiency

Healing performance and efficiency are defined below:

Fy Fy —Fp
HP =—, HE = ——
Fyp Fyp — Fp (5.1)

Where HP and HE are the healing performance and efficiency respectively, Fy is the Force
required to fracture a healed specimen, Fp is the force required to fracture a damaged
specimen after cutting through the carbon fibre layer (no healing agent applied), and Fyp is
the force required to fracture an undamaged specimen. Both indexes indicate the
performance of recovery but with different focuses. Healing performance focuses on what
would be the percentage of the original strength that can be restored. Healing efficiency

considers how much the lost strength caused by the damage that can be recovered.
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5.3. Results and discussion

5.3.1. 3.1 Parameters tested

The reconnection of a bundle of fractured carbon fibres immersed in healing agents
containing 5 wt% SCFs took place in a piecewise constant electric field produced by
connecting the two ends of the fractured carbon fibres to a 20V piecewise constant power

source. As shown in Fig. 5.6, where reconnection was accomplished in 1 h.

Figure 5.6. Reconnection of a bundle of fractured carbon fibres

Based on the observed phenomenon, variables/parameters were tested in the order below

with respect to the healed specimens efficiency/performance achieved:

- Investigation of the effect of SCF addition to the healing agent and effect of
alignment
- Investigation to see whether altering electric field intensity affects the recovery

strength

96



- Investigation of the effect of SCF %wt. content within the healing agent
- Investigation of the effect of SCF length/type within the healing agent
- Investigation into the addition of dispersant to see the effect on healing agent

application and ease of alignment

The rest of this section discusses the results of conducted experiments and their

respective conclusions.

5.3.2. Modelling and verifying the effect of electric alignment and additive short
fibres on restored strength

The aim of this study was to model and verify the effects of the introduction of milled SCFs

into the healing agent on the healing efficiency of the specimen. Alongside this, the effect

of the alignment of the SCFs (100 pm in length) on the healing performance will be

investigated by using an electric field produced to align the SCFs in the longitudinal

direction to improve its tensile strength.

The Rule of Mixtures is often used to model the strength of fibre reinforced
composites. For unidirectional continuous fibre composites under the isostrain conditions,

the rule of mixture is as follows [175]:

Where ., and o5, are the ultimate tensile strength of the compostie and structural fibres

respectively. V; is volume fraction of structural fibres and o'y, is the stress of matrix at

failure. In the case of uni-directional short fibore composites, Eq. 5.3 is modified in order to

become [175]:
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(o

Ocd = O'qufF ( ] ) + O'Im(l - Vf) (53)
Where the factor F (ch) models the effect of the fibre length changes the resulting solution

and [, and [ denote fibre critical length and average length, respectively.

If the fibre length is uniform then the F (ZTC) Is equal to

L
1-(—) whenl > [,
21

l (5.4)
And (—) when | < [,
The critical fibre length is calculated using Eq. 5.5 [175]:
ord (5.5)
1> 7%y

Where o, denotes the tensile strength of the fibre, d is the diameter of the short fibres and

7. IS the greater value out of shear strength of the fibre-matrix interface and the matrix
tensile strength. In manufacturedunc short fibore composites, there are variations not only

in fibre length but also in fibre orientation. Therefore, Eqg. 5.3 is further modified to [175]:
l, )
Oea = OV F (T) Co+0'm(1=V)) (5.6)

where C, is the fibre orientation factor that can be calculated by using the Krenchel

equation [176]. The calculated result can be seen in Table 5.1.
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Table 5.1. Fibre orientation factors corresponding to orientation

Orientation of fibres C,
Unidirectional parallel 1
Biaxial parallel 0.5
Biaxial on the bias angle (at +45° to the fibres) 0.25
Random (in-plane) 0.375
Random (3D) 0.2
Unidirectional perpendicular 0

When the healing agent containing SCFs is released into the gap, it forms a healed
space reinforced by short fibres. The strength of the healed space could be calculated by
using the Eq. 5.6. The tensile property of matrix ¢’,, are in the range of 55-68 MPa and

the V; is 20 vol%. The data provided by the supplier showed that o = 3150 MPa, d =7 ym

and T, = ~75 Mpa. Therefore, [, is calculated to be equal to be approximately 147 um.
According to Eq. 5.6, the calculated strength of the sample healed by using the healing
agent containing SCFs should be about 48% higher than that using the conventional
healing agent without SCFs. When electric field was adopted, the alignment caused by the
field should increase the value of fibre orientation factor which results in higher healing
performance.

Hence, it is expected that similar results will be observed in the experiment. During
this experiment, healing agents containing aligned and unaligned SCFs were compared to
a pure epoxy resin to observe whether the addition of SCFs to the healing agent or the
alignment process has an effect on healing performance. The test results and calculation

results are shown in Fig. 5.7.
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Figure 5.7. The effect of SCF addition & alignment

Test Summary:

As it can be seen from Fig. 5.7, the specimens healed with a healing agent containing
short fibres have a much greater restored strength, 42.6%, than the specimens that were
healed with a healing agent not containing SCFs. The calculated minimum value, based
on the assumption that C, did not improve at all, is the minimum strength calculated. The
result is in accordance with the calculated result using the model presented. However, it is
worth noting that the results for the aligned and unaligned specimens are inconclusive, as
the voltage used in this experiment (9V) was not high enough to promote consistent
alignment of the SCFs. As a result of this, further experimentation is required to investigate

whether SCF alignment has an effect on healing performance.
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5.3.3. Effects of electric field intensity on restored strength

Building on the previous test, this experiment aimed to find out whether voltage affects the
healing performance. The theory behind this experiment is that increasing the voltage
should increase the intensity of the electric field producing stronger force for alignments,
resulting in a higher C, value and better healing performance. Similar experiments have
already demonstrated that the aligned carbon nanotubes [177] and multilayer graphene
flakes [178] in electric fields can improve mechanical properties of polymer composites.
During this test, 3 different voltages, 0OV (unaligned), 25V and 50V, were connected to the
CFRC specimens to observe their effects on alignment. The test results are shown in Fig.

5.8.
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Figure 5.8. The effect of voltage on alignment

Test Summary:

Fig. 5.8 clearly shows that there is a strong trend between increasing the voltage during
the alignment process and a higher respective healing performance, due to the theory

previously mentioned, with average loads for 50V aligned specimens being 25.1% and
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14.7% higher than OV and 25V aligned specimens respectively. When the voltage is 0V,
no electric field was produced to align short fibres so that the fibres in the crack were
dispersed randomly. Hence, its C, should be 0.2, as shown in Table 5.1. When the voltage
was raised to 50V, the 25.1% growth in healing strength indicated that the C, was
increased to near 0.31. The calculation was based on Eqg. 5.6 and true values of all

parameters given previously.

It is worth noting that alignment at a higher voltage, 80V, was originally attempted in
this experiment but at this voltage specimens were subject to moderate burn damage
which reduced their mechanical strength significantly. Therefore it was found that there is
a limit to the intensity of the electric field. Alternatively, a capacitor could be connected in
series to the samples and power supplies to change the pattern of the electric field from
piecewise constant to periodic impulse. Therefore, the force manipulating SCFs produced
by high voltage could be strong enough for alignment, and the resting time in each period
could allow the samples to dissipate heat fully to avoid thermal damage. The test result

also demonstrated similar healing levels.

5.3.4. Investigating the effect of short carbon fibre %wt. on restored strength

The goal of this experiment was to investigate the effect that increasing the weight fraction
of SCFs, within the healing agent, has on the resultant healing performance of the
specimens. By increasing the %wt. of SCFs within the healing agent, or increasing V;, the
alignment achieved during the electric field stage (50V) will be stronger due to more fibres
being aligned within the cured healing agent. As a result of this, the cured healing agent

can be stronger. During the test, three different wi%. (15 wt%, 18 wt%, 20 wt%) were
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tested and compared to one another. The results of the experiment and calculated value

using the model are shown in Fig. 5.9.

T8¢ Tested value
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Figure 5.9. The effect of SCF %wt

Test Summary:

Fig. 5.9 clearly shows that increasing the SCF content in the healing agent increases its
healing performance by a significant margin. The average load result for 20 wt% SCF
content was 39.1% higher than the respective load for 15 wt%. The average load results
for 18 wt% were in between the two tested specimen types. This confirms that there is a
trend present between a higher SCF content in the healing agent and an increase in

healing performance.

However, it is worth noting that as the SCF %wt. increases the viscosity of the
healing agent also increases, which can lead to some issues while pumping the healing
agent onto the specimen as the vessels, and injection tools such as syringes can get

blocked. Therefore there is a limit to how high the SCF %wt. can be achieved before
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adverse consequences are experienced. A healing agent with a SCF content of 25 wt%
was originally planned to be used in this experiment, alongside 20 wt%, 18 wt% and 15
wit%, but the healing agent produced was deemed too viscous to be applied and could not

be used.

5.3.5. Investigating the effect of short carbon fibre length/quality on restored
strength
The aim of this experiment is to validate whether or not fibre length and quality has an

effect on the healing performance. As o5, and F (ITC) in Eq. 5.6 are related to fibre quality

and length respectively, altering their values could lead to different healing performances.

During this test, healing agent made from 100 pum and 150 um length fibres,
manufactured by Asbury Graphite Mills (AGM), were compared to healing agent made
from 100 um length fibres, manufactured by Easy Composites Ltd. (EC), to see if a trend
between fibre length, or fibre quality and healing performance could be established. For

EC carbon fibres, the oy, is 3150 MPa which is higher than 2800 Mpa, that for AGM fibres.

The calculated results and tests results are shown in Fig. 5.10.
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Figure 5.10. The effect of changing fibre length/quality

Test Summary:

Fig. 5.10 shows that the average load for 150 um length specimens is higher than that for
100 um AGM and 100 pum EC specimens by 11.3% and 7.8% respectively. It also appears
that the 100 um EC specimens have more consistent load values. All experiment results
are in accordance with the calculated results. The result proves that the adoption of

stronger and/or higher carbon fibres could lead to higher recovery strength.

5.3.6. Investigating the effect of adding dispersant to the healing agent
The goal of this experiment was to examine whether adding a dispersant to the healing
agent mixture would improve its healing performance. The dispersant, BYK-191, was used

in an established study regarding the alignment of carbon nanofibers [179]. The motivation
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of the study comes from the theory based on Eq. 5.6 that further increasing the key factor
C,, which has been raised to 0.31, could lead to higher healing performances. The addition
of dispersant could reduce viscous resistance during rotation and forming head-to-head
contacts. During the test, specimens healed with a healing agent containing 3 wt% BYK-
191, 20 wt% SCF, were tested against specimens healed with a healing agent not
containing dispersant, so that the effect of dispersant on healing performance could be

ascertained. The results are shown in Fig. 5.11.

No-dispersant Dispersant

Figure 5.11. The effect of adding dispersant to the healing agent

Test Summary:

Based on the results shown in Fig. 5.11, a conclusion can be reached that adding
dispersant to the healing agent does not improve the healing performance of cured

specimens, as the average load required to fracture for the ‘No-Dispersant’ specimen
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group was 12.3% higher than for the average specimens healed with healing agent
containing BYK-191. The results were not as expected due to the possible reason that

although the viscous resistance could be reduced, the modified mixture could also reduce
shear strength of fibre-matrix interface, 7. in Eq. 5.5, which cause the factor F(ZTC) to
decrease. Therefore, dispersant may raise the orientation factor C,, but could also reduce

the factor F (ITC) and the overal healing performance depends on the propotion of the two.

5.3.7. Implementation of a vascular self-healing system

By adopting the new mechanism based on the electric alignment of short structural fibres,
the improvement in the restored strength is shown in Fig. 5.12, which indicates that the
maximum healing performance of the healed specimens is 45.4%, and the maximum

healing efficiency is 23.0%.
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Figure 5.12. Comparison of the restored strength of samples with and without using
the new healing mechanism

The test results also demonstrate that the model presented in Section 3.2 could be
used to analyse key factors limiting recovery strength and even to predict healing
performance. Based on the model, many other works could further improve the healing

performance as long as they can increase the values of Fibre strength oy, Volume fraction
of structural fibres V, Fibre length factor F (ITC) and Orientation factor C,. In the study, the
healing performance reached 45.4% when o, = 2800MPa, Vy = 0.267,F (lf) = 0.5 and
C, = 0.31. If high-strength carbon fibres were used, the o, can be raised to near

6000Mpa. And F (ch) can be increased to 0.6 by using slightly longer fibres or modify the

surface of the carbon fibre to reduce the critical length .. C,can be raised to 0.5 by

adopting more advanced charging strategy. If the modification mentioned above were
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successful, the healing performance would be over 100%, suggesting that a healed

sample could be even stronger than an undamaged sample.

5.4. Summary

Significant improvements in the automatic recovery of fibre-reinforced composites have
been made through the introduction of SCFs, optimising the electric field alignment
process and using suitable additives. A healing agent made with pure epoxy resin was
compared to a healing agent containing epoxy resin, 20 wt% short carbon fibres (150 pm
in length) aligned in an electric field. This increased healing efficiency by 3788% and
healing performance by 153%. As much as 45% of the original tensile strength could be
restored after the structural carbon fibres were completely ruptured. This chapter has also
demonstrated that the healing performance could be analysed and predicted by using a
theory based on the Rule of Mixture, which suggests that further improving the alignment
process and using stronger short fibres to promote recovery are promising research

directions.
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Chapter 6 - Towards autonomous restoration of the electrical
conductivity of a polymer composite incorporating a carbon nanotube

sheet

6.1. Preliminaries

The focus of some research on self-healing composites has recently moved onto restoring
other properties such as electrical conductivity [180], [181], driven by the need for
multifunctional materials and structures that can simultaneously perform combined
structural and non-structural functions [182]. For example, conductive composite materials
are used in aircraft structures, where lightning strikes may damage non-conducting
structures. Structural composites can incorporate piezoelectric micro-electromechanical
systems (MEMS) for sensing and actuation [183]. Piezoelectric materials can be used to
make energy storage or harvesting materials by converting mechanical deformations from
vibrating structures such as beams and plates to electrical power [184]. Some composites
could be used to build electromagnetic interference shielding materials [185]. All the above
multifunctional materials contain conductive component inside. Though research into the
area of self-healing conductive materials is not as popular as the aforementioned activities
on restoring mechanical properties in self-healing materials, there has still been some
notable research for example Williams et al. [186], Guo et al. [187] and Odom et al. [188]
who show different possible methods of achieving materials with the ability to restore their

electrical conductivity.

Due to the extensive list of possible applications for a self-healing conductive
material, this chapter aims to produce a method to restore the electrical conductivity to a

carbon nanotube sheet (CNS) embedded inside a polymer composite after it has
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sustained damage. As seen in Chapter 4, CNS could be used as a heating component to
defrost [151] or to facilitate healing at low temperatures [189]. It could also be used as

sensing component with very high sensitivity [190], [191].

This chapter demonstrates that the composite and the sheet can self-heal using
aligned short carbon fibres (SCFs) as a nanofiller after it has sustained damage. The
SCFs will be mixed into the healing agent and alignment will take place using an electric
field during curing. The use of SCFs to improve the mechanical and electrical properties of
an epoxy nanocomposite has been demonstrated by Ladani et al. [179]. Therefore, it is
expected they can be used to restore electrical conductivity to a CNS. Various factors,
including the voltage of the electric field used for alignment and the weight percent of
SCFs, will be investigated to identify the effect they have on the alignment and the
conductivity of the healed samples. A conclusion will then be reached regarding the
composition of the best healing agent for restoring the electrical conductivity to the CNS.

The role of the chapter in the thesis is shown in Fig. 6.1.

Figure 6.1. Role of Chapter 6 in the thesis (red area)
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6.2. Methodology

6.2.1. Healing mechanism

The basic concept used to enable recovery of the conductivity can be seen in Fig. 6.2.

Hollow vessel cut Healing agents fill crack
Carbon nanotube sheet

Conductive short fibres are released into the gap Alignment of the short fibres to reconnect the conductive layer

Carbon nanotube sheet

Figure 6.2. Schematic of the restoration of a carbon nanotube sheet

Fig. 6.2 shows how the procedure starts with an undamaged sample, consisting of
a CNS. The CNS is then damaged producing a visible gap which ensures there is no
conductivity. The HA is then delivered to the damaged area through the hollow vessels. As
the CNS is conductive, when it is connected to an external power supply, the broken CNS

produces an electrical field in the gap, causing the SCFs to gather and form head-to-head
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contacts. As a result, the alignment of the SCFs in the HA restore the electrical
conductivity. This experiment is repeated, each time changing different variables (e.g.

composition of HA and electric field, etc.) to improve the recovery.

6.2.2. Sample fabrication
The samples are glass fibre laminates embedded with hollow vessels and carbon
nanotube sheets. The sheet can be connected to a power supply through carbon fibres

which were attached to the sheet. The samples were made as follows (Fig. 6.3):

1. Fabrication of carbon nanotube sheets. The carbon nanotube sheet was fabricated

by multiple steps of single-wall carbon nanotubes (SWCNTSs) dispersion and
suspension filtration [151].

2. Connect a carbon nanotube sheet to carbon fibres. Carbon nanotubes were

connected to carbon fibres by using a silver paste (Paint Conductive Adhesive, RS
components), followed by a heating treatment at 40 °C for 6h for the adhesive to
fully cure.

3. Fabrication of glass fibre laminates incorporating hollow vessels. A polypropylene

table ready for resin infusion was covered with PVA releasing agent to prevent
damage during de-moulding. The releasing agent became completely dry in 30 min
at room temperature. Epoxy resin and hardener (Very High-Temperature Epoxy,
Easy Composites Ltd.) were mixed at a ratio of 100:35 parts by weight and
degassed at 35 °C for 30 minutes in a vacuum chamber. Eight layers of woven
glass fibres (area density of 290 g/m2 for each layer) were laminated manually

using the mixed resin and a soft brush. Nylon fishing line 2 mm in diameter was
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fixed on the laminate. Eight more layers of woven glass fibres were laminated again
above the nylon line. Resin infusion technique was adopted and the laminate
incorporating nylon lines cured in 24h. Post-cure heating cycles were applied before
pulling out the nylon lines manually, leaving hollow vessels inside the glass fibre
laminate.

4. Attach the carbon nanotube sheet to the laminate. The sheet with the attached

carbon fibres was placed onto the laminate, covered by another layer of glass fibres.
More uncured resin was applied to soak the carbon nanotube sheet and the new
glass fibre layer, followed by a repeated curing procedure in Step 3.

5. Cutting. The fully cured composite which had a thickness of 6 mm was cut into
identical pieces each containing a small carbon nanotube sheet using a grit saw
and polished with sand paper. The cutting and polishing followed a high-speed-low-

force strategy to avoid damage. Fig. 6.4 shows a fabricated specimen.

Eight layers of
glass fibre cloth

-~
7~
Carbon nanotube sheet it
Q

Nylon
fishing
lines

Eight more

Pulling out nylon lines to ~ layers of glass
create Hollow vessels fibre cloth
7
a— —
a— —
-— —
Carbon Carbon /
fibres nanotube Another layer of Specimens
sheet glass fibre cloth
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Figure 6.3. Fabrication process

Figure 6.4. (a) Top view of a specimen; (b) Bottom view of a specimen

6.2.3. Testing method and procedure

A brief experimental procedure can be seen in Fig. 6.5.

a — Undamaged sample b — Sample with damaged CNT sheet

PG
¢ — Healing agent applied to damaged d — Successful alignment of SCFs in
area the healing agent

Figure 6.5. Experimental procedure

The procedure for the experiment is:
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1. Using sticky gum secure three undamaged samples to a wooden fixture, and
place a crocodile clip on the soft carbon fibre ends, then label each sample. It is
important not to remove the samples from the wooden fixture, or remove the
clips until the end of the healing process.

2. Measure the conductivity of the undamaged samples using a voltmeter and
Wheatstone bridge circuit to measure the voltage across each sample.

3. An air grinder is used to cut the carbon nanotube sheet completely. It is
necessary for the carbon nanotube sheet and the vascular tunnels to be fully cut.

4, The samples are then connected to a power supply, and voltage readings are
checked to ensure the carbon nanotube sheet has been fully disconnected.

5. The healing agent is then collected into a syringe and applied to the damaged
area directly or through the vessel while the sample is connected to the power
supply. Samples were be connected to the power supply as this is used for the
alignment of the short carbon fibres present in the healing agent. A new syringe
is used for each application of HA.

6. The desired time is then given for healing (e.g. 24 hours, 48 hours, etc.).

7. After the desired time has been given, each sample is again tested with the
voltage across each sample recorded.

8. The samples may then be placed in an oven for curing for another period
depending on the variable being tested (e.g. 24 hours, 48 hours, etc.) The

voltage across each sample would then again be measured and recorded.

Results are then shown as a recovery % (healing performance) by using Eq. 6.1 below:
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3.32 — Voltage reading after healing

Recovery (%) = (6.1)

3.32 — Voltage reading before healing

Note the value of 3.32 in Eq. 6.1 is used due to a 3.32V power supply being used to
apply the electric field to the samples. This report also uses healing efficiency which can

be seenin Eq. 6.2.

_ fhealed - fdamaged

X 100% (6.2)
fvirgin - fdamaged

where f is the property being evaluated (in this case the voltage across the sample) [30].

6.3. Results and discussion

Section 6.3.1 gives results from the tests on different SCF content in the healing agent.
Section 6.3.2 looks into the effects of voltage on the recovery; Section 6.3.3 discusses
the use of a new circuit for the alignment process. Section 6.3.4 looks into how the
vascular networks affect the recovery. Section 6.3.5 discusses the addition of silver paste,

and finally, Section 6.3.6 shows the results of adding a dispersant to the healing agent.

6.3.1. Effect of SCF content on healing performance

This test was designed to discover the effect, if any, that the SCF wt% (weight percent)
has on the recovery of the samples. The theory behind this experiment is that increasing
the SCF content in the healing agent will increase the amount of SCFs that are delivered

to the damaged areas. As a result of the increased SCFs alignment the recovery of the
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Fig. 6.6 shows that there is an obvious trend between the SCF content and the
recovery seen. The results show as the SCF wt.% increases so does the recovery. It is
interesting to note that although the average of the 15 wt.% is the lowest, it achieved the
highest single recovery of a sample. This experiment has shown that the SCF wt.% has a

large effect on the healing performance seen.

An important side note is that although there was a positive trend from the results
for increasing SCF content, the results do not show a negative side effect of the higher
SCF content. During the experiment, it was seen that as the wt.% of SCFs increased in the
HA so did the viscosity. The higher the wt.% the more viscous the HA, therefore the 20 wt.%
was considerably more viscous than the 15 wt.%. During the experiment applying the 18
wt.% and 20 wt.% HAs to the samples was patrticularly difficult, with the HA causing a
blockage in the syringe preventing it from being applied. The experiments therefore
showed that although higher wt% of SCF increased recovery, it also caused problems with

application of the HA.

6.3.2. Effects of electric field intensity/type on healing performance

This experiment had the goal of determining whether there was a trend between the
voltage of the electric field used for alignment and the recovery observed. The theory
behind this experiment is that increasing the voltage increases electric field intensity, this
in turn increases the alignment of the SCFs in the HA allowing for better recovery. This
theory is supported by Park et al. [192], who show that electric field intensity has an effect

on the alignment observed.
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This set of experiments consisted of nine samples in total. The samples were split
into groups of three and three experiments were done using the same procedure, with the
HA having 15% SCF content. The difference between the experiments was the voltage of
the electric field, 9V, 25V and 50V were all tested. Table 6.2 gives the summary of the test

results and Fig. 6.7 shows the average sample results for each of the voltages.

Table 6.2. Test results for varying voltages

Specimen 1 Specimen 2 Specimen 3
Vv 109.09% 0% 0%
25V 100.38% 16.6% 0%
50V 35.97% 0% 87.32%

Average voltage results

9V 25

<

50V

Figure 6.7. The averaged results for the samples tested at varying voltages
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Fig. 6.7 shows a very clear trend between the increasing voltage and the recovery
observed. The graph shows that as the voltage of the electric field has increased so too
does the recovery of the samples. The averages from the 9V, 25V and 50V are 36.4%,

39.0% and 41.1% respectively.

Two things of note from this test are that the 50V samples produced small amounts
of smoke when placed in the electric field. Secondly, higher voltages (75V and 100V) were
tested initially, however when the HA was applied while the samples were in the electric
field there was a large amount of smoking from the samples. As the conductivity recover,
high voltage caused high electrical current in the material. The electrical heating could be
high enough to damage samples. After 24 hours the samples showed visible burn damage
and poor healing recovery. This experiment therefore showed that increasing voltage does
increase the recovery up to a point where the growth in voltage starts to damage the

samples.

6.3.3. Alternative circuit for alignment method

The tests into the effects of voltage in section 3.2 identified the occurrence of smoke and
burned damage to the samples when using large voltages (75V and 100V) for alignment.
Although lower voltages did not exhibit the obvious signs of damage observed with the
higher voltages, a new circuit was produced with the purpose of preventing this burn
damage from occurring in the samples as well as reducing the smoke produced. The
original circuit used produced a piecewise constant voltage at the desired value. The new
circuit instead produced a periodic pulse as in Fig. 6.8, so for a 50V test it would produce

a voltage impulse every two seconds, thus giving the samples sufficient time to cool down
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and prevent burn damage. As a side note, the change in the circuit was used to reduce

smoke from samples and prevent burn damage, not to increase recovery.

The test used six samples in total. Three samples used were tested at 50V on the
old circuit, and three samples were tested at 50V with the new circuit. All of the samples

were applied with 15 wt% HA, and all the samples did not have vascular networks.

Piecewise voltage

Periodic impulse
voltage

\H\ﬁ/

Figure 6.8. Alternative circuit adopted to avoid over heat
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Figure 6.9. Average results for the two different circuits

Fig. 6.9 shows that the change of circuit did not affect the recovery in a negative
way. The average for the new circuit was slightly higher, with the old circuit being 42.0%
and the new circuit achieving 42.4%. However, this small increase was more to do with the
individual samples rather than the change in circuit. The new circuit did not affect the
recovery observed, but it did manage to reduce electrical heating caused by high voltage.
Due to the use of the new circuit, no smoking of the samples was observed during the

alignment process, hence justifying its use.

6.3.4. Investigating the effect of silver paste

This set of experiments was designed to investigate what effect the addition of silver paste
to the HA has on the recovery of the samples. The theory behind the addition of silver
paste is that the silver paste could act as another conductive path for the damaged area,

mimicking the effect of the SCFs. As a side note silver paste was chosen due to silver
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paste being lower cost and more available making it more suitable for widespread
commercial use. Odom et al. [180] followed a similar experiment where they produced a
self-healing conductive ink which consisted of silver particles. They produced silver particle

ink lines, which they then damaged using a razor blade and healed.

This test consisted of nine samples with vascular structures, three samples for each
experiment. All three experiments used 15 wt% SCFs, 50V electric field and pumping from
one side of samples. The difference between the experiments was one used 1 wt% silver
paste added into the HA, one used 2 wt% silver paste and the last used 3 wt% silver paste.
Table 6.3 gives the summary of the test results and Fig. 6.10 shows the averaged results

of the silver paste experiments.

Table 6.3. Test results for silver paste

Specimen 1 Specimen 2 Specimen 3
1% Silver Paste 53.85% 53.36% 0.73%
2% Silver Paste 20.63% 92.72% 17.33%
3% Silver Paste 0.96% 2.28% 1.91%

Averages from silver paste
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Figure 6.10. Results for the averages from silver paste experiments

Fig. 6.10 shows the addition of 1 wt% and 2 wt% silver paste allowed for good
recovery of conductivity, with the 1% silver paste achieving 36% average and the 2%
achieving 43.6%. The 3 wt% silver paste showed very poor recovery which was due to
burn damage to the samples. During the experiment for the 3% silver paste when the HA
was applied to the samples in the electric field there was a large amount of smoke
produced within the first 30 minutes. After 30 minutes the smoking had ceased. However
the samples were already damaged leading to the poor results. The results from these
experiments therefore show that the addition of silver paste to the healing agent does
increase the recovery. However there is a limit to how much silver paste can be added

before it becomes detrimental to the recovery of the samples.

6.3.5. Addition of dispersant to the healing agent

The test described here was designed to investigate the effect adding a dispersant has on
the HA and the recovery seen. The dispersant DISPERBYK-191 (BYK Additives &
Instruments, GmbH) was chosen as its purpose was primarily for use with short fibres
such as the SCFs used in this study. There are two reasons behind the introduction of the
dispersant. The first is to help disperse the SCFs out more consistently in the HA. One
problem with current results is the randomness of the healing, i.e one sample will recover
well while the next will show poor recovery. The inconsistent diffusion of the SCFs in the
HA, meaning each sample gets differing amounts of SCF for alignment. Ladani et al. [20]

used this dispersant for the same reasons when improving the toughness of epoxy
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nanocomposites. The second reason for using a dispersant is that it can make the
alignment process easier. The addition of the dispersant can reduce the viscosity of the
HA and therefore decrease the viscous forces on the SCFs when they are rotating during
alignment, thus making alignment easier and more consistent throughout the damaged

area of the sample.

This test used six samples in total, all of which contained vascular tunnels. One set
of three samples were tested with HA consisting of 15 wt% SCF content along with 2 wt%
silver paste and 3% dispersant. The next three samples were tested with HA consisting of
15 wt% SCF content and 2 wt% silver paste but without any dispersant. Fig. 6.11a and
6.11b show the individual and averaged sample results for recovery respectively.

a Individual results from dispersant b Average results from dispersant tests
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Figure 6.11. a) Individual recovery of samples; b) Averaged recovery results

Fig. 6.11 shows a clear increase in the recovery of the samples both individually

and for the averages when dispersant is added into the HA. The average recovery for the
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samples which did not have dispersant in the HA was 38.6% which increased to 54% in

the samples which had HA with dispersant added in.

Fig. 6.12 shows a sample from the initial stage through to the final stage where it

has been healed.

Figure 6.12. (a) shows the original undamaged sample, (b) shows the sample being

cut, losing its conductivity, (c) shows the sample release HA from vessels, and (d)

shows the sample restore its conductivity after 24 hours as SCFs being aligned in
an electric field to reconnect the broken CNS.

6.4. Summary

This Chapter has described a healing agent composition and a healing mechanism that
can restore the conductivity to a carbon nanotube sheet embedded inside polymer
composites. The results reveal that the main parameters affecting the recovery are the
voltage of the electric field, the addition of silver paste and the inclusion of a dispersant in
the healing agent. This chapter has also shown that increasing the SCF content in the HA
has a positive effect on the recovery exhibited by the samples. However, this also

negatively affects the viscosity of the healing agent, making its application difficult.

127



Overall, the results from the experiments have allowed the optimum HA
composition to be formulated. The final composition which gives the best results was
found to contain 15 wt% SCF content with the addition of 2 wt% silver paste and 3 wt%

dispersant. The average recovery was 54%, and the best healing performance could reach

100%.
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Chapter 7 - Conclusions, contributions and future work

7.1. Conclusions

This research has presented various techniques to enhance the sustainability of healing
capacity. To appreciate previous development in self-healing composites and reveal key
barriers in practice, the thesis provides an overview of the various self-healing concepts
proposed over the past decades, and a comparative analysis of healing mechanisms and
fabrication techniques for building capsules and vascular networks. Based on the analysis,
factors that influence healing performance are presented to highlight the importance of
developing sustainable self-healing capability to allow materials to recover regardless of

ambient temperatures and material types.

The first part of the research was to experimentally investigate the effects of vessel
configurations on the healing performance and flexural properties of fibre-reinforced
composites. It also analysed the crack behaviour caused by bending and healing
processes in laminates. Experimental results indicate that vessels should be placed in the
core of the laminates instead of under the surface. The vessels should penetrate multiple
layers and have wide in-plane coverage so that large-scale delamination could be cured.
When the damage is minor, mainly consisting of debonding and delamination, the
composites are able to achieve a high healing efficiency, even a full recovery. However,
the fractured structural fibores becoming the primary crack site should be avoided. When
the composites are designed using a correct vessel configuration, the vessels can have a
minor effect on the flexural properties, and a healing efficiency higher than 100% is
achievable. Otherwise, the healing efficiency can be very poor. The results also indicate

the importance of developing new healing agents that can repair not only the matrix but
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also the structural fibres. In this part of the study, Objective 1 was accomplished and

Hypothesis 1 was verified.

The aim of the second part of the research was to enable sustainable self-healing at
very low ambient temperatures. The thesis has presented a structural composite able to
maintain its temperature to provide a sustainable self-healing capability — similar to that in
the natural world where some animals keep a constant body temperature to allow
enzymes to stay active. The composite incorporates three-dimensional hollow vessels with
the purpose of delivering and releasing healing agents, and a porous conductive element
to provide heat internally to defrost and promote healing reactions. Healing in fibre-
reinforced composites at a temperature around -60 C was achieved with an average
recovery of 108% in fracture energy and 96% in peak load. The effects of the sheets on
the interlaminar and tensile properties have been experimentally investigated. It was found
that the introduction of a carbon nanotube sheet increased the tensile strength of polymer
composites, but had negative effects on interlaminar properties. In this work, Objective 2

was accomplished and Hypothesis 2 was verified.

The third part of the research focussed on an approach to recover carbon fibres, a
common material adopted in structural fibre-reinforced composites. The thesis reports the
development of a carbon fibre composite that can repair its structural fibres and restore its
mechanical properties after it has been subjected to damage, by using an embedded
vascular self-healing system. Damage is healed through the application of an epoxy-based
resin containing short carbon fibres that can reconnect the fractured carbon fibres upon
electric alignment and curing. Different variables and parameters were investigated to
observe their effects on the healing performance until the optimum healing agent

composition and conditions were found. A model based on the Rule of Mixture can be
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used to analyse and predict healing performances. The optimum conditions demonstrate
that the healing efficiency and performance were increased by 3788% and 153%
respectively compared to an unprocessed epoxy resin used in conventional self-healing
materials, and as high as 45% of the original strength could be restored. In this study,

Objective 3 was accomplished and Hypothesis 3 was verified.

The final part of the research dealt with another type of materials, conductive
porous elements, which can be automatically repaired by using a modified mechanism
based on the third part. Conductive elements are popular in the development of
multifunctional composite materials. The composite incorporated hollow vessels which
could deliver a healing agent containing short carbon fibres to the damaged areas to repair
broken carbon nanotube sheets. The recovery process took place in an electric field to aid
the alignment of the short carbon fibres. The healing agent composition was changed as
well as parameters such as the electric field intensity and short carbon fibre content to
determine their effects on the recovery of the carbon nanotube sheet. The results show
that the intensity of the electric field, the addition of silver paste to the healing agent, and
the addition of dispersant to the healing agent lead to optimum recovery. Experimental
results demonstrate that an average recovery of 54% is achievable, and recovery as high
as 100% has been observed. Thus, Objective 4 was accomplished and Hypothesis 4

was verified.

The work presented in the thesis has demonstrated new techniques and a novel
design enabling structural composites to recover regardless of ambient conditions and

material types. Therefore, the aim of the research has been achieved.
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7.2

Contributions

The following are the key contributions of this study:

For the first time, it has been demonstrated that vessel configurations can have
significant negative effects on the mechanical properties and healing performances
of fibre-reinforced composites. This research has identified vessel configurations
that are suitable for self-healing composites.

This research has resulted in a practical method to enable materials, commonly
used in aircraft and satellites, to self-heal cracks at temperatures well below
freezing. No self-healing has been reported for materials operating under such
severe conditions until now.

The research has proposed and verified a design enabling the healing of structural
carbon fibres. Carbon fibre composites are used for their light weight and high
strength. Previous research efforts had focused on the recovery of the matrix of the
material. However, until the present work, structural carbon fibres could not be
autonomously mended.

The thesis has presented a new method allowing the recovery of the electrical
conductivity of conductive components in a composite material. Multifunctional
composites incorporating sensors or actuators often contain conductive
components. However, research on self-healing composites had previously been
focusing just on mechanical properties. This research has enabled not only the
structural component but also the functional or conductive component to be

repaired.
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7.3. Future work

The experimental results presented in Chapter 4 indicate that the introduction of carbon
nanotube sheets could cause a reduction in interlaminar strength. A potential solution
might be to include patterns on the sheet surface to preserve interlaminar properties

without significantly affecting heating performance.

Chapter 5 reported that 45% of the original strength of a carbon fibre composite
could be restored. As discussed in Section 5.3.7, the healing performance might further

improve if the values of Fibre strength o, Volume fraction of structural fibres V¢, Fibre

length factor F (17‘) and Orientation factor C, could be increased. This should be tested in

the future.

As reported in Chapter 6, research into the restoration of conductivity has
successfully achieved an average healing over all samples of 54%. Raising this to 100%
recovery is a possible avenue of enquiry. Another area of research is consistent healing
performance. This research has found that healing efficiency can be as high as 100% for
some samples. However, other samples may demonstrate very poor recovery, resulting in
a much lower average recovery. An important research topic would therefore be how to
obtain similar healing results across multiple samples. The last area of further investigation
related to the restoration of conductivity is a phenomenon observed during this study
where the conductivity of the samples started to decrease 24 hours after healing. It was
found that the healing would finish (full conductivity was achieved) after around 2-3 hours.
Then, after the samples were removed from the electric field, the conductivity would

reduce by around 1-2%. Research into this phenomenon would be of interest.
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