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Abstract

Fiber Reinforced Polymers (FRPs) are among the essential technological materials in the
industrial and research communities due to their excellent specific properties. The low
fracture toughness of the FPRs can consequence in detrimental damage phenomena that may
reduce their structural integrity. The repair of damage is both time and money-consuming.
Besides the traditional repair techniques, the approach of self-healing materials has attracted
the attention of the research community. Inspired by the biological organisms, self-healing
materials can heal (partially or fully) defects induced during service life by utilizing one or
more of the existed methods. The extrinsic approaches are the capsule-based self-healing
materials and the vascular. The intrinsic approach is based on the reversible dynamic bonds
inside the polymer.

The current thesis is based on the manufacturing of smart, multi-functional polymer
composite materials with self-healing properties. More analytically, the optimization of the
self-healing materials was accomplished via the nanomodification of capsule-based
composites that can restore both the mechanical and electrical properties simultaneously.
This achievement can lead to a composite that has both self-healing and self-sensing
properties- as well as integrating the structural health monitoring functionality. It should be
noted that the object of this thesis is only the study of the optimization of self-healing
properties. In the intrinsic approach, intrinsically self-healing polymeric films were
manufactured for easy application in composites. The reversible cross-links were introduced

using three bis-maleimide oligomers with different molecular masses.
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Iepidnyn

Ta wddn cvvBeTa VAIKE TOAVUEPIKNG UNTPOS OMOTEAODV M0 OO TIS ONUOVTIKOTEPES
Katnyopieg VAK®V kaB0TL Tapovstdlovy po TANBmpa 10TT®V 01 0Toieg dlEYEIPOLY TO
EVOLAPEPOV TNG EMOTNUOVIKNG KOWOTNTAG oAAG kot tng Prounyoaviag. H younin tovg
dVoBpaVoTOTNTA 0ONYEL GE ONUAVTIKOVG KOl «ETIKIVOLVOLSH Yo TV SOUIKT aKeEPALOTHTO
TOL GLVOETOV, TUTTOVG AGTOYING KOTA TNV OLAPKELD AELTOVPYIOG TOL EVMD 1 EMICKELY] TOV
atelel®v/PLaPdv 610 E0mTEPIKO TOV GLVOETOV, YapakTnPileTol amd VYNAT SveKoAin KOOMG
Kot avénuévo ko6otog. [Ié€pav Tov cupPatikdv TPoceyYicE®V EMGKEVNC, N TEXVOAOYIO TNG
avto-iaong (Al) éxet mpokaléoel HEYAAO EVOLOPEPOV GTNV EMLOTILOVIKT] KOWVOTNTAL.

Epmvevopéva amod toug floloyikohs opyaviGHovE, TO 0VTO-1AGTO VAIKE ETLTPETOVLY TNV
GYEO0OV ALTOVOUN O1AYVOGOT Kol ETOVAMGCT) TOV ATEAELOV TOV OVLVOTOL VO, CYNUATIGTOVV GTO
ECMTEPIKO TOV VAIKADV YPNCUYLOTOIOVTOG pio 1] Kot TePtocoTepes amd T1g nebddovg avto-
taong. H mpdtn Pociletor oty eVvo®OUATOCN KOWOLADV GTO VAIKO, 1 Oe0TEPN OTNV
eVoOUAT®mon ayyeimv 1 SIKTOHOV Kot 1] TPITN GE £YYEVAS OVTO-AGILO TTOAVUEPT).

2KomOg NG mOpovcos TP elval 1 TAPACKELT] TPONYUEVOV EEVTVOV TTOAV-
AELTOVPYIKAOV GUVOET®V VAMK®OV TOAVUEPIKNG UNTPAG LE IKOVOTNTO avuTo-taong TG PAGPNC.
JVUYKEKPILEVD, TPOYLLATOTOONKE 1| BEATIOTOTTOINGT HECH VOVO-TPOTTOTTOINGNG TG LEBOIOV
aVTO-10IOMG HE KAWYOVLAEG YO TNV EIGAYMYN TOVG o€ cLvleTa LAMKA dmov Ba pwopovv va
AVOKTOVV TIG UNYOVIKEG AAAGL KOt TIG NAEKTPIKEG TOVS WO10TNTES TV TOHYpOVa. O GLVIVAGUOC
NG OVOKTIONG TOV TOPATOVED O10THTMOV UTOPEL va, 00Ny oEL 6€ éva chivBeTo To omoio Ha
€xel TNV duvaTOTNTA AVTO-O1yveong TG PAAPNG Kot kat’ enéKTaon TapaKoAovLONoNS TG
OOUIKNG TOV OKEPOLOTNTOG LEGM NAEKTPIK®OV HeBOdwV. XNV dtatpiPn avth teptlapfaveTon
UOVO M HEAETN TNG OWTO-10IONG TOV UNYOVIKOV KOl NAEKTPIKAOV 1010THTOV TAVTOYPOVA KOl
Oyt g oavto-dwyvoons g PAdPnc. o v pébodo g eyyevovg avto-ioomg
TPUYUOTOTOONKE 1 KOTOGKELT) TOAVUEPIK®OV QAL BGTE Vo diveTol 11 SLVOTOTNTA GTOV

KOTOGKELOOTH VO EIGAYEL TNV TEYVOLOYIO LE EDKOAO TPOTO 6TO GUVOETO.
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1.1 Introduction to advanced, multifunctional polymer composites for
aeronautics

The first aircraft that contained composite materials was demonstrated in 1916 during World
War I. However, polymer composites have been used widely in aeronautics since 1980,
while approximately 780 tons of carbon and aramid fibers were used in aerospace. A
composite component was 25% lighter and 40% cheaper than the original metal structure
[1]. The Airbus A350 currently consists of 53% of composite material (Figure 1). Their high
stiffness and strength and low cost and weight have emerged as a significant and high class
of structural materials for lightweight applications. Other important benefits are their fatigue
behavior and corrosion resistance. Some limitations of composites are based on their low

electrical conductivity and sudden failure [2].
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Figure 1. Composite materials used in Airbus aircrafts. (Original source: AIRBUS INDUSTRY)

With the increasing use of traditional composites in critical structures with extended
service life, it was necessary to develop new and advanced, multifunctional composite
systems with an inherent capacity to detect-sense any mechanical damage or chemical
degradation as well as the ability to heal. By incorporating conductive fibers, such as metal
wires and carbon fibers, many researchers started to develop sensing and monitoring

capabilities using these fibers as interconnections [3]. Self-sensing composites may be very
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useful for aerospace composite parts in order to perform continuous monitoring of any strain
and damage. These composites can improve the safety of such structures and reduce

maintenance and repair costs by detecting the damage at an early stage [4].

1.2 Damage tolerance & conventional repair

The initial state of a system is typically considered as the initial condition of the material before
any changes are made due to its use. Changes that affect any function and/or performance can
be described as damage. Composites are susceptible to damage due to many parameters that
have a severe impact on the composite load redistribution and load-carrying capability. Their
complex damage mechanisms, such as delamination, matrix cracking, and fiber breakage, can
interact with each other, making the prediction of the failure difficult or even impossible [5].

Damage tolerance is the ability to predict the strength or load-carrying capability of
a material when it has been damaged by service loading or environment (high or low
temperature, humidity, etc.) [6]. This capability can be achieved at the design stage of the
material. The designer should have considered that the structure might suffer from any
damage during the service life without total failure until the detection of the damage. The
inspection of the structure is usually performed by Non-Destructive Evaluation (NDE)
testing using techniques such as IR-Thermography or ultrasonics [7,8]. According to the
results, the component must be replaced or repaired. A repair is necessary when the intended
stresses can no longer be met and/or an operating permit expires.

It is a major challenge to repair a damaged composite part to its original mechanical
property. Several conventional or traditional repair methods include patch repair, welding
process, in-situ curing of the resin, speed tape, potted repair, room-temperature or elevated-
temperature wet lay-up, and pre-preg repair. Each repair technique has its limitations and is
appropriate for specific damage characteristics such as the size of the damage, the kind of
the damage (interlaminar, intralaminar, etc.), the available materials, etc. The types of
damage generally in composite structures and the repair methods are more complicated than
in metals [9,10].

However, the repair processes are time-consuming and costly, complicated and need
specialized operators. The properties of the original part will usually not be identical to those

of the repaired one. Human errors and inconsistencies in repair processes can significantly
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influence the structural strength and durability of composite repairs [11]. All these
limitations led the scientific community to develop a new and beyond the state of the art

class of traditional repairing materials known as self-healing materials.

1.3 Self-healing polymers & composites

Besides the economic benefits of having longer-lasting materials, the limitation of the natural
resources also leads to the production of self-repairing polymers. Self-healing materials are
state-of-the-art technologies capable of healing and restoring internal damage or
functionalities in a material [12]. Inspired by nature, these materials can repair themselves
without any external intervention. The first self-healing material was manufactured in 1993,
and it was a white cement-based specimen that contained liquid methyl methacrylate
(healing agent) into hollow porous polypropylene fibers. In case of damage, the crack
propagates breaking the hollow fibers, causing the release of the healing agent and its
delivery into the pores of the damage. The wax coating of the fibers melts with the
application of low heating, and the agent polymerizes in order to heal the damage [12].

Due to their excellent properties, polymers are often considered a substitute for metals.
However, they are not as durable as metals; they have a low heat durability and lower
stiffness, leading to limited mechanical use [13]. Self-healing properties are the key to the
continuous development of polymers and their derivatives. The concept of self-healing
polymers and composites can be classified as intrinsic or extrinsic (Figure 2) according to
the mechanism the healing agent is sequestered into the material [14].

The intrinsic self-healing principle is based on the idea that polymers can restore their
initial properties through chemical or physical processes such as ionomeric bonding,
thermally reversible reactions, or molecular diffusion [15]. They exploit latent functionalities
triggered by induced damage or an external incentive. There is no healing agent isolated in
this case, but the matrix is inherently self-healing. With this approach, problems with
compatibility, integration, or reactivity of the agent with the matrix can be avoided. Since this
method is based on reversible reactions, the healing cycles could be multiple [16].

Extrinsic self-healing is a process that involves the delivery of healing components to a
targeted site in a material. This method is straightforward to apply in commercially available

polymers since there is no need to modify the polymer. The first extrinsic approach is based
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on the incorporation of vascular or hollow fibers inside the material mimicking the biological
systems such as the human blood network at one (1-D), two (2-D), or three (3-D) dimensions
[17]. The healing agent resides on the network or the hollow fibers or is introduced from an
external reservoir. The second extrinsic method focuses on encapsulating the healing agent
into discrete capsules at micro or nano dimensions and their integration into the material.
The healing process starts with the rupture of the polymeric capsule shell-wall or the vascule,
followed by delivery of the agent into the crack and polymerization [18—20]. In the case of
the capsule-based method, there is only one local healing cycle since, after damage, the
healing agent is consumed (locally). However, in vascular self-healing materials, the
network can be refilled by an interconnected channel or externally; thus, the healing cycles

can be more than one.

Figure 2. Schematic representation of the three self-healing approaches, a) capsule-based, b)
vascular, and c) intrinsic approach.

1.4 Structural Health Monitoring (SHM) & self-sensing

Structural health monitoring (SHM) is another functionality of composite materials that can
provide useful information about the structural integrity of the material. The techniques used
for SHM are based on non-destructive inspection or evaluation (NDE). With this
functionality, the periodic inspections of a component can be replaced. It could also reduce
the contribution of humans to the inspection process and decrease the possibility of human
errors. The user or the inspector can be informed immediately in case of any damage (on-
line structural health monitoring) from the sensors incorporated inside the material or
attached externally. The off-line SHM can offer data for the health of the material

periodically, i.e., when the user activates the inspection system [21].

42



Ph.D Thesis Maria Kosarli

Usually, the sensors have to be cost-effective, lightweight, and must not affect the initial
structural strength of the material. Some of them are the conventional resistance strain
gauges, fiber optic sensors, piezoelectric wafer active sensors, and electrical properties
sensors. Each type of sensor exploits different physical principles of the material in order to
monitor its health [22]. Bekas et al. [23] developed a planar interdigital capacitive sensor
that was attached (by printing) to the surface of a composite joint in order to monitor the
curing process of the adhesive and the progress of developed damage (Figure 3). The
composite’s structural integrity assessment was performed by monitoring its dielectric
profile via impedance spectroscopy measurements. The curing process was successfully
monitored, while the sensor was also able to locate the presence of manufacturing defects.
SHM results indicated that the sensor was susceptible to damage progress which was also
confirmed by infrared thermography. It should be noted that the sensor did not affect the

quality of the bonded area, and its weight was negligible.

» Interdigital sensor

CFRP joint
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Figure 3. (a) The printed interdigital sensor and (b) the sensor attached to the composite joint.
("Used with permission of Composite Structures, from Quality assessment and damage detection in
nanomodified adhesively-bonded composite joints using inkjet-printed interdigital sensors, D.G.
Bekas, Z. Sharif-Khodaei, D. Baltzis, M.H. Ferri Aliabadi, and A.S. Paipets, 211:557-563,
permission conveyed through Copyright Clearance Center, Inc.")
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However, the use of external sensors either on top or inside the composite can degrade
the structural performance since the sensors may act as damage initiation sites or internal
defects. In this ca