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RESUME

Certains systémes de télécommunication (BAN) ont été proposés pour surveiller les
accidents, I'emplacement des mines et I'existence de gaz toxiques dans les galeries des
mines. Les BAN sont des systémes de communication sans fil qui permettent la
communication entre les dispositifs électroniques portables et implantés sur le corps
humain. En raison de défaillances mécaniques et électriques des opérations de
télécommunication dans l'environnement minier, ainsi que de la difficulté, du coflit et
du temps nécessaire a la réparation ; L'utilisation de matériel Self-Healing pour les
systémes de télécommunications devient importante. Le matériau Self-Healing peut les
réparer avec ou sans influence externe. L'idée actuelle pour le travail de cette maitrise
a partir de mes recherches récentes sur les composites Self-Healing pour les
applications spatiales. Pour éliminer les dommages possibles et également pour la
surveillance de la santé des systémes é&lectroniques, une nouvelle génération de

matériel intelligent pourrait &tre une alternative appropriée.

Il existe de nombreuses méthodes pour organiser des matériaux Self-Healing qui
comprennent des microcapsules, des Ionomeéres, des Céramiques, etc., qui sont
actuellement utilisés. Dans un premier temps, 'effet du matériau Self-Healing sur les
propriétés électromagnétiques d'une fréquence radio(RF) est évalué. Deuxiémement,

la capacité de Self-Healing pour protéger I'antenne est atteinte expérimentalement.



ABSTRACT

Some telecommunication systems (Body area networks, BANs) were proposed to
monitor accidents, miner location and the existence of toxic gases in the mines
galleries. BANs are wireless communication systems that enable communications
between wearable and implanted electronic devices on the human body. Due to
mechanical and c¢lectrical failures of telecommunications operations in the mines
environment, and also to the difficulty, cost and time needed for repairing; using self-
healing material for telecommunications systems become important. Self-healing

material can repair them either with or without external influence.

The present idea for this Master’s work came from my recent research on self-
healing composites for space applications. For eliminating the possible damage and
also for health monitoring of electronic systems, new generation of smart material
could be a suitable technological alternative. There are numerous methods for
organising self-healing materials that include microcapsules, ionomers, ceramics, etc.,
which are currently used. In the first step, the effect of self-healing material on the

electromagnetic properties of a radio frequency antenna is evaluated.

Second, the capability of self-healing to protect the RF antenna is experimentally

achieved.
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Vector network analyzer (VNA)

Wireless body area network (WBAN)



INTRODUCTION

Recently, underground wireless communication has become one of the main

research areas in the telecommunications field.

Underground environments like mines are challenging for wireless
communication mainly because of the high path loss and also dynamic channel
conditions. However, many research studies have focused on the implementation of
wireless communication systems in underground environments to increase the safety
of the workers. In fact, underground mines are subjected to many fatal events. In
addition to the accident occurring in mines, other hazardous elements like toxic gases
such as carbon monoxide (CO), flammable gases like methane (CH4), fires, and
insufficient oxygen concentration could be appeared. Thus, there is necessity to
develop and improve advanced and updated technologies for underground safety of

miners, especially to the sensing process and monitoring. [El Azhari 2015]

Using of wireless body area network (WBAN) is one way for the monitoring of
miners in underground environment. WBAN is a kind of wearable sensors located on,
off, or in the body. Also, they can benefit civilian parts such as healthcare, personal
entertainment, sports training, and emergency services. For example, in hospitals,
clinics, and public transportation system, there is a need to relay personalized data to
and from individuals, in crowds, where the high frequency and highly directive beams
from small millimeter-wave antennas will reduce interference between users and other
communication system. Figure 1 show a scenario of soldier-to-soldier communications

for a battlefield operation where co-located soldiers are wirelessly networked to allow



high-speed commumecations within a disarranged urban warfare environment [Figure

1].

Moreower, for each soldier, there 1z an advanced technology which improves
situational awareness, lethality and survivability such as GPS (Global positioning
System ), helmet mounted display, RADAR bullet detector, ete. [Chakt 2014]
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Figure 1: Saldier-ta-soldier communications for covert batileficld operations. The black arvenws
represent same possible wireless links allowing data fransfer from one saldier ta another
[Chebrer 2014]

When WEAN: 15 placed close to the human body, wearable antennas need to be
designed in such away to operate in a rebust manner to minimize the body effect on
the antenna petformance. In fact, Patch antennas are one of the best options for off-

body communications. Because they are simple to design and low-cost structure 1n



addition, their radiation at broadside allows maximizing radiations at the opposite side

of the human body while reducing radiation towards the body. [Chahat 2014

Wearable antennas which have to be integrated with the transceiver need to be as
compact as possible. They have to be efficient with minimal power absorption inside
the human body that behaves as a highly lossy dispersive dielectric media. In addition,
they have to be light weight and, in some particular cases, conformable to the human
body shape. Recently, researchers are working on the influences of human body on
irradiation properties of antenna. Chahat has demonstrated that the reflection
coefficient is very slightly affected by the human body, and the radiation pattern
remained stable at the opposite side of the human body as well [Figure 2]. These results
have shown that micro strip patch antennas are only slightly sensitive to the human

body proximity at 60 GHz. [Chahat 2014]
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Figure 2: Simulated reflection coefficient of the microstrip patch
antenna. — In free space. — — On the skin-equivalent
phantom. [Chahat 2014]



WEAN used wiudely applicatiors m bioreedical fheraper, healthcare and
entertaintrent as well Hecently, researchers have focused more o developng s
sietern tec hnologies which have been conducted in several directions, such as on- of
off-bodsy wearable antenna desizn and ophinization, WBAN body channe ] modeling,
and analysis of the e ffeets of hurnan body on wareless pe rfornance. [Gao 2017

Underground worang 1z one of the most dangerons and hazardons eraromment,
Howrenver, for mivate industrsy, safetyis undodtedlsythe most inportant factor, Figure
3 theplate & sehematic of WBAMN fechinlogy in the tnine gallery

Figure 3: Representation of the BAN system in
-a muine environnenent. [E1 Azhari 2015]



There is permanently potential of accident events in the underground mines, and
these accidents lead to fatal injuries, death of miners, and huge economic losses for the
mining sector. For example, there were 300 coal mine explosions reported with 1037
deaths and over 600 injuries of coal mine workers between the period of 1981 and 2007
in the South African underground mines. There is a report in 1994, which presents rates
for mining occupational injuries (per 10000 full-time workers) of 11:8 for disorder
associated with repeated trauma, 6:6 for dust diseases of lungs, 3:0 for skin diseases
and disorders, 1:8 for disorders due to physical agents, 1:2 for respiratory conditions
due to toxic agents, and 1:4 for all other occupational diseases. To avoid the great loss
lives of workers, safety is as mentioned earlier an important factor in the underground
mining environment. The automated real-time remote monitoring system is established
to monitor the gas levels in three different areas: entrance, stop, and stair regions in the
underground mine. Remote monitoring refers to the access and monitoring of a device

(in this case gas levels) from a distance location. [Raheem 2012]

Toxic gases are extremely prevalent in the underground mines and they cannot be
easily detected by human senses. One of the solutions for monitoring of toxic gas in
the mines is RF technology. Radio Frequency Identification (RFID) tag is used to
monitor the toxic gas location and transmit signals to the connected sensors to read the

gas levels at a specified time and store them via the gateway to the mine server.

This technology is suitable to observe even the critical level; and alerts the mine
safety officers on the critical situations in the underground mine regions. Then the mine
managers should have communicating with the miners about the actions to take.
Figures 4 shows photography of miners working in an underground mine and, a mine

with a cloud of gas suspended in the air, respectively. [Raheem 2012]
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Mire Gas Sispemsion i air
Dnthe other hand, falure geewrs die to 2 distophon of elecmeal condue i tras 2

result of frachie or debonding, both wathin conductre pathiwa ys amd at mterconneets
lead to ling of Lifetme of an electrome desace | Woreowver, mecharoeal affecis the
love-terrn performance of lithaurweion batteres 1o the miegrated ciremts In 1he
bigheries, repetiion of Lithiatioor and delifiiation of elestrodes lead o perhele fracture
atid elechical 1salationg and fivallyresulting n 3 decreass thbatetycajpenity. Aetually,
the Tifetime of elec romic matemals by restormg of antonormous: condustraty theoush
the release of copductme materials from embedded capeules cat be exterded wathant
e g any dsassermblyand repsir of damagzed components [Cidoo 201 2]

Basically, when 4 twalenal iz under stess, the defects like cracks ot wouds
developed during the life tme and lead to its falure Comseemently; 1it's repminng
necessities hrman migrvenbon, Inspred bythe natue and biolosy scrence . materal
sciembists came ont with & solufion wherw the matenal can repat e lf Indeed, srther
1 bk am oo arareeal Bodiy whetiah ey hapge ved, oy stans to reparritzelibhopwdach
isoalled “Felf-Healme™ or *“Self-Fepaiiing™ proness. The healing pan be antonomiie of
entermallyrassisled ke heat, hizht or elee Binal sipnal & considershle poont 3s that when
a defect ke crack starts o propagate, the healme process will statt mstantly: The sali-
healimg daded to two olasses, extonsie and mtnnee (Fiznes 5and 6)



Ewnthiwlic rodie Bictagical fwulv

!

i

it

Wessanye

L kimie - L wiinm

Figure 5: Synthetic materials and hiological systems routes to
healing [Blaiszilk 2010]

In the extrinstic part, the healing agent 12 an extra material, embedded within the
onginal structure, for example placed inside microcapsules. When a crack appears, it

leads to break the microcapsule and filling the crack with healing agent.
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Figure 6: Schematic examples self-healing; (a) Extrinsic, (h) Vascular,
(c) Intrinsic [Blaiszik 2010]

In the case of intrinsi ¢ self-healing process, the matetials (e.g polymer) will repar
themselves under cettain condition, like mechamecal stress or temperature.

[Francescom 2012]

The goal of study 15 the protection of BF anfenna ctrouts and BF instruments in
general that are operating in the underground mine environment, by self-healing
material film, Also, toincrease their lifetime, resin epoxy and microcapsules are added
to mixture. Mereover, carbon nanctubes (CTg) were added to improve the mechanical

properiies, and in some extend the electrical properties as well.
State of Art

To the best of cur knowledge, this is first application of self-healing matenal For a

EF antenna operating ih underground mines,



CHAPTER 1

REVIEW

RF SELF-HEALING

Recently, self-healing for RF antennas and circuits attracted increasing attention.

There is potential for circuits to have various defects and then lead to break. Especially

for the miniaturized systems, for economical reasons and for saving the time, self-

healing phenomena can be considered. Scientists are working on different kind of self-

healing technologies for multiples purposes. Table 1 shows different kind of self-

healing reasoning.

Table 1: Reasoning for self-healing electromics [Frei 2013]

Method

Reasoning

Data-restoring algorithm

Development of algorithm; laboratory hardware
demonstration

DNA approach

Theoretical development awaiting hardware implementation

Healing nano-tubes

Nano-tube suspension in capsules demonstrated; healing of
electronic material to be demonstrated

Healing capsules

Laboratory demonstrations showing healing of electronic
material

Melting fuse

In active use for several years for production repair and in-use
self-repair

Embryonic

Hardware/software at conceptual stage; some instances of
hardware validated in a laboratory environment

Software and formal methods
for redundancy

Technology concept formulated

Sharing of local/global diagnosis
information

Technology concept formulated
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1.1. Liquid metal

1.1.1. Liquid metal in micro channels
Dickey et al. used liquid metal as microcapsules to self-healing applications.

[Dickey 2014]

Liquid metal (Eutectic Gallium Indium, EGaln) was injected into the elastomeric
micro channels. By cutting the wires with a blade, oxidation allows the liquid metal to
remain in the channels and also stay flush when interfaces are made by cutting. With
pushing the wire to back, initial shape physically, then polymer self-heals by hydrogen

bonding and establish the electrical conductivity again.

Because mercury is a toxic element, another alternative like EGaln which forms a
thin oxide layer on its surface, was considered. Participation of oxide interferes with
electrochemical measurements, alters the metal fluid dynamic behavior. Dickey has
showed that solid oxide “skin™ leads to new usages for liquid metals, including self-
healing circuits, shape reconfigurable conductors, and stretchable antennas, wires, and

interconnects.

Most of the metallic elements are solid at room temperature, but there is another
group of metals which are liquid at room temperature, like Mercury, francium,
caesium, gallium, and rubidium. Francium is radioactive, caesium and rubidium are
both explosives, and mercury is toxic. So, only gallium and its alloys are proper for

safe applications.

In the presence of oxygen, gallium surface makes a passivating oxide layer, which
provides a physical, chemical, and electrical barrier which can hinder the metal to be

in direct contact with the environment.
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Self-healing wires made by injecting EGaln into microchannels which is
composed of self-healing polymer. Another possible way to make self-healing wires is
dispersing liquid metal droplets in polymer which is then placed on the conductive
traces of gold. After the cutting by blade, the gold breaks, and liquid metal escape from
the polymer matrix and contacts the resulting gap. Hence, alloys with the gold material

could help to regain electrical conductivity along the gold pathway. [Dickey 2014]

1.1.2. Liquid Metal in Wire

Palleau has fabricated a wire of liquid metal which was injected into
microchannels composed of self-healing polymer [Figure 7]. Cutting by razor leads to
oxidation the surface of the liquid metal, and forms a thin oxide film. The film prevents
the metal from escaping from the microchannels and also makes it flush with the

interface of the channel. [Palleau 2013]

This film also helps the metallic element to adhere to the polymer. EGaln was used
as liquid metal because of its conductive pathways with high electrical conductivity
that benefits from the low melting point (15.7 © C) and low viscosity, showing a
promising way to create both mechanically and electrically self-healing composite.
Metal is able to be shaped via its injection in microchannels, which could be useful for
antennas, interconnects, soft electronics, reconfigurable optics, and micro fluidic

devices.
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Figure 7: (i) Illustration of the disconnection and reconnection of an
electronic circuit with using a self-healing wire (SHS) (ii) Disconnected circuit

(iii) EGaln channel to be aligned for restore electrical conductivity.

Self-healing wires can increase the clectronic components lifetime and are also
mmportant for the field of stretchable electronics in which components could undergo

significant deformation.

The self-healing wires offer a new solution to self-rewire electronic circuits and

are a potential way for reconfiguring micro fluidic channels into more complex shapes
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by a razor. On the other hand, coverage of liquid metal as microencapsulated droplets
in the polymeric material could lead to a damaged film of gold to self-heal electrically.
The mixture of self-healing polymer (Reverlink®) structured with microchannels filled
with liquid metal (EGaln) is a new method to the manufacturing of shape-

reconfigurable and electrical self-healing stretchable circuits.

After cutting by razor, with joining the two parts of the self-healing wire, the
electrical conductivity restores instantly. Alignment of two wires by hand depends on
hand-eye coordination. Palleau has succeeded to align the wires with a diameter of 100
um. After alignment, the liquid metal (EGaln) components connect together forming a

conductive wire again. [Palleau 2013]

1.1.3. Liquid Metal in Capsules

Dadi et al. have used liquid metal as healing capsules having diameter of 10 um.
They were coated along the external part of the component with self-healing material.
By initiating a crack, the microcapsules are broken and then release the liquid metal
into the crack. After filling the crack, electrical flow is established again. [Dadi 2012]

Figure 8 and 9 showing a schematic of this self-healing method as capsules.
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Healing =
conductivity
restored

Figure 8: Illustration schematic of self-healing circuit process.

In another work, Blaiszik has proposed an electrical self-healing method to restore

electrical conductivity in a broken circuit automatically.

Release and transfer of liquid metal microcapsules to the area of damage are the
bases to this self-healing method. Because EGaln alloy has relatively high conductivity
of 3.40 x 10" S/cm and a melting point around 16 °C, proposed as the healing agent.
Also polymeric urea-formaldehyde (UF) was used as shell wall for encapsulation of

EGaln. |Blaiszik 2011]
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Figure 9: A schematic example of autonomous conductivity restoration
concept in a microelectronic device. a) Liquid metal microcapsules distributed
in a dielectric material to self-healing. b) A crack leads to breaks the
microcapsules. ¢) The liquid metal flows from the microcapsules to the

damage zone, and then restoring a conductive pathway.

In fact, electrical conductivity was recovered with low quantity of smaller EGaln
microcapsules specifically located at the damage site. With decreasing the
microcapsule size or increasing of their volume fraction, probability of intersecting and
rupturing a capsule with the propagating crack will increase as well. After the
propagation of the crack and the rupture a microcapsule, the liquid metal is released

and makes an electrically conductive pathway where the electrical conduction
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restoration happens with high efficiency. With considering the size scales of the circuit
damage, optimal conductance restoration may need a variety of capsule sizes. Self-

healing procedure and some SEM images of system shown in the figure 10.
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Figure 10: Self-healing circuit components, multilayer test specimen, and
evidence of triggered release. SEM images of: a) ca. 200 p m diameter Ga-In-
filled UF microcapsules; b) ca. 10 p m diameter Ga-In UF microcapsule; and ¢)
ca. 10 p m diameter capsules patterned on an Au line. d) Schematic image of a
multilayer test specimen consisting of a glass substrate with a 100 nm thick Au
line pattern, epoxy dielectric with dispersed Ga-In microcapsules, notched glass
top layer, and acrylic bottom layer. Crack damage iitiates at the notch root
and propagates through the specimen before arresting and debonding at the
acrylic interface. e) Cross-sectional SEM image showing the location of the
damaged area and subsequent liquid metal release (false color). f) Micro-CT
data, with schematic superimposed, showing microcapsules and liquid metal

that has been released mto the crack plane of a healed specimen. [Blaiszik 2011]
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Blaiszik et al. have also demonstrated successful autonomous recovery of
electrical conductivity in mechanically damaged circuit. This kind of Self-healing
method of circuits will increase the lifetime and reliability of devices in mechanical
environments, and also it 1s enabling new applications in microelectronics, advanced

batteries, and electrical systems. [Blaiszik 2011]

1.1.4. Liquid Metal and Single Walled Carbon Nanotube (SWNT)

Aissa et al. have designed by the UV assisted direct-writing technology a fluid
patch antenna which is operating at the S-band frequency domain, and based on an
electrically conductive nanocomposite, that is composed of EGaln and Single Walled

Carbon Nanotube (SWNT) material. [Aissa 2013]

The fabricated fluidic antennas have shown an increase both in their electrical
conductivity and reflection coefficient as a function of the integrated quantity of SWNT
(results were supported by simulations works). As mentioned, Aissa et al. have first
utilized a UV-assisted direct-writing technology to design the patch antenna onto a
PDMS substrate, followed by injecting and encapsulating the conductive
EGaln/SWNT nanocomposition. [figure 11]
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- Metal

Substrate

PDMS

Figure 11: (a) TEM images of SWNTs. (b) dimensions of the micro strip
patch anteima (c) top-view image of the epoxy/SWNT-based filaments
deposited by UV-assisted direct writing technology on the substrate. (d) top-

view image of the patch antenna prototype.

On the other hand, they have demonstrated that SWNTs have a direct effect on the
long-term stability of the antennas by mechanically bending them more than 12

months.
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1.2. Carbon Nano Tube (CNT)

1.2.1. CNT as a Microcapsule

Baileya et al. have used the CNT as microcapsule with epoxy for self-healing
purpose. Having an EPA (healing solvent: ethyl phenyl acetate): CNT core in
microcapsules, contribute to electrical conductivity and mechanical properties were
restored to be 64 % and 81 %, respectively. Figure 12 shows when a crack occurred,
the microcapsules are broken and fill the crack path by the healing solvent. Using the
electrically conductive epoxies (ECAs) for external coatings will contribute to

electrically self-healing. [Baileya 2015]

o
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o® o° @ o * Microcapsules containing
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eNT:\
Hardener:/

Coating is applied to
substrate for testing
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Electrochemical Impedance Tenslle loading with simultaneous electrical
Spectroscopy — verify electrical measurement - % of mechanical and electrical
conductivity and barrier restoration restoration

Figure 12: Sketch of the studied samples and evaluation tests.
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However, the main element that ensures an electrically conductive self-healing is

the carbon nanotube material. Because of their excellent electrical conductivity and

also high aspect ratio, CNT are an excellent option for regenerating the electrical

conductivity. Using the CNTs may increase brittleness and then cracking. They made

two self-healing coatings contained microcapsules filled with EPA and either epoxy

with CNTs or without CNTs [Table 2]. Therefore, two different methods were used for

self-healing evaluation. First, electrochemical impedance spectroscopy (EIS) which is

a non-destructive method and, second, test method was a novel in situ electro-tensile

test. In fact, EIS was utilized to assess the potential of the CNT and without-CNT

microcapsules to bridge and restore cracks.

Table 2: Summary of tested compositions (DET A concentration in all cases

was 12.4 wt%), and average initial electrical resistance values (R0).

Purpose

Microcapsule
core
composition

Coating composition

Average initial
resistance (RO)
[MQ]

97.5 wt%
Mechanical and electrical ECNT + Mi les:
echanicaland electica | ppap s wroe | oo T VICTOARSWES: g 661012
healing diethylenetriamine(DETA)
ECNT
97.5 wit% . .
Mechanical healing EPA2.5 wigs | LonT + Microcapsules: 1y 45, 55
diethylenetriamine(DETA)
EPON
Control (Electrochemical
Impedance spectroscopy
L 100% i
—EIS- and in situ electro hexviacetate ECNT + Microcapsules: 1.55£0.26
tensile loading)—effect of (HA\)/ diethylenetriamine(DETA) | 7~
microcapsules on coating
properties
Control {EIS and in sit N ECNT:
ontrol (EIS and in situ o 0.45+0.23

electro tensile loading)

microcapsules

diethylenetriamine(DETA)

Control (EIS)—effect of
conductive capsule
solution on

No
microcapsules
impedance

EPON:
diethylenetriamine(DETA)
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They used 97.5 wt. % EPA: 2.5 wt. % ECNT for Microcapsule core composition
and ECNT + Microcapsules: DETA for coating composition and for mechanical and

electrical healing.

Figure 13 shows a cross-section view of the microcapsule, which it’s inside smooth
and rough outside. The detailed view of the internal surface of microcapsule which is
in contact with the healing solvent (EPA: ECNT) is available in Fig. 13b. This surface
is capable to decrease mass transport of the material through the microcapsule shell.
Then, it leads to relatively better containing healing agent in the microcapsule until
damage occurs. In contrast, Fig. 13¢ shows outside surface of the microcapsule which

is rough due to agglomeration of UF Nano particles.

Figure 13: (a) broken capsule (b) inside of microcapsule and (c) outside of

microcapsule taken by SEM microscope.
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Figures 14a and 14b show the optical micrographs of original and healed cracks
of asample of pure ECNT deposited on substratum where the crack is still present after
24 hours. Also, there are similar results for HA capsules were added into the film.

Crack width values are shown in the micrographs.

Figure 14: (a)micrographs of a crack in ECNT coating without
microcapsules (b) after 24 h (¢) in ECNT coating with microcapsules

containming EPA:ECNT after cracking (d) after 24 h.
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EIS testing demonstrated that coatings containing microcapsules with an EPA:
ECNT or EPA: EPON core lead to improved barrier restoration, and also when
microcapsules with an EPA: ECNT core were incorporated into the coating, electrical

conductivity and mechanical properties were restored to 64 % and 81 % respectively.

1.2.1. SWNT and Graphene as Microcapsule

Odom used microcapsules including suspensions of polymer-stabilized carbon
nanotubes and/or graphene flakes for the conductivity self-healing in fractured gold
lines. Advantage of using the CNT is bridging a gap in gold line with preferential

orientation because of electric field migration.

When the sample broken, a crack formed in the gold line, then conductivity will
be lost. Once the carbon nanotubes and/or graphene suspensions from capsule cores
released in the same time, conductivity restored instantly. Electronic materials lifetime
can be extended with conductivity self-healing via the releasing of conductive materials
from embedded capsules, without repairing of damaged components. Autonomic
restoration of conductivity of fractured patterned gold lines by damage triggered
release of polymer-stabilized carbon nanotube and/or graphene suspensions is shown

in Figure 15.
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Figure 15: (a)before any damage; (h ) afier damage, Fracture of gold line
and then release of SWCINTe and fox grapheme from microcap sules; and {c)
afier restoration, where the cond uctive particles Tave hridged the gip on the

gold hine

Sddiiomally, Whcrocapeules can decrease the polential of shori cirmwhing of
electionic cirourt componerits when electie field mogration nesngates the carkion
narmmaterals prefereritdllv o the frachwe momes wathiy each gold bne, as opposed 1o
a tamdora erystallization of charze transfer salt oy capillary-dirvan delivery of ligud
wetal, (See Figure 16)
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Figure 16: bridging of carbon nanotubes in a gap of gold line with

preferential orientation due to electric field migration.

This method doesn’t need any external intervention or reliance on back-up circuits.
These microcapsules compare to the transfer salts and liquid metal eutectics, are more
compatible in environments like lithium-ion batteries where anodes are often made
with graphitic materials. Also, microcapsules reduce the potential for short circuit.
Odom et al. have used the conducting polymer poly (3-hexylthiophene-2, 5-diyl)
(P3HT) as an additive to gain stable CNT and/or graphene suspensions in the solvent
o-dichlorobenzene (DCB) to improve the efficient release and assembly of carbon

nanomaterials from broken microcapsule.



27

Deposition of the solution on gold lines with pre-fabricated 5 um gaps, helped to

analyze the electrical behaviour of these suspensions. [Figure 17]

Figure 17: TEM images of dried suspension on carbon grids (a)—(c),
optical microscopy iiages of microcapsules suspended in mineral oil (d)—f),

and SEM images of microcapsules coated with Au/Pd

By applying a 5V potential across the gap, the carbon nanotubes moved to the gap

in the gold line preferentially with the direction of the applied electrical field.
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They fabricated microcapsules including suspensions of graphene and a
combination of SWNTs and graphene. In fact, both suspensions of SWNT and
graphene are being able to efficient self-healing. Averagely, complete conductivity
self-healing happened in 25% of samples and also partial self-healing occurred in 50%

of samples, and only 25% with no healing response.

1.3. Resettable Fuse

This kind of fuses utilize a thermoplastic conductive element known as a
Polymeric Positive Temperature Coefficient (PPTC) thermistor that impedes the circuit
during an over current condition (by increasing device resistance). The PPTC
thermistor is self-resetting in that when current is removed, the device will cool and
revert to low resistance. These devices are often used in acrospace/nuclear applications
where replacement is difficult, or on a computer motherboard so that a shorted mouse

or keyboard does not cause motherboard damage. [Kishore 2014]
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L4 Light Self-Healing

Fangz et al. have proposed a hzht-powered self-healing electical conductor for
wearahle devices (e g, the electrorie skin, sensittve to mechanical rotion). Cormpare
to other self-healing methods, his method wath helpng the green lizht radiation can
heal the damaged electical conductor rach faster (less than 3 ran). [Kangs 2014]

Fizure 1% shows how cracks be healed by heht. The v have used an epoxy based
arnorphons polsnet, poly (disperse orange) 3 (PDOS) as azobenzene mate nal.

‘Bafn e healing

Fr L

Figure 18: Lighi-powered healing of a crack
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Kang et al. have also used a photochromic soft material or photofluidic diffusible
polymeric backing layer (azobenzene material), and this material was found to be able

to be directionally diffused along the light polarization.

Also, regardless of crack propagation direction, light incident angles, and the
number of cracks with respect to light polarization, this material diffusion directionality

enables an efficient healing method. [Figure 19]

Figure 19: Various stages of light-powered healing of linearly cracked
PDO 3 films by SEM microscope.

By light healing method, silver nanowires can be deposited as conducting material

on the top layer of the photochromic soft material.

Also, healing method can be repeated for 3 times. Directional photofluidic
diffusion of AgNW (Silver nanowire) mesh/azobenzene material, distributes the basic

concept of light-powered healing for remote restoration of multiple irregular cracks on
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curvilinear substrate (for wearable devices applications). Light-powered healing needs
improvement in the repeatability and this is crucial for realistic wearable electronic

devices applications.

1.5. Software Self-Healing

1.5.1. Self-Healing by Oscillation principles

During the last decade, System-On-Chip (SOC) method has been performed to
integrate digital, analog and RF circuits on a single chip to miniaturize wireless
communication systems. In addition, SOC method is a promising solution for the
miniaturization of RF systems, but it is restricted by Low-Q passives and substrate
coupling. Other approaches for miniaturization are System-On-Package (SOP) and
System-In-Package (SIP) approaches which have shown potential to better integration
of digital, analog and RF performances. Even though, these related technological
advances have been reduced many problems associated with manufacturing complex

integrated RF systems.

The manufacturing cost of RF systems is still a major concern for industry because

of high test cost and yield issues of RF circuits.
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Reducing the transistors size will lead to:
- Lower power consumption
- Higher integration of systems on chip

In addition, the power amplifiers will suffer from lower supply voltages and
Process-Voltage-Temperature and Environment (PVT-E). A self-healing method can
help to repair any differences in the RF-power amplifier caused by PVT-E variations
and decrease overhead on the RF-power amplifier system. By performing self-healing,

the efficiency of the RF-power amplifier can be increased.
There are several methods for acquire the data required for RF self-healing:

- A common method is based on the self-resonance method. In this case, the RF
circuit 1s brought into oscillation and its output signal is investigated. The resulting

waveform can then be used as input parameters for the self-healing algorithm.

- Another method is to determine the amplitude of relevant signals and uses these
in the self-healing feedback loops. Most amplitude detectors consist of simple circuits
and use little space and power. One of the main disadvantages of this method is that
the phase and shape of the signal is disappearing, and then smart measurement points

and relations should be used to measure the relevant parameters.

It is possible to gain detailed information on the power amplifier’s (PA)
performance conditions by utilizing expensive measurement equipment. The acquired
information from these measurements can then be used to improve the sub-optimum
performance of the PA which would lead to decreased design margins, but this is a
time consuming and costly. Also the information of input and output signal of the RF-

power amplifier is limited.
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Figure 20: Sell-healing system

FPower amplifiers suffer from FVT-E  (Frocees-Voltage-Temperature and
Ervironm ent) vanabons wiich are normaeally slow proceszes, but have hugh impact on
the amplifier bebavior and peformance. These variations caiised by PVT-E cat he
removed by a 2elf -healing svstem [Fraure 2]

It azelf-healing system, amplifier properties are adjustedto ocompenzats any PUT-
E differerices that coccurred dunng production or opstation. which 15 achieved by

azsuming that the amplifier 15 different from the 1deal one

Eecently, miniatunizing of the BF systems can be dote by Svstem -On-Chap (2100,
Systetn-Cn-Package (SCF) and System-I-Package (SIF) approaches Tn Back 30C
integrate the digital, analog and BF circuits fo g wnform clup. Although all of these
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Sbhilash proposed & frawework for this problera. This framework meluded lovwe
cost testing methodology for BF amplifier [Fizure 211 Tt uses low fre oquermy signa
and by to integrate RF substates to an embedded BF pesave filter. Oseillation
prnciple used 10 enable festing of RF civeuits without swgrertemal influsnces. Secomd
pert of this framework 12 tnereasing the BF et weld for parame e defect which
included « diagnosis algrrthr for ident By damaged civeuits. [Abhilash 2011]
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Figure 21: The self healing framework for RF cirewits.
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In e cutrent self-Realing methodology:, falure dete ciion petfoted by predictiye
ogrillation-based testme which 15 developed for oh-clap teshrg of BF amphfier
Therefore, detection of fanlts wall be possihle, becanse of exnstence mapping between
test sizyminre and LA spectficalions: Ahilash et al. hees proposed for fivst e, weld
pproyETrent utthong oscllation pranciples, Inaddition, s healing BF coomts can
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Lotually, calibesbord correcton procedire can be one-time or tterative, &lso, the
terative mocedwe leads to logh weld eeoovermr bt time comswrmans. Shalash for
detnonsiate the self healing; anndate two LMAs, 50 HET LMA& and CHDS RE
LM &, For the fitst ove, two haging kuobs used fhr change the hias carent (1 hiss) and
valtage to change capacttance 1n the LE tank. [Figure 25]
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Llso, to deletmane the LHA samples for self-calbrabonfeorection, & norlmeat
precichon model developed from Blonte Carlo simulabon method by mulbseamate
arlaptrve ecresmon splines (WVIARS) Dioate Carlo-sunulanorn conducted wth 300
LiThs Ths prediction model appbed 0 predic siell siznal transrission gam and 1-
dB compression pomit (P1AB, dBm), The jredichon model perfurmed to find
sperdicatione and predicted gam.

The &bilash methodolnzy has been showed on anerbedded BF LH & m the BE
trooit-end sisteuns. [t Kas been shovm through sunnlations that & sizraficant s ld
traproveent of the BF amplifier can he obtained bythis methodolog . Bath a bioard-
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level prototype and a chip-level prototype of the self-healing LNA have been
demonstrated. Also the performed experiments results were encouraging and it can be
concluded that the methodology can be considered as a new solution for the
development of future self-healing RF systems. Also, Abilash demonstrated for the
first time that RF amplifiers can be tested for their specifications using oscillation
principles and yield improvement using oscillations principles for active RF circuits.
As shown in the table 8, the novel achievements of Abilash thesis are summarized.

Table 3 exhibits the example of the software RF self-healing methods.
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Table 3: Examples of the software RF self-healing methods (feedback loop and eDNA architecture).

Innovation and

SH method . Method
Important points
In fact, eDNA architecture included a distributed array of multiple homogenous processing units called electronic cells
eDNA architecture and and The duty is to implement the eDNA program, which is specified by the programmer. Also eCell contain a
eDNA Architecture microprocessor and a 32 bit ALU which is configured by the microprocessor to do a function described by the gene. The

the eDNA program

DNA is a program written for the eCell microprocessor, which performs self-organizing and self-healing of the eDNA
architecture. All eCells contain a copy of this program.[Boesen 2011]

Feedback loop

Yield improvement
utilizing oscillation
principles. Self-healing
RF circuits can be
controlled by
calibration/ tuning
knobs.

The proposed methodology is based on oscillation principles in which the Device-Under-Test {DUT) itself generates the
output test signature with the help of additional circuitry. In the proposed methodology, the self-generated test
signature from the DUT is analyzed by using on-chip resources for testing the DUT and controlling its calibration knobs to
compensate for multi-parameter variations in the DUT's manufacturing process. This methodology does not require the
use of external test stimulus for performing self-healing because the stimulus is self-generated by the RF amplifier, with
the help of additional circuitry and by using oscillation principles {feedback loop).[Abhilash 2011]

Feedback loop

A low power signal
waveform sampling
system for self-healing
RF-power amplifiers is
designed and
simulated.

Integrating the measurement circuits in the same chip and use the measured RF-signals in a feedback loop to correct the
performance of the RF-circuit.[Huiskamp 2015]
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1.5.2. Feedback Loop

Husikamp et al. have proposed a self-healing methodology that integrates the
measurement circuits in the same chip with using measured RF signal in feedback loop.

[Huiskamp 2015]

Integrating the Measured RF signal
Measurement circuits In

Feedback loop

In
The same chip

Figure 26: Self-Healing methodology.

In this system, if assuming that the amplifier is different from the ideal amplifier,
its duty is compensating for any PVT-E changes that occurred during production or

operation. In addition, controllable parameters like biasing voltages, bias currents and
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matching networks must be changeable to compensate to PVT-E influences. [Figure

26 & 27]

For the realize of -Biasing voltage
Self-healing -Bias eurrents Should be Changeable
compensation -Matching network

Before any
Compensation

Simple amplitude
Detectors

Amplifier information Sensors system
Is Should do that
Required And they can work:

Full ADCs

Figure 27: Self-healing algorithm

Basically, for performing the compensation, amplifier information is required, so
some sensors should be adjusted in design. They could range from simple amplitude
detectors to full ADCs. Although, DC sensors could be applying to measure bias points,

but they cannot return amplifier information.

However, Sampling the RF-waveform with an ADC will retumn the information,

but that is power inefficient. This approach the baseband ADC of the baseband



processor can be ublized to ssmple 5 energy etfictent This weay focused on the clack
zeherabion and fhe sampling sistetn. Howeset, the baseband processor and AT are
coatsde of the scope of thos project
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Fizure 28; S hematic of the designed sysiem

A tuathy: 1nthe tuodean electicnie tansmitter systemns, the sighal 15 prodored by o
digital basebvmd processor which modulates the data siznal. After, the stenel commert
ta the avalog domanm and the modulatend dats siznal 19 then covwrerted to the camer

frevuency [Figure 23]

Usnally, m the cument systern, the delayloop s clocked wath the PE Beguency
anidoreates the differeit phases forsample the relevant FF-weave forms of the PA, Also,
the sarnple and circiits reta the eoually spaced swiles over one period of the weve
forrn . Hance, they corsvert by the AD0C from the srelog domeatn to the digital dovsin
and also, the digital smples covsert v the DFT to the sinmsoids, The curent systen
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can acquire the RF-signal characteristics by converting the high frequency RF-signal
to DC values. In addition, they can be sampled at low frequencies. Because the ADC
can work at very low speeds, so this saves a lot of energy compared to the Nyquist

speed ADC. In the Figure 29, proposed system is shown;

This work |

Delay Locked Loop

Complex harmonics

i
|
|
i
| DFT

Sample and Hold > ADC

Figure 29: Designed system.

Huiskamp et al. have designed a low power signal waveform sampling system for
self-healing RF-power amplifiers is designed and simulated. Also, the sampling system
samples RF-waveforms at equally spaced points across one period of the fundamental
frequency. Seven samples are needed to define the RF-waveform up to the third
harmonic. The information about the RF power amplifier can be returned and this
information can be utilized in a self-healing system. However, table 4 illustrate the

comparison of two methods. Table 4 shows summary of feedback loop self-healing;
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Table 4: Summary of feedback loop self-healing based on Husikamp study

Self-Healing method

Comment

Integrating the measurement circuits
in the same chip and use the measured
RF-signals in a feedback loop to correct
the performance of the RF-circuit.

Compensation of PVT-E (Process-
Voltage-Temperature and
Environment) variations which are
normally slow processes but has great
impact on the behaviour and
performance of an amplifier by self-
healing method.
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CHAPTER 2

2.1. Theory behind the self-healing process

In general, the self-healing processes are divided into 4 main categories [Aissa 2014]:

Capsules and/or particles randomly distribute into the structure;
Organized net based on hollow fibers system:;

Organized net based on wires (shape memory alloys, fibers and conductive
metallic wires).

Organized net with an external triggering system.

For example, repair process implemented within composite materials is a kind of

self-healing with capsules. In this system, a monomer is encapsulated within a

microcapsule and then dispersed along with a catalyst (generally a Ruthenium based

catalyst is employed). Once the microcapsules break (rupture) upon a mechanical

impact for ¢.g., the monomer flows within the crack and is polymerized once in contact

with the dispersed catalyst. In this way, the micro-fissure is repaired.

Another approach is to add a triggering mechanism to a passive system. In such a

case, the repairing process is activated externally. For example, the sunlight may serve

as the triggering mechanism. At the same time, the sunlight may be used to improve

the efficiency of curing process.
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Healing materials increase the safety, reliability and lifetime of airframe, launcher,
and space structures, by reducing the propagation of fatigue damage and mitigating the
growth of small cracks in the structural materials. However, adding the healing agents
could affect the intnnsic properties of the host material, requinng a complete

verification of the matenal strength, manufacturing process and its lifetime.

Figure 30 summarizes the taxonomy of the passive self-healing concepts,
approaches and methods used to validate the self-healing technology. Self-healing is
usually considered as the recovery of mechamecal strength through crack healing.
However, there are other types of damages, e.g., such as small pinholes that can be
healed to ensure the proper performance of various materials. Self-healing polymers
may be used to repair small punctures and pinholes. They show a great promise to
mitigate potentially catastrophic damage from events such as micrometeoroid
penetration and/or atomic oxygen effects. Effective self-repair requires these materials

to heal instantaneously following projectile penetration while retaining structural

integrity.

Self healing agent

Healing agent Reservoir

Damage cause

Environment

Healing Evaluation

!

!

|

l

.

-Two parts glue resin
-Monomer + Catalyst
(5E2N, DCPD)

- One part agent

- Liquid metal

-Nanorod metal Gel

- Additive to increase
strength (CNT)

- Microcapsules (20- 500um)

- Small Microcapsules (0.5- 20p)
-Nanocapsules (5-500 nm)

- Elongated microcapsules

(2mmx 500pm)

- Hollow Tube -Glass

(10-20cm x 100 pm)

-Microvascular 20 or 3D

(100 pm tubes)

- Ageing crack (slow)
- Surface corrosion (slow)
- Medium speed impact

(<100 m/s)

- High speed impact (

100-500 m/s)

- Hypervelocity impact

( 1-25km/s)

- Air -Atmospheric pressure
-Vacuum

- Fixed cold temperature

- Fixed high temperature

- Cycled temperature

-UV, x-rays (space plasma)

- Slow, three or four
points bend test
- Fast, Hitting Mass
in three points bend test
-Compression after impact
- Acoustic emission
- Strain Gauges
- Optical Fiber sensors
- Infrared Camera
{polymerisatian)

Figure 30: Recent Taxonomy of Passive Self-Healing Concepts.[Aissa 2014]
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The concept was developed by the group of the University of Urbana, Illinois and
their system is based on an encapsulated healing agent that is embedded in a polymer.
Results from different tests confinned that the zelf-healed composite material regained
as much as 90 % of its original strength. Actually, proposed material is able to sense
damage and begin to repair without the need of external trigger. Such a process is
referred fo as self-healing. Figure 31 shows, In the case of a crack on the material,
healing agent (cross-linking polymer) forms a bond between the 2 crack faces, and
heals the structure, [Aissa 2014]
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Figure 31: The self_healing process. (i) The healing agent, a
monomer (e.g. the DCPD) is prepared and stored in microcapsules. The
microcapsules and a catalyst are spread and embedded within the
structure (matrix). (i) When a crack reaches a microcapsule, it causes
the rupture which releases the monomer-healing agent. (iii) Self-healing
isrealized by polymerization between the monomer and embedded
catalyst. [ Aissa 2014]
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CHAPTER 3

EXPERIMENTAL PROCEDURES AND RESULTS

3.1.8elf-Healing Part

As we mentioned earlier, the self-healing material has the ability to make possible
an autonomous repair of cracks and/or holes occurring in a composite material. It can
be used in different applications, including aerospace, electronics and construction. In
recent project, we could use self-healing material as a specific composite for the
efficient self-repair of polymeric based materials, also in the light to decrease the
repairing time, the cost and man power. The same idea behind the same reasons we

plan to apply for RF antenna in mining environment.

The matrix element of Self-healing material used in this work was the epoxy
polymer (namely the Epon 828), and the hardening agent. By mixing Epon 828 with

the hardener part, a polymerized epoxy is obtained.

Self-healing microcapsules are containing healing agent. Once they broke, in the
presence of ruthenium Grubbs catalyst, polymerization starts. Thus, cracks will be

likely filled by the self-healing composite material.

First, epoxy mix with proportional ratio of microcapsules and then catalyst. The

last step is adding the hardener Epicure. After adding the Epicure, mixture starts to
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polymenze Thizis reason for adding it in last step. (For preparation non self-healing

material, should just mux the epoxy and cunng agent)

Then, mizture placed in the vacuum for 15 minutes to remove air bubbles present

in the blend. [Figure 32]

Figure 32: Vacuum System

After one day of cunng, sample 1s placed inside an oven for 1 day at 60°C as post-

CUCIT Process.

In the table, all of the information about self-healing preparation are summarized,



Table S: Self-healing preparation
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. Centrifuging | ...

Steps Ratio speed(rpm) Time Temp | P(Torr)
Dlssolvqlg the Grubbs | GC:Acetone = 15-25 | ) RT Atm.
catalyst into acetone mg/ml
Mixing with e .
epoxy(Epon828) in EPZGC = 100:2.4 (by 1200 120 sec RT 40(V)

: weight)
vacuum mixer

. . EP:MC:GC =
Blending with 100:21:1.4 (by 1200 120sec  |RT | 40(V)
microcapsule .
weight)

Mixing with curing Ep:CAMC:GC =
agent (Epicure-3046) 100:40:7:2.4 (by 1200 120 sec RT 40 (V)
in vacuum mixer weight)
Curing in autoclave - - 13 hours | 40°C | 40 psi
Post curing - - 24 hours | 50°C | atm.

As seen in the Table 5, to make the self-healing composite, following ratio were

considered:

Ep: CA:MC: GC=100:40:7:2.4 (by weight)
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Where Ep is the epoxy, CA is curing agent, MC is microcapsule and GC is Grubbs

catalyst. All the necessary components to make self-healing resin are summarized in

Table 6;

Table 6: Self-healing elements

Material Commercial Name | Supplier
1 | Epoxy EPON 828 Miller-Stephenson
2 | Catalyst Grubbs Aldrich
3 | Hardening agent | EPICURE 3046 Miller-Stephenson
4 | Microcapsule DCPD Concordia Uni.

3.1.1. Chemical Elements
3.1.1.1.Epon

Epon 828 is bought from Miller-Stephenson [Figure 33]. This is a basic element

as host matrix to make self-healing material. Also mixtures of Epon as a resin with

hardener (e.g. Epicure) have many advantages such as low room temperature viscosity,

long working life, low moisture absorption, Superior epoxy performance, flexibility,

reactivity, high elongation, adjustable cure times, corrosion resistance, heat resistance

and fire retardation. Epon is a viscous material in the room temperature and needs

sometimes to be heated before using. Table 7 shows the Epon specifications.



Tahle 7: Epon specifications

. ; ; Weight
ST Chemical Ulinﬂ:]l‘y BT D:nsit;; RS
Type at 25°C (P) Eposide (Ibfgal)
o Ko _ : Fredomitant liguid epoxy
i DGEBFA | 110-150 lg5=192 | 49,7 product, wickely usedin
mLltipl e & pplications,

Figure33: HEpon 328

3.1.1.2. Hardening Agent

Adding the hardener agent to the resin 12 crutial for polymenzation Because of

chetnical reaction, resin starts to be harder, In present study, Epicure 3046 was used as

ahardener agent, and specifications are avalable i the Table 8, [Figure 34)




Tahle8: Hardening agent specifications

] Gel Time - Visco sity
Product fhﬂm'm' at25°c EE;'."T;' at25°C | Comments
e (min) & | @ep)
4, Faly Lorg pot life, genaral
EE'RWE anids 270 7.8 120200 | purpnse curng
amine ANt

Figure 34: Hardening agent (Epicure 3046)

3.1.1.3. Microcapsule

Wicrovapsules of different diameters are used as a container tor healing agent I

the presenl work, S-ethylidene-Znorbomene (SEZN) and dicyclopentadiens



(DCPDY monomers and combinanon of the two are used as healing agents Chur
microcapsules were tnannfactured by INEE-EWT PLhD) student (Mrs Hasna Hena
Zamal). [Figure 23]

Figure 35: Microcapsule less than 200 micrometer diameter

3.1.14.Catalyst

Catalyst helps to chemical reaction of self-healing materiale for filling and bonding

the cracks. Grubbs catalyst 1st generation beught form Aldrich. [Figure 36]
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Figure 36: Grubbs catalyst under the microscope

3.115.CNT

For this study, CNT from MPE Inc were utilized

212 Chren
Last step of self-healing processis the post cunng process. After mizing the self-
healing materials, remain under the room temperature for 24 hours andthen transfer in

the owen at 60 °C for 24 hours as post cunng



Fignre37: Owen for post curing process,

Figure 37 shows the uzed oven andmodel is Fisher Scientific 737G

213 Microscope
Two ophcal microscopes were used A Leica Zoom 2000 for regular analyse. This

microscope can zoom up to 4530 [Figure 38]
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Figure 38: Leica zoom 2000 microscope

The second one 15 OMAT A35140T, which can work up to 100 3. OWAZ has
software and digital photography option, [Figure39]
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Figure 39: OMAX A351401 microscope

314 Thermal shock

For making cracks in the samples and evaluating the self-healing efficiency,
thermal shock test using ligquid mtrogen and heating inside and oven was applied For
our BF antenna, first they placed 1n ligud nitrogen at -156°C for 1 tinute, and then
transferred to oven at 55°C. This cycle repeated 2 times [Figures 40 and 41]. Thermal
shock experiments were performed at IMES-EMT (Varennes, Quebec),



&0

1 min in liguid

15 min it Ceanl G0

Take photo Take photo

degreg)

nitrogen

Repeat for another
2 times

Figure 40): Schematic picture of Thermal shock test

Figuredl: Thermal shock for RF antenna
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10X Mag.

40X Mag.

40X Mag.

Figure 42: Thermal shock for antenna with self-healing material after first

liquid nitrogen, (right) after first oven

In the Figure 42, we can see microscope images of samples before and after the

thermal shock tests.

Figures 43 showing a crack which propagates in the lower part of antenna. It 1s shown
within the ditfferent magnified scales. After the second oven and liquid nitrogen, a crack

is made which is much longer than the first one and 1t starts from comer into the center.
[Figure 43]



10X Mag.

45X Mag.

40X Mag.

40X Mag.

45X Mag.

20X Mag.

Figure 43: Thermal shock for antenna with self-healing material, (1eft)
After Second Liquid Nitrogen, (right) After Second Oven
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20X Mag.

20X Mag.

20X Mag.

40X Mag.

40X Mag.

45X Mag.

45X Mag.

Figure 44: Thermal shock for antenna with self-healing material, (left) after

third liquid nitrogen, (right) after third oven
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After the specimen was placed in the liquid nitrogen for second one, except of
previous crack, some other group of cracks are propagated. In the Figure 44, you can
see the one in the head of antenna, also another crack in the lower part. It is obvious

that a crack on the right top comer of Antenna [ Figures 44].

10X Mag.

20X Mag.

» g IS i

Figure 45: Thermal shock for ﬁ.ntenna with sehealing material plus CNTs,
(left) After First Liquid Nitrogen, (right) After First Oven
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Antenna with self-healing material plus CNT's shows few and narrow cracks after

the first liquid nitrogen and oven [Figure 45].

In the Figure 46, some longer cracks are found after the second liquid nitrogen and

oven, which is almost similar to antenna with self-healing matenial after the same cycle.

20X Mag.

20X Mag.

20X Mag.

Figure 46: Thermal shock for antenna with self-healing material plus CNTs,

(left) After Second Liquid Nitrogen, (right) After Second Oven
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10X Mag.

20X Mag.

20X Mag.

40X Mag.

20X Mag.

20X Mag.

Figure 47: Thermal shock for antenna with slf-healing material plus CNTs,

(left) After Third Liquid Nitrogen, (right) After Third Oven



Figure 47 shows that more cracks are generated after the third liquid mtrogen ard
avert They are distributed in the different places of anterina and apparently are sirmilar
to antenna with self-healing miaterial after the third cycle

3.2.BF Part
32.1. Antenna

Ty RF patch antennas operating at 2.5 OHz frequency were provided by Prof
Wedil (TQAT).

i 3rm

A
i
3

&5 -

Thickmes==05

£

Figure 48: RF Patch antenna
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3.2.2. Vector Network Analyzer (VNA):

Vector Network analyser (VNA) is used for measuring the response of devices at
RF. It is then possible to characterise RF response of the antenna device. Current study

used VNA in department of electrical engineering at Ecole Polytechnique de Montreal.

3.2.3. Anechoic Chamber:

Anechoic chamber is an indoor antenna range. Inside the chamber, walls and other
components lined with special electromagnetic wave absorb ring material. With
anechoic chamber, measuring the radiation pattern (variation of the radiated power by

antenna) is possible.

For our study, anechoic chamber department of Electrical Engineering Faculty of

Ecole Polytechnique de Montreal was utilized.
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Figure 49: Amnechoic chamber in the Ecole Polytechnigue de WMontreal

The walls, ceilings and floor are lined with specific electromagnetic wave absorb
ring material. Indoot ranges are desirable becanse the test conditions can be much mere
tightly controlled than that of outdoor ranges. The material 15 often jagged in shape as
well, making these chambers quite interesting to see. The jagged triangle shapes are
designed so that what1s reflected from them tends to spread in randem directions, and
what 13 added together from all the random reflections tends to add incoherently and is

thus suppressed further



3.3.Experimental Results

3.3.1. VNA

By VNA, we could measure S-parameters for the both antennas in each step.
Figure 50 shows s-parameters for antenna 1 with different conditions (antenna without
any material, with self-healing and with self-healing after the thermal shock). As you

see, s-parameters for antenna with self-healing material is more narrow and longer

comparing to other two different materials.

witheut any material
(Reference)

5-Parameters-dB

Frequency-GHz

Frequency-GHe

after thermal shock
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B 1
b |
] \ |
®
E i
T
g
Ll
Frequency-GHz
o
2 _ﬁ\\ S L
3 N 2
i /
: ; g \ /
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Figure 50: Measured s-parameters for antenna 1 by VN
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Figure 51: Measured s-parameters for antenna 2 by VNA
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Figure 51 shows s-parameters for antenna 2. Antenna tested in the different conditions;
cleaned(Reference), only resin, self-healing material plus CNT, self-healing material
plus CNT after the thermal shock, self-healing material plus microcapsules containing
CNT and only self-healing material. Similar to antenna 1, Here antenna with only self-

healing demonstrates narrower and longer peak.



3.3.2. Anechoic chamber

without any material
{Reference)

Fain

Aangle

without any material
{Reference) in 90
degree

Fain

Anghe
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Figure 52: Radiation pattern by anechoic chamber for antenna 1

73



74

Figure 52 and 53 show radiation pattern which is measured by anechoic chamber
for antennal in the different conditions. As you see in the Figure 52, radiation pattern
of antenna without any material and antenna with self-healing material in the 0 degree

are different.

Figure 53 exhibits Co-polar and Cross-polar of radiation pattern for antenna 1 with

self-healing material.

Figure 53: Radiation pattern for antenna 1 with self-healing material in (f

degree(left) and 90° degree(right)
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Figure 54:

Radiation pattern for antenna 1 with self-healing material after

thermal

shock

Also, radiation pattern of antenna 1 with self-healing mnatenal after thermal shock

is measured. [Figure 54]
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Radiation pattern for antenna 2 1s shown on the Figure 55. Here, antenna covered

with only resin.
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Figure 55: Radiation pattern for antenna 2 with only resin
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Figure 56: Radiation pattern for cleaned (Irom resin) antenna 2

Then, antenna cleaned from resin and measured for radiation pattern again | Figure

56].
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Therefore, antenna 2 covered with self-healing material plus CNTs. Figure 57
shows corresponding radiation pattemn in 0 and 90 degrees. Compare to antenna 2 with

only resin, the pattem is different. Antenna 2 with resin shows more curvy pattern.
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Figure 57: Radiation pattern for antenna 2 with self-healing material plus CNT



79

Inthe 0 4 = e / " \

degree -.su ./J‘/ﬂ \\ _: SR ;

e - e
w ——&ntenna 2 SHACNT 2tter TS BinlAmptd ;
L]
70
Anphke =
0 -y
104 an ru SEU 200 > 2h = e
- .-/ \\ -
- L)
™ "~ oy [ i
3 = y \
In the 90 a \I / ]
- - .
degree i, S [ /
> T \ (-\J 3 ]
| Ly ¢
. I ‘ /
m -
80 \ /’
ot
90 — =
—— Anbanna 1o SHeCHT A0 drg-After TS Rint mptel :\‘-.______,__,/ ™

=100

Figure 58: Radiation pattern for antenna 2 with s_elf-healing material plus CNT
after thermal shock

Afterward, to making thermal shock, antenna 2 with self-healing material plus CNTs
placed in the liqud nitrogen and oven respectively. Radiation patterns in the 0 and 90
degrees for antenna 2 with self-healing matenal plus CNTs after thermal shock are
shown in the Figure 58. The pattern in the O degree is similar to antenna 2 with only

resin and much different with the same matenal before the thermal shock.
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Then, mictocapsules containing the CNT added to self-healing material and

deposited on the antenna 2. Radiation pattern is available in the Figure 59.

Pattern in O degree is completely deferent from the others and 90 degrees is similar

to antenna 2 with only resin.
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Figure 59: Radiation pattern for antenna 2 with self-healing material with

microcapsules containing CNT
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Figure 60: Radiation pattern for antenna 2 with self-healing material

Finally, radiation pattem for anterma 2 with only self-healing material 1s shown mn the

Figure 60. Pattern in the O degree 1s similar to antenna with self-healing material plus

microcapsule contaimng CNT. 90 degree pattern 1s different from the others.
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In the Table 9 and 10, all of the information about radiation pattern for antenna 1, 2

showed respectively;

Table 9: Summary of radiation pattern information for antenna 1

0 degree position 90 degree position
Maximum Max peak of |Maximum |Max peak of
GAIN GAIN
Cleaned(Ref.) -18.08 -18.17
SH -17.92 Maximum -18.38
SH+CNT-After Thermal -18.60 1738 Maximum
Shock

As you see, in the 0 degree, antenna with self-healing and also in the 90 degree,

antenna with self-healing plus CNTs after thermal shock showing higher gains.
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Table 10: Summary of radiation pattern information for antenna 2

0 degree position 90 degree position
Maximum |Max peak of |Maximum |Max peak of
GAIN GAIN

Cleaned -18.047 -16.9204

Only Resin -16.6249 Maximum -17.8447

SH+CNT -17.0806 -16.1792 | Maximum

SH-f-CNT Microcapsule 18.4753 18.1375

Inside

SH+CNT-After Th |

" erihermall 18.7772 -18.0079
Shock

In the antenna 2, covered antenna with only resin in the 0 degree has maximum gain,

and antenna with self-healing plus CNTs is maximum for 90 degrees.



CHAPTER 4

DISCcUSSION

&4
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The focus of our present work is on two main goals;

-~ How self-healing material affects the eleciromagnetic properties of the RF
patch antenna? And
- Efficiency of the gelf-healing process for the case of cracks and fracture in

theze BF devices.

4 L Irradiation Properties

First, S-parameters for antennas with and without self-healing coatings are
analyzed. From Fignre 90, in the reference anterma 1 (i.e. without Self-healing coating),
a shift in the regonance frequency can be clearly when self-healing is applied and also
after thermal shock test. Regarding the S-parameters (Figure 61), the maximum shifi
value ig attributed to sample with self-healing material. (Table 11)
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Figure 61; Measured s-parameters for antenna 1
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Table 11: Measured s-parameters by VNA and calculated information for

antenna 1
Frequency GHe | & Frequncy |S-parameters dB| X | Percent of ¥ in dB=10Log(14¥) | Status | DHfzmee value(dB)
Antenna Lwithowt resin(Ref) 10.40 14,00 ULt U3 59 (18
e i it SH 1413 0.2 2450 LA0 00,55 (i L0
funteenma 1 wilh § H-Ater 1hemal shoek 10,40 1130 L7 LA R 43 sl 5.8

For Antenna 2, when the self-healing is applied, S-parameters with different

materials are showed in the Figure 62, As we ¢an see, compared to cleaned and original

antenna, there is shift for frequency in all of the samples,

I3

—Antenna 2 with only Resin - dB

—=hntenna 2 Cleanad-dB

—=antenm 4 with SHHCNT b

-1

]

S-ParanreliErs-ii

e Anlenra 3 wilh SHACNT Alle) T5 -d&

—Ankerra 2 wihh SH di

— Antenna 2 with 5HICNT microcapsules -dB

FrEguency-Giiz

Figure 62: Measured s-parameters with different materials for antenna 2
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Table 12: Measured s-parameters hy VWA and calculated information for

antenna 2
S-parameters |Frequency | A Frequney| X | Percent of X in dB=10Log{1+X) Status | Differnce value(dB)

Antenna 2-Cleanad -25.139 10.40 -1.00 99 G4 Ref,
Antanpa 2 -XHECMT 20,33 in,14 {0.26 g.aa no.07 Levregsed L0
Antenma 2-5HHCHT Tiopsalas -A1.9 103t -0.28 ah.3 Degvased -1.23
Antevma 2-SH-CMT After Themal shock -17.48 10,16 024 -0.08 of.20 Degreased -1.67
Antenna 2-Resin -13.13 10.16 -0.24 -0.95 95.14 Decreased -12.00
Aantenna2-SH 25847 10,22 018 -1L.00 99 84 Intreased 2.72

Regarding to values of Table 12, highest S-parameters belong to self-healng

material plug CNTs (after reference antenna). With adding the microcapsules contain

CNTs, resonance frequency of the antenna is decreased less than the other materials

{closer to original).
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Figure63: Radiation pattern by anechoic chamhber for antenna 1 in the

degree

Antenna with only resin epoxy has the largest difference ratherto original antenna.

For analyzing the radiation pattern and the Gain of antenna, infermation for antenina 1

with different materials and directions demonstrates in Figures 63 and 6.
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Figure 64: Zoomed of peak area of Radiation pattern by anechoic

chamher for antenna 1 in the 0 degree
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Tahle 13;: BEadiation pattern description for antenna 1

hin
Position 0 degree position | Max peak of GAIN Diffrenece
Antenna L-Ref -18.08 -
Antenna 1 Selfl healing -17.07 W 13,10
Antenna 1- Self healing-Alret Thermal Shock -18.60 - ns2

For antenna 1, sample with self-healing material has higher gain and shows mazimum

gain. (Table 13)

Figure 65 shows the radiation patterns for antenna 1 without any matenal, with self-

healing material and the one with self-healing matenial after thermal shock

Angle

— AntEnna 1- Sl healing Yo deg-gvdsinpil i IﬂlI
—— A leen i 15 R =00 iy roi-Bin Lmpld

—fintenria 1-90 dearee= 5811 hualingsAlret Thermdl Shook-BinlAmpld

Figure 653: Hadiation pattern by anechoic chamber for antenna 1 in the 90 degree
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Figure 66: Zoomed of peak area of Radiation pattern hy anechoic chamher for
antenna 1 in the 90 degree

For better wiew, a zoomed scale of peakregion of radiation pattern for antenna 11
without any material, with self-healing material and the one with self -healing material
after thermal shock 15 shown in the Figure 66, As yvou see, one with self-healing

material after thermal shock represent the higher gain compare to the others.
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Table 14: Radiation pattern description in different direction for antenna 1

Min
Position 90 degree position | Max peak of GAIN Diffrenece
Antenna 1-Ref -18.17 -
Antenna 1- Self healing -18.38 0.21
Antenna 1- Self healing-Afret Thermal Shock -17.38 hax -0.79

Table 14 summarize the gain information for antenna 1 in the different conditions

and confirms that one with self-healing material after thermal shock has higher gain.

For the antenna 2, there is more different materials which are deposited on the surface.

Figures 67 and 68 showing the related radiation patterns in the 0 degree.

Gain(dB)

—— Antenna 2-Only Resin-Bin1Amptd
_soT—Antenna 2- Cleaned-Bin1lAmptd

——Antenna 2- SH+CNT-After TS -BinlAmptd

o===Antenna 2- SH+CNT Microcapsule inside-Bin1Amptd

—— Antenna 2- SH+CNT-BinlAmptd

-30 = Antenna 2- SH+CNT-BinlAmptd

Figure 67: Radiation pattern by anechoic chamber with different materials for

antenna 2 in the 0 degree
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Antenna 2 was tested with different conditions,

ofily resin

- Cleaned from resin

- Zelf-healing

- Self-healing + CHT

- Zelf-healing +microcapsules contamming CHT
- Belf-healing + CIT after the thenmal shock

Figure 68 showing a zoomed scale of peak area of previous picture (Figure 87, and

thiz 1z clear that antenna with only resin has higher gain.

AN e 5'7}1--(\*-1

A = e — 43 .
R T el T b Wl .,
/_/\_// LA f:: —F"L—\_—Q-\,‘\ o |, 1
el PN gy e ol '
4 et I-r :.:-J,".‘-"}‘—U-l1"-r'. a2 Gy KE® W Amptd e |:'| %
i = ) )
A e hl SR S
A - : /f.r' — &mimpms & Clpane @ 51 A pro R \
ey g R R
_.a' Ty — R S SHHTT W TR R it % ‘!.I'._ \
! s T — At F SHPCNT W jceoaopaiilb i Wi epid % A
3 ,'Il'll .,-':."
- i —A&mema S SHrCMY BindAmphl
R ‘J:.ﬂ:"
i FEER — Aitizinma 7- SH:HinlAmpid
Angte

Figure 68: Zoomed of peak area of Radiation pattern by anechoic chamhber with

different materials for antenna 2 in the 0 degree
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Table 15: Radiation pattern description for antenna 2

First position(0 degree)
Position mMaximum | Max peak of GAIN | Diffrenece | Average in90-110degree

Antenna 2- Cleaned 18.05 - 142 1B8.24
Antenna 2-0nly Resin -16.62 lax - -16.87
Antenna 2- SH+CMT 1708 .46 -17.42
At £ SHEUNT Miceeapsile Inshie 154k 145 1H.066
Anfenna - SHAONE ARt | hermal Shiock 14./8 215 19,22
Antenna - SH 10.78 215 060

The maximum value of gain 15 attributed to antenna with only resin epoxy as

coating. S0, in the 0-degree position, resin epoxy coating has the highest effect on the
gain of the antenna. [Table 15]
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Figure 69: Radiation pattern by anechoic chamber with different materials for antenna 2 in

the 90 degree

Figure 69 and 70 showing the radiation pattern in 90-degree position.
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it —Anteana 2-Only Resin-20 degree-Binlamptd
—Antenng 2- SH+CNT 90 deg-After T5-BinlAmptd
—Anteana 2- SH-CNT Micrecapsule inside-90 degree BinlAmptd

—Antenna 2- SH+CNT 90 deg-BinlAmpld

—fAnteana 2- 5H-20 deg-BinlAmptd
Angle

Figure 70: Zoomed of peak area of radiation pattern by anechoic chamber with

different materials for antenna 2 in the 90 degree

For better understanding, in the Figure 70, peak area of radiation pattern is

magnified. Picture exhibit a same trend for all of the different materials on the antenna,

but as we can see, antenna with self-healing material plus CNTs has maximum gain.
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Tahle 16: Radiation pattern description in different direction for antenna 2

Position in 90 degree

Position Maximum | Mayx peak of GAIN |Diffrenece | Average in 90-110degree
Antenns 2-Cleaned 80 deg 16 .92 .74 17.39
Antenng - SHHCNT 90 deg 16,48 M Ah.J5
Antenna 2-Only Resin-00 degree -17.84 1.67 -18.29
Antenna 2 - SHHINT Y1 deg-After Tharmal shatk L 1.83 {8.51
Mnlenna 2 SHECHT Migrueapsule Inside-2i degpiep 10,13 L35 NGl
Antenna 2- SH-00 deg -18.42 2.24 19.03

Information of radiation pattern in the 90-degree position for antenna 2 ig

summarized in the table 16. Regarcing to the values in the table 16, antenna with self-

healing material plus CNTs has the maximum gain comparing to the others and

especially to the cleaned antenna,

4.2.5elfHealing

For evaluate the zelf-healing quahity and quantity, two methods used;

- Thermal shock

- Visual spection by microscope

In the thermal shock, samples placed in too low temperature and then in hol

temperature rapidly to making the artificial cracks. Here, two antennaz with

different materials are investigated. First antenna, covered by self-healing material
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and one week after the thermal shocl test, one crack zone in the different

magnifications showed in following figures.

4X magnification

Figure 71: Zoomed selected damaged area of antenna in 4X

In Figure 71, one damaged area iz selected and then by microscope 15 magnified
in 4% In 4% magnification, one crack with two derivations can be seen clearly. Also,

microcapsules and catalyst in the sutface can be seen.

In the Figure 72 to 74, there are different focus modes for 103 magnification,
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10K m ag’ﬂi-ﬁ_t:‘:fﬁ on

Broken  microcapsules

and filled craclk

Figure 72: MMany broken microcapsulesin 10X

AS you see in the figure 72, there 15 a path of crack and some of the self-healing
microcapsules are broken in this line. Mow, space of the crack is filled by released

material of microcapsules.
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Figure 73: Well distributed catalyst in the resin bas{10X)

Inthe figure 73, Grubbs catalyst demonstrated. Eegardto figure, awell distribution

of catalyst seen in the resin.
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Mnbroken microcapsules

(Tnder microscope you

o=,

=
7 can see bubble i oving it
liquid)

Figure 74;: Many Unbroken microcapsulesin 10X

Inn the case of cracks andfor fracture, those microcapsul es which are located in the
path of crack, start to brealk. When, a microcapsule is broken, healing agent can escape
from inside of microcapsule, and meet catalysts and start chemical bonding (1e
polymerization). In the Figure 74, there are some unbroken microcapsules which are

not in the path of any crack, so they remain without any fracture.
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With magmification, more details can be considered In the Figure 75, broken

microcapsules and filled crack are shown,

Broken microcapsules

Figure 75: Broken microcapsulesin the path of crack (20X)
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40X magnificationy 80X magnification

Figure 76: Wore magnified hroken micr ocapsules in the path of crack (40X, 80X)

Wasmimum tmagnifications of a damaged zone with broken microcapsule,
demonstrated in Figure 76, These pictures confirm that microcapsules are broken

completely and crack is filled with self-healing material.
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Also, for the antenna with self-healing plus CMNTs, a damaged zone 1z selected to

more inveshgati on.

Figure 77: Zoomed selected damaged area of antenna with self-healing plus CNTsin
4X

After the thenmal shock, because of the temperature gradient, sample start to crack
in the different zones. (Figure 77)
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10X magnificatimi

Tnbroken microcapsules

Brolken microcapsules

Figure 78: Surface of damaged zonein 10X

Figure 78 confirms that a crack 15 happetung in the sample In this figure, one

microcapsule 15 placed in path of crack, o it 18 broken. Alse, CIT can be clearly seen

in the background.
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Here, unbroken and broken microcapsules are shown in the figure 79, ¥ ou can see
that crack lead to breaking a microcapsule whichis on the line of crack, but at the same

time, there 1z another microcapsule which 15 unbroken because 1t 15 not on the crack

way then there is no collision.

20X magnification

Broken microcapsule

Tnbroken microcapsul es

Figure 79: Surface of damaged zone in 20X
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Diufferent focus points, shows a good distnbution of CNTs inside of resin. [Figure
80]

Cleatly, self-healing material 15 well-distributed within the specimen and
reliability of self-healing 15 increased.

20E magm ifeaton-Ditferent Focug 205w agnifientio n- Differend Faoue

Figure 80: Different focus points in 20X

Correspending to microscopic piotures, for both samples, self-healing 12 happening
and cracks are filled CMNTs can increase the electrical properties in the case of any
cracks.

To further investigate the role of CMNTs in terms of electrical contnbution, here is

aneed to additional experitents.



108

In the tables 17 to 20, all of the irradiation properties for both antennas and with

different conditions are compared. S-parameters are independent of different positions

of anechoic chamber, and for both positions are the same, but they are placed on the

table for better comparison. Table 17, shows the comparison in the first position (0°

degree) of anechoic chamber.

Table 17: Comparison of irradiation properties in the fir st position of

anechoic chamber test (0" position)

Parameter Frequency A Frequncy  |S-parameters | Total Area of Signal Minangle Middle angle Max angle Comment
Instrument VNA VNA VNA VNA Anechoic chamber | Anechoic chamber | Anechoic chamber
Dimension GHz GHz dB - dB dB dB
Refl 10.4 -25.13 -11754.06 -37.1 -18.04 -35.91

3 -S-parameters is decreased
Resin alone 10.16 -0.24 -13.13 -11298.97 -37 -16.62 -42.02 e T

-Gain in 0 degree is increased

Resin+Hardener+Catalyst 10.14 -§-parameters is decreased

# -0.26 -20.33 -8351.87 -31.83 -16.17 -34.96 i i
+Microcapsules+CNT -Gain in 0 degree is increased
Resin+Hardener+Catalyst 10.26 -5-parameters is decreased

# -0.14 -17.9 -28845.61 -35.97 -18.47 -39.19 i <
+hicrocapsulesCNT -Gain in 0 degree is decreased
Resin+Hardener+Catalyst 10.22 -§-parameters is increased

9 -0.18 -27.84 -2191.58 -35.77 -18.98 -36.85 S =
+Microcapsules -Gain in 0 degree is decreased
Ref2 10.4 = -12 -10096.72 -10.38 -18.08 -37.37
Resin+Hardener+Catalyst 10.18 -0.22 -S-parameters is increased.

] 235 -7101.80 -30.83 17.92 2454 i =
+Microcapsules -Gain in D degree is increased

Among of different materials,

when only (ResintHardener) + Catalyst +

Microcapsules (self-healing material) is used, S-parameters are less than the reference

antenna. But for other materials, S-parameters are increased. Antenna with only Resin,

demonstrate a higher difference compared to reference for S-parameters. Also, whena

material 1s deposited on the surface of antenna, frequency is shifted. In the case of

(ResintHardener) + Catalyst + Microcapsules plus CNTs, shifting of frequency is

higher than the others. Total area of signal shows the total area of S-parameters peak.




For better compansaon, three points 1 beginning (07 degree), ruddle (20° degres)
and the end (180° degree] of the Gain graph for each antenna with different conditions

were selected

Whett only Eesin. (Resm+Hardenet) + Catalyst + Mictocapsnles and alse
(BesintHardetier) + Catalyst + Mictocapsules + CHTs used for antennas, Gan 151685
negattve in the middle pownt of the graph (207 degree). Totally, tn this postfion. antenna

with Only Eesin shows higher gam of antenna

Iti anechoic chamber, antetina rotates in 30° degree for ancther direction. Figure

B1 demonstrates the different wtews of test

S | |
= .
== I 1] e | =
i |
1113
‘ L
i
il degrme (FsE posian al i) (0 whegren amann aoRRmR aFRes)

Fipure 81: Two positionsin anechoic chamber test
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In the second position of test (90° degree), companson 1s showed in table 18. In

this case, gain of antenna is more negative for all of the conditions. But for self-healing

material (Resin+Hardener+Catalyst+Microcapsules), Gain 1s more negative.

Table 18: Comparison of irradiation properties in the second position of

anechoic chamber test (90° position)

Parameter Frequency & Frequncy | S-parameters | Tolal Area of Signal Min angle Middle angle hax angle Comment
Instrument VNA VNA VNA VNA Anechoic chamber | Anechoic chamber | Anechoic chamber
Dimension GHz GHz dB - dB dB dB
Ref1 10.4 -25.13 -11754.06 -32.43 -16.92 -37.67

. -S-parameters is decreased
Resinalone 10.16 -0.24 -13.13 -11298.97 -32.80 -17.84 -3741 S 2

-Gain in 0 degree is decreased

Resin+Hardener+Catalyst 10.14 -S-parameters is decreased

: -0.26 -20.32 -8351.87 -38.16 17.08 -30.29 i ek
+hicrocapsules+CNT -Gain in 0 degree is increased
Resin+Hardener+Catalyst 10.26 -S-parameters is decreased

: 014 17.9 -20845.61 -32.53 18.13 -33.42 o G
+MicrocapsulesCNT -Gain in 0 degree is decreased
Resin+Hardener+Catalyst 10.22 -S-parameters is Increased

: -0.18 -27.84 -2191.58 -40.89 18.55 -39.84 i .
+Microcapsules -Gain in 0 degree is decreased
Ref2 10.4 = -12 -10096.72 -33.56 -18.16 -33.56
Resin+Hardener+Catalyst 10.18 -0.22 -S-parameters is increased.

] 235 -7101.80 -46.63 18.37 -40.79 el i
+Microcapsules -Gain in 90 degree is decreased.

Irradiation properties of the two antennas with different matenals after the thermal

shock test are compared to know the effect of thermal shock on the samples. (Tables
19, 20)

With ResintHardener+Catalyst+Microcapsules+CNTs, S-parameter is less
negative but for only self-healing material (Resin+Hardener+Catalyst+Microcapsules)
1s more negative. In the Table 19, for 0° position, gain of antenna is more negative for

both antennas. (Middle angle)
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Table 19: Comparison of irradiation properties in the first position of

anechoic chamber test (0" position) after the thermal shock

Parameter Frequency | & Frequncy | 5-parameters | Total Area of Signal Iinangle mMiddle angle Max angle Comment
Instrument WNA YNA VHA VNA Anechoic chamber | Anechoic chamber | Anechoic chamber
Dimension GHz GHz dB - dB dB dB
Refil 10.4 -25.13 -11754.06 -37.1 -18.04 -35.91
Resin+Hardener+Catalyst a N
5 -S-parameters is less negative
+Microcapsules+CNT 10.16 -0.24 -17.46 -20703.31 -37.75 -18.77 -40.39 e i 3
-Gain in 0 degree is more negative
After Thermal Shock
Ref2 10.4 -12 -10096.72 -40.38 -18.08 -37.37
Resin+Hardener+Catalyst " .
3 -§-parameters is more negative
+Microcapsules After 10.2 -0.2 -17.78 -16572.48 -10.04 -18.59 -10.63 oS i :
-Gain in 0 degree is more negative
Thermal Shock

Also, same conditions indifferent angle (90" degree) are studied on Table 20. Here,

S-parameter for Resint+Hardener+Catalyst+Microcapsules+CNTs 1s less negative and

in contrast, for only self-healing material 1s more negative.

Table 20: Comparison of irradiation properties in the first position of

anechoic chamber test (90° position) after the thermal shock

Parameter Frequency| A Frequncy | S-parameters | Total Area of Signal Min angle Middle angle hax angle Comment
Instrument VNA VNA VA VNA Anechoic chamber | Anechoic chamber | Anechoic chamber
Dimension GHz GHz dB - dB dB dB
Refl 10.4 -25.13 -11754.06 -37.1 -18.04 -35.91
Resin+Hardener+Catalyst . 5
z -S-parameters is less negative
+hlicrocapsules+CNT 10.16 0.24 -17 .46 -20703.31 -34.02 -18 -39.48 A 7 _
-Gain in 0 degree is less negative
After Thermal Shock
Ref2 10.4 -12 -10096.72 -40.38 -18.08 -37.37
ResintHardener+Catalyst ] 3
K -5-parameters is more negative
+hicrocapsules After 10.2 -0.2 -A7.78 -16572.48 -34.20 -17.38 -35.25 N 3 =
-Gainin 0 degree is less negative
Thermal Shock

Also, compared with reference antenna, the Gain of antenna for both materials 1s

less negative.
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CHAPTER 5

CONCLUSIONS AND QUTLOOK INTO THE FUTURE

Our object was the protection by the self-healing material an RF antenna that
aim at operating in the underground mine workplace. A self-healing coating
was successfully deposited onto the patch antenna. With adding new material
on the antenna, no perturbations in the irradiation properties of RF antenna
were observed, but also we received an improving in S-parameters and gain of
antenna. (Based on being less or more negative value)

With adding the microcapsules containing CNTs, resonance Frequency of
antenna 1s decreased less than the other materials (closer to original).

Resin only, Resint+Hardener+Catalyst+Microcapsules+CNTs and
Resin+Hardener+Catalyst+Microcapsules containing CNTs, lead to less
negative value of S-parameters.

In the 0° degree, Resin only, Resint+Hardener+Catalyst+Microcapsules+CNTs
and Resin+Hardener+Catalyst+Microcapsules (self-healing material) make
less negative gain of antenna.

In the 90° degree, all the samples were showing more negative values of the
gain of the antenna.

For anechoic chamber, after Thermal shock test, the antenna with self-healing
+ CNT is more negative but when it is rotated to 90 degrees as H plane, showed
less negative GAIN.

Size of microcapsules containing the CNTs was different. Microcapsules
containing CNTs tended to be agglomerated. One probable reason is, this kind

of microcapsules are more brittle and during the preparation are broken.
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FUTURE WORKS

One of the future works could be using self-healing material as painting to self-

healing corrosion for antenna and RF instruments in the humid workplaces.

Other explorative ways for RF self-healing is using the Graphene as a conductive
clement in the resin. Instead of utilizing CNT, we can add Graphene and because their

specific shapes and properties, electrical conductivity can be increased. (Table 21)

Another work could be the thermal cycling of temperature simulation of

underground mines ambient.
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Table 21: Review table of papers about Graphene self-healing

Title

Method

Self-healing of defected graphene

* For electronics applications, defects in graphene are usually undesirable because of their ability to
scatter charge carriers, thereby reduce the carrier mobility.

* The self-healing is attributed to recombination of mobile

carbon atoms with vacancies. With increasing level of plasma induced damage, the self-healing
becomes less effective.

* They employ argon plasma bombardment to produce structural defects in graphene and study
healing of defects by thermal annealing.[Chen 2013]

Graphene Field-Effect Transistors with
Gigahertz-Frequency Power
Gain on Flexible Substrates

* Development of flexible electronics operating at radiofrequencies

(RF) requires materials that combine excellent electronic

performance and the ability to withstand high levels of strain.

* Fabrication graphene field-effect transistors (GFETs) on flexible substrates from graphene grown by
chemical vapour deposition (CVD).[Petrone 2012]

SOLVENT-BASED SELF-HEALING
POLYMERIC MATERIALS

* Mechanical damage to bulk polymers typically begins as a micro crack, which can lead to eventual
failure of the material if there is no method to inhibit crack growth.

* In order to maximize the amount of current measured from these types of experiments, future
experiments could include encapsulating graphene particles and other carbon-containing materials,
then monitoring their electronic behaviour upon microcapsule rupture.[Carusc 2010]

A Rapid and Efficient Self-Healing
Thermo-Reversible

Elastomer Cross linked with Graphene
Oxide

* A self-healing thermoreversible elastomer based on Graphene oxide nanccomposites.

* These self-healing elastomers should be useful toward applications such as protecting barrier for
electronic wires and devices, sealing layer for gas systems, etc.

* when combined with electrical fillers, these elastomers should also display electrical conductivities
that are useful towards stretchable self-healing conductive wires.[Wang 2013]

A strong and stretchable self-healing film
with self-activated pressure sensitivity
for potential artificial skin applications

* They show that graphene and polymers can be integrated into a thin film which mimics both the
mechanical self-healing and pressure sensitivity behaviour of natural skin without any external power
supply.

* Integration graphene and polymers into a thin film which mimicked both the mechanical self-
healing and pressure sensitivity behaviour of natural skin without any external power supply.[Hou
2013]
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Annex

In this master's report, in the first part of it, with huge quantity of manmade Micro-
Meteorites Orbital Debris (MMOD) in the space, there is concern about damage
potential of them for spacecraft, satellite and space instruments. This debris with a
few microns to centimetre size and high kinetic energy can have velocity up to 20
km/s. For decreasing of the possible damage and also health monitoring of system,
new generation of smart material can be suitable option. Self-healing material can
repair them with or without external influence. And also self-healing composite
can decrease the velocity and intensity of impact. Also, for self-healing like
microcapsules, ionomers, ceramics and etc, used and researcher group analysed
the results. Additionally, for the health monitoring, Fiber sensor, in particular Fiber
Bragg Grating (FBG) because of their proper characteristics can be used. There
are too many debris coming from manmade instruments in the space. Their number

is exponentially increasing with higher probability of hitting functional satellites.
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Monthly Eifective Mazs of Objects in Earth Orbit by Region
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Figure 82: Monthly Effective Mass of Ohjectsin Earth Orhit by Region
{officially catalogued by the U.5. Space Surveillance Network. Divided into
orhital altitude regions, “effective mass” accounts for the fraction of its orhit

that an obhject may spend in the different regions).

Cn 27 Cctober 2014, the Intemational Space Station (I23) performed am anoeuvre
to avoild the close approach of 8 cm diameter debris from the 2009 collizion of the

satellites Iridium 33 (15 functienal) and Cosmoos 2251 (Bussia ohsolete).

We take profit from two innovative technol ogies that were devel oped recently_ to
reduce the effects of the debns:

The self-healing material that makes possible an autonomous repar of cracks
and holes in a composite.
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- The fiber sensors that can be embedded in various materials to detect the impact
by the debris. The fiber sensors permit to monitor the health of these structures
(measure their strain and temperature).

We focus on the space applications, in particular to the protection of Composite
Over-Wrapped Pressure Vessels (COPVs) tanks. These tanks are being used as fuel

reservoir; they are sensitive to debris since any small puncture will lead to the leak of

all the fuel.

Fiber Sensors

Fiber sensors can convert the mechanical and temperature changes to an optical
signal variation, which can have monitored with special instruments. Normally, the
fiber sensors include three parts: core of fused silica of about 10 pm diameter, that
transmits the light, covered by ad a cladding of about 125 pum, a first protective flexible
layer of polyimide or acrylic is added. A second-thick plastic layer can be added to

protect against the mechanical forces and avoids the breaking [Figure 83].
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Figure 83: (a) Schem atic of the optical fiher (b) Light phenomena in the
FBG sensor. [Aissa 2014]








