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MULTI-SCALE SELF-HEALING NANOCOMPOSITE SHIELDING
MATERIAL FOR AEROSPACE

SUMMARY

In the past two decades, the attention of researchers shifted from intellectual to
experimental studies that are appliance-directed (Portale, Hermida-Merino, & Bras,
2016). The area of polymeric radiation shielding materials is highly underrated as it
has great application potential. Polymer shielding materials offer advantages such as
enhanced homogenous shielding, flexibility, and lower weight relative to metallic
shielding materials (Hakansson, Amiet, Nahavandi, & Kaynak, 2007). Such
improvement is essential for the protection of astronauts, spacecraft, and payloads
from radiation damage in long-term space missions (Emmanuel & Raghavan, 2016;
Pohl & Britt; Slaba et al., 2017).

Poly(methyl) methacrylate (PMMA) is a thermoplastic polymer with exceptional
mechanical properties. (PMMA) (CsO2Hg)n is widely used in the automotive and
aerospace industry. PMMA is used in aircraft windshields, radar screens, and telescope
production (Hu et al., 2016). Polymer’s functionality such as magnetic, optical, and
mechanical properties can be enhanced through the incorporation of inorganic
nanomaterials into the polymer matrix. Changes in properties of the polymer depend

on filler type and preparation method of the nanocomposite (Chang et al., 2008).

One of the main reasons for polymer degradation is chain scission under radiation
energy (I. H. Kim, Cho, Bae, Park, & Chung, 2003). This deterioration creates both
new radicals and the macromolecules. The living polymer produced with the ATRP
method has a potential advantage as the living matrix might allow self-healing from
the damage induced by ionizing, ultraviolet, and electromagnetic radiation. The living
polymer can induce recombination between new radicals and the macromolecular on
the end of the matrix chain (Ming Qiu Zhang & Rong, 2011b; Zhu, Rong, & Zhang,
2015). For this reason, PMMA living polymer synthesized by ATRP was chosen as

the matrix material of reinforced nanocomposites.
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In this study, the content of GMA loaded microspheres (MK) and Halloysite clay
nanotubes (HNTSs), aswellas Montmorillonite clay nanoplates (MMT) and
Colemanite (CMT), were optimized in a living PMMA matrix to achieve maximum
radiation-shielding capacity while keeping the mechanical properties and the self-
healing capacity. For maximum efficiency, a multiphase autonomous self-healing
approach was followed. First, the most promising nanocomposite compositions have
been determined by applying the hardness, impact, flexural, and compression tests for
mechanical shielding applications. Samples are tested for shielding gamma and
neutron radiation for radiation shielding properties. Thus, it is determined how to

produce a multiphase self-healing nanocomposite shielding material for aerospace.
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HAVACILIK VE UZAY ICIN KENDINI COK BOYUTTA ONARABILEN
NANOKOMPOZIT ZIRH MALZEMESI

OZET

Son yirmi yilda, arastirmacilar, calismalarini, teorik ¢alismalardan deneysel
calismalara doniistiirmeyi amaglamiglardir (Portale, Hermida-Merino, & Bras, 2016).
Polimerik radyasyon zirh malzemeleri, genis bir uygulama potansiyeline sahip
olmasina ragmen yeterince ¢alisilmamaktadir. Polimer radyasyon zirh malzemeleri,
metalik zirh malzemlerine gére homojen zirhlama, esneklik ve daha diisiik agirlik gibi
avantajlar sunmaktadir (Hakansson, Amiet, Nahavandi, & Kaynak, 2007). Bu tur
iyilestirme astronotlarin uzun siirecek gorevlerinde radyasyon hasarindan uzay
aracinin ve yiiklerin korunmasi i¢in gereklidir (Emmanuel & Raghavan, 2016; Pohl &

Britt; Slaba ve dig., 2017).

Kendini onaran malzemeler disardan bir miidahale ile (yamalama, yapistirma,
kaynaklama vb.) ihtiyac duymadan olusan hasarlar1 onarma kapasitesine sahip
malzemlerdir. Otonom kendini onaran malzemeler, disardan bir miidahaleye ihtiyag
duymazlar. Otonom olmayan kendini onarma mekanizmalarida mevcuttur. Bu tip
otonom olmayan kendini onaran malzemlerde kendini onarma 151k veya 1s1 gibi bir
tetik ile baglamakta ve malzeme kendini onarmaya tetiklendikten sonra baglamaktadir.
Kendini onaran malzemeler dahil olduklar1 sistemin Omrinii uzatmakta, sistemin

giivenligini artirmakta ve bakim masraflarini diisiirmektedir(Chang ve ark., 2008).

Poli (metil) metakrilat (PMMA) olaganiistii mekanik 6zelliklere sahip bir termoplastik
polimerdir. (PMMA) (Cs02Hg)n, otomotiv ve havacilik endiistrisi tarafindan yaygin
olarak kullanilmaktadir. PMMA, hava araci 6n cam panelde, radar ekraninda ve
teleskop iiretiminde kullanilmaktadir (Hu ve digerleri, 2016). Manyetik, optik ve
mekanik 6zellikler; inorganik nanomalzemelerin polimer matrisine dahil edilmesiyle
gelistirilebilir. Polimerin Ozelliklerinde meydana gelen gelismeler, dolgu maddesi
tiirline ve nanokompozitin hazirlanma yontemine bagli olarak degismektedir (Chang

ve dig., 2008).
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Polimer yapinin bozulmasimin baslica sebepleri arasinda, gesitli uygulamalardaki
gorevleri suresince, iyonizan radyasyona maruz kalan polymer zincirinin kopmasi
sayilabilmektedir (IH. Kim, Cho, Bae, Park, & Chung, 2003). Polimerde olusan bu
bozulma, hem yeni radikaller ve makromolekiiller yaratabilmektedir. Canli polimer
matris, iyonizan elektromanyetik radyasyon sonucu olusan hasar karsisinda da kendi
kendine iyilesmeye izin verebilmektedir. Dolayisiyla, ATRP yonteminin kullanilmasi,
bu doktora tez calismasi kapsaminda {iretilen canli polimerin olusrulmasinda,
potansiyel bir avantaj olarak kabul edilmistir. Ciinkii, ATRP yonteminin kullanilmasi,
canli polimer matriks zincirlerinin sonundaki makromolekiler ve yeni radikaller
arasinda rekombinasyonu etkileyebilmektedir (Ming Qiu Zhang & Rong, 2011b; Zhu,
Rong, & Zhang, 2015). Bu sebeple, bu doktora tez ¢alismasinda, polimer matris
malzemesi olarak, ATRP yontemi ile sentezlenen, PMMA canli polimer Uretimi tercih

edilmistir.

Atom Transfer Radikal Polymerizasyon (ATRP) teknigi ile iiretilen canli polimerin
diger bir kendini onarma mekanizmasi, olusan bir catlagin etkisiyle kiritlan monomer
yiiklii mikrokapsiillerin canli polimer matris i¢inde kapiler etki ile yayilarak kendini
onaramay1 tetiklemesidir. Kendini onarma ajaninin catlak yiizeyini kaplamasiyla
katilagsma baslar, catlak bdlgesi dolar ve nihai olarak, katilasir. Sonug olarak; catlak
onarilmis olur (Ming Qiu Zhang & Rong, 2011b; Zhu, Rong, & Zhang, 2015). Bu
sebeple, bu doktora tez ¢alismasinda, polimer matris malzemesi olarak, ATRP yontemi

ile sentezlenen, PMMA canli polimer iiretimi tercih edilmistir.

Bu calismada, canli PMMA matrisinde optimize edilmis, kendini onarma sivisi
Glycidyl Methacrylate (GMA) yukli mikrokireler (MK) ve Halloysite kil nanottipler
(HNT'ler), Montmorillonit (MMT’ler) kil nanolevhalar ve Kolemanite (CMT) ilave
edilmistir. GMA, MK, HNTs ve MMTs olarak 4 farkli dolgu malzemesi kullanilarak,
malzemeyi agirlastirmadan ve iyonizan radyasyonu zirhlama kapasitesinden 6diin
vermeden,  mekanik  Ozelliklerdeki  gelistirilmeler ~ mukayeseli  olarak
degerlendirilmistir. Boylece, canli polimerin kendini onarma dzelliginde, maksimum
verimlilik elde etmek igin, ¢cok yonli (3 boyutta), 0zgln, kendini iyilestirme

kapasitesine sahip termoplastik yapilar incelenmistir.

Oncelikle, mekanik 6zelliklerde en umut verici nanokompozit zirh kompozisyonu;
sertlik, darbe, egilme ve basma testleri uygulanarak belirlenmistir. Secilen

kompozisyona, gama ve notron transmisyon deneyleri yapilmis ve zirhlama
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potansiyeli belirlenmistir. BOylece, havacilik uygulamalari agisindan cazip, disaridan
herhangi bir mudahale olmaksizin ¢ok yonlii (3 boyutta) kendi kendini iyilestirebilen,

nanokompozit zirh malzemesinin  Uretim parametrelerine iliskin  detaylar

belirlenmistir.
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1. INTRODUCTION

1.1 Literature Review

1.1.1 Satellite systems

Today low earth orbit satellite systems are becoming the primary satellite component
of the third generation private mobile communication networks and military command
and control infrastructure (Collier, 2008; Fadel, Tohme, & ieee, 2004; Mourad, Al-
Bassiouni, Emam, & Al-Hussaini, 2001). The most significant workload of such
networks is the real-time voice and data transfer services which requires keeping full

bandwidth to be at service on demand (Fadel et al., 2004).

For the military perspective, there is an emerging term “Network Centric Warfare”
which can be described as the warfare founded mainly on the information superiority
established by linking sensors, fighters and the decision makers to maximize the
situation awareness. Such network increases the combat power by providing the
lethality, survivability, and degree of self-synchronization for the combatant troops. In
such theatrical situation, each fighter is an independent node with a capacity to receive,
evaluate and push information, which requires on-demand data transfer facilitators
(Ferguson, 2001). These streaming data and voice demands of civilian and military are
handled by Satellites and High Altitude Platforms.

Satellites are an essential part of the neoteric lifestyle and new battle zones; such that
they provide all means of communications, data transfer, and geospatial information
for civilians as well as for as the personnel under arms (Symolon, 2009). It is expected
that within a few decades thousands of low earth orbit LEO satellites will be designed
for global communications, military applications and other purposes (Helvajian,
1999).



Figure 1.1 : Four Major Orbit Types (Carter, 1986).

Low earth orbit (LEO) is defined as 200km to 2000km while mid-earth orbit is defined
the altitude between the 2000km to 35786km. Finally, the high orbit is defined as the
35786km and above (Figure 1.1) (Hamzah, Yaacob, Muthusamy, Hamzah, & Ghazali,
2013). LEO Low Earth Orbit (200km to 2,000km altitude) satellites have significant
advantages over conventional geostationary satellites; they have better link quality,
lower launching costs and shorter delay in transmission (L. H. Li, Heymsfield,
Racette, Tian, & Zenker, 2004; S.-Y. Li & Wang, 2012). LEO satellites are quite fast
as they have orbits from 90 mins to a few hours (Carter, 1986). LEO satellite systems
pave the way to the correct global instantaneous communications and data transfer
systems by facilitating inter-satellite links (ISLs) in addition to terrestrial links with
better autonomy and the significant reduction in ground systems dependence (B. W.
Kim, Min, Yang, & Kim, 2000). As a military capacity; LEO satellites can deploy
space-based counteroffensive and microsatellites (space mines) opposing

geosynchronous satellites (DeBlois, Garwin, Kemp, & Marwell, 2004).

1.1.2 High altitude airplanes and airships

Long-haul communications, remote sensing and surveillance capabilities are run
mainly by satellite-based assets. This firm dependence on space-based assets is
accepted as the Achilles heel of the currently advanced militaries. United States of
America’s Department of Defence has started High Altitude Platform (HAP) programs
(Figure 1.2) to break this dependence and provide an alternative to both



geosynchronous and LEO satellites, even with better versatility and mission capability

(Collier, 2008).
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Figure 1.2 : Network Centric Warfare applications of LEO and High Altitude
Planes (Aragon-Zavala, Cuevas-Ruiz, & Delgado-Penin, 2008).

Although both Airplanes and Airships provide high altitude solutions; they both have
a very distinct difference. Airships generate lift through buoyancy effect while
airplanes generate lift through aerodynamics as a result of the different mechanisms
airships do not require to move steadily to a float while airplanes do (Figure 1.3) (Yu
& Lv, 2010). The downside of the airships is that they are very slow, so their response

time is very high.

NASA Dryden Flight Center Photo C:
nhttp:/Awww.dfrc.nasa.gov/gallery/photo/index.htmi
NASA Photo: ED01-0230-1  Date: August 13, 2001 Photo by: Nick Galante
NASA's Helios Prototype aircraft taking off from the Pacific Missile Range Facility, Kaual, Hawail, for
the record flight.

Figure 1.3 : NASA's Helios prototype high altitude aircraft were taking off
(Galante, 2001).



With a better response time, high altitude airplanes provide much better solution
current demands of the civilian and military requirements. Thus there has been much

research has been done to make high altitude flights economical and viable.

There has been global effort to determine exposed radiation dose during high altitude
flights, in this context; The International Space Radiation Laboratory (ISRL) of the
Japanese National Institute of Radiological Sciences (NIRS), Eril Research, Inc.
(ERI), and the Flight Surgeon’s Office at the NASA Dryden Flight Research Center
(DFRC) use measurements with NASA ER-2 High Altitude plane (McElroy, 1995;
Uchihori, Benton, Moeller, & Bendrick, 2003).

Er-2 have to lift off from Edwards Air Force Base (AFB) in Southern California on
7th of November 2000;

The plane reached the altitude of 19.5km by 09:30 local time and the dose
recorded at that moment is about 5.5 uGy/hr,

e At 10:30 plane is descended to altitude 14km at this level radiation dose is

about four uGyr/hr,

e The Plane continued to descend at reached the 11km at this level radiation dose
is about 2.5 pGy/hr,

e Nearly 11:30 plane climbed to altitude 19.5km dose rate is increased back to
5.5 uGy/hr (Uchihori et al., 2003).

Research show that high altitude flights require specialized shielding which can deem
the radiation dose at the acceptable rate for the personnel as well as the electronic
equipment on board. The plot of the flight can be seen from the figure below (Figure
1.4);

Figure 1.4 : Dose rate and altitude as functions of time for ER-2 Sortie No: 01-
123 on 7th November 2000 (Uchihori et al., 2003).



Commercial Concorde planes are equipped with early warning systems which guide
the pilot to lower its altitude in case of the radiation dose limits are passed. In such
event merely the pilot lowers the altitude of the plane to meet the safety demands of
the people and electronics on board (Lim, 2002). Unfortunately, such reaction is not
possible for reconnaissance flights as it will be violations of airspace of the subjected
country. Onboard equipment and personnel have to be shielded sufficiently to
withstand any possible radiation dose increase situation including solar flare and solar

wax activities.

1.1.3 Cloaking requirements for LEO satellites

Ground-based stations like the Russian Federation’s Okno electrooptical complex
(Figure 1.5) searches and later on tracks down space objects at an altitude between
2,000 to 40,000km. The detectors in the complex are calibrated to detect the sunlight
reflecting from the space objects bigger than 20cm in diameter. After it collects
coordinates and photometric information, the system sends the data to command and
control infrastructure ("Okno ELINT complex in Tajikistan is becoming Russian,"
2006; "3BE3JHBIE BOMHbI HAUMHAIOTCS B IIPEJIIOPBLSIX ITAMUPA,"

2014; "Poccus mpopy6miia HoBoe «OKHO» B KocMmoc," 2006).

Thus any satellite made from transparent or semi-transparent material traveling below
the 2000km is immune to such detection while have to face the harsh environment of

low earth orbit and other material problems that comes with transparency.

R s ) e
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Figure 1.5 : 1109"" Independent Electrooptical Node ("Okno" electrooptical
complex), Nurek ("Okno ELINT complex in Tajikistan is becoming Russian," 2006).



1.1.4 Material properties for LEO’s

A suitable structure is necessary to define a spacecraft without the structure a
spacecraft is just a pile of circuit boards, wires and propulsion pipework (Harland &
Lorenz, 2005). Structural design properties of the LEO satellites and HALE’s requires
a design review involves a multidisciplinary approach. The design parameters must be
determined for each part as well as assessing the overall design parameters such as
(alignment, thermal requirements, the field of view, screening, connections and
accessibility (Figure 1.6) (Fortescue, Stark, & Swinerd, 2003).

Generate Launcher
specifications= constrains -

Spacecraft
configuratiosr

Structure Mathematica Spacecraft
schemes I Modelling analysis

Detailled
design g <

Coupled <

Manufacture
> loads

Design Verification
verification CLA

Figure 1.6 : Structural design progress (Fortescue et al., 2003).

LEO satellites are not subject to harsh radiation degradation as they are below the
radiation belts (excluding ~ 90-degree inclination) but they are under the intense
influence of atmospheric drag and atomic oxygen (AO) which requires better structural

integrity and strong corrosion resistance. LEO satellites will be subject to;
e Decreasing density of natural atmosphere
e Orbital debris
e Atmospheric plasma

e AO corrosion



e Exposure to charged particles around the South Atlantic Anomaly
e Ultraviolet radiation
e Thermal cycle (6000 cycles per year) (Patel, 2005)

Thus structural materials for LEO satellites will have to withstand such detrimental
effects. It is well known that solar arrays or spacecraft surfaces that are in the LEO can
face solar array arc due to arc plume which brings the requirement for sufficient
shielding to achieve successful operation (Kleiman, 2006).

The most commonly used polymeric material is Mylar which is a transparent material
which can undergo thickness of 0.00025in. Sometimes Mylar is coated with very
shallow layers of Aluminium to get reflectance. Another choice is Kapton which have
higher strength and the ability to withstand temperature compared to Mylar. Both of
the materials are useless for low orbit applications as they undergo significant
degradation by the Atomic Oxygen (Griffin & French, 2004).

1.1.5 Material properties for HAP’s

As the Wind patterns for the atmosphere evaluated (Figure 1.7) it is crucial an high
altitude airplane to operate at an altitude range between 18km to 22km. To accomplish
successful flying at this altitude requires a fast airspeed and very high value of lift
coefficient as the air at this level is thinner than the altitudes below (Jenkinson &
Marchman, 2003).
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Figure 1.7 : Wind Speeds versus the altitude (Jenkinson & Marchman, 2003).



Uninhabited aerial surveillance vehicle (UAV) operate between 18km to 22km with a
speed of 220 m/s; it expected to have 1800N/m2 (183.5 kg/sqm) loading occur at the
wings (Figure 1.8) (Jenkinson & Marchman, 2003). Wing loading versus altitude can

be seen from the diagram below;
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Figure 1.8 : High altitude airplane wing loading (Jenkinson & Marchman,
2003).

HAP systems will be subject to;

Linear acceleration

Structural transmitted vibration
e Shock
e Acoustic Loads
e Internal Pressure
e Thermal Stress (Griffin & French, 2004).
Thus structural materials for HAP systems will have to withstand such detrimental
effects.
1.1.6 Self-Healing materials

With a materials scientist perspective “self-healing” means recovery of the material to
the state of initial properties after a damage and/or change occurred by an

environmental factor or internal pre-deposited factor such as internal stress (Fedrizzi,



Firbeth, Montemor, European Federation of Corrosion., & Institute of Materials
Minerals and Mining., 2011). There are some other synonym words in the literature to

cover self-healing materials such as;
e Self-Repairing
e Autonomic-Healing
e Autonomic-Repairing

In most of the cases, the self-healing of the material requires external stimuli thus such

materials are divided into two main groups;
e Autonomic (without any intervention);

e Non-autonomic (needs human intervention/external triggering)(S. K. Ghosh,
2009; Zheng & McCarthy, 2012).

Conventionally the damaged materials are repaired by patching, gluing or welding,
which requires external intervention; the self-healing materials aim to minimize this
intervention requirement with an ultimate aim to achieve zero intervention.
Autonomous self-healing materials give zero intervention; such materials will extend
the working life and the reliability of the whole systems while reducing the overall
cost of maintenance. Self-healing materials take the attention of intuitions such as US
Air Force and European Space Agency (Wu, Meure, & Solomon, 2008; Y. Yang &
Urban, 2013).

1.1.6.1 Healing mechanisms

Self-Healing materials can recover from a damaged state to the point of original state
by using the components inherently available to them; there are two primary classes
of self-healing;

Intrinsic self-healing systems
Extrinsic self-healing systems

Intrinsic self-healing materials heal the damage by the properties of the material or
material components such as heating the thermoplastic above the Tg which will
increase the mobility of the molecules or manage the reversible crosslinking to perform
desired reactions. Extrinsic self-healing systems are based on the incorporation of

foreign materials to the system, which will interact with each other in case of crack



formation; such systems are usually formed from a liquid healing agent and a solid
catalyst (Neuser, Michaud, & White, 2012). Self-healing should occur spontaneously,
can be triggered by internal or external stimuli but the healed location must exhibit full
or near properties of the virgin material. For getting best healing efficiency probable
damage characteristics and the working conditions of the material should be well
determined (Geckeler & Nishide, 2009).

During last decade, a variety of self-healing materials have been invented, which uses
different components and compositions. Even the components and the compositions
they mainly use common repairing mechanisms, these self-healing mechanisms can
be divided based on the chemical reactions which are listed in Figure 1.9 below
(Williams, Dreyer, & Bielawski, 2008).
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(Long) Ligand Exchange
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Phosphine-Metal (Sijbesma

Figure 1.9 : Organization of self-healing materials based on their chemistry.
The specific chemistry employed is noted and is accompanied by a representative list
of associated principal investigators in parentheses. Red represents current or
emerging materials, and blue represents possible materials. Note: ROMP is an
acronym for ring-opening metathesis polymerization, and EMAAs are poly(ethylene-
co-methacrylic acid) ionomers(Williams et al., 2008).

1.1.6.2 Release of healing agent

As a healing mechanism with a curing agent, some self-healing materials are loaded
with microcapsules or networks of micropipes, which are loaded with active agents

such as monomers, dyes, catalysts and hardeners as an example dicyclopentadiene
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monomer encapsulated into microcapsules introduced into the epoxy matrix. In the
event of crack formation, these reservoirs rupture as seen in Figure 1.10 below which
induces the release of healing agent and movement through the material with capillary
effect. As the healing agent meets with predisposed catalysts inside the solidification
starts which gradually fills the cracked area, the whole process is induced by the crack
formation as seen from the Figure 1.10 (S. K. Ghosh, 2009; Syrett, Becer, &
Haddleton, 2010; White et al., 2001).

Figure 1.10 : Schematic of the self-healing process: (a) self-healing composite;
(b) crack propagating into the matrix; (c) a crack healed by polymerized PDMS.
SEM images of (d) the fracture surface, and (e)a representative microcapsule, (Syrett
et al., 2010).

In the manufacturing process, the healing agent and the catalysts have to be disposed
inside the material; the crack formation should trigger the process. The process should
follow as described above for sufficient healing of the crack there need to be enough,

and right healing agent and catalyst must have been disposed inside the material
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(Vriezema et al., 2005; Ming Qiu Zhang & Rong, 2011a). For encapsulation of healing
agent and or catalyst methods and triggering mechanisms are listed in Table 1.1 below.

Table 1.1 : Encapsulation systems and indicative triggers (Hughes, Cole, Muster, &
Varley, 2010).

System
Direct
incorporation
Sol-Gel
Layered
Compounds
Hierarchical
Hard polymer
Polyelectrolyte
Micelle
Pickering
particles

There are two primary mediums used for storing healing agent inside the material;
e Healing agent loaded pipelines

e Healing agent loaded microcapsules

(@ @ D% (b)
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Figure 1.11 : Images of the microcapsules, obtained by (a) optical microscopy
and (b) ESEM. They were prepared at an agitation speed of 1000rpm with a reaction
time of 3h (Ming Qiu Zhang & Rong, 2011b).

P

As the crack formation induces the healing agent delivery there is no further manual
intervention required as seen indistinct self-healing, the process works very well in
different cases and environments although there is drawback due to depletion of
healing agents and catalysts the process can be repeated locally for limited times
(Figure 1.11). As a better biomimetic solution, the healing agent can be deposited
inside networks of micropipes, which are interconnected to each other and a central
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reservoir. Such microvascular networks are more efficient in delivering one or more
healing agent to desired locations Figure 1.12 (Hager, Greil, Leyens, van der Zwaag,
& Schubert, 2010; Ming Qiu Zhang & Rong, 2011a; M. Q. Zhang & Rong, 2012).

Figure 1.12 : Schematics of surface damage being healed in a) the epidermal
layer via the vascularized dermis (Reprinted with permission. b) a brittle coating
material via an interpenetrating vascular network within a substrate Schematics of
internal damage being healed (c) in cortical bone within a synthetic vascular
material(Hamilton, Sottos, & White, 2010).

Microvascular networks self-healing mechanism is inspired by the healing mechanism
of the human skin. A minor cut to the skin triggers the healing mechanism. First, there
is blood flow from the underlying dermal layer, afterward formation of coating
material at and below the cut area as seen from the Figure 1.13 below. Microvascular
networks mimic the same method and also for maximising the efficiency, the pipes
locations are engineered to be located at probable crack formation locations and give
the best flowability to healing agent(s)n(Hamilton et al., 2010). The healing system
can be further developed by addition of pumps, valves and internal reservoirs (B.
Ghosh & Urban, 2009; Toohey, Sottos, Lewis, Moore, & White, 2007).

Figure 1.13 : Cartoon to illustrate the main phases in the healing of a skin
wound. The tearing is temporarily plugged with a fibrin clot, which is soon infiltrated
by inflammatory cells. Later, a dense capillary network and a temporary granulation
tissue form. An epidermal layer is reconstituted from the edges of the wound and the
remnants of the primary cute, hair-like follicles, by the migration of epidermal cells
and by the production of collagen (Amendola & Meneghetti, 2009).
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1.1.6.3 Controlled living polymerization

Foundation of living anionic polymerization followed by controlled/living
polymerization made a considerable impact both on polymer and materials science.
Because, it has opened new frontiers and capabilities in polymer science such as
preparation of precisely defined molecular and nanostructures with a very well defined
polymer (Muller & Matyjaszewski, 2010).

The main characteristics of the living polymerization are the quick initiation of the
reactive chain ends as seen in the chain termination and the chain transfer in the
polymer chain growing process. This gives living polymerization specialty of growing
macromolecular species as there is monomers common living polymerization
techniques are as listed in Table 1.2 below (Geckeler & Nishide, 2009).

Table 1.2 : Common living polymerization techniques for the preparation of block
copolymers(Geckeler & Nishide, 2009).

Polymerization Technique Monomers available

Styrenes, vinyl pyridines, methacrylates,
o acrylates, butadiene, isoprene, N - carboxy
Anionic anhydrides (amino acids), ethylene oxide,
lactones, hexamethylcyclotrisiloxane, 1,3 -
cyclohexadiene, isocyanates
Cationic ring - opening Epoxides, siloxanes, tetrahydrofuran
Methacrylates, acrylates, nitriles,  esters,
butadienes, isoprenes
Ring - opening metathesis Norbornenes
Styrene, methacrylates, acrylates, Acrylamides,
dienes, acrylonitrile
Atom transfer radical Styrenes, methacrylates, acrylates, acrylonitriles
Reversible addition — fragmentation
chain transfer

Group transfer

Stable free radical

Methacrylates, styrene, acrylates

For thermoplastic polymers living polymerization at room temperature is an efficient
way as there is no external intervention is needed, the build-up chemical bonds from
the cracked planes induces self-healing without any external stimuli or catalyst. Most
important of all the impact tests done up to now show that the material can withhold
self-healing capacity for years, also such systems shows self-healing capacity against
the radiation damage induced by ionizing radiation, UV, and electromagnetic
radiation. Self-healing against radiation is done by recombination of free radicals
induced by radiation damage and the macromolecular radicals on the chain ends as
seen in Figure 1.14 (Ming Qiu Zhang & Rong, 2011a).
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Figure 1.14 : Schematic drawing of crack repair by living copolymerization of
GMA from the cracked surfaces of living PMMA matrix. (a) Diffusion of released
GMA monomers into living PMMA matrix, leading to swollen interlayer at the
cracked surface. (b) Growth of living poly(glycidyl methacrylate) (PGMA) chains
from a copolymer of PGMA and PMMA (i.e.PMMA-co-PGMA). (c) Crack filled
with PMMA-co-PGMA (Ming Qiu Zhang & Rong, 2011a).

Newly proposed nanoparticle-induced processes use high-quality nanoparticles with
diluted organometallic precursors which causes sweeping particle surfaces with
alkane-based ligands such as amines, n-alkyl thiols or phosphine oxides, such
dispersion operations causes the particles to form clusters or aggregate at specific
regions which undermines the proprieties of the composite. Leaving conventional
ligands (in favor of new ones, which provide better interaction with polymer host) is
one of the tested ways for the uniform dispersion of the nanoparticles, which leads to
polymerization start from the surface of the nanoparticle and grow through the
mixture. Polymerization methods such as controlled free-radical polymerization and
ring-opening metathesis polymerization have proven themselves as viable options for

uniform dispersion of the nanoparticles (Balazs, Emrick, & Russell, 2006).

Another way of living polymerization self-healing is dispersing the glycidyl
methacrylate (GMA) monomer containing microspheres inside a living polymer poly-
(methyl methacrylate) (PMMA) matrix when the microcapsules rupture by a crack the
GMA is released into the living polymer PMMA matrix. The GMA acts as an initiator,
so without requiring an external catalyst the polymerization starts and heals the
cracked area (Syrett et al., 2010).

1.1.6.4 Reversible cross-links

While reversible cross-linked materials show, the capacity of self-healing there is
always a requirement of an external stimulus, which can be photo, thermal or chemical

activation to start reversibility. Although reversible-crosslinking materials show the
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self-healing capacity their healing capacity is not autonomous(B. Ghosh & Urban,
2009). Formation of a crack inside a polymeric material requires the breaking of
chemical bonds, for a crack to propagate inside the polymer this chain breakage must
continue towards the crack propagation route. Thus an efficient self-healing
mechanism by reversible cross-links involves the formation of new bonds as seen in
the Figure 1.15 below, as this healing mechanism is in molecular scale it offers the
capacity to s repeated healing of the material (Habault, Zhang, & Zhao, 2013; Ming
Qiu Zhang & Rong, 2011a).

light

formation of chemical bonds
merging crack surfaces

crack surfaces

Figure 1.15 : Schematic illustration of light-triggered self-healing of a crack,
requiring formation of new chemical bonds and fusion of crack surfaces(Habault et
al., 2013).

To achieve a mechanical and electrical self-healing, inorganic components and
polymer matrix should have a perfect compatibility, which will lead to uniform
dispersion of the inorganic materials towards the polymer matrix that prevents
electrical percolation. Better compatibility may induce movement of the inorganic
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component inside polymer matrix that will increase the uniformity of the dispersion
thus the electrical conductivity.
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Figure 1.16 : Self-healing organometallic polymer and the dynamic covalent
chemistry in the polymer (Benight, Wang, Tok, & Bao, 2013).

As an example, the reversible bonds between the transition metals and the N-
heterocyclic carbenes (NHCs) prepare electrically conductive self-healing polymer
networks with dynamic structures by cross-linked conjugated cores as seen Figure 1.16
above. When a micron-sized crack occurs on the cross-linked film the resistivity at the
localized area increases, the damage is mostly healed by the heating of the specimen
inside a DMSO vapor at an ambient temperature of 150°C (Benight et al., 2013).

Chain cleavage of cyclobutane (PFCB) under stress is represented by the Figure 1.17.
As a result of the cleavage trifluorovinyl esters (TFVE)’s form and those trifluorovinyl
esters (TFVE)’s reform by the cycloreversion, this step by step cleavage characteristics
makes crosslinking a viable self-healing mechanism for the trifluorovinyl esters Figure
1.17 (TFVE) (Y. Yang & Urban, 2013).
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Figure 1.17 : Mechanically induced chain cleavage in perfluoro-cyclobutane
(Y. Yang & Urban, 2013)

Four-membered ring opening by the wavelength of 254nm and ring closure by the
wavelength 366nm of the anthracene derivatives [4 +4] is schematically shown in the
Figure 1.18 below, which offers a reversible polymerization for the anthracene

derivatives.

Self-Healing by light is possible if the crack is on the surface. If the crack is deep
inside the material, the sample should be transparent for the used wavelength of the

radiation to achieve self-healing. To ensure successful process application,
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monochromatic radiation at required wavelength should be at disposal.
Monochromatic radiation can selectively reactivate groups inside the heterogeneous
networks. As the radiation was applied to damaged area; the local temperature change
due to radiation exposure (Habault et al., 2013; Y. Yang & Urban, 2013).
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Figure 1.18 : Photo-induced self-healing hydrogels based on the cycloaddition
reaction between two anthracene groups using an anthracene-containing
hyperbranched polyglycerol(Liu & Chuo, 2013).

Multi-furan and multi-maleimide can synthesize highly cross-linked polymers via
Diels-Alder (DA) reaction when such polymer is heated above 120°, C the
intermonomer links break down until the material cooled back to room temperature,
which will induce recombination of linkages between monomers. This process is
reversible and can be used to heal fractured parts as seen Figure 19 below (Ming Qiu

Zhang & Rong, 2011a).
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Figure 1.19 : Mending efficiency of polymer 3. (A) Mending efficiency, (B)
Broken specimen (C) After thermal treatment. (D) SEM image of the surface of a
healed sample, (E) Boxed area in (D)(Chen et al., 2002).

1.1.6.5 Self-Healing by heating the material over Tg

Molecular diffusion is the driving factor of self-healing mechanism by heating the
material above its glass transition (Tg) temperature. Autonomous self-healing can be
achieved by low Tg materials which give molecular chains the capacity to access the
free volume easily and have higher mobility. When two pieces of the same polymer
put in contact and heated above glass transition temperature, the interface slowly
disappears, and mechanical performance increases with time which can take minutes
(in Figure 1.20) days or even years to complete healing (Urban, 2012). There are five
stages of self-healing of crack induced damage:

e Surface rearrangement
e Surface approaching

e Wetting

o Diffusion

e Randomization
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Lin et al. have treated PMMA with methanol from 40° to 60°C and observed with a
given time it is possible to achieve complete recovery of material up to the point of
virgin material tensile strength (Wu et al., 2008; M. Q. Zhang & Rong, 2012). Self-
healing by heating above Tg applies to many thermoset materials including but not
limited to epoxy, PMMA, polyamides, polyethylene, polyketones, polystyrene (Billiet,
Hillewaere, Teixeira, & Du Prez, 2013).

Interface Model Molecular Model Healing Stages

1 and 2

Rearrangement and
Surface Approach

3

Wetting of the
Surfaces

4

Low Level Diffusion
Between Surfaces

s
Diffusion, Equilibration
and Randomisation

Figure 1.20 : Mechanisms involved in self-healing via molecular interdiffusion
(Wu et al., 2008).

Although self-Healing of monomers is based on same principles, the process is slightly
different from other forms of self-healing. The local melting of ionomer with the
energy deposited by high impact induces self-healing of the material. The healing
process is induced by the thermal reversibility of the ionic interaction as represented
in the Figure 1.21 below (Syrett et al., 2010).

Figure 1.21 : Friction causes melt. Elastically rebounds. The polymer is still
molten, able to reformat the damage site (Syrett et al., 2010).
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Self-Healing by heating can be achieved with the heterogeneous thermoplastic
copolymer systems, the heterogeneous system of hard polystyrene (PS) as a structural
handler and soft polyacrylate amide (PA-A) pendent groups with multiple H-bonding
sites provides self-healing through heating above the glass transition temperature.
Copolymer heated hydrophobic and hydrophilic reactions paves the way for phase
separation’s which gives the self-healing characteristics as seen the Figure 1.22 below
(Y. Yang & Urban, 2013). Superhydrophobic properties have been achieved by
incorporating colloidal particles inside a highly fluorinated crystalline fusible wax.
Colloidal particles are removed from the surface by scratching after the damaged blend
melted it is seen that most of the colloidal particles reorganized near surface area due

to the tendency of wax to crystallize near the surface (lonov & Synytska, 2012).
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Figure 1.22 : Copolymers are combining hard polystyrene (PS) backbones with
soft polyacrylate amide (PA-A) pendant groups carrying multiple H-bonding sites(Y.
Yang & Urban, 2013).

Also in another approach utilizing selective microwave absorption of the graphene
layers, an area is locally heated, and temperature over Tg self-healing mechanism is
induced. For the visible spectrum of light silver nanoparticles which have visible light
surface plasma adsorption bands have provided local heating in the presence of visible
light which leads to local temperature increase thus self-healing (Y. Yang & Urban,
2013).

Supramolecule polymers and polymerlike are soft materials which have relatively low
Tg. This nature of such materials gives a unique advantage over covalent bonding.
These materials remodeled reversibly within a short period either high free volume
fluidic characteristics or low free volume solid-like characteristics, which gives

material different elastic and plastic properties (Y. Yang & Urban, 2013).
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1.1.6.6 Nanomaterial self-healing

Self-healing for coating materials is different from the bulk materials; coating self-
healing mechanisms require much more delicate containers. To meet dimensional

requirements, the many different approaches are tried,

Nanocomposites are solid materials, which have repetition distance in the scale of
nanometers for the different phases. Most typically such materials are made of an
inorganic solid containing an organic component, as a more complex option material
can have three or more organic/inorganic combination while one of the components is
in nanoscale (Ajayan, Schadler, & Braun, 2006; Koo, 2006).

Incorporation of nanoparticles into polymer matrix nanocomposites have opened new
capabilities to build new materials that have superior optical, mechanical and electrical
properties while providing an option of flexible if desired. The best examples of such
cases are the variation in the nanoparticle size and coating providing scientists new
self-healing materials matching better durability requirements and auto-corralling rods
for the photovoltaic industry. There is enormous demand for developing production
techniques, equipment and processes which will carry the microscopic beneficial

effects of the nanoparticles through the material (Balazs et al., 2006).

Polymer nanocomposites (PNs) are made from polymeric materials (e.g., elastomers,
thermosets, or thermoplastics) exhibit significant improvements including mechanical
properties, thermal stability, gas barrier properties, fire retardancy and many more
(Koo, 2006). The biggest overwhelming problem of the self-healing polymer
nanocomposites is finding a natural controllable and cost-effective process, which
provide the dispersion of nanoparticles within the polymer matrix. Nanoparticles
inside the polymer matrix tend to form domains, and aggregate specific areas which
provide the adverse effect as the matrix material away from the domains do not have

the beneficial effects of the nanoparticles (Balazs et al., 2006).

Nanoparticles inside polymer nanocomposites have a unique capacity to segregate to
crack surface, and the movement of nanoparticles inside polymeric fluid induces seal
the cracked area, such reaction by the attraction between the crack surface and the
nanoparticle. Even computational studies on such healing mechanism predict %75
t0%2100 recovery for the mechanical properties; such healing mechanism have not
demonstrated yet (B. Ghosh & Urban, 2009).
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Figure 1.23 : Molecular model of carbon nanotube and organic molecules for
the self-healing system (Lanzara, Yoon, Liu, Peng, & Lee, 2009)

Another approach involves carbon nanotubes; CNT (carbon nanotubes) are filled with
healing agent molecules and dispersed inside the matrix material, catalysts are located
the either covered outer surface of the CNTs or mixed to the matrix material. The
healing mechanism can be triggered even by a crack at the nanoscale. First, the CNTs
wall stops the crack. Then when the CNTSs break reservoir opens and healing agent
and the catalyst heals the cracked area or on its outer wall forms a superstructure,
which in both cases stop the crack and heals the damage Figure 1.23 (Lanzara et al.,
2009).

Computational simulations so far showed a clear relation between the crack
propagation near the surface and the melt induced “depletion attraction” of the
nanoparticles, which drives the nanoparticles towards the crack region, such action
provides a path for the autonomic recovery path for homopolymers. Such path has
been demonstrated in a poly (methyl methacrylate) matrix which have PEGylated
CdSe nanoparticles and in contact with a brittle silicon layer. Heating the materials in
junction with each other above the glass transition temperature of the PMMA matrix
composite, caused cracks at the SiOx which is later filled by the nanoparticles at the
PMMA matrix nanocomposites as shown in the fluorescence optical micrograph
Figure 1.24 below. For smaller nanoparticles, it is seen that polymer takes the place of
the nanoparticles without a significant entropic penalty. There is another example of
such case CdSe is dispersed inside polystyrene(PS) matrix. Although the underlying
mechanism has not been identified it has been observed that nanoparticles tend to

segregate to the tip of the crack, which leads to a significant change in the crazing
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characteristics of the nanocomposites and almost doubling the strain to failure ratio
(Balazs et al., 2006; Y. Yang & Urban, 2013).

Silica

o

Nanoparticles |

CdSe

Figure 1.24 : (A) A reflection optical micrograph of a thin film of a mixture of
6-nm PEGylated CdSe nanoparticles particles in poly(methyl methacrylate) that was
spin-coated onto a silicon wafer. A 0.1-mm layer of silicon oxide was evaporated
onto the nanoparticle composite, and the trilayer was heated to 160°C for 4 hours.
The difference in the thermal expansion coefficients of silicon oxide and the PMMA
composite produced the cracks observed. (B) The same film viewed with a
fluorescence microscope, in which the segregation of the CdSe nanoparticles to the
cracks is highlighted by the fluorescence of the nanoparticle(Balazs et al., 2006).

1.1.6.7 Shape memory assisted self-healing

For retaining self-healing by shape memory a temporary shape is given to a shape
memory polymers (SMP) above the Ty (either Tq or Tm), after the shape is retained the
polymer is cooled down to T<Ty temperatures. During this step chain, relaxation has
to prevent with physical or chemical crosslinking, by confining the stress arises by the
deformation, which will be the driving force of the shape memory effect. When the
stress preserved adequately when the material is heated back to T>Ty the polymer
takes back of its original or permanent form. The released stress energy induces change
because of the chain mobility. Chen et al. introduced nanocomposite with single-
walled carbon nanotubes into the Nafion matrix, which has the capacity of embedding
at least three irregular shapes, which has a range of thermal expansion characteristics.
It is demonstrated that single-walled carbon nanotube (0.5%wt) dispersed Nafion
matrix nanocomposite have the capacity of retaining different shapes by the different
wavelength radiation which has given this material self-healing capability by the
photothermal effect. As seen on the Figure 1.25 808nm NIR radiation material retained
2D wave-like form, by increasing the temperature another irregular shape was derived
from the irregular shape of the lower temperature Figure 1.25 (Habault et al., 2013).
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Figure 1.25 : Pictures showing the photocontrol of the shape memory behavior
of Nafion containing dispersed CNT (0.5 wt%): (a) permanent shape; (b) first
temporary shape (coiling) obtained using 808 nm NIR light exposure (6mWmm™2, T
= 70-75 1C) followed by cooling; (c) second temporary shape (bending at the center
of the coil) obtained by localized 808 nm NIR light exposure (25 mW mm?2, T =
140-150 1C) followed by cooling; (d) uncoiling in an oven at 75 1C while
preserving the bending; and (e) unbending to the permanent shape via 808 nm NIR
light (T = 140-150 1C). (Habault et al., 2013).

1.1.6.8 Electrohydrodynamics

For achieving self-healing by electrohydrodynamics, colloidal particles are suspended
between the walls of the double-walled metallic cylinder, which has a metallic layer
followed by a ceramic layer coating. When the damage occurs on the double walled
metallic cylinders ceramic layer current density locally increases which induces
agglomeration of the colloidal particles to the damaged area by the EHD
(electrohydrodynamics) flow Figure 1.26 (S. K. Ghosh, 2009).
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Figure 1.26 : Schematic showing electrohydrodynamics aggregation of
particles(S. K. Ghosh, 2009).

1.1.6.9 Electrically conductive and resistance heating self-healing polymers

Such mechanism is not currently available for industrial applications. The healing
mechanism is based on the heating of the polymer as the links between conducting
polymers breaks by nanocracks. This nanocrack increases the temperature locally,
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which triggers recombination of severed bonds in molecular scale. Under the presence
of a solvent, razor blade damaged multi topis N-heterocyclic carbenes (NHCs) show
smoothing after polymer was resistance heated to 200°C for 25 minutes. The process
could be applied to carbon fibers which have not presented to the literature yet Figure

1.27 (Syrett et al., 2010).
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Figure 1.27 : The concept of an electrically conductive, self-healing material.
Electrical resistance increases upon formation of a microcrack, as the total number of
electron percolation pathway decrease. As the microcrack is the source of the
resistance increases, the generation of heat as localized at the fracture point (Syrett et
al., 2010).

1.1.6.10 Layer by layer approach

Deposition of organic and inorganic compounds Layer-by-Layer (LbL) on a surface
of material changes the interfacial area’'s properties dramatically, which may lead to
change in the overall properties. The mobility of materials induces Self-healing by
LbL at multilayers, which can respond external stimuli. The availability of unbound
mobile chains within the LbL layers is the critical factor of self-healing in this
approach. LbL assembly structures can use to develop extrinsic self-healing materials
Figure 1.28.
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Figure 1.28 : Schematic illustration of the self-healing behavior of LbL films
(positively charged polyelectrolytes, PE+, negatively charged polyelectrolytes, PE
and healing agent, HA) stimulated by water penetration into the multilayers. The
healing agent released from the multilayers and healed surface defects. Finally, the
multilayers restore film integrity (Skorb & Andreeva, 2013).
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For industrial and biomedical applications, there are the varieties of LbL proposals.
Under physiological conditions, it is possible to release of DNA from LbL films. Also,
polyelectrolyte multilayers can self-heal, the mobility induced by environmental
factors such as pH, temperature, ionic strength, light. LbL self-healing method is used
in developing self-healing superhydrophobic surfaces as can be seen from Figure 1.29
below (Skorb & Andreeva, 2013; X. Wang, Liu, Zheng, & Sun, 2011).

a)

Figure 1.29 : Visual observation of (bPEI10.5/PAA3)*30 and (bPEI6.5/
PAA3)*300 coatings with cuts 50 mm wide after different times of immersion in
water. a—f) The (bPEI10.5/PAA3)*30 coating immersed in water for 0 s (a,b), 10 s
(c,d), and 5 min (e,f). g,h) The (bPEI6.5/ PAA3)*300 coating immersed in water for
0s(g) and 24 h (h(X. Wang et al., 2011)).

Atomistic diffusion and rearrangement are different at the surface and the internal part
of the materials. Near the surface area in nanometre scales, the boundary diffusion
increases with respect to central locations (Y. B. Wang et al., 2011). As an example to
such approach Polyallylamine hydrochloride (PAH) is used to create a rough surface,
poly(acrylic acid) (PAA) multilayers and suffocated poly(ether ether ketone) (SPEEK)
bounded by covalent bonds to hydrophobic 1H,1H,2H,2H-perfluorooctyl
triethoxysilane (POTS).

Hydrophobic Rearrangement of polyelectrolyte chains induce the POTS molecules
with covalent attachments to move to the surface as the damage occur PAH-
SPEEK/PAA multilayers swell in a humid environment,, PAH-SPEEK/PAA
multilayers are healed by diffused fluoroalkyl chains (Skorb & Andreeva, 2013).
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1.1.6.11 Mechanical properties of self-healing polymeric materials

There is a need for correlating the morphology of the self-healing materials with the
mechanical performance; such correlation requires better understating of the flexible
chains and the stable nanoscopic interactions and their effect on the material as a whole

(Balazs et al., 2006). Main aspects affecting performance of self-healing materials are;
e Healing agent/catalyst depletion
e Stability of the healing agent in microcapsules
e Process survivability of Microcapsule shells
¢ Release of healing agent from capsule
e Bonding of capsule/matrix interface
e Viscosity and volatility of healing agent
¢ Diffusion characteristics of healing agent
e Distribution characteristics of healing agent/catalyst

All of the concerns above have a direct or indirect effect on mechanical properties of
in self-healing virgin or healed material (Brochu, Craig, & Reichert, 2011).

1.1.6.12 Damage propagation and recovery mechanisms of the self-healing

materials

Polymers and composites are commonly used in aircrafts, ships, cars, construction
industries and defense as structural materials, many techniques are used to repair
detectable damages although these methods are applicable for visible deformations
while being ineffective against microcracks (Wu et al., 2008). Self-healing materials
possess unique characteristics, which solves the most profound problem in structural

materials, which are hidden damage and microcracks.

Self-healing materials increase the service life of structural materials by healing
microcracks, which are precursors to structural failure. Preventing microcracks also
decreases degradation by the environmental factors such as swelling by moisture or

stress corrosion cracking (White et al., 2001).

The most common damage possibilities for self-healing polymeric materials are
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e Delamination,

e Impact/indentation surface cracking,
e Fiber debonding,

e Fiber rupture and pullout,

e Transverse and shear cracking,
e Puncture,

e Deepcutincoating,

e Corrosion in protected metal,
e Crazing,

e Scratch,

e Ablation,

e Microcracking, and

e Opening crack.

Depending on the characteristics of polymer matrix, amount and rate of loading

damage mode changes as can be seen from Figure 1.30 below (Blaiszik et al., 2010);

O—X

@ Delamination Fiber rupture Deep cut @ Crazing
and pullout in coating
Impact/indentation Transverse and Corrosion in @ @ ; .
surface cracking shear cracking protected Scratch Microcracking

metal
@ Fiber debonding @ Puncture ® Ablation @ Opening crack

Figure 1.30 : Damage modes in self-healing polymeric materials (Blaiszik et
al., 2010).
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When microcrack forms inside a self-healing material, which have microcapsules
loaded with healing agent microcapsule and the surrounding matrix are under a far-
field tensile loadingZ= , which is perpendicular to the crack plane. The stiffness of the
microcapsule determines the stress state of the crack tip as well as the matrix material
covering microcapsule as can be seen from Figure 1.31 below. If the microcapsule is
stiffer than the matrix material the stress field near the crack tip has asymmetry, which
can be interpreted as, the crack will deflect away from the microcapsule, which is an
event highly undesirable. If microcapsule is compatible with crack will be attracted to
the microcapsule, which will cause the crack move towards to the microcapsule,
followed by rupture of the crack and release of healing agent finalized by the healing
of damaged area (White et al., 2001).
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Figure 1.31 : Stress state in the near of a planar crack. (White et al., 2001).

1.1.7 Mechanical properties

Many of the characteristics of the self-healing materials can be evaluated by
mechanical tests (Table 1.3). Most common mechanical tests performed for
determination of self- healing characteristics of materials are; impact test, flexural test

and compression test.

1.1.7.1 Impact test

The impact tests are used to determine the impact properties of materials. Plat plate
specimens are prepared by molding or cutting from the larger component. The
specimen is fixed from both edges and a vertically falling metal piece impacted to the
center. The impact performance of the material is the amount of the energy it absorbs
during tests. The absorbed energy is the accumulation of deformation and damage
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energy. This method is used to determine the energy required to break the material.
This method is widely used for polymers and polymer composites (Swallowe, 1999).

1.1.7.2 Flexural test

The material's ability to withstand perpendicular and longitudinal forces are called
flexural strength. The flexural load has two components; compressive and tensile
stress. Stress and strain at outside surface of the test bar determine the flexural

properties of materials.

There are two basic flexural test methods; four-point bending and three-point bending.
For 3 point bending flat specimens pun on two support legs. From the middle of these
legs, a third leg applies a load from the middle. This method is used for quality control
and determination of the specification of materials. Four point bending test has the
same principle, but there are two loading legs instead of one. The distance between the
loading and support legs are kept the same. Also, the distance between the load legs is
kept as the 1/3 of the support span (Kutz, 2002).

1.1.7.3 Compression test

Composite materials compressive characteristics are widely studied. Voids, stress
concentrations, and inhomogeneous effects the compressive behavior of the materials.

There are three types of methods for compressive tests;
e Type I the specimen is short and unsupported,
e Type Il the specimen is long and supported,
e Type Il the specimen is straight sided and loaded to a honeycomb core.

As general the specimen pun in the middle of the two loading legs. These legs apply
load the specimen until critical failure occurs. Compression test is widely used for

composites and polymers (O'Brien, Fibers, & Composites, 1991).
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Table 1.3 : Mechanical test done to determine self-healing capacity of the materials (adopted and recreated from resources (Wu et al., 2008;
Ming Qiu Zhang & Rong, 2011a)

Test Medhod Ref.
Matrix Healing Type Healing Method Impact | Bending | Compression
Test Test Test
Thermoplastic Molecular Photo-induced healing + (Chung, Roh, Cho, & Kim, 2004)
. | Encapsulated (GMA) - N (H. P. Wang, Yuan, Rong, &
Thermoplastic Glycidyl methacrylate Living Polymerization + Zhang, 2010)
: : (Y. Zhang, Broekhuis, &
Thermoplastic Bulk DA reaction + Picchioni, 2009)
Thermoplastic (Hayes, Zhang, Branthwaite, &
Thermoset Structural additives + Jones, 2007)
Thermoset Bulk Postcuring of residual | (Hsieh, Yang, & Lee, 2001)
functional groups
Hollow tubes . -
Thermoset containing healant Curing of healant + + (Trask, Williams, & Bond, 2007)
DCPD stored in 3D Ring-opening
Thermoset microvascular metathesis + (Toohey et al., 2007)
networks polymerization
Thermoset Encapsulated epoxy Catlo_nlc_ + (Xiao, Yuan, Rong, & Zhang,
monomer polymerization 2009)

Thermoset Bulk DA reaction + (Park et al., 2010)

Thermoset Bulk DA reaction + (Murphy et al., 2008)

Thermo_set Structural Therm_o_p lastic + (Zako & Takano, 1999)

composites additives
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1.1.8 Healing efficiency

Healing of the self-healing materials can be accepted as recovery on the fracture
toughness, tensile strength, molecular weight, conductivity and surface smoothness of
the damaged specimen, as self-healing have such broad range of definitions it is
difficult to measure and compare the self-healing efficiency (Wu et al., 2008). The
extent of healing must be determined separately for each of the mechanical properties.
Healing efficiency can be explained by Equation 1.1. (Blaiszik et al., 2010; Herbst,
Dohler, Michael, & Binder, 2013);

Mechanical value

Heali - _
ealing ef ficiency mechanical valuey,,stine (1.1)

Self-healing materials show some characteristics for self-healing;

¢ Intrinsic self-healing has the recovery at molecular scale but can recover small

damages

e Vascular systems can heal more significant damages while little or

nonresponsive to small damages

e Microencapsulation shows performance in between intrinsic and vascular
systems (Blaiszik et al., 2010).

Healing efficiency comparison can be seen from Figure 1.32 below;
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Healing rate / damage rate
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Damage volume (mm?) Healing rate / damage volume
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A Vascular Vascular (potential capability)
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Figure 1.32 : Performance maps for self-healing materials (Blaiszik et al.,
2010).
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As there is, no recovery time is given to different type self-healing materials impact
test is the best solution to evaluate different types of self-healing materials. The tests
are done as follows; first, the specimens are prepared, and impact test is applied the
values are recorded regarding joule. Broken pieces are put together and time is given
to self-healing material for recover impact test is repeated and the value in terms of a
joule is compared with virgin or other materials which might have different breaking
and healing cycles. Such approach prevents the effect of dynamic recovery that might
affect the values in a simple tension test. Also, impact test calculations are more
reliable than toughness calculations. Measuring self-healing capacity with toughness
is inherently unreliable as the loading rate is wholly neglected while the time is a

dominant factor for some self-healing materials.
1.1.9 Radiation shielding properties

1.1.9.1 Linear and mass attenuation

Radiation is stopped by the collisions inside the material. Radiation absorption
characteristics of material should be determined for designing shielding materials. For
shielding materials, the attenuation of gamma rays follows the Equation 1.2. The
proportionality of passing photons explained by the (linear or mass) attenuation
coefficient (u) (Equationl.2) (Was, 2007).

1 =1l,e"™ (1.2)

transmitted radiation intensity

initial radiation intensity

linear attenuation coefficient

=
1]

the travel distance of radiation

X
1

The tests are conducted as follows; the samples were placed between a collimated
radiation source and detector. The radiation passing through the material and reaching
to the certified detector was calculated by the attached computer. The connection of
the system was performed by using multi-channel analyser and the application of

software. Hence linear attenuation of radiation by increasing thickness (cm) was
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studied. Mass attenuation thickness (cm?/g) is calculated by multiplying the linear
attenuation values with a density of the material (Choppin, Liljenzin, Rydberg, &
Ekberg, 2013).

1.1.9.2 Half-value layer

Half-value layer (HVL) is the thickness requirement of the material to stop half of the
incoming radiation. Half-value layer is also called as half-value thickness.; calculated
by equation 1.3. HVL is very practical in terms comparing two materials radiation
shielding capacity.

0,693
L= (1.3)

il

Theoretical and experimental; linear and mass attenuation coefficients data was used
to determine the half value thickness (Was, 2007).

1.2 Hypothesis

The mass reduction by decreasing the amount of shielding from the space radiation
lower the launch costs. With current metal and polymer shielding, even the vehicle
survives a hostile environment it carries its damage during its service life. The material
shows a significant decrease in its capabilities to perform its duties with cumulative

radiation damage.

A metal shielding material will fail even below tolerable radiation amounts. In this
thesis, our advanced materials multiphase self-healing capacity will give it to recover
to its original state, as close as possible and with time get ready for next incident. Also
living polymer matrix gives the capability to build the material various shape sizes and
end uses for addressing different radiation shielding of aeronautics industry.

PMMA nanocomposite material consisting of GMA healing agent microspheres (MK)
can be used against the ionizing radiation such as gamma, beta, alpha, and neutrons.
Hence it can be used as a multi-scale self-healing nanocomposite shielding material

for aerospace applications.
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2. METHODOLOGY

2.1 Nanocomposite Synthesis

2.1.1 Materials

Nanocomposites are defined as materials has one self-repetitive component less than
100 nm, or whose structure is at the nanoscale. The mechanical and physical properties
of the matrix materials can be significantly modified by mixing the inorganic particles
nanoparticles. The main reasons for the development of polymer nanocomposites are

that the material has multi-functional properties (Koo, 2006).

Halloysite clay nanotubes (HNTSs) are a naturally occurring aluminosilicate nanotubes.
The two-layered halloysite tubes resemble kaoline chemically. Halloysite clay
nanotubes (HNTs) are ~ 15 x 1000 nm in size compared to multiwalled carbon
nanotubes (Outside diameter x Length, 6-9 nm x 5000 nm). HNTs are hollow
nanotubes. HNTs can provide good integration when a matrix is added to a structure.
HNTSs are nanoparticles that can be mixed well with polymers without any surface
modification (Abdullayev & Lvov, 2013).

Montmorillonite clay nanoplates can be homogeneously distributed in the polymer
structure. Thus, the homogeneous distribution of the clay nanoplates in the polymer
improves the mechanical strength of the polymers (Yeh et al., 2002). The nano-sheet-
like montmorillonite nanoparticles are the preferred nanoclusters for polymer
applications and can readily conform to the polymer structure. Montmorillonite clay
nanoplates (MMT) can be homogeneously distributed in the PMMA matrix. MMT
improves the mechanical properties of the polymer (Qu, Guan, Liu, She, & Zhang,
2005). Montmorillonite nanoclay consists of nano-plates stacked in multi-layered
stacks of ~ ten um in size with metal cations on the surface. Montmorillonite nanoclay
is nanoclusters that are compatible with the molten polymer structure and can increase

the temperature at which the polymer begins to bend (Yeh et al., 2002).

Although the nanoparticle form of Colemanite (CMT) is not currently available,

previous reports stating attractive radiation shielding characteristics of CMT motivated
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the study to reinforce PMMA with CMT for potential applications against hazardous
radiation. Additionally, production of advanced material for critical applications by
utilizing low-cost CMT is another attractive point of this work. Colemanite (CMT)
(Ca2B6011:5H20) is the most important of 200 different boron minerals. CMT
accumulates 70% of all Turkey boron reserves which is the largest in the world (Celik,
Depci, & Kilic, 2014; Gonen, Nyankson, & Gupta, 2016; Kalay, Yilmaz, & Culha,
2013). CMT theoretically has 50.8% B20s3 and a specific weight of 2.52g9/cm2 with
monoclinal structure. CMT dissolves in acid, has a greenish grey color (Sall1 Bideci,
2016). CMT is used in the production of glass and high-tech ceramics (Uysal, Mutlu,
& Erdemoglu, 2016).

Demir et al. studied the gamma attenuation coefficients of CMT ore (Demir, 2010).
Okuno has proposed a neutron shielding material by mixing CMT with epoxy resin
(Okuno, 2005). Several different concretes reinforced with CMT have been proposed
for neutron radiation environments (Derun & Kipcak, 2012; T. Korkut et al., 2012;
Turgay Korkut et al., 2010; Malkapur et al., 2017; Mesbahi, Alizadeh, Seyed-Oskoee,
& Azarpeyvand, 2013).

In this study, PMMA, PMMA/MK, PMMA/MK/HNTs, PMMA/MK/MMT and
PMMA/MK/CMT polymer structures were produced by using Atom Transfer Radical
Polymerization (ATRP) technique. In PMMA, the clay nanotube, clay nanoplate and
colemanite particles were homogeneously dispersed. The production parameters of the
polymer nanocomposite were determined experimentally. To survive the dispersion
problem in PMMA nanocomposites restricted to maximum MK 1% wt. and nano-clay
5% wit.

Figure 2.1 : Chemicals used in production of nanocomposites

38



The chemicals used in production of nanocomposites are; Tetra-n-butyl ammonium
bromide(C16H36BrN), Copper(l) bromide 99.999% trace metals basis (CuBr), Methyl
methacrylate, 99%, stab. (CH,=C(CH3)COOCHs) , N, N, N’'N"N"-
Pentamethyldiethylenetriamine ([(CH3)2NCH2CH2]2NCH3), Ethyl o-
Bromoisobutyrate ((CH3).CBrCOOC:Hs) EBIB (% 98), Formaldehyde solution; ACS
reagent, 37 wt. % in H:O, contains 10-15% Methanol as a stabilizer (to prevent

polymerization).

Melamine 99%; 2,4,6-Triamino-1,3,5-triazine, sym-Triaminotriazine. Sodium
dodecylbenzenesulfonate technical grade Dodecylbenzenesulfonic acid sodium salt.
PVA Mw 85,000-124,000, 99+% hydrolyzed, 1-Octanol ACS reagent, > 99% Alcohol
C8, Capryl alcohol, Octyl alcohol, Halloysite clay nanotubes (HNTSs) and
montmorillonite clay nanoplates (MMT) are obtained from Sigma Aldrich. Purified
Colemanite (Ca2Bs(OH)10-8H20) were obtained from mine Bursa Kestelek (Turkey).
The characteristics of the CMT is given in the reference (Bulutcu, Ertekin, &
Celikoyan, 2008).

Figure 2.2 : SEM images of a) HNTs, b) MMT and ¢) CMT.

Halloysite clay nanotube (HNTSs) dimensions (diameter x length) are 30-70 nm x 1-3
um (Figure 2.2-a). Montmorillonite (MMT) based clay nanoplates, 35-45 wt. %
dimethyl dialkyl (C14-C18) amine. The montmorillonite-based clay nanoplate particle
size used in this study is <20 um (Figure 2.2-b). The CMT was grinded to an average
particle size between 5um to 10um (Figure 2.2-c).

2.1.2 Production of Glycidyl Methacrylate (GMA) loaded microcapsules (MK)

Encapsulation is a process; trapping active core by the wall inside a material. Wall can
be synthetic polymers or natural polymers. Melamine Formaldehyde (MF) has been
chosen as the shell resin. MF resin shell is a brittle material which can break and set
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healing agent free easily. MF resin has excellent thermal and water resistance. Glycidyl
Methacrylate (GMA) loaded microcapsules has several practical advantages such as;

high boiling point (189 °C) and low water solubility.
For encapsulation of GMA;

e 0.06 mol and 0.2 mol melamine and formaldehyde were respectively included

in a 20 ml three-neck flask with deionized water,

e Two wt % NaOH solution was added to solution up to PH was 8.5 - 9.0,

e Solution was mechanically stirred (Figure 2.3)

Figure 2.3 : MK production setup.

e The temperature was increased to 65 — 70 °C,

e After 30 min Prepolymer of melamine and formaldehyde were obtained,

e Sodium Dodecyl Benzenesulfonate (SDBS) was utilized as emulsifier,
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e 26.2 ml GMA, Poly(vinyl alcohol) (PVA) aqueous solution and 100 ml
Sodium Dodecyl Benzenesulfonate were supplemented in prepolymer

solution,
e pH of solution was lowered to ~ 4.0,
e Mixture was stirred for 30 min to get a stable emulsifiable solution,

e PVA was performed to protect the colloids,

e High-speed mechanical stirring was continued for 6 hours.

Figure 2.4 : Glycidyl Methacrylate (GMA) loaded microcapsules (MK).
Resultant solution water washed and then dried at room temperature. Thus the
Glycidyl Methacrylate (GMA) loaded microcapsules (MK) was produced (Figure 2.4).
2.1.3 Nanocomposite synthesis.

38,4 mmol Tetra-n-butyl ammonium bromide (BusNBr 12,372g) and 4,8 mmol
Copper(l) bromide (CuBr 0,684g) measured inside a glove bag filled with argon. After
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the weight measurements had been finished, the reaction tube was sealed with silicon
septum (Figure 2.5).

Figure 2.5 : Weight measurements were finished, and the reaction tube was sealed.

Before pouring the Methyl Methacrylate (MMA), the porous ceramic fitted glass pipe
was used to create argon bubbles inside the MMA. An extra pure argon purge was

continued for 30 minutes inside a 500-mL beaker.

Figure 2.6 : An extra pure argon purge for 30 minutes.

After MMA is degassed, 280ml MMA was measured, and the 20ml syringe was
prepared (300ml total). The tube was opened inside a glove bag filled with argon,
MMA inside the syringe has first applied followed by the remaining MMA.
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4,8 mmol PMDETA (CoH23N3 0,828g) was added to the mixture, and the mixture was
degassed (Figure 2.6). Later 4,8 mmol EBIB (0,936g,) was added, and the tube was

sealed with silicon septum and Parafilm at 25°C.
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Figure 2.7 : The solution was stirred using a magnetic stirrer.

The resulting solution was stirred using a magnetic stirrer for 4 — 6 hours at 25°C with

600 rpm (Figure 2.7). Stirring was done to ensure homogeneity of the solution. PMMA

samples were filled with 3,12gr (% 1wt.) MK. After MK, 3,12gr (% 1wt.), 9,36gr (%
3wt.) and 15,6gr (% 5wt.); HNTs, MMT, and CMT was added to the partially
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polymerized mixture inside a glove bag under argon atmosphere. The partially
polymerized solution of the nanocomposite was homogenized by an Interlab brand

rotating shaker.

Figure 2.8 : Moulds were placed inside vacuum desiccators inside a glove bag and
sealed with polymer industrial polypropylene.

A few hours later, the viscosity of the solution increases and mobility of the fillers
were stopped. The mostly polymerized mixture was poured into glass molds inside a
glove bag under argon atmosphere. Moulds were placed inside vacuum desiccators
inside a glove bag and sealed with polymer industrial polypropylene film. 24 hours

later cured samples are removed from the desiccators (Figure 2.8).

@ b) ©

Figure 2.9 : Samples a) taken out from the mold, b) cut, ¢) polished.

It should be noted that melt mixing became more difficult with the addition of filler
higher than 5 wt. % as the result of agglomeration. Melt mixing period has been
extended by adding filler after shorter times from the initiation of polymerization to
achieve; homogeneous distribution of the filler in the structure of the composites, filler
addition has been made after six hours of initiation of polymerization for 1wt. % and
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2 wt.% composites while after 5 hours for 5 wt. % composites. Later samples were cut
and polished (Figure 2.9).

2.2 Structural characterization

X-Ray Diffraction analyses for all the samples were carried out using Panalytical
PW3040. XRD patterns of PMMA, PMMA/MK, PMMA/MK/HNTSs,
PMMA/MK/MMT and PMMA/MK/CMT composite samples are presented in Figure

3.1-4. X-ray diffraction (XRD) carried out by Cu & (A=1.54A) radiation.

Figure 2.10 : Field-Emission Environmental Scanning Electron Microscope.

Field-Emission Environmental Scanning Electron Microscope (FESEM) was used to
evaluate the micrographs of PMMA, PMMA/MK, PMMA/MK/HNTS,
PMMA/MK/MMT and PMMA/MK/CMT composite samples (Figure 2.10).

45



Figure 2.11 : Gold Plating of samples

The samples were gold coated to prevent surface charging before SEM images were
captured (Figure 2.11). The thermal stability analysis was made by the TA Instruments
DSC SDT Q600 Thermogravimetric Analyzer. 3-5 mg samples were heated from 25°C
to 100°C with 5°C/min increase, at 100°C kept isothermal for 5 min and from 100°C
to 600°C 20°C/min increase under 100 ml/min nitrogen flow.

Fourier transform infrared spectroscopy (FTIR) analyses made by PerkinElmer
Spectrum One FTIR Spectrometer. FTIR spectra were measured in the transmittance
mode. Band assignments obtained from the literature (Budak & Gonen, 2014; Cetin,
Unal, & Erol, 2012; Elashmawi & Hakeem, 2008; Frost, Xi, Scholz, Belotti, &
Céandido Filho, 2013; Namouchi et al., 2009; Ramesh, Leen, Kumutha, & Arof, 2007).
3D surface image and 2D and surface roughness of PMMA, 5wt.% MK PMMA/MK,
Iwt% MK, 5wt.% HNTs, PMMA/MK/HNTs, 1wt% MK, 5wt.% MMT,
PMMA/MK/MMT and 1wt.% MK, 5wt.% CMT, PMMA/MK/CMT composites were
investigated using the Zygo NewView 8000 optical profilometer (Figure 3.12 a-I).
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2.3 Mechanical properties characterization

To investigate the mechanical properties of PMMA, PMMA/MK, PMMA/MK/HNTS,
PMMA/MK/MMT nanocomposites and PMMA/MK/CMT composite, Shore D
hardness test, 1zod impact test without a notch, 3-point bending test, and compression
test were applied. The change in Shore D hardness of the prepared nanocomposite
specimens is given in Figure 3.14.

The change in Shore D hardness of the nanocomposite samples according to the type
and proportion of the reinforcing component was investigated. Based on the type and
ratio of the reinforced component of the micro and nanocomposite structures produced,
the change of the notched Izod impact resistance was determined. 1zod impact tests
were carried out according to the general principles of the ASTM D256 standard, and
the samples were also tested without indentation to reveal possible indentation effects

of the reinforcing components in the composite structure.

Figure 2.12 : 50 J-capacity Zwick impact test device
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In experiments where a 50 J-capacity Zwick impact test device is used, the impact
resistance measured per unit area is calculated by dividing the measured impact
resistance by the cross-sectional area of the samples (Figure 2.12). The variation of the
bending strength depending on the type and ratio of the micro and nanocomposite

structures, reinforcing component produced was investigated.

Figure 2.13 : Shimadzu electromagnetic testing machine.

Bending strength was determined by 3-point bending test (Figure 2.13). The change in
compressive strength is determined depending on the type and ratio of reinforcing
component and micro and nanocomposite structures produced. The compression test
was carried out on cylindrical specimens by applying an axial compression load along
the height and after the maximum compression load value was reached the test was
terminated. The compressive strength was determined by dividing the maximum

compressive load values by the cross-sectional area calculated from the initial diameter
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of the sample. According to the type of PMMA nano-composite component; the
change in flexural strength after self-repair was examined comparatively.

2.4 Application of radiation transmission technique

The behavior of the PMMA/MK, PMMA/MK/MMT nanocomposites and
PMMA/MK/CMT composite samples under radiation conditions
(Cs-137 radioisotope) has been done by utilizing gamma spectrometer containing a
detector (Canberra Bicron Model: 802-2X2) and connected to a 1024-channel Multi-

Channel Analyzer for counting the gamma-ray intensity coming from the source (lo

initial radiation intensity) (Figure 2.14).

Figure 2.14 : Radiation transmission set-up

The diameter of the Cs-137 radioisotope is 6 mm. The properties of the used Cs - 137
radioisotopes are; specific gamma constant, Ky = 3.8 x 10-1 mR/hr/mCi ;
half-life, Ty> = 30.17 years ; energy of the emitted photons, Ey = 0.662 MeV;
activity A =8.06 microCi.

The hole of the collimator for gamma rays was 7 mm for Cs-137 and 10 mm for Pu-

Be. A distance of 200 mm for Cs-137 and 400 mm for Pu-Be was maintained between
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the radiation source and the detector during the measurements. The distance between
the radiation source and the sample was 100 mm for Cs-137 and 140 mm for Pu-Be.
The samples were placed between the detector and the gamma source (Figure 2.15).
The intensity was counted 25 min for each sample (I, transmitted radiation intensity).
All measurements were repeated at five times at the same experimental conditions.

MyCurve Fit program was used to make the curve fit the data better.
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Figure 2.15 : Schematic diagram of radiation set up.

Neutron transmission tests were made by using a certified PuBe Neutron Howitzer
(Pu-239) produced by Nuclear Chicago Corporation. PuBe neutron source has 5 MeV
average neutron energy with 5 Ci activity. Neutron Howitzer (NH-3) generates
neutron flux of 10° n/cm?. He-3 detector was used for counting the neutrons. The
distance between source and samples were 14 cm. Incoming neutrons were collimated
to a narrow beam with a collimator which has 10 mm hole. First, the initial intensity
was measured (lo) then the reduction in intensity observed with increasing thickness
(1). Background radiation levels were reduced. Thermal neutron transmission values
were calculated from the generated data for PMMA/MK, PMMA/MK/MMT
nanocomposites and PMMA/MK/CMT composite samples.
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3. RESULTS

PMMA, PMMA/MK, PMMA/MK/HNTs, PMMA/MK/MMT nanocomposites and
PMMA/MK/CMT composite samples were successfully produced. Reinforcement of
PMMA had improved the radiation shielding properties. The physical properties of
PMMA, PMMA/MK, PMMA/MK/HNTs, PMMA/MK/MMT nanocomposites and
PMMA/MK/CMT composite samples were studied by X-ray powder diffraction
(XRD) and Field-Emission Environmental Scanning Electron Microscope (FESEM),
Fourier Transform Infrared Spectroscopy (FTIR), Thermal Gravimetric Analysis and
3D-2D Optical Profilometry. Radiation shielding capacity was experimentally
assessed by Gamma and Neutron attenuation tests. Space readiness of the selected
samples was tested by Japan Aerospace Exploration Agency (JAXA). Selected

samples were handed over to JAXA team after ground tests were completed.

3.1 Structural Characterization Results

3.1.1 X-Ray diffraction analyses

XRD patterns of the PMMA and the composites are presented in Figure 3.4. The broad
and weak peaks of PMMA at 15° and 30° (H. P. Zhang et al., 2007) indicate that
PMMA had an amorphous structure (H. P. Zhang et al., 2007). Addition of Colemanite
caused the appearance of sharp diffraction peaks of CMT at 15°, 28°, 31° and 51°
(Tabanli, Bilir, & Eryurek, 2017).
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Figure 3.1 : XRD pattern of a) PMMA and b) 5 wt.% MK PMMA/MK composite.

o1



Addition of MK, HNTs, and MMT made new peaks to appear. PMMA, PMMA/MK,
PMMA/MK/HNTs, PMMA/MK/MMT nanocomposites are amorphous.XRD Pattern

of PMMA and 1 wt.% PMMA/MK shows characteristics of amorphous structure
(Figure 3.1 a-b).
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Figure 3.2 : XRD pattern of 1wt.% MK, 5wt.% HNTs, PMMA/MK/HNTSs
composite.

XRD Pattern of 1wt.% MK, 5wt.% HNTs, PMMA/MK/HNTs composite shows
characteristics of amorphous structure (Figure 3.2).
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Figure 3.3 : XRD pattern of 1wt.% MK, 5wt.% MMT, PMMA/MK/MMT
composite.
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XRD Pattern of 1wt.% MK, 5wt.% MMT, PMMA/MK/MMT composite shows
characteristics of amorphous structure (Figure 3.3).
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Figure 3.4 : XRD pattern of 1wt.% MK, 5wt.% CMT, PMMA/MK/CMT composite.

XRD Pattern of 1wt.% MK, 5wt.% MMT, PMMA/MK/MMT composite shows

characteristic peaks of CMT with some boron mineral Nobleite and Cristobalite

impurities (Figure 3.14).

3.1.2 Scanning electron microscope analyses

Figure 3.5 : SEM images of PMMA.
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Scanning electron image of PMMA showed pure, smooth surface morphology of
PMMA (Figure 3.5).

10/1/2016 HV WD mag 0| vacMode |spot| 30 um
1:11:42 PM [10.00 kV|11.8 mm | 2 500 x |High vacuum | 2.5 MEM-TEK

Figure 3.6 : SEM image of 1wt.% MK, 5wt.% MK PMMA/MK composite.

Scanning electron image of 5wt.% MK PMMA/MK composite showed pure, smooth
surface morphology of PMMA. The microspheres well integrated to matrix PMMA,
there is no visible voids or defects at the interfacial area (Figure 3.6).

8/31/2016 HV WD mag 0| vacMode |spot 2pum

11:24:43 AM [10.00 kV[10.6 mm |40 000 x |High vacuum | 2.5 MEM-TEK

Figure 3.7 : SEM images of 1wt.% MK, 5wt.% HNTs, PMMA/MK/HNTSs
composite.

54



SEM images of 1wt.% MK, 5wt% HNTs, PMMA/MK/HNTSs indicate well
distribution of HNTs inside PMMA Matrix (Figure 3.7).

8/31/2016 | HV | WD |mag O spot| =——2 um
11:26:03 AM |10.00 kV|10.6 mm | 40 000 x |High vacuum| 2.5 MEM-TEK

Figure 3.8 : SEM images of 1wt.% MK, 5wt.% MMT, PMMA/MK/MMT
composite.

SEM images of 1wt.% MK, 5wt.% MMT, PMMA/MK/MMT composite indicate
reasonable distribution of MMT inside PMMA matrix (Figure 3.8).

9/30/2016 HV WD |mag O |vacMode | spot
7:05:24 PM [10.00 kV|11.0 mm| 2 500 x MEM-TEK

Figure 3.9 : SEM images of of 1wt.% MK, 5wt.% CMT, PMMA/MK/CMT
composite.
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SEM images of 1wt.% MK, 5wt.% CMT, PMMA/MK/CMT composite shows the
excellent integration of MK to composite. From images, it can be seen that CMT have

tendency form clusters around MKs (Figure 3.9).

3.1.3 Thermal stability analysis

The effect of the CMT wt. Percentage increase in thermal degradation of PMMA is
presented in Figure 3.10. The decomposition starts at ~220°C, and CMT and HNTs
addition to PMMA shifted the degradation curves to higher temperatures which are an
indication of improvement of thermal stability. Addition of MK and MMT shifted the
degradation curves to lower temperatures which are an indication of a decrease in

thermal stability.

Figure 3.10 shows TGA thermograms of PMMA, PMMA/MK, PMMA/MK/HNTS,
PMMA/MK/MMT nanocomposites and PMMA/MK/CMT composite samples. All
samples had the double step degradation behavior.

Thermogravimetric Analysis

100 150 200 250 300 350 400 450 500 550

PMMA - = =5 wt.% MK PMMA/MK — —1wt.% MK, 5wt.% HNTs — 1wt.% MK, 5wt.% MMT 1wt.% MK, Swt.% CMT

Figure 3.10 : Thermal stability analysis of PMMA, 5wt.% MK PMMA/MK, 1wt.%
MK, 5wt.% HNTs, PMMA/MK/HNTSs, 1wt.% MK, 5wt.% MMT,
PMMA/MK/MMT and 1wt.% MK, 5wt.% CMT, PMMA/MK/CMT.

3.1.4 Fourier transform infrared spectroscopy analysis

FTIR spectra of PMMA, a composite containing PMMA, 5wt.% MK PMMA/MK,
Iwt% MK, 5wt% HNTs, PMMA/MK/HNTs, 1wt.% MK, 5wt.% MMT,
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PMMA/MK/MMT and 1wt.% MK, 5wt.% CMT, PMMA/MK/CMT are presented
(Figure 3.11 a-e).
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Figure 3.11 : Fourier transform infrared spectroscopy (FTIR) analyses of a) PMMA,
b)MK 1% wt., MMT 5 % wt. PMMA/MK/CMT, c) MK 1% wt., HNTs 5 % wt.

PMMA/MK/HNTSs, d) MK 1% wt., MMT 5 % wt. PMMA/MK/MMT and e) MK 5
% wt. PMMA/MK,

Chemical reactions between PMMA and MK, HNTs, MMT, and CMT were explored
with Fourier-transform infrared spectroscopy (FTIR). The region from 3950 to 650
cm ! was investigated. FTIR patterns of the PMMA and composites are presented in

Figure 3.11.

Band assignments were listed in Table 3.1 (Budak & Gonen, 2014; Cetin et al., 2012;
Elashmawi & Hakeem, 2008; Frost et al., 2013; Namouchi et al., 2009; Ramesh et al.,
2007).
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Table 3.1 : PMMA and PMMA/CMT composites, the band assignments

Description of vibrations Wa\_/lenumbers Ref.
(cm™)
Stretching vibration of CMT OH units 3600 | (Frost et al., 2013)
C—H bond stretching vibrations of the -CH3 (Ramesh et al.,
2951

groups 2007)

_ . (Namouchi et al.,
C=0 stretching 1725 2009)

. . (Elashmawi &
Bending asymmetric (CH>) 1480 Hakeem, 2008)
Asymmetric bending vibration C-CHa3 1440 (Namouchi et al.,
stretching 2009)

B-O stretching vibrations 1363 | (Cetin et al., 2012)
1190 .
C-O stretching vibrations of ester groups (Namouchi et al.,
2009)
1140
Bending (CH3-O) ogy | (Elashmawi &

Hakeem, 2008)

Wide peak of CMT

between 812 -

(Elashmawi &

987 | Hakeem, 2008)
B-O-H twisting 812 | (Cetinetal., 2012)
Wagging deformation (-CHz) 752 (Elashmawi &

Hakeem, 2008)

FTIR Peaks of PMMA and composites had no shift in the absorption bands indicating

no additional compound has been formed in the composites (H. P. Zhang et al., 2007).

3.1.5 Surface morphology analysis

The surface roughness of the PMMA matrix structure was determined as the Ra value,

and the roughness was determined to be 0.086 micrometers. To determine the effect

of nanotube and nanoparticle clay nanoparticles on surface morphology, the surface

roughness of the polymer composite with 3D and 2D surface images was investigated

(Figure 3.12 a-).
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Figure 3.12 : 3D Optical profilometry images of a) PMMA, c)MK 1% wt., CMT 5
% wt. PMMA/MK/CMT, e) MK 1% wt., HNTs 5 % wt. PMMA/MK/HNTSs, g) MK
1% wt., MMT 5 % wt. PMMA/MK/MMT and k) MK 5 % wt. PMMA/MK and 2D
Optical profilometry images of b) PMMA, d)MK 1% wt., CMT 5 % wit.
PMMA/MK/CMT, f) MK 1% wt., HNTs 5 % wt. PMMA/MK/HNTSs, h) MK 1% wt.,
MMT 5 % wt. PMMA/MK/MMT and I) MK 5 % wt. PMMA/MK.
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In the case of MMT nanoplates and HNTs nanotubes reinforcement at the highest (5
W1.%) concentrations, the change in surface roughness was determined. When the
three-dimensional image and roughness of the PMMA/MK/HNTs and
PMMA/MK/MMT nanocomposites are compared, it has been found that the
nanocomposite surface forms a somewhat coarse surface when MMT is added in
general. Surface images show MK and CMT do not make significant changes in

surface roughness.

3.2 Mechanical Test Results

3.2.1 Hardness test results

The hardness of the original PMMA sample is 64 = 2 Shore D (Figure 3.13). The
reinforcing components incorporated into the PMMA have increased the rigidity of
the PMMA. This rate of increase ranges from 1.5 to 17% depending on the reinforcing

component and the ratio in the composite.

The stiffness of the composite containing only 0.5% MMT is about 3% lower than the
original PMMA.. On the other hand, in each composite group, the hardness increases
consistently when the proportion of the reinforcing component increases. However, in
each composite group, the hardness contribution of the proportion of the components
is at a different level. In composites using Nano clay (HNTs group), hardness increase

was observed compared to the original sample.
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Figure 3.13 : Shore D hardness results of Pure PMMA and PMMA with nano and
micro size reinforcements.
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Hardness increase rate was slower with reinforcing component ratio, and it was 3-10%
according to the original sample depending on the ratio of HNTs used. Composites in
which the modified nanoclusters are used (MMT group) are the composite group
which increases the hardness in the lowest ratio (1.5-5%) compared to the original

sample.

3.2.2 Impact test results

In all of the samples, the fracture occurred on a linear plane from the point of impact,
and no distortion was observed in the samples. When the impact resistance of the
samples is examined, it is seen that the original PMMA sample has the lowest impact
resistance (~ 1.5 J/cm?) in all the samples, and the impact resistance of the composite
structures increases 1.5 - 4 times compared to the original PMMA sample (Figure
3.14).

The highest impact resistance value (~ 9 J/cm?), MK 1% wt., HNTs 5% wt. composite
containing PMMA/MK/HNTs was obtained. In each composite batch, there is no
significant change in impact resistance depending on the change in the ratio of
reinforcing component. However, it has been determined that the impact resistance of
the samples using nano-clay (HNTS) as a reinforcing component show a more stable
behavior. When the results of the impact test are evaluated together with the results of
the hardness test given in Figure 3.14, it is seen that composite structures produced by

incorporation of micro and nanoparticles as reinforcing component in PMMA increase

14

2

Izod impact resistance per unit area, J/cm?

1
Ki
) 474‘.

Figure 3.14 : Impact test results of Pure PMMA and PMMA with nano and micro
size reinforcements.
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PMMA hardness and impact resistance together. When the composite structures are
evaluated in themselves, the hardness and impact characteristics are obtained at the
optimum level due to the fact that the nano-clay samples (HNTs group) used as the
reinforcing component exhibit comparable hardness values to the other groups and the

impact resistance change is more stable depending on the component ratio sample

group.

3.2.3 Bending test results

The highest bending strength in the samples examined was obtained at the original
PMMA sample. The bending strength of the composite materials produced with the
components incorporated in the PMMA is lower than that of the unmodified PMMA.
When an evaluation is made based on the composition of the composite component,
the highest flexural strength in the composites is obtained in the sample containing
0.5% CMT. However, the flexural strength at higher CMT ratios is reduced. It has
been determined that the overall tendency of composites is to obtain better bending

strength values at relatively low component ratios (Figure 3.15).
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Figure 3.15 : Bending test results of Pure PMMA and PMMA with nano and micro
size reinforcements.

3.2.4 Compression test results

As can be seen from Figure 3.16, the highest compressive strength was obtained at the

PMMA sample without the additive. In composite materials containing different types
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and proportions, compressive strength decreases by 3-20%. When an evaluation is
made according to the component type, it is understood that there is no significant
group with higher compressive strength than the others, and it is understood that the
components of different types and proportions affect the compression strength of the

composite similarly.
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Figure 3.16 : Compression test results of Pure PMMA and PMMA with nano and
micro size reinforcements.

3.2.5 Evaluation of self-healing capacity

After the self-healing process, the bending strength of the PMMA composite
component was compared with the conventional one (Figure 3.17-18). Thanks to the
GMA reinforcement, after the self-healing process has been achieved, the change in
the flexural strength of microspheres and nanoclusters reinforced PMMA has been
evaluated as comparable. For this purpose, the 3-point bending test was re-applied
under the same conditions to investigate the bending strength of the microsphere and
nanoclay reinforced PMMA polymers after the self-repair process was achieved. The
highest bending stiffness in the specimens examined was determined in PMMA
polymer with up to 5% HNTSs (Figure 3.18). MMT reinforced PMMA structures were

found to be close to each other at all reinforcement ratios (Figure 3.18).

63



24

20

Bending Strength, MPa
IS

1% MK -

@ Original
u Healed

1%MK- 1%MK- 1%MK- 1%MK- 1%MK- 1%MK- 1%MK- 1%MK- 1%MK- 1%MK- 1%MK-

0,5% MMT 1% MMT %3 MMT 5% MMT 0,5% HNTs 1% HNTs 3% HNTs 5% HNTs 0,5% CMT 1% CMT %3 CMT 5% CMT

Figure 3.17 : Bending test results of Pure PMMA and PMMA with nano and micro

120

Reduction Rate, %
[EEN
I i (=] [o.] 8
=] lan] o o

o

size reinforcements.

1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1% 1%

MK- MK- MK- MK- MK- MK- MK- MK- MK- MK- MK- MK-
0,5% 1% %3 5% 0,5% 1% 3% 5% 05% 1% %3 5%
MMT MMT MMT MMT HNTs HNTs HNTs HNTs CMT CMT CMT CMT

Figure 3.18 : Reduction in flexural strength of PMMA and PMMA reinforced with

micro-sphere nanoclay and CMT.
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3.3 The applications of ionizing radiation

According to the mechanical test results of PMMA/MK/MMT nanocomposite was
chosen as a multi-scale self-healing nanocomposite shielding material for aerospace
applications and the radiation tests were applied. Further, the purified CMT was used
to improve neutron absorption performance of the living polymer as an advanced
study. Therefore, the radiation tests were applied to PMMA/MK/CMT composites.

3.3.1 Gamma transmission studies

As a general tendency, the increase in the filler content in PMMA caused an increment
in u value which indicates the development of the gamma radiation shielding

performance.

Table 3.2 : Gamma attenuation coefficients of samples for Cs-137 radioisotope.

Linear Attenuation Mass Attenuation
Material Coefficient g (cm™) Coefficient g (cm?/g)
Theoretical Experimental Theoretical Experimental
PMMA/MK
(MK 1% wt.) 0.98 0.98 0.082 0.083
PMMA/MK/MMT
(MK 1% wt., MMT 5 0.103 0.102 0.082 0.081
% wit.)
PMMA/MK/CMT
(MK 1% wt., CMT 5 0.103 0.102 0.082 0.081
% wt.)

In this respect addition of 5 wt. %, MMT and 5 wt. %, CMT into PMMA/MK caused
an increase in p value from 0.098 to 0.102 which corresponds to ~4% enhancement in

shielding performance of PMMA.

3.3.2 Neutron transmission studies

Neutron radiation shielding properties of PMMA/MK composites improved
dramatically with the increasing filler percentage (Table 3.5). With increasing filler

the neutron shielding capacity increases.
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Table 3.3 : Pu—Be neutron source total macroscopic cross-sections (X.1) (cm™).

Material Total macroscopic cross-  Mean free path 1/X7

section > (cm™) (cm)
(IID\/IMKMlﬁ}: ':/"v'f) 0,1076 9,293680297
(MKPl'(\Q'\\/'mA?{ '\ICI*K//I'\T" 'g"OT/O o) 0,1081 9250954995
PMMA/MK/CMT 01128 8,866427273

(MK 1% wt., CMT 5 % wt.)

The maximum decrease in neutron intensity was determined as % 4,83 for 5 wt. %
MK 1% wt., MMT 5 % wt in PMMA/MK/CMT. The shielding capacity was increased
by boron content and a hydrogen concentration of PMMA/CMT. The hydrogen
concentration of PMMA/CMT thermalized incoming neutrons. Boron absorbed the
incoming thermal and thermalized epithermal neutrons. MMT also showed some

improvement in neutron shielding properties.

3.3.3 Evaluation of radiation recovery

After the radiation recovery process, the compressive strength of the PMMA
composite component was compared with the conventional one (Figure 3.19 a-c).

Thanks to the living polymer matrix, rapid the radiation recovery have been achieved.

(@) (b) (©)
Figure 3.19 : Co-60 Gamma radiation irradiated samples a)60kGy b)30kGy
c)120kGy
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The change in the compressive strength of microspheres and filler reinforced PMMA
has been evaluated as comparable. For this purpose, samples were irradiated with a

Co-60 radioisotope. 30kGy, 60kGy, and 120kGy radiation doses were applied to
samples.

(©) (d)

Figure 3.20 : Irradiated samples after 2 days a)not irradiated b) 30kGy ¢)60kGy and
d)120 kGy irradiated samples

Compression test was re-applied to irradiated samples under the same conditions to
investigate the compressive strength of the microsphere and nanoclay reinforced
PMMA polymers after the radiation recovery was achieved.
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Table 3.4 : Radiation recovery of PMMA/MK, MK 1% wt., MMT 5 % wt.
PMMA/MK/MMT and MK 1% wt., MMT 5 % wt. PMMA/MK/CMT

Material Radiation Compressive Compressive
Dose Strength Strength
MPa MPa after 2-
day recovery
PMMA/MK
70.4 -
(MK 1% wt.)
PMMA/MK/MMT
0 kGy 67 -
(MK 1% wt., MMT 5 % wt.)
PMMA/MK/CMT
63.54 -
(MK 1% wt., CMT 5 % wt.)
PMMA/MK
147 108
(MK 1% wt.)
PMMA/MK/MMT
30kGy 145 105
(MK 1% wt., MMT 5 % wt.)
PMMA/MK/CMT
140 100
(MK 1% wt., CMT 5 % wt.)
PMMA/MK
160 115
(MK 1% wt.)
PMMA/MK/MMT
60 kGy 159 110
(MK 1% wt., MMT 5 % wt.)
PMMA/MK/CMT
153 111
(MK 1% wt., CMT 5 % wt.)
PMMA/MK
204 125
(MK 1% wt.)
PMMA/MK/MMT
120 kGy 201 121
(MK 1% wt., MMT 5 % wt.)
PMMA/MK/CMT
195 117

(MK 1% wt., CMT 5 % wt.)
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When an evaluation is made according to the component type, it is understood that the
components of different types and proportions affect the radiation recovery of the

nanocomposites similarly.

3.3.4 Space compliance studies

As a spin-off of the Ph.D. studies; 4 samples have been prepared for the space
compliance studies (Figure 3.21).

Uretim
Calistmalar:s

Figure 3.21 : JAXA production studies.

Space compliance and space environment tests were made with the corporation of
Japan Aerospace Exploration Agency (JAXA). Successfully 4 distinct samples were
prepared and handed over to JAXA team for the settlement to EXHAM at Kibo
Japanese Experiment Module (Figure 3.22).
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| gonderde kalmasi

Figure 3.22 : Four samples prepared for the JAXA.

Space compliance tests and the matrix is the property of the Japan Aerospace
Exploration Agency (JAXA) and subject to export control. Thus space compliance
tests are not defined within the scope of this thesis (Figure 3.23).

i

[ .

Figure 3.23 : Fit-check of prepared samples at JAXA.
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4. DISCUSSIONS

XRD pattern of PMMA, PMMA/MK, PMMA/MK/HNTs, and PMMA/MK/MMT
nanocomposites shows the characteristics of amorph structure (Figure 3.1-4) (Tabanli
et al., 2017). The XRD pattern of filler shows that a significant phase was CMT (Ref
Code: 98-001-1737) (Figures 3.1-4) (Celik et al., 2014). In the PMMA/MK/CMT
composite, peaks corresponding to both CMT and PMMA were found in this study.
The XRD pattern of 1wt.% MK, 5wt.% CMT, and PMMA/MK/CMT peaks (Figures
3.1-4) corresponding to CMT prevailed, which indicates that the fillers did not dissolve
in the polymer matrix (Baskaran, Selvasekarapandian, Kuwata, Kawamura, & Hattori,
2006). FTIR spectra gave the absorption lines for PMMA, PMMA/MK,
PMMA/MK/HNTs, PMMA/MK/MMT, and PMMA/MK/CMT (Figure 3.11) (Huth et
al., 2012). These were not the broadened and shifted stretching bands. This indicates
that fillers just interacted physically with the PMMA. No chemical reaction occurred
among PMMA, MK, HNTs, MMT, and CMT (Ramesh & Ang, 2010). It is conceivable
that the CMT particles encapsulated by the PMMA molecules and the interactions
between them were physical (Yunhua Yang & Dan, 2003). FTIR analyses show that
PMMA/MK, PMMA/MK/HNTs, PMMA/MK/MMT, and PMMA/MK/CMT
nanocomposites had been synthesized successfully. The broad peak between 812 to
987 cm-1 was attributed to CMT. SEM images of the 5wt.% MK PMMA/MK indicates
well-integrated MK at the PMMA matrix (Figure 3.6). SEM images show that HNTs
had needle-like structures and were well-dispersed inside the polymer matrix (Figure
3.7). The SEM images of the MMT nanoplates depict reasonable distribution of
nanoplates across the PMMA matrix (Figure 3.8). The CMT has an excellent smooth
and nonporous crystal structure (Figure 3.9). Ultrafine particles are not dominant;
particles have prismatic shape with a short width and long length (Uysal et al., 2016).
The SEM image of 1wt.% MK, 5wt.% CMT, PMMA/MK/CMT shows that CMT
tends to form clusters around the MK.

Thermal degradation of the PMMA/CMT composites were determined by TGA
measurements. The PMMA degrades in two steps, around 180°C and 350°C (Guzel,
Sivrikaya, & Deveci, 2016). The MK and MMT have moved the degradation curves
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to lower temperatures, which is an indication of loss of thermal stability. On the other
hand, the addition of CMT and HNTs moved the degradation curves to higher
temperatures. Moving the degradation curves to higher temperatures shows the
improvement in the thermal stability. This result is a product of the thermal stability
of HNTs and CMT. The PMMA degradation causes bimolecular reactions between
newly formed confined radicals. Degradation goes on and causes the decrease in
surface-free energy. According to Vyazovkin et al.’s theory, CMT platelets migrate
gradually to the surface and form a barrier (Nikolaidis, Achilias, & Karayannidis,
2011). The HNTs and CMTs are well-known flame retardant additives for polymers
(Wilkie & Morgan, 2010). There is a variety of studies on the CMT fire retardancy
(Cavodeau, Viretto, Otazaghine, Lopez-Cuesta, & Delaite, 2017; Kaynak & Isitman,
2011; Waclawska, Stoch, Paulik, & Paulik, 1988). Thus, the addition of HNTs and

CMT increased the thermo-stability and flame resistance of the nanocomposite.

The main factors determining the mechanical properties of polymer matrix composite
materials reinforced with reinforcing components are; the type, size, and distribution
of the component. Other factors affecting mechanical properties; uniform distribution
of the matrix in the matrix (Orman & Altinten, 2017), and a robust interface with the
matrix (B. Li & Zhong, 2011). If the bond strength of the interface is high, the load
transfers the joint with the higher elastic modulus. Load transfer capacity can be
increased by transferring the reinforcing component. The type and size of the
component is an important factor, affecting the bond strength of the interface. The
homogeneous distribution of the component in the matrix ensures that this effect is
obtained throughout the entire composite. Although the hardness values of the
examined composites do not show a significant change depending on the component
type, the hardness increases with increasing component ratio. At the end of this,
composite structures with higher hardness than the unmodified PMMA sample were
obtained in the majority of the component type and ratio combinations investigated.
The hardness value is measured in a tiny area where the nature of the hardness test is
required. In this respect, it is not affected by (or only slightly affected by) possible
structural defects such as porosity, and it can be a good indicator of the component-
matrix interaction. This indicates that strong interface bonds are formed between the

matrix and the component. The reinforcing effect of the component is provided in these
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composites (Al-Saadi & Jihad, 2015; Aydogan & Nazim, 2015; Bilgili, Salamci,
Abdurrahman, Rahmi, & Valov, 2016; L. Y. Zhang & Zhang, 2016).

The impact resistance values of the nanocomposites were found to be higher than that
of PMMA with no additives. The impact resistance of polymer matrix composites
depends on the component-matrix interface strength and the matrix-tocopherol effect
of the component. The higher impact resistance values recorded in comparison to the
unmodified PMMA indicate that the component-matrix interface resistance is high and
the distribution of the components within the structure is homogeneous,

which is similar to the results from the hardness test.

The bending strength values determined by the 3-point bending test of the composite
specimens that were examined are lower than those of the unmodified PMMA. In
bending tests, the specimen is supported on a horizontal plane while the thickness is
forced to bend through the application of force to the longitudinal axis. At this time,
when the specimen is subjected to concave bending, and therefore compression
stresses at the part where the load is applied, cambered bending and tensile stresses are
produced on the other surface. Therefore, the deformation of the sample during
bending and the final fracture behavior are determined by tensile stresses. In composite
structures under tensile stress, achieving better strength values is possible by
transferring the load to the matrix via the reinforcing components and spreading it over
a wider area. Therefore, bending strength is affected by structural defects such as
porosity as well as the homogeneous distribution of reinforcing components and a
good interface with the matrix. Obtained low bending strength in the tested composites
shows that the composite charge transferability is not at the level of unadulterated
PMMA. In this case, it is expected that the removal of porosity type imperfections in
the structure will increase the bending strength, similar to the values of hardness and

Impact resistance.

As a measure of the strength of the material under load (load carrying capacity),
compression and bending tests can be compared. Therefore, the factors determining
the compression strength are the size and distribution of the porosity type defects,
which are the decisive factors for the bending strength as well as the homogeneous
distribution and the proper component-matrix interface strength, which are
primarily necessary for providing the benefits expected from the composite materials.

In this respect, it is expected that the defects mentioned above as a reason for low
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bending strengths will similarly affect the compression strength similarly. However,
although the compressive strength of the composites is reduced relative to the
unmodified PMMA, the amount of this reduction is not as high as the flexural strength.
This is attributed to the fact that the compression forces are influenced by the
compressive stress (force) of the sample (instead of tensile strain) in the course of the
compression test and the compressive forces force the structural defects such as
porosity to close, resulting in some structural defects closing down and not

significantly reducing the load carrying capacity of the composite.

It has been observed that there is no enhancing or reducing the effect of MMT in self-
repair capacity. The highest flexural strength in nanoclay-reinforced composites is 1%
wt of MK, 0.5 wt% of HNTs. PMMA / MK / HNTs. The flexural strength of HNTSs is
higher than 0.5%. With increasing HNTSs, the decrease in bending strength after the
self-repair is increasing. It is stated in the literature that hollow tubular HNTs
nanotubes can be loaded with chemically active substances. It is also suggested that
this hollow space in HNTs nanotubes with an internal cavity diameter of ~ 15-30 nm
acts as an efficient container by loading chemical substances (Abdullayev & Lvov,
2013). In this study, HNTs were supplied as Sigma Aldrich with a void volume of
1.26-1.34 mL/g. Nanotubes with hollow spaces HNTs 30—70 nm x 1-3 pum (diameter
x length) were added at later stages of polymerization, in other words, as the
polymerization was partially completed. Thus, it was thought that some of the HNTs
nanotubes remained empty, while the HNTs nanotubes were homogeneously dispersed
using a rotary shaker and the viscosity of the mixture was high. The progress of the
GMA liquid is leaving the microspheres during the damage with the effect of trapping
the vacant HNTs in the interior and reducing the self-repairing capacity of the material.
Therefore, the self-repair process of PMMA/MK composites has been found to be

more efficient in montmorillonite clay nano-plates than in HNTSs clay nanotubes.

It is not suitable to use high Z materials and metals in neutron environments to decrease
the neutron energy in case high Z materials and metals increased the scattering of the
neutrons. When metallic shielding materials are exposed to cosmic radiation such as
high energy Fe ions, they generate secondary radiation (Buckey, 2006). Hence, it is
not proper to use ground-level shielding materials for aeronautics and space
applications. According to our results, it seems possible to propose the
PMMA/MK/HNTs and PMMA/MK/CMT as a new radiation shielding material for
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aeronautics and space applications. The possible applications for the novel shielding
material include facilities such as biological shielding of nuclear submarines, high-
altitude planes, satellites, space shuttles, medical cyclotrons, nuclear investigation

centers, and linear accelerators.
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5. CONCLUSIONS

In this study, surface-modified Montmorillonite (MMT) nanoplates and Halloysite
(HNTs) clay nanotubes with a thickness of 15 nm in the polymer melt could be
dispersed in a manner compatible with the polymer structure without agglomerating.
Due to the presence of canals in the clay HNTs nanotubes, better integration of HNTs
with the monomer present in the polymer melt can be achieved. It has been determined
that HNTs are more readily dispersed in the polymer structure when the dispersion
time (~ 1 hour) of the HNTSs in the polymer structure and the dispersion time (~ 2-3
hours) of the MMT in the polymer structure are compared. The SEM studies have
shown that HNTs and MMT are distributed more homogeneously in the matrix
structure than in CMT. The surface images obtained show that the HNTSs

reinforcements have improved the processability of the material.

High flexural strengths in nanocyl-reinforced composites, MK 1% wt., HNTs 0,5%
wt. PMMA / MK / HNTs and MK 1% wt., MMT 1% wt. PMMA/ MK/MMT. It has
been found that, after self-repair, the rate of decrease in flexural strength remains at
the same level in MMT-reinforced specimens; whereas in HNTSs' reinforced
specimens, the self-repair capacity decreases with an increasing reinforcement ratio.
Considering the increase in impact strength by ~4 times and the change in bending
strength test after self-repairing, the MK was 1% wt., MMT 1% wt. The PMMA/MK

/IMMT nano-composite was chosen as the best self-repairing material.

The changes in gamma attenuation properties of MK at 1% wt.,, MMT 5 % wt.,,
PMMA/MK/MMT, and 1wt.% MK, 5wt.% CMT, and PMMA/MK/CMT for Cs-137
radioisotope were compared theoretically (WinXCOM) and experimentally studied.
Neutron shielding capacity was experimentally studied with a neutron howitzer (**°Pu
- Be). The incorporation of 1wt.% MK, 5wt.% CMT, PMMA/MK/CMT had increased
the 2°Pu-Be neutron attenuation capacity by % 4,83. CMT includes both boron and
hydrate; thus, it is effective against shielding both fast and thermal neutrons. MK 1%
wt, MMT 5 % wt. PMMA/MK/MMT and MK 1% wt., CMT 5 % wt.
PMMA/MK/CMT has improved Cs-137 attenuation capacity by ~4%. Thus, both
MMT and CMT increased the radiation-shielding capacity of the PMMA. Further
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studies are suggested for the purification and nano-sized production of CMT. Nano-
sized CMT can be used for PMMA/MK/CMT nanocomposites.

Hence, it was possible to produce MK 1% wt. and MMT 1% wt. The
PMMA/MK/MMT nano-composite was a multi-scale self-healing nanocomposite

shielding material for aerospace applications.

MK 1% wt., MMT 1% wt. The PMMA/MK/MMT increases the impact strength by
~4 times. The loss in the bending strength test after self-repairing is the lowest for the
MK 1% wt. and MMT 1% wt. The PMMA/MK/MMTThe possible applications for
the novel PMMA/MK/MMT shielding material include facilities such as the biological
shielding of nuclear submarines, high-altitude planes, satellites, space shuttles,

medical cyclotrons, nuclear investigation centers, and linear accelerators.
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