CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES

MSc THESIS

The Development of Self-Healing Functions of Composite
Structures via Microvascular Channels

Eray KOSTUR

Mechanical Engineering Department

February, 2024



CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES

MSc THESIS APPROVAL

The Development of Self-Healing Functions of Composite
Structures via Microvascular Channels

Eray KOSTUR

Mechanical Engineering Department

This Master’s Thesis was evaluated by the following Jury Members on 16/02/2024 and was
approved by unanimity / majerity-ef-vetes.

Jury  : Prof. Dr. Necdet GEREN (Advisor)

: Prof. Dr. Melih BAYRAMOGLU ...

: Assoc. Prof. Dr. Cagn UZAY L

This Thesis was written in the Department of Mechanical Engineering, Institute of Natural and
Applied Sciences.
Thesis Number:

Prof. Dr. Sadik DINCER
Director
Institute of Natural and Applied Sciences

This work was supported by the BAP.
Project ID: FYL-2022-14609

Note: The usage of the presented specific declarations, tables, figures, and photographs either in this thesis or
in any other reference without citation is subject to "The law of Arts and Intellectual Products" number
of 5846 of Turkish Republic



CONTENTS

ABSTRACT ...ttt ettt b ettt e et et e s bt e st e bt e bt et e e bt e st e nteebtebesbeeatebea I
OZ oottt I
EXTENDED ABSTRACT ...ttt sttt ettt sttt st sbe e I
GENISLETILMIS OZET ...ttt vl
ACKNOWLEDGEMENTS ...ttt ettt sttt sttt te et ee s st e e e seeneeseseeennens XI
LIST OF TABLES ...ttt ettt ettt et e et e e s st et e nseeneenseseeeneeaens Xl
LIST OF FIGURES ...ttt ettt sttt e se e e st et e seeneeneas X1
1. INTRODUCGTION ...ttt ettt ettt ettt et e s te et et e eseemee st eseenseeneensesseeneensesseeneens 1
1.1. AN OVErvieW Of COMPOSILES......viivieirieriieriierieeiesiteereesreeteesseesresssessseaseeseessessssesssessesseans 3
1.1.1. Common Applications of Polymer COmMpPOSIteS.........cccccvrrrierrierieriesieereereesieesenenens 6

1.1.2. Failures of COmMPOSILES. ......cccvierrierrieiieeieereeteesieesitesereseseesseesseesseessaesssesssesssesssessseenens 9

1.2. Introduction to SEIf-HEAlING ......veevvieiiiiiiiiieiieecee ettt sevesene e 11
1.2.1. Self-Healing MecChaniSmS ...........cceereeriieririiieie ettt ettt et e st e e saee e 14

1.2.2. Non-autonomous Self-Healing..........cccoceeriiriiiiiiiiieiiesieciee ettt 15

1.2.3. Autonomous Self-Healing............ccceveiriiriiiiiiiieieiesee ettt 16

1.2.4. Healing Performance ASSESSIMENL..........cccveeveerueerreeriiesieeneiesreereeseesseesseesseesnesssenns 19

1.2.5. Self-Healing Applications in Polymer CompoSites ...........ccccocervierereenenensieneneenne. 20

2. PREVIOUS STUDIES ... ..ottt sttt st ettt sat et sbe st sstenteseeeneens 23
2.1. Self-Healing via Vascular SYSIEMS........ccvevverierirriieeiieieeseeseeseessesereeseesseessaesseessnessneans 23
2.1.1. Sacrificial Fibers and Scaffolds Methods .........cccoooervieiiiiiniiiniienceeeee 23

2.1.2. Electrostatic Discharge Method............cccocveviiiiiiiiieieieee e 28

2.1.3. Laser Direct-write Method..........coeeiiiieieieieeeeeee et 28

2.1.4. Hollow Fiber Method.........cc.oeiiiiiiieieceeee et 29

2.1.5. Other STUAIES.....cveeuieeieeieeee ettt ettt ettt et e ee et e ae e e eseeneeneas 29

2.2, AIM OF TRE STUAY ....eeiviiiiiicie ettt s v e bttt e e e s tbesabeesseesaesseesanessneans 31

3. MATERIAL AND METHOD .......ooiiiieiiiee ettt sttt 33
T B\ 1<) ) TSRS 33
3.1.1. Carbomn FabriC.......cocuoiuiiieieieee e 33

3.1.2. POLYMET MALTIX 1vviiuviiiieiieiiecite et et esteesteeseteseaeesbeesbeeste e taesssessseesseessaessaessaesssessnenns 33

3.1.3. Self-Healing CatalySt ......cc.cccviiciieiieiieiiesie st ete ettt sre e b e s e esraesaeseaesene e 34

3.1.4. Self-Healing AN ....ccueeieiiiiieieeieeie ettt ettt sttt et esaae e eas 35

3.1.5. CONSUMADIES .....oouvieiiieiieiieeie ettt ettt ettt et e bt e satesateenteenbeeteesseesaeesanenas 36

R TR\, <11 Vo T« O PRSP SRRRRRRO 37
3.2.1. Manufacturing of CompoSite StrUCTUIES .........eerueeriiertierieeriierie et e see e 39

3.2.2. Manufacturing of Microvascular Channels.............ccccooiieriiiiiiniiniieieereesee e 44



3.2.3. Determining The Effect of Channels on The Strength of Composite Structure ....... 49

3.2.4. Morphological Characterization Methods............ccceevierieiiiiiiiiiieiecceecee e 53

3.2.5. Preliminary Inspection of Self-Healing in Microvascular Channels......................... 53

3.2.6. Self-Healing Characterization with Compact Tension Test.........c.ccevvveviervienneenncans 54

4. RESULTS AND DISCUSSION ..ottt ettt eve e saens 59
4.1. Discovery of Novel Microvascular Channel Production ............cccceeevvevieieeneeneeneesneenens 59
4.1.1. Material Selection for Channel FOrmation............coccecuererienininiieninienieneeieceeene 60

4.1.2. Selection of the Way of Channel Wall Coating...........ccccoceeveeneriieninieneneniencnene 62

4.2. Inspection of Channel Structure Inside Composite Laminate............cccceeererveeneneenenennen. 63
4.2.1. Inspection via Thermal Camera ..........ccoceeceeririiieniniiieiteeeeteeee e 63

4.2.2. MICTO CT INSPECLION ..ottt sttt sttt st s 64

4.3. Mechanical Performance of Composites Including Microvascular Channels ..................... 66
4.4. Uniformity of Catalyst in Composite Laminate............ccoceeceevererienenienieneniieneneeieneneens 74
4.5. Self-Healing of COMPOSIL....cc..eiuiiiiriiieriieriieniiesteeie et et et et e st steeneeeteenseesbeesaeesanesnneens 74

5. CONCLUSION ..ottt sttt ettt ettt sttt s bbbt e b e st et et e et et ebesbeebe e 81
REFERENCES ... .ottt sttt sttt eae et 85

CURRICCULUM VIATE ....c.oiiiiiiiiiiiteteteneeerte ettt st esne st ne e ne s 97



CUKUROVA UNIVERSITY
INSTITUTE OF NATURAL AND APPLIED SCIENCES

MSc THESIS

The Development of Self-Healing Functions of Composite
Structures via Microvascular Channels

Eray KOSTUR

Advisor: Prof. Dr. Necdet GEREN

Department of Mechanical Engineering

ABSTRACT

Carbon fiber-reinforced polymer (CFRP) composites having high specific strength and
modulus, are highly convenient for aerospace and automotive applications which require light-
weight and high strength. Nevertheless, the usage of CFRP is limited by their low crack resistance
and poor off-axis strength causing material damage as a result of static and dynamic effects over its
service time. Besides, prediction of the failure due to local damages are not reliable so far. This study
aims to provide the composite structure with its self-healing feature through a novel microvascular
channel mechanism while preserving its mechanical properties and as a result, to repair micro-sized
cracks that occur in its structure. The effect of various channel configurations on mechanical
properties of structure was evaluated with mechanical tests. 5-ethylidene-2-norbornene (SE2N) used
as the self-healing agent was injected into microvascular channels and the reaction triggered by the
Grubbs’ catalyst which is distributed into matrix is determined in different conditions, as the crack
propagates through the channels. The crack propagation test is performed for different healing times

and approaches. Healing efficiencies were observed up to 136% and 149% for practiced approaches.

Keywords: Self-healing, Self-repairing polymers, Microvascular systems, Composites, Crack
propagation
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Yiiksek 6zgil mukavemet ve modiile sahip karbon fiber takviyeli polimer (CFRP)
kompozitler, hafiflik ve yiiksek mukavemet gerektiren havacilik ve otomotiv uygulamalari igin
olduk¢a uygundur. Bununla birlikte, servis siiresi boyunca statik ve dinamik etkilerin bir sonucu
olarak malzeme hasarina neden olan diisiik ¢atlak direnci ve zayif eksen dis1 mukavemeti nedeniyle
CFRP'nin kullanimi sinirlidir. Ayrica yerel hasarlardan kaynaklanan arizalarin tahmini su ana kadar
giivenilir degildir. Bu c¢alisma, kompozit yapmin, mekanik o6zelliklerini korurken yeni bir
mikrovaskiiler kanal mekanizmasi araciligryla kendi kendini iyilestirme 6zelligini kazanmasim ve
bunun sonucunda yapisinda olusan mikro boyuttaki ¢atlaklarin onarilmasini amaglamaktadir. Farkli
kanal konfiglirasyonlarinin ~ yapimmin  mekanik  6zelliklerine etkisi mekanik testlerle
degerlendirilmistir. Onaric1 ajan olarak kullanilan 5-etiliden-2-norbornen (5E2N), mikrovaskiiler
kanallara enjekte edilmis ve catlak kanallar boyunca ilerledikge matriks icerisine dagilan Grubbs’
katalizoriinlin tetikledigi reaksiyon farkli kosullarda belirlenmistir. Catlak ilerleme testi, farkli
iyilesme siireleri ve yaklasimlar i¢in gerceklestirilmistir. Uygulanan yaklagimlarda %136 ve %149'a

kadar iyilesme verimliligi gozlemlenmistir.

Anahtar Kelimeler: Kendi kendini onarma, Kendi kendini onaran polimerler, Mikrovaskiiler
sistemler, Kompozitler, Catlak ilerlemesi
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EXTENDED ABSTRACT

Carbon fiber-reinforced polymer (CFRP) composites with high specific strength (o¢/p) and
modulus (E/p) properties are highly convenient for applications which require lightweight and high-
strength materials such as aerospace, defence, and automotive industries. Especially, in the acrospace
industry, CFRPs constitute the vast majority of the total weight of structural members on recent
aircraft. Nowadays, CFRP is implemented in main load-carrying structures like, sandwich panel
skins, fuselages and wing planks to reduce weight and hence the fuel consumption.

In contrast with the excellent properties of CFRP composites, use is limited due to
disadvantages such as low crack resistance and poor off-axis strength. Also, some of the most
common problems in these structures are the prediction of failure due to local damages is not reliable
so far and detection of micro-sized damages is very difficult. This is because they occur at relatively
low impact energies and there are usually no visible signs of damage on the surfaces of the structure.
These micro-cracks may cause catastrophic failures as a result of static and dynamic effects over the
lifetime of the structure. Therefore, it is very important and necessary to control the damages while
they are still micron-sized, to prevent larger damages and to increase the life of the structure.

Recently, composite structures with self-healing properties have become increasingly
important in order to eliminate the above-mentioned disadvantages of CFRP composites. Self-
healing in fiber-reinforced composites refers to the ability of these materials to autonomously repair
damage or cracks that may occur over their lifetime. This feature largely eliminates the drawbacks
of composite materials and significantly increases the performance, durability and reliability of the
structure. Nowadays, many studies have been carried out using different methods for composite
structures with self-healing properties and the size of the global self-healing materials market is
expected to reach high levels.

In this study, the self-healing mechanisms of composite structures are studied to inhibit and
eliminate damage as soon as it occurs at the microscale. Generally, microcapsules and micro-vascular
channels are used for autonomous healing mechanisms of composites. In the self-healing mechanism
performed with microcapsules, when the crack breaks the capsule, the self-healing mechanism is
triggered autonomously where the repairing agent in the capsule reacts with the catalysts in the
structure and healing is achieved. On the other hand, the application of self-healing composite
structures through microvascular channels involves the inclusion of small channels containing
healing agents and catalysts within the composite material. When a crack occurs in the channels, the
self-healing mechanism is triggered, the healing agent mixes with the catalyst and a healing reaction
occurs.

The self-healing method with microvascular channels stands out with advantages such as
providing continuous healing potential by creating a wide and continuous network within the
structure, allowing the use of different healing materials at the same time, and having no limitation
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on the number of healings for the same location. There are many microvascular channel formation
methods available in the literature such as hollow glass fibers, metallic tubes, direct ink writing, laser
processing, fugitive inks, sacrificial fibers, step moulding technique etc. Their use for rapid and large-
scale production of fiber-reinforced composites with complex vascular structures is limited.

In this thesis, a novel, rapid and cheap microvascular channel production method was
invented to develop a composite structure having self-healing features that can autonomously repair
micro-sized cracks while preserving its mechanical properties.

High-strength aerospace-grade carbon fabric with an areal weight of 193 g/m’ as
reinforcement material, Araldite® LY 5052 epoxy resin and Aradur® 5052 hardener as matrix
material, 1 Generation Grubbs’ Catalyst® M102 as self-healing catalyst and 5-Ethylidene-2-
Norbornene (5E2N) as self-healing agent were used in this study. The SE2N was preferred as the
healing agent due to its shorter reaction time with the Grubbs’ catalyst and its ability to operate in
wide temperature ranges. For the microvascular channel formation process, aluminium wire,
galvanized steel wire and polyamide monofilaments were selected as candidate core materials that
could be removed after the curing process of the CFRP composite. Five samples having the same
diameter and length for each kind of material were placed in the composite structure during the
composite production. After the curing process of the composite, the core material was removed.
During the removal step, removal forces were measured to determine the suitable material for the
microvascular channel formation process. The shear stresses during the removal of polyamide
monofilament, aluminium wire and galvanized steel wire are determined as 0.11 MPa, 0.39 MPa and
0.59 MPa, respectively. From these results, polyamide monofilament was selected as channel
formation material. This can be due to the high thermal expansion coefficient of polyamide which
expand during curing and shrink after the cooling of the CFRP.

In present studies available in the literature, the healing agent and catalyst, in liquid form,
are filled into separate microvascular channels and the crack is expected to reach these two separate
channels in order to activate the self-healing mechanism, thus healing is obtained. However, this can
accelerate the progression of the crack to grow further, and the strength of the composite structure
may be adversely affected because, for every channel containing the healing agent, there must be a
channel containing the catalyst. Because of these disadvantages, in this project, the catalyst is
dispersed in the matrix and only the restorative agent is present in the microvascular channels. The
challenge, in this case, was to keep the restorative agent within the channels without inadvertently
reacting before cracks formed.

A coating was applied to the channel walls to prevent the reaction from occurring
spontaneously within the channel before crack formation. This process was carried out by coating
the polyamide monofilaments used in the creation of microvascular channels with various materials
(mold release wax, pure epoxy, etc.) and leaving these materials on the channel walls within the
composite structure. Scanning Electron Microscope (SEM) analyses were conducted to observe the
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layer on channel walls. Also, the healing agent was injected into channels, and it was examined
whether the healing reaction occurred or not, by conducting SEM analyses. At the end of these
examinations, neat epoxy was selected to coat the walls of microvascular channels.

Grubbs’ catalyst was mixed with epoxy polymer by using a 3 Roll Mill machine for
homogeneous distribution. A uniform distribution is observed as a result of Energy Dispersive
Spectrometry (EDS) analyses.

In order to observe channel continuity and clarity, inspections were conducted by using a
thermal camera and micro-computed tomography (LCT). First, the composite structure including an
interconnected channel was produced by above mentioned method. Then, hot water was injected into
the microvascular channels and heat distribution in the channels was observed via a thermal camera.
Additionally, clearance and state of the microvascular channels inside the composite structures were
detected by pCT scanning.

According to the ASTM D790 standard, 3-Point Bending Tests were carried out to obtain
the effect of microvascular channels on the flexural strength of composite material. Therefore,
channels were placed in a composite structure in the longitudinal direction for 6 different
configurations. According to followed standard, the size of the sample was determined as 120x40
mm, and 5 specimens for each configuration were needed so, a total of 30 specimens were produced.
The top surfaces of laminates were corrugated due to the placement of the core material to create
microvascular channels, because thickness of the laminate is not enough to compensate the
corrugation. This situation caused a shape factor effect on the laminate specimens. In order to
evaluate the results correctly, the second moment of area (/) values were determined by scanning the
cross-sectional areas with a Hexagon RS6 3D scanner. Then, microscopic shape factors were defined
for each configuration and force and stiffness values obtained from the 3-point bending tests were
modified to eliminate the effect of microscopic shape factor. As a result, it is observed that
microvascular channels do not have a significant negative effect on the flexural strength of the
composite structure.

A compact tension test, according to the ASTM D5045 standards, was performed to observe
the behaviour of the self-healing mechanism during crack propagation. Therefore, test specimens
were manufactured based on standards. Force and crack tip opening displacement (CTOD) values
were measured and plotted. The tests were carried out for two different approaches and different
healing times in order to determine the optimum healing conditions while comparing efficiencies. In
the first approach, channels were filled with healing agent and load was applied till micro cracks
occurred. Then load was released, and a certain period was waited for the self-healing mechanism to
activate. In the second approach, microvascular channels were fed continuously, and the load was
applied till the fracture was detected where the crack was in the macro scale. Then load was released,
and a certain period was waited for the self-healing mechanism to activate. It was observed that, after
the first 30 minutes, the polymerization reaction started. Hence, the tests were carried out for healing
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times of 30, 60, 120 and 150 minutes. Also, specimens without channels and with empty channels
were tested for comparison. In total, tests were repeated for 10 different scenarios.

In order to compare the healing ability, healing efficiency values were evaluated based on
Mode-I strain release rate (Gp) which is measured in terms of energy per unit area required to
propagate a crack. The definition of healing efficiency was simplified as the ratio of area under the
load-displacement curve of the healed specimen (AUjq1e4) to the area under the load-displacement
curve of the virgin specimen (AUy;y gy ) for the same crack length and specimen width.

According to the obtained results, it was observed that healing efficiency increases as the
healing time increases for both approaches. It was found that healing efficiencies could reach up to
136% in the first approach and 149% in the second approach.

Also, the crack zone was scanned with a stereo microscope to see the situation of the crack

with and without a healing mechanism.
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GENISLETILMIS OZET

Yiiksek 6zgiil mukavemet (of/p) ve modiil (E/p) 6zelliklerine sahip karbon fiber takviyeli
polimer (CFRP) kompozitler, havacilik, savunma ve otomotiv endiistrileri gibi hafif ve yiiksek
mukavemetli malzemeler gerektiren uygulamalar icin olduk¢a uygundur. Ozellikle havacilik
endiistrisinde CFRP'ler, giincel ucaklardaki yapisal elemanlarin toplam agirliginin biiyiik
cogunlugunu olusturmaktadir. Giiniimiizde agirligi ve dolayisiyla yakit tiikketimini azaltmak icin
sandvi¢ panel kaplamalari, gbvdeler ve kanat kalaslar1 gibi ana yiik tasiyan yapilarda CFRP
uygulanmaktadir.

CFRP kompozitlerin mitkemmel 6zelliklerinin aksine, diisiik catlak direnci ve zayif eksen
dis1 mukavemet gibi dezavantajlar1 nedeniyle kullanimi smirlidir. Ayrica bu yapilarda en sik
karsilagilan sorunlardan biri de lokal hasarlardan kaynaklanan hasar tahmininin su ana kadar
giivenilir olmamasi ve mikro boyuttaki hasarlarin tespitinin ¢ok zor olmasidir. Bunun nedeni,
nispeten diisiik darbe enerjilerinde meydana gelmeleri ve genellikle yapinin yiizeylerinde goriiniir
bir hasar belirtisinin bulunmamasidir. Bu mikro catlaklar yapinin dmrii boyunca statik ve dinamik
etkiler sonucu bilyilik hasarlara neden olabilir. Bu nedenle hasarlarin heniiz mikron boyutundayken
kontrol altina alinmasi, daha biiyiik hasarlarin 6nlenmesi ve yapinin émriiniin uzatilmasi agisindan
cok onemli ve gereklidir.

Son zamanlarda, CFRP kompozitlerin yukarida belirtilen dezavantajlarini ortadan kaldirmak
amaciyla kendi kendini iyilestirme 6zelligine sahip kompozit yapilar giderek 6nem kazanmaktadir.
Fiber takviyeli kompozitlerde kendi kendini iyilestirme, bu malzemelerin kullanim émrii boyunca
meydana gelebilecek hasar veya catlaklart bagimsiz olarak onarma yetenegini ifade eder. Bu 6zellik,
kompozit malzemelerin dezavantajlarin1 biiylik 6lgiide ortadan kaldirir ve yapinin performansini,
dayanikliligini ve giivenilirligini 6nemli Ol¢iide artirir. Giiniimiizde kendi kendini iyilestirme
ozelligine sahip kompozit yapilara yonelik farkli yontemler kullanilarak bir¢cok ¢alisma yapilmakta
olup, kiiresel kendi kendini onaran malzeme pazarinin biiyiikliigiiniin yliksek seviyelere ulagsmasi
beklenmektedir.

Bu ¢alismada mikro 6lgekte hasarin, olustugu anda engellenmesi ve ortadan kaldirilmasi igin
kompozit yapilarin kendi kendini iyilestirme mekanizmalar1 incelenmistir. Kompozitlerin otonom
iyilesme mekanizmalar1 i¢in genellikle mikro kapsiiller ve mikro-vaskiiler kanallar kullanilmaktadir.
Mikro kapsiillerle gerceklestirilen kendi kendini iyilestirme mekanizmasinda, g¢atlak kapsiilii
kirdiginda, kapsiil i¢indeki tamir maddesinin yapidaki katalizorlerle reaksiyona girmesiyle kendi
kendini iyilestirme mekanizmasi otonom olarak tetiklenir ve iyilesme saglanir. Kendi kendini onaran
kompozit yapilarin mikrovaskiiler kanallar araciligiyla uygulanmasi ise kompozit malzeme igerisine
iyilestirici ajanlar ve katalizorler iceren kiiciik kanallarin dahil edilmesini icermektedir. Kanallarda
catlak olustugunda kendi kendini iyilestirme mekanizmasi tetiklenir, iyilestirici ajan katalizor ile
karigir ve iyilesme reaksiyonu meydana gelir.
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Bu tez ¢alismasinda, mekanik 6zelliklerini korurken mikro boyutlu ¢atlaklari otonom olarak
onarabilen, kendi kendini iyilestirme 6zelligine sahip kompozit bir yapr gelistirmek i¢in yeni, hizli
ve ucuz bir mikrovaskiiler kanal {iretim yontemi icat edildi.

Bu caligmada takviye malzemesi olarak 193 g/m2 agirligina sahip yiiksek mukavemetli
havacilik sinifi karbon kumas, matris malzemesi olarak Araldite® LY 5052 epoksi regine ve
Aradur® 5052 sertlestirici, kendini onarma mekanizmasinda katalizér olarak 1. Nesil Grubbs'
Catalyst® M102 ve onarict ajan olarak 5-Etiliden-2-Norbornen (5E2N) kullanilmistir. Grubbs
katalizorii ile reaksiyon siiresinin daha kisa olmasi ve genis sicaklik araliklarinda calisabilmesi
nedeniyle onarici ajan olarak SE2N tercih edildi. Mikrovaskiiler kanal olusturma islemi igin CFRP
kompozitin kiirleme isleminden sonra ¢ikarilabilecek maga malzemelerine aday olarak aliiminyum
tel, galvanizli gelik tel ve poliamid monofilamentler secildi. Kompozit {iretimi sirasinda kompozit
yapiya her malzeme tiirii i¢in ayn1 ¢ap ve uzunlukta beser numune yerlestirildi. Kompozitin kiirleme
isleminden sonra yerlestirilen malzemeler ¢ikarildi. Cikarma adimmi sirasinda, mikrovaskiiler kanal
olugum siireci i¢in uygun materyali belirlemek amaciyla, ¢ikarma kuvvetleri 6l¢iildii. Poliamid
monofilament, aliiminyum tel ve galvanizli ¢elik telin ¢ikarilmasi sirasindaki kayma gerilmeleri
sirastyla 0,11 MPa, 0,39 MPa ve 0,59 MPa olarak belirlenmistir. Bu sonuglardan kanal olusturma
materyali olarak poliamid monofilament seg¢ilmistir. Bunun nedeni, kiirleme sirasinda genisleyen ve
laminatin sogutulmasindan sonra biiziisen poliamidin yiiksek termal genlesme katsayisindan
kaynaklanabilir.

Mevcut galismalarda sivi haldeki iyilestirici ajan ve katalizor ayri mikrovaskiiler kanallara
doldurularak kendi kendini iyilestirme mekanizmasini aktive etmek igin ¢atlagin bu iki ayr1 kanala
ulagmasi beklenir ve boylece iyilesme saglanir. Ancak bu durum ¢atlagin daha da biiyiimesine neden
olabilir ve iyilestirici ajan igeren her kanal igin katalizor igeren de bir kanal olmasi gerektiginden,
kompozit yapinin mukavemeti olumsuz etkilenebilir. Bu dezavantajlardan dolayr bu projede
katalizor, matriks icerisinde dagilmis durumda olup, mikrovaskiiler kanallarda sadece onarici ajan
bulunmaktadir. Bu durumdaki zorluk, onarict ajani, catlaklar olusmadan 6nce kasitsiz reaksiyona
girmeden kanallar i¢inde tutmaktir.

Kanal igerisinde reaksiyonun kendiliginden olusmasini engellemek i¢in kanal duvarlarina
kaplama uygulanmistir. Bu islem, mikrovaskiiler kanallarin olusturulmasinda kullanilan poliamid
monofilamentlerin ¢esitli malzemelerle (kalip ayirici vaks, saf epoksi vb.) kaplanmasi ve bu kaplama
malzemelerinin kompozit yapi icerisindeki kanal duvarlarinda birakilmasiyla gergeklestirildi. Kanal
duvarlarindaki katmani1 gézlemlemek i¢in Taramali Elektron Mikroskobu (SEM) analizleri yapildi.
Ayrica kanallara iyilestirici ajan enjekte edildi ve SEM analizleri yapilarak iyilesme reaksiyonunun
olusup olusmadigi incelendi. Bu incelemeler sonunda mikrovaskiiler kanallarin duvarlarini kaplamak

icin saf epoksi secildi.
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Grubbs katalizorii, homojen dagilim i¢in 3 Roll Mill makinesi kullanilarak epoksi polimer
ile kanistirildi. Enerji Dagilimi Spektrometresi (EDS) analizleri sonucunda diizgiin bir dagilim
gozlenmektedir.

Kanal devamliligini ve netligini gézlemlemek amaciyla termal kamera ve mikro bilgisayarli
tomografi (WCT) kullanilarak incelemeler yapildi. Yukarida bahsedilen yontemle dncelikle birbirine
bagl kanal iceren kompozit yapi lretildi. Daha sonra mikrovaskiiler kanallara sicak su enjekte
edilerek termal kamera aracilifiyla kanallardaki 1s1 dagilimi gozlemlendi. Ek olarak, kompozit
yapilarin i¢indeki mikrovaskiiler kanallarin agikligi ve durumu pCT taramasiyla tespit edildi.

Mikrovaskiiler kanallarin kompozit malzemenin biikiilme mukavemeti {izerindeki etkisini
bulmak i¢in ASTM D790 standardina gore 3 Nokta Egme Testleri yapilmistir. Bu nedenle, kompozit
yapiya 6 farkli konfigiirasyonda kanallar boylamasina yonde yerlestirildi. Takip edilen standarda
gbre numune boyutu 120x40 mm olarak belirlenmis ve her konfigiirasyon i¢in 5 adet numune olmak
izere toplam 30 adet numune iiretilmistir. Laminatlarin mikrovaskiiler kanallara sahip iist yiizeyleri
dalgali oldugundan sekil faktorii etkisine neden olmaktadir. Sonuglarin dogru degerlendirilebilmesi
icin kesit alanlar1 Hexagon RS6 3D tarayici ile taranarak atalet momenti (I) degerleri belirlendi. Daha
sonra her konfigiirasyon i¢in mikroskobik sekil faktorleri tanimlandi ve 3 nokta egme testlerinden
elde edilen kuvvet ve saglamlik (stiffness) degerleri, mikroskobik sekil faktoriiniin etkisini ortadan
kaldiracak sekilde degistirildi. Sonug olarak mikrovaskiiler kanallarin kompozit yapinin egilme
dayanimina 6nemli bir etkisinin olmadig1 goriilmiistir.

Catlak ilerlemesi sirasinda kendi kendini iyilestirme mekanizmasinin davranigini
gozlemlemek amaciyla, ASTM D5045 standartlarina gére kompakt ¢cekme testi yapildi. Bu nedenle
test numuneleri standartlara uygun olarak iiretildi. Kuvvet ve ¢atlak ucu agilma yer degistirmesi
(CTOD) degerleri olglilmils ve grafikler olusturulmustur. Verimlilikleri karsilastirirken optimum
iyilestirme kosullarini belirlemek amaciyla testler iki farkli yaklasim ve farkli iyilesme siireleri igin
gerceklestirildi. ilk yaklasimda kanallar iyilestirici madde ile doldurularak mikro catlaklar olusana
kadar yiik uygulandi. Daha sonra yiik serbest birakildi ve kendi kendini iyilestirme mekanizmasinin
devreye girmesi i¢in belli bir siire beklendi. Ikinci yaklasimda mikrovaskiiler kanallar siirekli olarak
beslendi ve ¢atlagin makro 6l¢ekte oldugu yerde kirik tespit edilene kadar yiik uygulandi. Daha sonra
yiik serbest birakildi ve kendi kendini iyilestirme mekanizmasinin devreye girmesi i¢in belli bir siire
beklendi. Ik 30 dakikadan sonra polimerizasyon reaksiyonunun basladigi gézlendi. Bu nedenle
testler 30, 60, 120 ve 150 dakikalik iyilesme siireleri ig¢in gerceklestirildi. Ayrica karsilastirma
amaciyla kanalsiz ve bos kanalli numuneler de test edildi. Toplamda 10 farkli senaryo i¢in testler
tekrarlandu.

Iyilesme yetenegini karsilastirmak amaciyla, iyilestirme verimliligi degerleri, bir gatlagin
yayilmasi i¢in gereken birim alan bagina enerji cinsinden 6l¢iilen Mod-I gerinim saliim hizina (GI)
dayali olarak degerlendirildi. Iyilestirme verimliliginin tanimi, ayni catlak uzunlugu ve numune
genisligi i¢in iyilestirilmis numunenin kuvvet-yer degistirme egrisi altindaki alanin (AUpegieq)
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islenmemis numunenin kuvvet-yer degistirme egrisi altindaki alana (AU,,L-rgm) orant olarak
basitlestirildi.

Elde edilen sonuglara gore her iki yaklasimda da iyilesme siiresi arttikga iyilesme veriminin
de arttig1 gézlemlendi. Iyilesme verimlerinin ilk yaklasimda %136'ya, ikinci yaklasimda ise %149'a
kadar ¢ikabildigi tespit edildi.

Ayrica catlak bolgesi stereo mikroskopla taranarak, iyilesme mekanizmasi igeren ve

icermeyen yapilarda meydana gelen catlaklarin durumlar gozlemlendi.
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1. INTRODUCTION

Since they have high specific strength (cf/p) and modulus (E/p) properties, carbon fiber-
reinforced polymer (CFRP) composites are highly convenient for applications which require light
weight and high strength (Kaw, 2006). These properties make composites a preferred choice in
sectors such as aerospace, automotive, construction, marine, energy, and many others.

In the aerospace industry, CFRPs account for half of the overall weight of the structural
members on aircraft, leading to a 20% reduction in the weight of these structural members (Maria,
2013). More recently, CFRP is implemented to main load-carrying structures like, sandwich panel
skins, fuselages and wing planks (Ibrahim, 2014). Application of CFRPs will reduce the fuel
consumption and contribute to the reduction of CO, emission of aircrafts (Scelsi et al., 2011). In the
past fifty years, the aerospace industry has witnessed a continuous growth in the size and flight range
of transport aircraft. Consequently, there has been a corresponding rise in the utilization of composite
materials in this sector. This can be attributed to the significant advantage offered by these materials
in terms of strength-to-weight ratio (Trilaksono et al. 2014). Figure 1.1 indicates the increasing rates
of composite usage and the applications of composite structures in commercial transport aircraft over

time.
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Figure 1.1. History of composite usage in commercial transport aircrafts (Smith, 2013; Trilaksono
et al. 2014)

Due to their unequalled properties and versatility, composite materials are crucial in
numerous industries. They offer benefits such as high strength-to-weight ratio, resistance to fatigue
and corrosion, design flexibility and durability. Composites are suitable for applications in harsh
environments, chemical processing, manufacturing, and storage. They also lead to reduced

maintenance costs and contribute to energy efficiency and sustainability. However, the usage of
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CFRP is limited by their low crack resistance, and poor off-axis strength. Besides, prediction of the
failure due to local damages is not reliable so far (Boroujeni et al., 2014). Composite failure is
influenced by several factors such as loading, fiber properties, resin properties, stacking sequence,
residual stresses, and environmental degradation. Since, the behaviour of multi-directional laminates
against failure is not definite it is difficult to accurately predict ultimate failure. Various forms of
failure must be evaluated in order to assess the strength of a laminate. Through-thickness failure is
more difficult to predict depending on the overall situation of stress or strain in the matrix (Tan et
al., 2008; Takeda, 2002; Trilaksono et al., 2014; Wang et al., 2006). It is important to prioritize the
improvement of safety and reliability in composite materials that exhibit intricate failure
mechanisms.

To overcome these disadvantages of CFRP composites, self-healing is gaining importance.
The ability of composite materials to heal damage or cracks which may develop autonomously during
their lifetime is referred to as self-healing mechanism. By possessing this characteristic, composite
structures are able to effectively overcome their limitations and enhance the overall performance,
durability, and reliability. Numerous investigations have been conducted utilizing various methods
to develop composite structures that possess self-healing properties.

Autonomous healing in polymer composites is usually facilitated through the use of
microcapsules and micro-vascular channels (Figure 1.2). In microcapsules, the mechanism is
activated when a crack ruptures the capsule, and healing is accomplished when the repairing agent
in the capsule reacts with the catalysts in the structure. Microvascular structures incorporate small
channels that contain healing agents and catalysts within the composite material. When a crack
emerges, the healing substance merges with the catalyst and healing reaction initiates (Ekeocha et

al., 2021).

(a) Microencapsule-assisted self-healing (b) Microvascular-assisted self-healing
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Figure 1.2. Schematic demonstrations of autonomous self-healing processes

In this study, self-healing on polymer composites via microvascular channels was

investigated and the characteristics of composite having healing mechanism were observed.
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1.1. An Overview of Composites

A composite material is formed by combining two or more materials, which are not soluble
in each other, resulting in creation of a new material with enhanced properties. The two main
components are the matrix and reinforcement, which work together to produce a material with
enhanced mechanical, thermal, or other performance attributes. Composites are designed to take
advantage of the strengths of each component, resulting in a material that surpasses the properties of
individual materials alone. The matrix surrounds and connects the reinforcement materials. The
reinforcement is responsible for providing the composite material with its enhanced mechanical
properties. Common reinforcement materials include fibers, particles, or flakes (Figure 1.3).
Depending on the material of matrix, such as polymer matrix, metal matrix, ceramic matrix, and
carbon-carbon, composite materials can be classified (Kaw, 2006).

A lamina refers to a single layer or ply of a composite material, usually comprising
reinforcing fibers that are embedded in a matrix material. A laminate consists of multiple layers,
known as laminae, which can have either identical or varying orientations and materials. The macro-
mechanics of a lamina determine the mechanical properties of whole laminate such as stiffness,
flexibility and strength. Composite materials have advantages over monolithic materials due to their

structure and anisotropic mechanical response (Altenbach et al., 2004).
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Figure 1.3. Types of composites according to shape of reinforcement

Today's advanced technologies cannot always be met by monolithic metals or their alloys.
Composites, like carbon/epoxy, are the sole materials that meet these requirements. In many cases,

the utilization of composites is more effective in reducing the overall mass of the structural system,
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such as an aircraft, while maintaining the rigidity and durability of its constituent parts. Despite the
potentially higher expenses associated with composite materials, the decrease in the quantity of
components in an assembly and the resulting fuel savings render them a more lucrative option
(Mijovic, 1995).

In order to define advantages of composites, some parameters are considered. For example,
the lightest tie for a specific tensile load and deflection limit has the highest E/p value, which is called
specific modulus. Similarly, it should have high specific strength value (cui/p) in order to be light
and strong. Composite materials have high ratios of these two parameters, resulting in a reduction in
mass which reduces the costs of material and energy. Figure 1.4 represents the specific modulus

against specific strength of materials.
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Figure 1.4. Plot of specific modulus (E/p) against specific strength (or/p) (Ashby, 2011a)

Parameters to evaluate the superiority of composites in comparison to metals are not limited
with specific strength and specific modulus. The lightest column that can withstand a specific
compressive load without buckling is selected based on the highest E'?/p value. Even, the lightest
panel that can withstand a specific pressure with minimum deflection is determined according to the
highest E'3/p value (Ashby, 1989). Composites exhibit superior advantages for these parameters in
contrast to metals as indicated in Figure 1.5. Fracture resistance, impact resistance, fatigue life and
creep are the other parameters to be considered while comparing the performance of composites

(Kaw, 2006).
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Although they have many advantages over metals, composites have some drawbacks such
as high fabrication costs and complex mechanical characterization. To reduce costs, improvements
in manufacturing techniques are needed. Composite structures pose a greater challenge in terms of
mechanical characterization compared to metals, as they require a larger number of material
parameters. The repair of composites is a complex procedure, and critical defects in composites may
remain unnoticed. Composites do not have high fracture toughness in contrast to metals. The plot of
fracture toughness against yield strength for engineering materials are indicated in Figure 1.6. From

the figure, metals demonstrate a significant combination of fracture toughness and strength.
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Polymer matrix composites (PMCs) are widely utilized advanced composites because they
are cost-effective, have impressive strength, and are easy to manufacture. However, they have
disadvantages, including limited operating temperatures, high coefficients of thermal and moisture
expansion, as well as relatively low elastic properties. Mostly utilized fibers are carbon, Kevlar,
graphite and glass; polymers are epoxy, polyester, phenolics, urethane, and polyamide. Epoxy is the
most favoured PMC matrix, finding extensive application in the aerospace industry. This is primarily
due to its exceptional strength, low viscosity, minimal flow rates, negligible volatility during the
curing process, and minimal shrinkage rates. It is available in over 20 grades, allowing for

customization to meet specific processing requirements.

1.1.1. Common Applications of Polymer Composites

Polymer matrix composites find extensive applications in numerous industries, from tennis
racquets to space shuttles. The utilization of polymer composites in the military aviation sector has
spearheaded the achievement of weight reduction in comparison to metal components. In commercial
airlines like Boeing, composites are predominantly employed in secondary structures, such as
rudders and elevators, which are constructed using graphite/epoxy. Additionally, landing gear doors
are crafted using Kevlar-graphite/epoxy. However, there are instances where composites are utilized
in a primary structure. The integration of composites in primary structures is exemplified by the tail
fin of the Airbus A310-300 and the all-composite Lear Fan 2100 aircraft. The tail fin constructed
using a graphite/epoxy and aramid honeycomb combination (Figure 1.7), not only achieved a weight
reduction of 300 kg but also simplified the manufacturing process by reducing the number of

components from 2000 to 100.

F .
Figure 1.7. Tail of Airbus A310-300

Helicopters and tiltrotors (Figure 1.8) use rotor blades made of graphite/epoxy and

glass/epoxy materials, ushering in a remarkable increase in blade lifespan of more than 100% when



compared to metals. Moreover, these advanced blade materials significantly facilitate achieving

higher top speeds.

b e

Figure 1.8. Bell-Boeing V-22 Osprey military tiltrotor

On the other hand, composites are desirable material for space applications due to their
strength and dimensional stability. Graphite/epoxy was selected due to its ability to reduce weight
and minimize mechanical and thermal deflections (Figure 1.9). The utilization of lightweight
materials instead of traditional metal alloys results in increased payload capacities, which can incur

expenses of up to $2208 per kilogram (Schwartz, 1984).
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Figure 1.9. Composite structures in the space shuttle (Kaw, 2006)

Figure 1.10 depicts a high-gain antenna, reinforced with fibers, specifically designed for the

purpose of being used in space stations. This antenna utilizes sandwiches composed of an aluminium



honeycomb core combined with graphite/epoxy facings. In satellite systems, antenna struts and ribs
employ graphite/epoxy having remarkable specific stiffness due to their capacity to fulfil the
dimensional stability prerequisites caused by significant temperature variations experienced in space

(Reznik et al., 2015).

I Faomy

Figure 1.10. Reinforced mirror-antenna reflectors with different layouts of the ribs (Reznik et al.,
2015)

In the automotive industry, the Corvette's fiberglass body and composite leaf springs are
examples of polymer matrix composites in automotive applications. Composite leaf springs as
depicted in Figure 1.11 offer a smoother ride, rapid response to road shock, reduced risk of sudden
and severe damage, exceptional ability to withstand corrosion and a fatigue life exceeding five times
that of steel (Pruez et al., 2013). Weight has increased by over 20% due to increased engine power
in today’s automobiles. Carbon composite bodies have the potential to achieve a significant weight

reduction of up to 50% while still ensuring the necessary safety standards are met (Neil, 2004).

Figure 1.11. Corvette Rear Fiberglass Monospring

There is a growing trend in utilizing composite materials for sports equipment. Bicycles
employ a hybrid construction technique that combines graphite/epoxy composites with aluminium

tubing and S-glass reinforced urethane foam, increasing specific modulus and reducing frame mass
8



by 25% (Lessard et al., 1995). Also, carbon/polyamide composite wheels exhibit reduced weight and
superior impact resistance compared to aluminium wheels. Composites are commonly used in tennis,
racquetball, and ice hockey for improved rigidity and reduced risk of elbow injury (C. Sun, 1995).
Glass/polyester composite ski poles exhibit superior strength and reduced weight in comparison to
traditional poles.

In addition to all these, composite materials find utility in various sectors including the
marine industry, medical devices and commercial components such as pressure vessels, garden tools,

bridges, boats, X-ray tables, etc.

1.1.2. Failures of Composites

Ductile materials experience failure as a result of undergoing plastic deformation, while
brittle materials such as ceramics rupture catastrophically. Composite structures can fail in various
ways, such as delamination, fiber breakage, matrix cracking and fiber-matrix debonding (Figure
1.12). Multiple modes of failure can occur simultaneously, depending on factors such as material

properties, fiber architecture, and environmental conditions.

Delamination

Fiber rupture A

Pull out

Matrix ¥ Bridging

rupture

Figure 1.12. Typical failure modes observed in composites (Garrett, 2016)

The presence of a failure mode can vary based on factors such as strain energy release, flaw
distribution, interface toughness, and matrix properties. Fiber structures allow for customized
strength and stiffness in a preferred direction, but the matrix component can fail under mechanical
loading in another direction (Daniel and Mccormick, 2007).

In composites, failure can occur in various ways, including interlaminar delamination,
cracking between and along the fibers, as well as excessive shear. When matrix cracking takes place,
fibers have the potential to undergo failure through fracturing near the crack initiation point. Fiber
fracture is the most probable failure mode, in cases where the matrix possesses toughness and
ductility, or if there is a residue present in a fiber. If mechanical loads exceed the strength of the fiber,
fiber fracture occurs leading to catastrophic failure. This changes the load path and increases the

susceptibility of surrounding fibers to fracture. A matrix with high fracture toughness and a suitable



bond with the fibers reduces the amount of strain energy released when fiber fractures (Gdoutos et
al., 2000).

Fiber debonding occurs when cracks align with the fibers, causing them to disconnect from
the matrix. This disrupts the chemical bond between the fiber and matrix, resulting in the formation
of new surfaces that enhance both fracture toughness and strain energy. Furthermore, the critical
impact energy of the laminate can be enhanced through its potential increase. Additionally,
debonding can raise the laminate critical impact energy by reducing the strength of the interface,
which encourages delamination. This allows for the release of more elastic strain energy (Agarwal
et al., 20006).

Delamination is a common and significant issue in evaluating the durability and damage
tolerance of composite laminates. Unlike other failure modes like matrix cracking or fiber fracture,
delamination cannot be seen from the surface, making external damage inspection insufficient. This
weakness has led to extensive research on understanding delamination initiation and propagation
(Ding, 1999). Aerospace components are engineered to withstand mechanical stresses that are lower
than their failure thresholds when subjected to operational loads in order to tackle this specific
problem. (Williams and Pavan, 2000). Thinner laminates tend to experience delamination on the
bottom side during impact, while thicker laminates show matrix crushing on the top surface. When
delamination occurs, a significant quantity of strain energy is released, particularly in ductile and
toughened matrices. The simultaneous occurrence of delamination, fiber fracture and matrix cracking
also release a substantial amount of strain energy (Gdoutos et al., 2000).

The plies in a laminate stick together because of the curing of the matrix. They stay together
because of the shear stresses acting between them. If these bonds weaken, delamination occurs,
causing the plies to separate and move freely. Materials that possess a reduced interlaminar shear
strength are prone to experiencing delamination. The strength is influenced by the resin's ductility
and toughness, as well as the chemical bond it creates. The matrix assumes a crucial function in
determining delamination, interlaminar shear strength, and fracture toughness (Garrett, 2016).

There are several elements that contribute to the determination of the fracture toughness of
composites. These include the volume fraction of fibers, the alignment of the fibers, as well as the
strength and flexibility of both the fibers and matrix. However, the toughness of the resin is
paramount, as it absorbs energy and releases strain during failure (Ding, 1999). Russell and Street
(1987) have shown that enhancing the toughness of the resin improves the interlaminar fracture
toughness in laminates.

There are several main causes for delamination: poor bonding during the curing process,
manufacturing defects or inclusions, low ILSS, impact loading, and edge effects (Daniel and
Mccormick, 2007). If the resin bonding between layers is not done properly during the curing
process, it may not be strong enough to handle the intended loads. Similarly, if there are defects or
inclusions from manufacturing or mishandling, the probability of delamination or premature failure

10



increases. Moreover, composites with lower ILSS are more prone to delamination, which results to
reduced stiffness and damage tolerance (Russell and Street, 1987). Composites that are not designed
to withstand impact loading face a significant vulnerability to interlaminar delamination. This risk
persists even with low-velocity impacts, as delamination and debonding may start from the impact
area and propagate across multiple layers (Garrett, 2016).

In laminated composites, delamination can occur in three different modes of interlaminar
fracture. Mode-I is known as the opening mode or peel mode, whereas mode-II is the in-plane shear
mode or sliding shear mode. Also, mode-1II is identified as the out of-plane shear mode or twisting
shear mode, as depicted in Figure 1.13. Mode-I fracture leads to the separation of laminates mainly
as a result of the applied tensile stress. Whereas mode-II fracture leads to the sliding/shearing of
laminates when subjected to shear stress that acts parallel to the crack plane. Lastly, mode-III fracture
leads to the tearing of laminates as a consequence of shear stress applied parallel to the crack plane

(Mohapatra, 2009; Siddique et al., 2021).

Tensile-mode cracks Shear-mode cracks
Mode | Mode Il Mode Il
(sliding) (tearing)

v

(a) (b) (c)

Figure 1.13. Types of crack opening modes (Siddique et al., 2021)

The critical strain energy release rate, denoted by the symbol G, is widely accepted as the
measure of the total energy needed to start delamination in a material. This value varies depending
on the specific mode of delamination. Therefore, three different G values exist: Gie, G, and Gue
which correspond to mode-I, mode-II, and mode-III failure, respectively (Siddique et al., 2021).

Proper inspection and maintenance practices are crucial to detect and repair any signs of

deterioration or damage throughout the service life of composite components.

1.2. Introduction to Self-Healing

Materials like polymers, ceramics, metals and their composites are subjected to experiencing
various forms of damage caused by mechanical, thermal, chemical, radiational or combination of
these factors over their entire lifetime. These damage factors cause microcracks in the surface of
structure which is leading to sudden rupture and catastrophic failures. In such cases, it may not be
reliable to repair the same material and reproduce it with the intended effectiveness (Ramesh et al.,

2020). Therefore, engineers and scientists have been researching on fabricating materials in which
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ability to heal and renew its function with autonomous or nonautonomous actions as shown in Figure

1.14 (Mauldin and Kessler, 2013).
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Figure 1.14. Classification of self-healing systems (Mobaraki et al., 2020a)

The self-healing concept mimics the healing in biological systems like clotting process on
human skin and the regrowth of a lizard's tail. These processes are accomplished by the transfer of
necessary biochemicals to the damaged area in biological ways. There are many research have been
carried out on designing artificial materials that possess self-healing properties, drawing inspiration
from natural systems.

The first investigation of self-healing has made by Malinskii et al. (1970) with polyvinyl
alcohol specimens. Then, in the 1980s, thousands of studies began to be conducted on self-healing
in polymers, copolymers, and elastomers (Wool, 1980; Wool and O’Connor, 1981). After these
developments the self-repairing behaviour of the crack formed in the cement matrices has been
studied by Dry in 1994. In 2001, White et al. made a remarkable contribution to the exploration of
self-healing materials, ushering a new era in their development. Since then, there has been a
substantial increase in scientific publications focusing on self-healing materials, indicating the
extensive research conducted in this field from that time until the present. Numerous methods have
been developed and keep going under development in order to fabricate materials having self-healing
ability. Bergman and Wudl (2007), identified the self-healing treatment in polymers and their
mechanisms in detail. Drawing from the field of crack healing of relevant polymer-polymer
interfaces, Wool (2008), sought to establish a comprehensive failure theory and healing approach for
polymers. Wu et al. (2008), presented a study on the fundamental structural and functional principles
underlying the fracture structure and healing mechanisms in polymeric systems. Besides these there
have been publications on the self-healing mechanisms in polymers and composites (Youngblood
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and Sottos, 2008). Aissa et al. (2012), Toohey et al. (2007), Trask et al. (2007), Esser-Kahn et al.
(2011), Patrick et al. (2014) have provided novel point of views on self-healing in fiber reinforced
composites (FRC).

Materials that have the extraordinary capability to restore their structural integrity without
showing any visible signs of damage are known as self-healing materials (Ramesh et al., 2020). One
of the remarkable characteristics of such materials is their ability to regenerate their functionality
following damage caused by external factors (Hager et al., 2010). Basically, this entails the recovery
of mechanical strength and other material properties as a consequence of material failure or fracture.
Inherently, artificial materials lack the ability for self-healing. Instead, self-healing properties are
incorporated into man-made materials through the utilization of external sources or agents. For
specific materials, even micro voids can be filled up and the desired properties can be restored. The
healing agents inside fiber reinforced polymer composite structures, provide bonding and seal the
cracks that is occurred by contacting of monomer with the catalyst end up with polymerization
reaction (White et al., 2001).

Different materials, including polymers, metals, paints, and coatings, possess unique self-
healing mechanisms that are inherent to their microstructure. Detection of micro cracks in composite
materials is very hard to see and notice by the human eye. There are various approaches such as
embedding piezoelectric sensors, optical fibers and magnetostrictive materials, have been made
which are incorporated into the structure for the detection of damage (Thostenson and Chou, 2006).
By using these approaches, the degree of damage and its influences needs to be determined in non-
destructive manner. Regarding to the degree of damage, to repair the material or remove it from the
service are available options which are very expensive, complicated, time consuming and requiring
easy access.

The self-healing polymers and other such materials possess the ability to significantly regain
their load carrying capacity by healing the micro cracks occurred anywhere in the material after
damage. All in all, these materials are reliable as they eliminate high costs and time-consuming
processes of active damage detection or external repair by extending the life of the structures
autonomically. Because of their significant advantages, numerous applications of this materials can
be found in the fields of acronautics and space, electronics, electrical and so on. Despite all, there are
some limitations including modifications in original properties, crack healing dynamics and

functionality and cost factors.
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Figure 1.15. Damage recovery stages in self-healing materials (Ramesh et al., 2020)

Damage management constructs the basis of self-healing approach. The time-dependent
progression of the damage is directly related to the autonomous healing process as indicated in Figure
1.15. Figure 1.15(a) indicates that the material which has capability for one-off fully recovery action
in case of damage. The any further damage formation in the structure results in final rupture. The
material as indicated in Figure 1.15(b) shows more than one healing actions that involves partially
recovery of damage. In this type of material, final rupture occurs after a few healing cycles. The
shown material in Figure 1.15(c) indicates ideal self-healing action which has limitless lifetime based
on subjected load conditions. As depicted in Figure 1.15 self-heling performance of materials is
influenced by both the cycle of damage development and the healing rate of damage (Ramesh et al.,
2020).

Until present, several studies conducted in implementing self-healing ability to the materials.
Based on these studies self-healing materials are broadly classified in three groups: capsule based,

vascular and intrinsic (Blaiszik et al., 2010).

1.2.1. Self-Healing Mechanisms
Basically, self-healing materials can be categorized into two groups: autonomous and non-

autonomous (Hager et al., 2010). If these materials need an external factor to repair the damage or
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rupture in their structure, they are called non-autonomous self-healing materials, on the other hand

if they do not demand any stimuli they are called as autonomous self-healing materials.

1.2.2. Non-autonomous Self-Healing

Non- autonomous self-healing materials require an external factor or energy which can be
provided by light, heat or pH (Mobaraki et al., 2020a). Light has a vital role in triggering the self-
healing properties, as rapid switching, remote activation and accurate targeting (Habault et al., 2013).
Switching off and on the self-healing property of a material was studied by Yang et al. (2017) on
acrylamide hydrogel having a self-healing ability when it was exposed to a visible light, but under
the UV light, self-healing property disappeared. In another study, Hu et al. (2018) developed an
innovative design for composites. The light energy turned into heat energy due to the Cu,S-Ag
nanoparticles on the crack interface which provided a self-repairing action by reducing the viscosity
of resin and help it to diffuse in the ruptured area. Also, Kim et al. (2013) has studied on non-
autonomous healing with carbon-based nanoparticles. Self-healing of the composite material with
polyurethane matrix and graphene inclusive is occurred via induction where the wavelength is near
the IR. The result is enhanced glass transition temperature and modulus that increases elongation at
break.

The other external factor is heating energy for non- autonomic self-healing action. Sun et al.
(2018) investigated the effect of temperature on the self-healing ability of asphalt binders by the help
of computer simulation. Additionally, the influence of density, concentration percentages and mean
square displacement were evaluated to define the self-repairing character of asphalt via heat. As the
result of this investigation, they determined the optimum healing temperature range is between 40.3
°C - 48.7 °C. It is crucial to note that subjecting the process to higher temperatures may lead to
irreversible deformations. Gonzalez et al. (2018) explored the potential of microwave heating in
augmenting the self-healing properties of metal fiber-reinforced asphalt mixtures. At the end, they
observed healing in asphalts. Also, in another study, Vaiyapuri et al. (2013) worked on polymer
nanocomposite that containing gold nanoparticles. They observed that the network structure of the
composite can be disrupted under heat (about 60 °C) and completely reformed to its original shape

upon cooled down to ambient temperature (Figure 1.16).

P-AuNPs

Supramolecular nanocomposite

Figure 1.16. Schematic explanation of disruption and reformation of polymer nanocomposite with
gold nanoparticle inclusive (Vaiyapuri et al., 2013)
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1.2.3. Autonomous Self-Healing

The composite material which has autonomic self-healing ability, does not require any
external stimuli because, repairing action occurs by itself as damage appeared (Hager et al., 2010).
Recently, several autonomous self-healing techniques was developed and implemented in particular
areas. Autonomous self-healing mechanisms differ from each other by their triggering the healing
actions against a damage. The healing volume, the healing repeatability and the recovery rate
designates the functionality type of mechanism. Autonomous self-healing materials are classified in
two categories as extrinsic and intrinsic. And extrinsic materials divided into two groups:
microcapsule based and microvascular based. The autonomous self-healing methods are

demonstrated schematically in Figure 1.17.

Figure 1.17. Autonomous self-healing methods: a) capsule based, b) microvascular based,
¢) intrinsic approach (Blaiszik et al., 2010)

Capsule Based Self-Healing Mechanism

Capsule-incorporated self-repairing materials function as remedial agents enclosed within
discrete capsules. In this approach, the healing substance is conserved within microcapsules till they
are damaged or dissolved. In an instance of damage, capsules are ruptured, thereby the healing
substance is released along the location of damage. After release, the polymeric reaction of substance

takes place by combining with catalyst and this triggers self-healing of broken bonds.
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This mechanism has some advantages such as: (i) the technology of encapsulation techniques
has matured, (ii) the incorporation of microcapsules which contain self-healing agent into the
polymer by applying available blending techniques is simple, (iii) utilizing this method does not
necessitate any changes in the molecular structure of polymer composite (Zhu et al., 2015).
Nonetheless, one of the most crucial disadvantages of this mechanism is, the low number of healing
repeatability. According to the type of microcapsule, the healing action occurs only one time or a
few times after the capsules are ruptured (Zhu et al., 2013).

There are numerous techniques for encapsulation of the healing agents to protect against
external factors before, during and after mixing with polymer matrix so that remain inactive until a
triggering action occurred.

White et al. (2001) developed a self-healing material that uses capsules containing
dicyclopentadiene and Grubbs' impetus (Figure 1.18). During the material formation, the capsules
are integrated into the polymeric matrix. When damage occurs and a crack forms, the capsules release
a healing substance into the crack. This substance then enters the crack and undergoes clumping via
the ring-opening metathesis polymerization process, which is facilitated by Grubbs' impetus. In this
process, the cyclic olefin undergoes a transformation into a polymeric substance through the opening
of strained rings within the monomers and subsequent recombination, resulting in the formation of
extended connections.

Catalyst (b) Released hea ing agent (c) Polymerization

(a) Capsule Crafk

Figure 1.18. Schematic illustration of self-healing via capsules (Xue et al., 2019)

Vascular Based Self-Healing Mechanism

Vascular self-healing systems are an alternative approach to create self-healing properties in
polymeric composites. This concept, first proposed by (Dry and Sottos, 1993) involve embedding a
healing substance in a network of capillaries or hollow channels, similar to blood vessels in biology.
These capillaries are connected until damage triggers the self-healing process and the cracks in the
polymer matrix resulting from this damage are repaired.

The vascular system's operation (Figure 1.19) can be compared to a healing system based on
capsules. Both systems require careful consideration of mechanical description, activation

mechanism, and healing process. The main difference lies in the manufacturing and composition of
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the matrix material. The advancement of self-healing techniques is significantly impacted by various
factors including the production method, the similarities between systems, the healing agent, and the

materials utilized (Blaiszik et al., 2010).

Main structure

: \
Figure 1.19. Schematic illustration of vascular self-healing mechanism (Kahar et al., 2021)

If self-healing composites based on capsules imitate the inherent healing mechanism at a
cellular level, then self-repairing materials equipped with a vascular system imitate, at a larger scale,
the healing process facilitated by the vascular and circulatory systems in living organisms. By
incorporating a circulation mechanism, these materials can be replenished with healing agents,
allowing for continuous delivery of the healing substance and control over its flow (Y. Wang et al.,
2015).

Vascular network-based self-healing polymeric systems offer several advantages such as;

e In contrast to microcapsule systems, vascular-based self-healing polymeric systems allow
for the use of a greater amount of healing agent.

e Unlike microcapsule systems, the fibers can be interconnected to create a network,
enabling the healing of a larger area.

e These systems have the capability to continuously supply and reload the healing agent.

o This approach allows for the use of different healing agents at different times, making it

possible to treat various types of damage (Herbst et al., 2013; Mobaraki et al., 2020b).

The mechanical characteristics of matrix are directly influenced by factors including volume
fraction and distribution of channels, bonding and stiffness of hollow fibers. Properties such as
chemical reactivity, viscosity, and surface wettability are considered when choosing a healing
substance for a vascular system. The significance of viscosity and wettability becomes apparent in

situations where damage has been occurred (Colquhoun and Klumperman, 2013). Hollow glass
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fibers are commonly used to make self-healing materials. Different methods like 3D printing, melt
spinning, electrospinning, and replication are used to design the polymeric matrix (Das et al., 2016;
Dry, 1994; Lanzara et al., 2009; Norris et al., 2011; Pang and Bond, 2005b; Therriault et al., 2003;
Wang et al., 2015; Williams et al., 2007). Also, Gergely et al. (2018) utilized a hybrid microcapsule-
microvascular system to restore impact damage and enhance healing efficiency. Two different
healing substances were selected, with microcapsules healing microcracks and the microvascular

network restoring lost damage volume.

Intrinsic Self-Healing Approach

The intrinsic mechanism is more advantageous than the extrinsic approach. This healing
process can happen through reversible chemical bonding, either within the polymer itself or when
exposed to specific environments. If the healing reaction occurs without external exposure, it is
referred to as autonomic (Scheiner et al., 2016). A matrix possessing intrinsic self-healing
mechanism offers many benefits, such as improved mechanical, optical, and chemical properties.
Moreover, it is easier to fabricate and process composites with intrinsic self-healing mechanism.
Typically, three distinct categories of intrinsic mechanisms are employed: chain diffusion, reversible
covalent bonds, and supramolecular force (Ponnamma et al., 2017).

Incorporating thermally reversible reactions, hydrogen bonding, ionomeric coupling and a
dispersed meltable thermoplastic phase, researchers have successfully engineered intrinsic self-
heating materials (Zechel et al., 2017). The working principle of these materials is simpler compared
to capsule-based and vascular-based self-healing materials. In this system, the matrix itself has the
ability to heal, eliminating the need for additional healing agents. This avoids many of the problems
associated with the compatibility and combination of healing agents in capsule-based and vascular-

based self-healing materials.

1.2.4. Healing Performance Assessment

Healing performance in polymer composites is evaluated by healing efficiency. The healing
efficiency of a polymer composite refers to its capacity to autonomously repair and restore its
mechanical characteristics, such as fracture toughness, tensile strength and surface finish (Saini and
Jain, 2017; Van Tittelboom et al., 2011). Wool and O’Connor (1981) proposed a method to quantify
the extent of self-healing in polymer composites in order to attain the desired range of properties.
This approach has been widely adopted to compare the effectiveness of self-healing in different
polymer composites. Various tests exist to simulate the self-healing effect, which are specific to the
type of damage incurred by the material. These tests involve subjecting the healed composite to
various mechanical tests, such as tensile, flexural, or impact tests. Healing rate and repeated healing

capability are also evaluated (Hansen et al., 2009; Keller and Crall, 2018). In general, healing
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efficiency is calculated as the ratio of the fracture toughness of the healed sample to the fracture

toughness of the virgin sample (Brown et al., 2002; Wool and O’Connor, 1981).

1.2.5. Self-Healing Applications in Polymer Composites

Fiber-reinforced epoxy composites find extensive application in acrospace, comprising up to
50% of the overall weight in aircrafts like Airbus A350 XWB and Boeing 787 Dreamliner. These
composites are effective in detecting and repairing impact damage, making them suitable for safe
aircraft design. Identifying and measuring impact injuries on polymer composites is challenging, so
extensive care is required. One effective method to address this issue is through the utilization of
self-healing polymer composites, which can repair weaknesses caused by impact loading and create
lightweight yet strong fuselages (Kumar et al., 2019).

Tan et al. (2008) conducted a study that concentrated on polymer composites for aerospace
purposes. The researchers investigated a polymer composite created through a moulding method. In
order to assess its effectiveness, the specimens were subjected to three-point bending tests while
being exposed to impact loads. The findings from these tests revealed that the self-healed composite
exhibited an impressive restoration of material strength, reaching a maximum of 47%. As a result,
incorporating self-healing properties into polymer composites has the potential to significantly

improve their capacity to endure impact damage in aircraft structures.
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Figure 1.20. Self-healing applications in aircrafts (LeCompte)

Researchers in the aerospace industry have dedicated their efforts to investigating the
mechanical characteristics of self-healed epoxy composites (Bond et al., 2008; Williams et al., 2007).
Bond et al. (2008) produced polymer composites by employing a self-repairing method to analyse
the effects on impact strength. Additionally, this research examined the effectiveness of composites

in terms of their ability to self-heal in relation to both flexural and compressive strength. The study
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reported the bending strength of a hollow glass fibers embedded aerospace-grade polymer composite,
demonstrating a significant strength recovery of 97% under quasistatic loads. Furthermore, the self-
healed composite demonstrated a recovery rate of approximately 92% in strength as result of
compression after impact test. These findings indicate self-healing in polymer composites have great
potential for use in acrospace fuselages.

Furthermore, fiber-reinforced polymer composites having self-healing features are utilized
in aircraft structures because of their superior properties. They have superior fatigue and crack
resistance, enabling them to repair any damage prior to its potential failure. Studies (Guadagno et al.,
2010; Teoh et al., 2012) have shown strong recovery of mechanical properties and the potential to
replace conventional laminates in aerospace structures. Moreover, they facilitate reduced
maintenance and weight reduction by means of self-repair. These composite materials possess the
potential to enhance the damage resistance, service life and overall safety of aircraft. Other studies
have shown better flexural strength and aerospace-grade glass fiber polymer composite applications
(Norris et al., 2011; Coope et al., 2014).

Coatings and paints play a vital role in the aerospace industry for protecting the fuselage and
aero structures from environmental damage and corrosion. These coatings have the advantage of self-
repairing when cracks occur and can also shield aerospace components from corrosion using self-
healing polymer composites. Although the aerospace structure components hold greater significance
than coatings in polymer composites, any damage to these coatings does not have a significant impact
on the overall strength of the structure. Zhao et al. (2011) developed a corrosion protective coating
for steel alloy material by combining epoxy resin with microcapsules containing urea-formaldehyde.
Notably, the incorporation of microcapsules significantly contributed to preserve the corrosion-free
state of the coated steel alloy specimens, even in situations where the coating was damaged.

Self-healing epoxy composites have gained attention since the 2000s. They have various
applications in the aerospace field and can address issues like fatigue, impact resistance, and surface
corrosion. The process of self-healing is accomplished by utilizing healing agents that consist of
microcapsules and vascular networks. Kumar et al. (2019) demonstrated the versatile applications of
these composites, which can be used in aerospace fuselages, anticorrosion coating, engine blades,

and combustion chambers.
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2. PREVIOUS STUDIES

2.1. Self-Healing via Vascular Systems
The self-healing properties of fiber-reinforced polymer composites via microvascular
channels or networks are investigated by various studies. There are various methods developed to

generate microvascular channels into the composite structure.

2.1.1. Sacrificial Fibers and Scaffolds Methods

Lewis and Gratson (2004) and Therriault et al. (2003) developed a method using fugitive ink
to create microvascular networks in 3D as shown in Figure 2.1(a). They used a robotic deposition
apparatus to print paraffin-based organic ink layer by layer. The ink was then melted and removed
under vacuum, leaving behind a hollow microvascular network. Scaffolds with diameters ranging
from 10 to 300 pum can be produced in this method. Alternative fugitive inks, including a mixture of
microcrystalline wax and petroleum jelly, were also considered. However, removing the liquefied
sacrificial substances from small vessels and trapped liquids proved challenging, resulting in the

residue (Y. Wang et al., 2015).

Figure 2.1. Fabrication of scaffolds. (a) With 3D printer (Therriault et al., 2003); (b) biomimicking
pattern with 3D printer (W. Wu et al., 2011); (c) self-propagated photopolymer (Jacobsen et al.,
2007)

Furthermore, recent studies have enhanced the printed design by transitioning from a basic
uniform pattern to a biomimetic pattern resembling the veins of a leaf (W. Wu et al., 2011), as
depicted in Figure 2.1(b). By adjusting the pressure within the printing nozzle, it was achieved a
varying size of the network. In order to enhance the efficiency of printing process, Hansen et al.
(2013) evolved a multi-nozzle array capable of printing multiple lines at the same time. To enhance

the mechanical characteristics, halloysite nanotubes were incorporated with sacrificial fibers. After
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the fibers dissolved, these nanotubes effectively enveloped the internal surface of the microvascular
system, thereby providing structural reinforcement (Olugebefola et al., 2013).

Additionally, the process of solidification through light activation using photopolymers can
be utilized to create sacrificial elements through 3D printing. In previous studies conducted by
Jacobsen et al. (2007), they successfully manufactured interconnected photopolymer waveguides by
employing self-propagation, resulting in the creation of open-cellular micro-truss structures (Figure
2.1(c)). Schaedler et al. (2011) further enhanced this method to fabricate metallic vascular networks,
while Roper et al. (2015) extended it to fabricate bicontinuous fluid networks.

The sacrificial material-removing procedure can be improved by treating the spun fibers
chemically or physically. Suitable catalysts can speed up the thermal depolymerization of
impregnated poly-lactic acid (PLA), as shown in a study by Dong et al. (2012). PLA fibers were
combined with tin (II) oxalate catalyst to reduce the depolymerization temperature (Figure 2.2). To
create a microvascular network in a fiber-reinforced composite, one can surround PLA sacrificial
fibers with reinforcement fabrics and then subjected to heat treatment (Patrick et al., 2014; Coppola

etal., 2014).

Figure 2.2. Degradation of PLA fiber (Esser-Kahn et al., 2011)

Patrick et al. (2014) fabricated the composite textile reinforcement made by stitching a
special type of PLA filament infused with a catalyst into layers of woven fabric. Then, by using
vacuum-assisted resin transfer moulding (VARTM), this preform is transformed into a laminate.
They used a sacrificial material-removing process to create a three-dimensional microvasculature
throughout the composite. For healing purposes, a two-part chemistry consisting of resin and
hardener was employed and stored in separate channels within the epoxy matrix. Also, they studied
two different types of 3D vascular design parallel and herringbone (Figure 2.9), and they investigated

the self-healing action against delamination by conducting a double cantilever beam (DCB) tensile
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opening (mode-I) test. As a result, they observed an achievement in the healing process with a 3D

vascular system.
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Figure 2.3. Self-healing process of a composite including 3D fabricated vascular system (Patrick et
al., 2014)

Norris et al. (2011) studied developing self-healing composites that are inspired by the
damage tolerance and self-healing abilities of bones. They incorporated healing agents into hollow
vessels with a one-dimensional structure, which were then embedded within a fiber-reinforced
polymer (FRP). By incorporating a simple vasculature design into a fiber-reinforced polymer
composite using a "lost wax" process, a self-healing function was achieved in this literature study.
This resulted in a remarkable recovery (=96%) in compression strength after impact as shown in

Figure 2.3.
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Figure 2.4. Compression strength recovery (Norris, Meadway, et al., 2011)

Electrospinning and melt-spinning are two processes that create fibers from liquids. The
manufacturing procedures bear resemblance to the production method of cotton candy. The cotton
candy machine was, in fact, the initial apparatus employed for melt-spinning sacrificial fibers. After
the production of the sugar fiber, it was subsequently positioned within a Teflon mold. Subsequently,
a mixture of degassed uncured resin and hardener was poured over the sugar. After the mixture was
cured, devices were submerged in a water and ethanol solution. This dissolved the sugar, resulting
in the creation of a micro-channel network within the polydimethylsiloxane (PDMS) matrix as shown

in Figure 2.4 (Bellan et al., 2009).

Figure 2.5. An illustration of the steps in the PDMS construct fabrication process (Bellan et al.,
2009)

Wu et al. (2013) and Gualandi et al. (2013) used electrospinning which offers the possibility

of constructing core-shell vascular network without the need for degradation of sacrificial fiber and
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injection of healing agents. During the electrospinning process, the dicyclopentadiene (DCPD)
healing substance was directly encapsulated within polyacrylonitrile shells. When a fracture
transpired, the rupture of these shells allowed the release of DCPD healing substance, facilitating the
restoration of the damage.

Melt-spinning and electrospinning techniques offer a quick and easy means of fabricating
fine fibers with small diameters. Nevertheless, this approach is limited to producing individual
sacrificial fibers and arranging them in a specific pattern must be done by hand. The development of
more sophisticated positioning techniques is still pending. Core-shell fibers exhibit excellent
properties for self-healing materials, but they lack the ability to form interconnected networks or
allow for the refilling of the healing agent. Consequently, their functionality resembles that of an
enhanced capsule-based self-healing material rather than a vascular one.

Soft lithography is a useful technique for creating microfluidic networks, which can be
employed in the production of microvascular networks for self-healing materials. Golden and Tien
(2007) developed technique that involved the utilization of gelatine as a sacrificial material, enabling
the formation of a hexagonal beehive structure (Figure 2.5). This technique involved creating a
vascular network pattern and replicating it on a glass or pre-oxidized PDMS substrate. The gelatine
was then poured into the substrate and solidified. After removing the solid gelatine, it was integrated
into a hydrogel and subjected to heat treatment. This process left behind a microvascular network
within the hydrogel, with channel diameters as small as 6 pm. PDMS can also be used to directly
replicate suitable structures found in nature. He et al. (2013) used a comparable approach to

reproduce leaf venation and create interconnected vascular networks (Figure 2.6).
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Figure 2.6. Building micro-fluidics inside hydrogel with soft lithography (Golden and Tien, 2007)
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materials (He et al., 2013)
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The combination of alternative manufacturing techniques can be employed to duplicate
designs. Bellan et al. (2012) used melt-spinning to create small-diameter fibers and soft lithography
to make primary vessels. Replicating established patterns is great in terms of mass production, but

not efficient for making a single item (Wang et al., 2015).

2.1.2. Electrostatic Discharge Method

Electrostatic discharge is a fast way to create microvascular networks based on natural
designs. Huang et al. (2009) used an electron beam to irradiate polymethyl methacrylate (PMMA),
causing electrical charges to build up. Connecting the specimen to the ground resulted in a lightning-

like discharge, forming a tree-like network within the block as shown in Figure 2.7.
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Figure 2.8. Electrostatic discharge to fabricate vascular patterns (Huang et al., 2009)

This technique allows for rapid and efficient construction of vascular networks, but the
resulting pattern is uncontrollable, leading to uncertain network quality. Further investigation is

needed to understand the discharge process's performance and properties (Y. Wang et al., 2015).

2.1.3. Laser Direct-write Method

In the realm of micro-fluidics devices, laser direct-write techniques are employed to create
channels. These channels can serve as conduits within vascular systems. In order to produce micro-
channels successfully on a PDMS block, Lim et al. (2003) used a high-brightness diode-pumped slab
laser.

Lasers have the capability to directly create intricate two-dimensional (2D) designs onto
polymeric materials. Nevertheless, the production of three-dimensional (3D) structures using lasers

is challenging and inefficient (Wang et al., 2015).
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2.1.4. Hollow Fiber Method

One way to create self-healing fiber-reinforced composites is by installing tubes filled with
the healing agent inside (Pang and Bond, 2005a; Trask and Bond, 2006). This method involves using
hollow fibers to separate the restorative substance and the matrix as shown in Figure 2.8. When
damage occurs, some of the fibers break and release the healing substance. The procedure of
incorporating the empty fibers into the main matrix is similar to that of regular fiber-reinforced
materials. However, the minimum impact on the composite is observed when the hollow fibers are
arranged in parallel with the reinforcement fibers (Kousourakis and Mouritz, 2010). Employing
hollow fibers exhibits a drawback in that they are unable to create interconnected networks, as well

as refilling them is challenging.
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Figure 2.9. Schematic demonstration of the self-healing concept using hollow fibers (Ramesh et al.,
2020)

2.1.5. Other Studies

Saeed et al. (2016) proposed a method consisting of two stages of composite molding as
shown in Figure 2.10. In the initial stage, during the moulding process, cavities were created by
placing PTFE or extruding soft wax onto the surface of a composite laminate. During the second
stage, this laminate with cavities was bonded with another composite laminate during the molding
process and microchannels were created between these laminates. They evaluated the effectiveness

of joining the composite laminates through interlaminar shear and flexural testing.

(b} (d)
Figure 2.10. Schematic demonstration of step-molding technique (Saeed et al. 2016)
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Bekas et al. (2017) conducted research on incorporating nano-reinforcement into an epoxy
healing agent to enhance the self-healing capabilities of fiber-reinforced composites, shown as a
graphical abstract in Figure 2.11. They employed multi-walled carbon nanotubes (MWCNTs) as the
nanoscale reinforcing phase in three different weight contents. Dynamic viscosity measurements
were employed to assess the rheological characteristics of the nanomodified epoxies. The impact of
multi-walled carbon nanotubes (MWCNTSs) on the healing efficiency of fractured glass fiber
reinforced composites (GFRPs) was assessed through the infusion of the resultant nanocomposites.
They observed that nano-enhanced healing agent increased the healing efficiency by approximately
190% through additional energy consumption mechanisms (Figure 2.12), as confirmed by the

Scanning Electron Microscopy (SEM) study.

[—JVirgin
I Healed

Load (N)

Vascular self-repairing 104
composite ol
Neat healing | Doped healing agents |

agent t | Injection

Nano-reinforced healed area
Carbon nanotubes

Figure 2.11. Graphical abstract of nano-reinforced polymeric healing agents for vascular self-
healing composites (Bekas et al., 2017)
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Wu et al. (2012) offered a braiding method to create microvascular channels. They used a
four-step braider machine to make fabric preforms including two axial place holders, made of trilene,
at each braid as shown in Figure 2.13. They also coated the braided preforms with carbon nanotube
to be able to sense the crack filling during healing. VARTM process was employed for curing the
braided fabric preform. After the curing, they remove the axial place holders, and two separate
microvascular channels were formed in a braid. When the crack occurred, healing agents were mixed
in the zone between channels. They investigated the mechanical effects of channels and sensing

process of damage.

i =2

Step 1 Step 2
HE B N BN
B -
- SEIEL
|
O [
O O O O S L
Step 3 Step 4 Finished Braid

. Braided yarn carrier
_) Axial yarn carrier; blue (epoxy) and red (amine)

Figure 2.13. Channel forming method with four step braiding.

2.2. Aim of The Study

Composite structures are widely used in many industries with their unique and superior
properties. Also, it is crucial to use composites in critical structures in aerospace and defence
industries. However, their low crack resistance and poor off-axis strength makes their usage limited.
Also, interest in smart materials and composites is increasing to overcome these types of problems.
Self-healing composites are crucial in the field of smart materials. In furtherance, investments to
global self-healing market are raising day by day.

This thesis aimed to improve the self-healing properties of composite structures via an
innovative microvascular channel creating method without adversely affecting the mechanical

properties. And secondly, it is aimed healing in a short time and in wide temperature range.






3. MATERIAL AND METHOD

3.1. Materials

Carbon fabric with epoxy polymer matrix was used in this thesis work for manufacturing the
carbon fiber reinforced polymer composite (CFRP) laminate. Also, to achieve to build a
microvascular network in CFRP laminate, polyamide monofilaments have been used. Besides all
these, Grubbs’ catalyst integrated in the matrix and 5-Ethylidene-2-Norbornene (SE2N) monomer
later injected into microchannels, were used to achieve self-healing during microcracking of CFRP

composite structure.

3.1.1. Carbon Fabric
In this study, high-strength aerospace-grade carbon fabric is used as reinforcement material
to manufacture CFRP composite structures. These fabrics were supplied by Hexcel Corporation.

Table 3.1 indicates the physical and mechanical properties of the fabric employed in this study.

Table 3.1. Physical and mechanical properties of carbon fabric (*Toho Tenax Impregnated Strand
Test Method. Based on JIS R7601 or DIN 29965)

Property Value
Product brand description HexForce® G0904 D 1070 TCT HS
Type of yarns TENAX E HTA 40 E13 3K
Fabric image description Plain Weave, continuous fibers
Areal weight 193 g/m?
Thickness 0.20 mm
Density 1760 kg/m?
Tensile strength 4205 MPa
Tensile modulus* 237 GPa
Elongation* 1.78%

3.1.2. Polymer Matrix

For the matrix material in this project, low-viscosity epoxy polymer resin and its hardener
with superior mechanical and dynamic properties were used. The Araldite® LY 5052 epoxy and
Aradur® 5052 hardener were supplied by Huntsman Corporation. Table 3.2 presents the chemical
and physical characteristics of epoxy resin and its hardener. Additionally, the matrix properties as
mixture of epoxy resin and hardener are provided in Table 3.3. The curing temperature of this matrix

material is defined as 120 °C in a curing oven.
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Table 3.2. Chemical and physical properties of epoxy resin and its hardener
Property Epoxy Resin Hardener
Product brand description Araldite® LY 5052 | Aradur® 5052
Aspect (visual) clear liquid clear liquid
Viscosity at 25 °C (ISO 12058-1) 1000 — 1500 mPa.s
Density at 25 °C (ISO 1675) 1170 kg/m? 940 kg/m?3

Table 3.3. Physical and mechanical properties of the matrix

Property Matrix
Mixed products Araldite® LY 5052 / Aradur® 5052
Mixing ratio by weight 100:38
Initial mix viscosity 500 - 700 mPa.s @ 25 °C
Build-up viscosity 1500-3000 mPa.s @ 25 °C
Flexural strength 116-122 Mpa @ 8h & 80 °C
Flexural modulus 2.7-3 GPa @ 8h & 80 °C
Tensile strength 84-86 Mpa @ 8h & 80 °C
Tensile modulus 3-3.2 GPa @ 8h & 80 °C

3.1.3. Self-Healing Catalyst

In this study, 1** Generation Grubbs’ Catalyst® M102 is used as a catalyst to trigger the ring-
opening polymerization reaction of the self-healing agent leaking into the crack zone. The Grubbs’
catalyst was procured from Sigma Aldrich. The chemical properties of Grubbs’ catalyst utilized in
this study is presented in Table 3.4.

The Grubbs’ catalyst stands out due to its easy handling and fast initiating properties. On the
other hand, it has good functional group tolerance to aldehydes, and it is stable in air and moisture

(Elias, 2008).

Table 3.4. The chemical properties of the catalyst (Grubbs’ Catalyst® M102)

Property Value
Product brand description Sigma Aldrich Grubbs Catalyst® M102
Empirical formula C43H72CI12P2Ru
CAS number 172222-30-9
Molecular weight 822.96
Core: ruthenium
Reaction suitability Reagent type: catalyst
Reaction type: Ring-Opening Polymerization
Melting Point 153 °C
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The optical and SEM micrographs were utilized to carry out the dimensional measurements
of 1% Generation Grubbs’ catalyst by Aissa et al. (2012). The catalyst was defined as rods up to ~30
pm in width and ~120 pm in length as shown in Figure 3.1.

(b)

Figure 3.1. Dimensional measurements with (a) Optical and (b) SEM micrographs of 1st
Generation Grubbs’ catalyst

3.1.4. Self-Healing Agent
As a self-healing agent, the 5-Ethylidene-2-Norbornene (SE2N) monomer was used in this
study. Table 3.5. gives the chemical properties of the SE2N monomer.

Table 3.5. The chemical properties of the healing agent (5-Ethylidene-2-Norbornene)

Property Value
Product brand description Sigma Aldrich 5-Ethylidene-2-norbornene
Empirical formula CoHi2
CAS number 16219-75-3
Molecular weight 120.19
Form Liquid
Density 0.893 g/mL at 25 °C
Boiling Point 146 °C
Vapor pressure 4.6 mmHg (20 °C)

In addition, the reaction times of the SE2N monomer are much shorter with the Grubbs'
catalyst as can be seen in Figure 3.2 (Aissa et al., 2012). Also, as indicated in Figure 3.3, the 5-
Ethylidene 2-Norbornene agent is in liquid form between -80°C and 148°C, costly cheap and less
harmful to the environment than other agents (Aissa et al., 2012).

The operating temperatures of the SE2N agent, correspond to the temperature range that

aircraft are exposed to during service and since it reacts more quickly, critical cracks can be healed
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in a short time. As a result of these multiple considerations, SE2N was chosen as the self-healing

substance.
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Figure 3.2. The reaction times of the SE2N and DCP monomers with Grubbs’ catalyst

Compound Toxicity Teit (°C) Thon (°C) USD$/L
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H3C#
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Figure 3.3. The comparison of properties of different monomers (Aissa et al., 2012)

3.1.5. Consumables
The consumables given in the Table 3.6 are used in this project with their properties and for

the purposes remarked as below.
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Table 3.6. The properties of consumables

Name of Consumable Property Supplier Purpose of Using
Perforated release film | Stands up to 150 °C Dost Kimva Allows controlled removal of
FLD150-30/P3 Thickness: 30 um y excess resin

Stands up to 185 °C
Weight: 150 g/m?

Vacuum Nylon Stands up to 175 °C Dost Kimva To create a controlled
TBL170-50 Thickness: 50 um Y environment

Breather Fabric 150 Dost Kimya | To absorb excess resin

Sealant for vacuumed

Vacuum sealing tape Stands up to 130 °C | Dost Kimya atmosphere

Help to maintain proper pressure

PTFE vacuum hoses Stands up to 280 °C | Dost Kimya inside the vacuum bag

Nylon (PA6) Stands up to 180 °C Market Microvascular channel building
monofilament Diameter: 450 um monofilament
Yontar To ease of removal of composite
Polivaks Max-9 Stands up to 200 °C from the mold and to coat the
Polyester
monofilament
3.2. Method

This section provides the methods adopted in this study for the production of composite
structures with microvascular channels, self-healing applications, preparation of test specimens,
morphological inspections and performing the characterization tests for the modified
microstructures. For the formation of microvascular channels inside the composite structure,
different methods were followed in the scope of this study, by trying different configurations and
materials. The systematic flow chart followed in this thesis to build a novel self-healing mechanism
is provided in Figure 3.4. According to the ASTM D790 and ASTM D5045 standards, tests were

performed and specimens in different configurations were manufactured based on these standards.
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PERFORM STUDIES FOR SELF
HEALING FIBER REINFORCED
COMPOSITES

-Researching of methods and mechanisms for self healing in fiber reinforced composite
structures

-Researching for microvascular channel production methods
-Search out for availability of materials based on related method

v

-Trials for various types of method with available materials

-Development of novel method to create a microvascular network in fiber reinforced
composite material

-Selection of the proper material to create microvascular channel based on shear stress
measurements

-Inspection for the achievement in channel formation via thermal camera and micro-CT
-Determination of designation system for channel configurations in composite laminate

v

- Development of methods to hinder catalysts reaction in the channel walls of the
restorative agent

-Production and validation process for the selection of proper channel coating method
-Observations from the specimens via SEM analysis

]

-Determination of the effects of microvascular channels to fiber reinforced composite via
3 Point Bending Test

-Determination of the second moment of inertia (I.) values of specimens via 3D scanning
-Determination of the microstructural shape factors (¥g) based on solid structure
-Comparison of specific force (F*) and specific stiffness (S*) of specimens in different
configurations

-Simulations for crack propagation with and without channels in composite structure

v

-Production of composite laminates including Grubbs' catalyst

-Preliminary trials and inspection of self healing in microvascular channels
-Observations for distribution of catalyst inside the laminate taken from the different
section of specimens via SEM-EDS analysis

v

-Carry out the compact tension tests to characterize the self healing performance of
microvascularized fiber reinforced composite structures

Microvascular Channel Formation

Self Healing Mechanism

NO

Validation

-Report the results for self healing characteristics and performance of microvascularized
fiber reinforced composite structures

Figure 3.4. Flowchart demonstrating a systematic approach for building of novel self-healing
mechanism for CFRP composite laminates
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3.2.1. Manufacturing of Composite Structures

Hand lay-up and vacuum bagging method as outlined in Figure 3.5 is used for the production
of CFRP composite laminates. Grubbs’ catalyst is mixed with matrix polymer with the help of a 3-
Roll Mill machine. The production steps are explained in this section. First of all, the size of the
workpiece is specified according to the specimen dimensions and quantities.

According to the dimensions, 400x400 mm?> MDF moulds for the hand lay-up and oven
curing operations were manufactured as shown in Figure 3.6. The carbon fabrics and vacuum
bagging consumables were cut in proper sizes. For the first experiment, the laminates are composed
of four layers and for the others, all have eight layers of carbon fabrics.

In this study, the mass of the matrix material should be equal to the 1.25 times mass of the
carbon fabric. For the 146 grams of fabric, 182 grams of epoxy-hardener mixture is prepared. Since
the mixing ratio is 100:38 in weight, the weight of epoxy resin and its hardener should be 132 grams

and 50 grams, respectively.

Vacuum Throttle Valve Vacuum Control Valve

Flexible Vacuum Hose

Vacuum Pump

Vacuum Bag

Breather Material

Perforated Film {opt.)

Release Fabric

=== Laminate Plies

= _;\\-! Mastic Sealant

oo
= Mold
e

Figure 3.5. Outline of composite laminate production with vacuum bagging method (Vacuum
Systems for Composite Manufacturing)



Figure 3.6. MDF molds manufactured for the hand lay-up and oven-curing operations

The weight of the Grubbs’ catalyst in the CFRP composite laminate is determined as 2% of
the total weight of the polymer matrix. So, if the structure involves Grubbs’ catalyst, the weight of
the catalyst based on the 182 grams of epoxy-hardener mixture should be 3.714 grams. The total
weight of the matrix should be uploaded to 185.7 grams.

Mechanical mixers are not sufficient to mix Grubbs' catalyst into the epoxy resin
homogeneously without clumping. Therefore, the epoxy resin was blended with Grubbs' catalyst by
using the Fersah Makine 3 Roll Mill machine. After getting a homogeneous mixture, hardener was
added to the mixture and finally, matrix material was obtained.

Figure 3.7 shows the general configuration of the 3 Roll Mill machines. The distance
between the drums can be adjusted in micron resolution in the device. In the scope of this study, the
distance between the feeding roll and the center roll is set to 180 um and the distance between the
apron roll and the center roll is set to 150 um. The speed of the feeding roll is adjusted to 100 rpm.
In order to obtain a homogeneous mixture, the collection and mixing processes were repeated 10

times. Figure 3.8. represents the mixing process of Grubbs’ catalyst with 3 Roll Mills.

Material Feed

Material Collection Gap between feed ~ Gap between
Feed Roll Center Roll  Apron Roll & center roll center & apron roll

Figure 3.7. The general configuration of 3-Roll Mill Machine
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\‘_"
Figure 3.8. The mixing process of Grubbs’ catalyst with 3-Roll Mills

Molds are coated with mold release agent and all required materials were put in an order as
shown in Figure 3.9 and hand lay-up process is started as shown in Figure 3.10 by applying the epoxy

resin to each layer of fabrics with a paint brush.

e R R R T e e

Figure 3.9. Preparation for the hand lay-up and vacuum bagging operations
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Figure 3.10. Hand lay-up operation of CFRP composite laminate

After the hand lay-up process is finished, the vacuum bagging is applied. The perforated
release film is used between the breather and laminates to prevent them from adhesion. Then, a
vacuum breather is placed on the top of the release film and all package is covered with vacuum

nylon by attaching it to the sealant tape as shown in Figure 3.11.

Figure 3.11. Vacuum bagging operation

The package is vacuumed via a vacuum pump, as the last step of the vacuum bagging method.
Vacuum is applied at room temperature (25°C) for 30 minutes and then the molds are put into the
hand-made curing oven at 120 °C under the vacuum atmosphere for 4 hours as shown in Figure 3.12.
During this process, entrapped air bubbles inside the structure and excess resin in the laminate are

evacuated.
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Figure 3.12. Molds in the curing oven under the vacuum atmosphere

After this process, the laminates were kept for nearly one week at room temperature for
curing. Then, the laminates were cut based on the dimensions in standards that were previously
defined for the related tests, with the help of the Diacam CNC Router, as depicted in Figure 3.13. In
order to avoid from delamination and burrs during cutting operation, compression cutter is used

instead of traditional end mills. If there are still burrs, they are grounded with sandpaper.

Figure 3.13. The specimen cutting with a CNC router
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3.2.2. Manufacturing of Microvascular Channels

There are many methods for creating microvascular channels inside the composite structure
for self-healing purposes. In the scope of the project, some available methods were investigated for
material availability. Finally, a novel method was invented to create a microvascular channel into the

CFRP composite structure.

Trials of Various Methods for Microvascular Channel Production

At the beginning of this study, it is focused on building the microvascular channels in the
CFRP composite via the sacrificial fibers method. In this context, a material was investigated with a
decomposition temperature between 180 °C, which is the maximum autoclave temperature, and
240°C, the temperature at which the delamination of the composite structure begins (Esser-Kahn et
al., 2011). In this research, CES software in the CU Mechanical Engineering infrastructure was used.
Thanks to this program, research and trials related to the supply and applications of the determined
materials were carried out.

Based on the research, Bi58Sn42 Alloy wire, having 138 °C melting temperature, can be
procured from the market as solder wire in 2 mm diameter. The diameter was reduced to 0.8 mm
with a wire drawing machine in the jewellery workshop. Then, the wires were placed into the
composite structure during manufacturing. After that, the specimens are subjected to 140 °C

temperatures in the curing oven, and the behaviour of melted alloy wire has been observed.

Monofilament Removal Method for Microvascular Channel Production

Since a material that can operate in the specified temperature range (which is between 180°C
- 240 °C) cannot be supplied, a novel method of pulling out monofilament materials placed in the
composite was experienced as an alternative method for channel production. Within this scope,
various materials (aluminium wire, galvanized steel wire, polyamide monofilament, etc.) were placed
inside the carbon fiber composite structure during the hand lay-up process. After the curing, the
process of pulling out the materials was tried for all the selected monofilament materials.

The wires and monofilaments which consist of different kinds of materials are placed in the
composite laminates as demonstrated in Figure 3.14 in various configurations and it was tried to be
removed by pulling them out of the structure. While selecting the most suitable material for the
channel formation process, the pulling forces required to remove the test materials from the
composite structure were measured with an Algol 50 kg-f Analog Push-Pull Force Gauge having
0.05 precision, as can be seen in Figure 3.15. Wires and monofilament were fixed to the gauge with
intermediate apparatus and slowly pulled. The readings are recorded and the average shear stress
values between the laminate and wire interface are evaluated based on 0.8 mm in wire diameter and

200 mm in wire length by using Equation 3.1. Also, the shear fracture forces of polyamide
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monofilaments of different diameters are calculated by using the equation 3.1 for the allowable shear

stress of 35 MPa (ANSYS Inc.).

Figure 3.14. a) Polyamide monofilament, b) aluminium wire and c) galvanized steel wire placed in
the composite structure for pulling force measurements

3.1

where,

F  : Pulling force measured by analogue gauge, N
D. : Diameter of monofilament or wire, mm

L. :Length of monofilament or wire, mm

T : Shear stress during pulling of monofilaments, MPa

Figure 3.15. Measurements of shear forces of different monofilaments tried in pull-out method

It is necessary to observe channel continuity and production of microvascular channels
properly. Since there are two methods followed in the scope of this study. First, hot water was
injected into the microvascular channels, with an injector, and the flow and heat distribution in the
channels were observed with the FLIR C5 thermal camera. In the samples manufactured for thermal

camera monitoring, the channels were produced to be interconnected, as in Figure 3.16. So, the
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application of this novel microvascular channel-building technique in complex orientations and
transfer achievement between channels can be easily seen via thermal distribution during the

injection of hot water.

Figure 3.16. The interconnected channel configuration for thermal camera monitoring

The second method to see the channel formation into the CFRP laminate is micro-computed
tomography (uCT). It is an imaging technique that allows the different density components of solid
samples to be examined in high resolution, non-destructively in 3D.

In this study, the micro-CT scanning was performed by North Star Imaging Inc. X5000
Industrial CT X-Ray Inspection device. Scans were conducted at 68 kV voltage, 750 pA current and
with 51 microns focal spot size in micro-focus focal spot mode, in this study.

A special frame containing monofilament parallel wires for channel configuration, shown in
Figure 3.17, are produced to adjust and keep the distances between channels at constant gap for

different configurations.

Figure 3.17. A special frame containing parallel monofilament wires for the channel configuration
to keep the distances between channels at a constant gap
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Designations of Microvascular Channels in Composite Laminate

Table 3.7 gives the code system used to determine the configuration of the channels placed
in the composite structure. Experimental studies were carried out depending on these configurations.
In order to better understand the code systematics used, as an example, 1710D states that there are
empty channels between the first layer and the seven consequent layers (17), with a distance of 10
mm between channels (10) and the 3-Point Bending (3PB) Test was applied to the composite
structure as the surface close to the channel is downward (D) whereas U represents upward position
of faces which are close to microvascular channels during 3PB Test. Additionally, “26” in the 2610D
configuration, represents that, there are empty channels between the second layer and the six
consequent layers of composite laminate and EOO represents the solid composite laminate which does
not contain microvascular channels. On the other hand, E1710D means that the channels are filled
with epoxy (E) after the production of the 1710D configuration. The main reason for this
configuration is to observe the results of solid composite laminate with a similar cross-sectional
shape. Since the fluctuation of the laminate surface affects the shape factor, the channels were filled
with epoxy in a specified configuration in order to make an accurate comparison between geometries,

containing the channel hole and without the hole.

Table 3.7. The configurations of positions of channels in the CFRP composite laminates

Position of Faces
Fabric/Channel* | Distance Between | Close to Channels in Channel
Code Layers Channels 3PB Test Situation
1710D 1+C*+7 10 mm Downward Empty
1710U 1+C*+7 10 mm Upward Empty
1705D 1+C*+7 5 mm Downward Empty
2610D 2+C*+6 10 mm Downward Empty
E1710D 1+C*+7 10 mm Downward Filled w/ epoxy
E00 8 - - N/A
C*: There is channel-building monofilament between specified layers
N/A: Not available

Methods to Hinder The Restorative Agent Reaction with The Catalysts on The Microvascular
Channel Walls

In the literature, for the mechanisms containing micro-channels, the self-healing process is
usually carried out by filling the self-healing agent and the catalyst, in liquid form, through separate
channels and the propagation of crack grows along these two channels. This healing is achieved by
the ring- opening polymerization that occurs when the catalyst and agent came into contact.

In this thesis work, a self-healing mechanism is created by dispersed Grubbs' catalyst in the
matrix of the composite laminate and the restorative agent is present in the channel. Since the ring-

opening polymerization reaction occurs when the SE2N agent comes into contact with Grubbs'
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catalyst as soon as it is injected into the channel, a method was developed in this work. The developed
method relies on coating the inner walls of the channels using various special coating chemicals as a
solution to hinder earlier chemical reactions.

In order to coat the walls of the channels, two methods are conducted with wax-coating and
epoxy-coating. And, to observe the difference between the neat and coated channels, CFRP
composite laminate test specimens having uncoated, wax-coated and epoxy-coated channels, were
produced.

In order to form the coated surfaces on the walls of the channels, first of all, the polyamide
monofilaments were coated with neat epoxy (which is epoxy does not include Grubbs’ catalyst) and
mould-release agent (wax). Afterwards, these monofilaments were placed in the composite structure
and CFRP composite laminate specimens were produced by vacuum bagging method. When the
monofilament yarns are pulled out from the composite laminate after the curing cycle is completed,
the coatings around the polyamide monofilament stick to the channel wall. Figure 3.18 illustrates

how the coating method is applied to the wall of the microvascular channels.
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Coated polyamide monofilament Mould-release agent or neat epoxy coated The coating material sticked to the channel
polyamide monofilament placed inside the CFRP walls after monofilamets were pulled out

Figure 3.18. The representation of the channel coating method

The SE2N healing agent was injected into the neat and coated channels as presented in
Grubbs’ catalyst dispersed composite laminate as shown in Figure 3.19(a). After the channels were
completely filled with the restorative agent as observed in Figure 3.19(b), both ends were closed with
sealing tape immediately as in Figure 3.20 and were left to stand in the composite structure for a
week.

After one week, channel states for different types of coating applications are observed, after

injection of the healing agent into the laminate.
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Figure 3.20. Different types of specimens of SE2N were injected into the microvascular channels

3.2.3. Determining The Effect of Channels on The Strength of Composite Structure

In order to obtain the effect of the channels on the strength of the composite structure, the 3-
Point Bending Tests were carried out according to the ASTM D790 standard on Instron 8801 (100
kN £2N) universal test machine as in Figure 3.21.

In highly anisotropic materials, deflections in the shear direction at a low length/depth (L/d)
ratio significantly reduce the modulus of elasticity. Therefore, the L/d ratio is set as 60:1 for a more
accurate result. Since, the thickness of the specimens is approximately 2 mm, the span length is

specified as 120 mm and width is 40 mm. Tests were applied to the samples at a speed of 4 mm/s.

Figure 3.21. Performing the ASTM D790 Three-Point Bending Test for different microvascular
channel configurations

!
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The cross-sectional areas of the produced samples were scanned with the help of a Hexagon
RS6 3D scanner and dimensional controls were conducted to evaluate the results of tests, accurately.

Figure 3.22 shows the cross-sections of laminates in different configurations.

T A A R Y, ////// YIS,

(E00) (1705D)
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(E1710D) (1710U)

Figure 3.22. The cross-sectional images of different configurations

In the scans, it was observed that the composite structures with different channel
configurations do not have the same cross-sectional area and geometry. This is because the laminates
which have microvascular channels have corrugated top surfaces. Different configurations have
different cross-sectional areas and second moment of area (/) values changing with channel position
and quantity in the laminate. Also, it is hard to produce composite laminates with tight tolerances in
thickness by vacuum bagging method.

The corrugated surface on the composite laminates creates a shape factor effect which
changes the structure’s stiffness and strength by changing the inertia and modulus values. Since the
change in geometry is on small scale, the shape factor is considered a microscopic shape factor (V).
In order to compare the test results for the specimens in different microvascular channel
configurations properly with each other’s, the influence of the microscopic shape factors of the
samples on the test results are eliminated. This elimination is obtained by dividing the results
acquired from 3-point bending tests by the evaluated shape factors and as a result, the strength values

regardless of the shape factor are evaluated as referred in detail in the next section.

Determining The Shape Factor of Laminates

While evaluating the shape factors, the EOO configuration was taken as the original solid
shape without microchannels. The force and stiffness values obtained as results of the tests were
divided by the shape factors. Then, the specific force and specific stiffness values were calculated
according to the original structure. The new specific force and specific stiffness values are

comparable values, regardless of the influence of the shape factor.
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The solid which has a micro-structured shape, can be regarded as a new material with its
modulus, strength density and so forth (Ashby, 2011b). So, the microscopic shape factor values can
be evaluated by comparing the flexural modulus and moment of inertia values. Equation 3.2 shows

the evaluation of the shape factor.

S
S_S - ESIS 3.2

On the other hand, the flexural modulus can be calculated as given in Equation 3.3 according
to the ASTM D790 standard. If we evaluate the equation including the second moment of area (/),
where its value is calculated as in Equation 3.4, the new equation for the flexural modulus will be as

in Equation 3.5.

h mL3
where,
E : Modulus of elasticity in bending, MPa
L : Support span, mm
b : Width of beam tested, mm
d : Depth of beam tested, mm
m : Slope of the tangent to the initial straight-line portion of the load-deflection curve, N/mm
1
[ =—bd?
12 3.4
£ mL3
= 28] 3.5

After the modifications in the above equations, the second moment of area (/) values obtained
from the 3D scanning for related configurations are directly used in Equation 3.5. The main reason
to directly use the second moment of area (/) values is, that the top surfaces of the laminates do not
have a flat geometry.

While the slope for the modulus measurements is calculated, the range between the 10% -
40% of maximum force values is taken into consideration to represent the values on the initial

straight-line portion of the load-deflection curve, as shown in Figure 3.23.
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Figure 3.23. The representation of the 10% - 40% portion of the load-deflection curve for the slope
calculations

After all modifications and calculations, the microstructural shape factors are evaluated for

all related configurations by using Equation 3.2.

Comparison of the Results Irrespective of The Shape Factor

After the evaluation of microscopic shape factors for each configuration, the specific
stiffness and specific force values are compared. The specific stiffness values are obtained by
dividing the stiffness calculated from experimental test results (as shown in Equation 3.6) by

microscopic shape factors of related configuration as shown in Equation 3.7.

Sex =3 3.6

where,
Syx  : Stiffness of related configuration, N/mm
Fmax : Maximum force obtained from test results, N

Omax : Maximum displacement obtained from test results, mm
Syx = Sxx/qjlgxx 3.7

where,
Syx . Specific stiffness of related configuration, N/mm

WE .. : Microscopic shape factor values of related configuration
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On the other hand, force values are modified irrespective of the shape factor to make a proper
comparison on strength of laminates. The specific force values are obtained by dividing the force
taken from experimental test results to microscopic shape factors of related configuration as shown

in Equation 3.8.

FE = Fxx/tplgxx 3.8
where,

e : Specific force of related configuration, N

E, : Force value of related configuration, N

The comparison is made between the specific stiffness values of all configurations according
to the stiffness value of the solid structure and between the specific force values of all configurations
according to the force value of the solid structure. These comparisons will give some knowledge

about how the microvascular channels affect the mechanical properties of composite structures.

3.2.4. Morphological Characterization Methods

After completing the 3-Point Bending Tests, analyses were conducted utilizing a Scanning
Electron Microscope (SEM) in order to observe the behaviour of the channels in the fracture zone.
At the same time, SEM was used to see the cross-sections of channels after coating the channel walls
and to validate the state of ring-opening polymerization reaction after injection of the healing agent
into the channels.

SEM analyses were performed using the FEI Quanta 200 FEG E-SEM instrument. The
samples were coated with Au/Pd thin film before analysing the microstructure. Images were taken at
10 kV acceleration voltage, in high resolution.

The distribution of Grubbs' catalyst in the composite laminate was analysed with the SEM-
EDS analysis. The same E-SEM instrument is used for EDS analyses. The section, which is randomly
taken from the composite laminate, having 1800 um x 1400 um surface area, was analysed. In these
analyses, Phosphorus atoms (P) in the Grubbs' catalyst (C43H72Cl.P2Ru) in the relevant cross-

sectional area were monitored by the mapping method.

3.2.5. Preliminary Inspection of Self-Healing in Microvascular Channels

The first inspection of a chemical reaction is carried out based on visual inspection. First of
all, the SE2N healing agent is dripped on a fair amount of Grubbs’ catalyst and the reactions are
observed visually by noticing the time. After that, the SE2N healing agent is injected into the

microvascular channels in the composite structures, one of them neat and the other containing
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Grubbs’ catalyst. The channels in the laminate containing Grubbs’ catalyst, don’t have any coating
on its walls. After waiting a significant time, the polymerization inside the channels is observed by
taking sections from the composite laminate. These observations were performed using SEM for the

cross-sections in the related locations.

3.2.6. Self-Healing Characterization with Compact Tension Test

The compact tension test based on ASTM D5045 standards is performed to observe the
operation of the self-healing process during crack propagation. In Figure 3.24, the technical drawing
and a picture of the CFRP composite specimen manufactured to use in this experiment are presented.
The specimen is mounted from the holes to the machine using special fixtures. Then, loading at a
specific rate is applied to the material as shown in Figure 3.25, to initiate the crack propagation from
a tip of the pre-cracked zone. In the next step, the load is released, and the self-healing action is
observed when crack propagation coincides with the channel. After a while, the load is once again
applied to the specimen, and the behaviour of the strength and self-healing mechanism in the crack
zone is observed.

Two different approaches are followed during tests: Approach 1 is, that microvascular
channels are filled with the healing agent, and subsequently the load is applied till the Crack Tip
Opening Displacement (CTOD) value reaches a specified point where, just before the force reaches
to the maximum value and crack initiated to propagate. At this point micro-cracks occur in the crack
zone. After this, the load is released and specimens are held for different durations at room
temperature so that the healing agent penetrates the micro-cracks, and healing action is completed
during these durations. Approach 2 is, that microvascular channels are filled with the healing agent,
and subsequently the load is applied to the specimens till the fracture is detected at a point where the
force reaches the maximum value and then begins to decrease. At this point macro-cracks occur in
the crack zone. Then, the load is released, and specimens are held for different durations at room
temperature so that the healing agent penetrates the macro-cracks, and healing action is completed.
For both approaches, to observe the effect of time on the self-healing mechanism, different durations
are conducted, and these durations are called as healing time.

The compact tension tests are performed with the Shimadzu Autograph AG-IS 100 kN
Universal Tensile Test Machine. Tests were applied to the samples at a speed of 2 mm/s and were

conducted at a temperature of approximately 18 °C.
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Figure 3.24. a) The technical drawing and b) a picture of the CFRP composite specimen
manufactured based on ASTM D5045 to use in compact tension tests

Microvascular channels

Figure 3.25. The demonstration of loads applied to the specimen to initiate crack propagation

The tests are conducted in different scenarios and for different healing times to determine
the optimum healing conditions and to observe healing action while the crack is propagating. The
test specimens are designated based on these scenarios as shown in Table 3.8. As an example, the
coding of CTFB30 states that compact tension is applied to the specimen as shown in Figure 3.24(a),
the channels are filled with a restorative agent (F), the test is stopped at a specific point before the
force reaches to the maximum value and when the micro-cracks occurred (B) and then, the load is
released and specimen is left to heal for 30 minutes (30). Also, code “A” in the CTFA30 states that
the test is stopped after the fracture is detected at the point where, the force reaches the maximum
value and then begins to decrease. At this point macro-cracks occur. At the same time, the CTS code
represents the solid laminate without microvascular channels and CTE represents the virgin

specimens with empty channels.
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Table 3.8. The designations for specimens used in compact tension tests

Code C'ham'lel Load release He?hng
Situation Time
CTS Not Available - -
CTE No agent - -

CTFB30 | Filled with agent When microcracks occurred 30 min.

CTFB60 Filled with agent When microcracks occurred 60 min.
CTFB120 | Filled with agent When microcracks occurred 120 min.
CTFB150 | Filled with agent When microcracks occurred 150 min.

CTFA30 | Filled with agent | When macrocracks occurred 30 min.
CTFA60 | Filled with agent | When macrocracks occurred | 60 min,
CTFA120 | Filled with agent | When macrocracks occurred | 120 min,
CTFA150 | Filled with agent | Whenmacrocracks occurred | 150 min,

Additionally, the images of the crack zone are observed with a Nikon SMZ-745T stereo
microscope after completing compact tension tests. The images give an idea about the situation of
the crack zone and behaviour of the healing agent in this region.

The healing efficiency is evaluated based on calculations of Mode-I strain release rate (Gr)
which is a measure of resistance to crack propagation where the crack faces move apart normal to
the crack plane. The healing efficiency of a crack is expressed in literature as the ability of a healed
sample to recover critical strain energy release rate (Gic) over the entire crack length (Wool and

O’Connor, 1981; Brown et al., 2002),

GIChealed
"= 3.9

Icyirgin

where, G¢p 104 18 the critical strain energy release rate of the virgin specimen and Gj¢ 04 18 the

critical strain energy release rate of the healed specimen.

The measurement of strain energy release rate involves quantifying the amount of energy per
unit area that is necessary for the propagation of a crack. The area method was employed in
calculating the change in strain energy, which corresponds to the area under the load-displacement

curve. Equation 3.10 illustrates the formula for the strain energy release rate at a specific incremental

crack length (Aa).
G = AU
' = BAa 3.10
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where, AU is the change in strain energy, B is the width of crack and Aa is the crack length (Hashemi
etal., 1990). For the same crack length and specimen width, the definition of healing efficiency can
be simplified as the ratio of area under the load-displacement curve of healed specimen (AUjeqieq)
to area under the load-displacement curve of virgin specimen (AUy;ygin), as indicated in equation

3.11.

n = AUhealed
AUvirgin 3.11
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4. RESULTS AND DISCUSSION

In the scope of this study, carbon fiber reinforced epoxy polymer composite laminates
containing microvascular channels for the purpose of self-healing mechanism within the composite,
in different configurations, were manufactured and the self-healing ability of the composite structures
was observed.

Initially, the sacrificial fibers method was attempted to create microvascular channels in the
composite structure. Degradation temperatures for some materials such as polyamide, polypropylene
filaments and Bi58Sn42 bismuth tin alloy have been researched. However, these materials could not
fulfil the thermal requirements of the sacrificial fiber method. Also, time-consuming pre- and post-
processes are required in the sacrificial fiber method that Esser-Kahn et al. (2011) followed.

A novel method for the microvascular channel building into composite laminate was
developed in this study. The effect of microvascular channels on the mechanical properties of the
composite laminate was investigated by subjecting specimens to a 3-point bending test. Since the
corrugated top surfaces appeared after building microvascular channels on the composite structure,
the test results were modified as discussed in the previous section based on the microscopic shape
factors. In this way, the effect of microscopic shape factor was eliminated, providing a more
appropriate evaluation on the mechanical effects of microvascular channels.

The healing ability and properties of the composite structure having self-healing mechanism

have been observed by the compact tension test, and the results were discussed in this section.

4.1. Discovery of Novel Microvascular Channel Production

Based on the sacrificial fiber method, the fiber material should stand up to maximum
autoclave temperature, and it should decompose before reaching the minimum delamination
temperature (Esser-Kahn et al., 2011) which are 180 °C and 240 °C for the epoxy that is used in this
study, respectively. Candidate materials were determined using the CES software according to their
melting and degradation temperatures. The decomposition temperatures of the candidate materials
are determined and listed in Table 4.1. These materials are then investigated using the CES software
whether they are suitable for the sacrificial fiber method. All of the selected materials are found to
be outside of the required temperature range except for the PLA fiber treated with Tin Octoate
(SnOx). Even though, PLA fiber treated with Tin Octoate (SnOx) appeared to be suitable material
for the sacrificial fiber method in the first instance, the procurement of PLA fibers at the required
diameters was found to be difficult in Turkey and most importantly, the pre-and post-processing
requirements are quite time-consuming.

Bismuth wire was also placed in the composite structure and the sacrificial fibers method
was applied. However, after the wire was melted, it could not be removed from the structure by
vacuum suction.
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As a result of all these studies, existing techniques to create microvascular channels into the
composite structure were found to be not convenient within the bounds of possibility. A new,
practical and easy method which is industrially applicable was essential to create microvascular

channels in the composite structure.

Table 4.1. Properties of commercial candidate materials for the sacrificial fiber method determined
with CES software

Melting Degradation

Material Temperature | Temperature
O O
PLA (Polylacticacid) 190-200 290
PLA+SnOx (Polylacticacid + Tin Octoate) N/A 200
PA11 (Polyamide/nylon 11) 180-190 440
PA6 (Polyamide/nylon 6) 210-220 398
PPE+PA (Polyphenylene ether + polyamide blend) 177-222 N/A
TPO (Thermoplastic polyolefin elastomer) 164-183 400
PP (Polypropylene) 160 447
PA612 (Polyamide/nylon 612) 195-219 473
Bi58Sn42 Bismuth Tin alloy 138 N/A

The monofilament removal method which is novel considering the existing methods in the
literature was developed and applied successfully as a new method to create microvascular channels
into the composite laminates. As an output of this study, a new technique and procedure was
invented, and it is immediately protected by a patent application. It is going to be introduced to the

literature after the international patent pending is completed.

4.1.1. Material Selection for Channel Formation

Even though, polyamide monofilaments were to be suitable materials for the patent-protected
technique to create microvascular channels within the composite laminate, the possibility of using
aluminium and galvanized steel wires were also investigated together with polyamide
monofilaments. Sample plain-woven composite laminate specimens were produced containing
polyamide, aluminium, and galvanized steel wires at the inner layers. The wires or monofilaments
embedded into the composite laminate are then pulled out of the structure by applying a pulling force
to build microvascular channels. During the removal process, because of the different coefficients of
friction of the different materials, the pulling forces were measured and found to be different. So,
while selecting the most suitable material for the channel formation process, the measurements for
the pulling forces for wires and monofilaments which consist of different kinds of materials were

tested.
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According to the measurements, the average tensile forces for polyamide monofilament,
aluminium wire and galvanized wire were determined as 5.6 kg-f, 19.9 kg-f and 30.2 kg-f,
respectively for the specimen length of 200 mm and wire diameter of 0.8 mm. The average shear
stress values are also obtained using equation 3.1 as shown in Table 4.2.

The main reason why polyamide monofilament is easily removed from the composite
laminate is the polyamide does not form any bond and interaction with epoxy polymer. On the other
side, since the thermal expansion coefficient of Polyamide (85x10¢K™!) (ANSYS Inc.) is higher than
that of the plain-woven composite laminate through-the-thickness direction (56.5x10°K™") (Joven et
al., 2012), the monofilaments expand during the curing process (at 120 °C) and shrink more than
laminate during cooling. Hereby, it becomes easier to remove the polyamide material than the

remaining candidates.

Table 4.2. Pull-out resistance force measurements for 200 mm specimen length and average shear
stress values during pulling out of different materials

Pull-out Resistance

Shear Stress

Type of Material Force during Pulling out
™) (MPa)
Nylon based monofilament 54.77 0.11
Aluminium wire 195.38 0.39
Galvanized steel wire 295.94 0.59

Based on these results, polyamide monofilament was selected as the best material for the
channel formation process, and this novel method with this material is used to create microvascular
channels inside the composite specimens in the remaining section of the study. Also, the pulling-out
and fracture forces of polyamide monofilaments of different diameters in 1-meter lengths are given

in Table 4.3.

Table 4.3. The pull-out and shear fracture forces of polyamide monofilaments of different diameters
for 1-meter length

Shear Fracture Pull-out Shear Fracture
Diameter Pull-out Force Force Diameter Force Force
(mm) (kN/m) (kN/m) (mm) (kN/m) (kN/m)
0.1 0.035 10.996 0.6 0.207 65.973
0.2 0.069 21.991 0.7 0.242 76.969
0.3 0.104 32.987 0.8 0.276 87.965
0.4 0.138 43,982 0.9 0.311 98.960
0.5 0.173 54978 1.0 0.346 109.956
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4.1.2. Selection of the Way of Channel Wall Coating

In the literature studies, the healing agent and catalyst are kept in separate channels in liquid
form within the structure. In other words, only when the crack is propagated along two separate
channels, does the agent and catalyst get mixed and trigger the self-healing mechanism on the crack
zone (Patrick et al., 2014, Therriault et al., 2003).

In this thesis work, the catalyst added to the epoxy polymer matrix is distributed uniformly
inside the composite laminate and located on the channel walls. The healing agent is injected inside
the microvascular channels and all channels are filled with the agent and stored.

During the initial trials, the healing agent reacted immediately with the catalyst presented on
the channel walls when it was injected into channels. As a result of this, microvascular channels have
been fully closed off or partially blocked. To remedy this issue, the walls of the channels were then
coated with different coating (wax and epoxy) materials. To evaluate the effect and performance of
these coatings around the channel walls, small cross-sections were taken from the prepared samples
and analysed with SEM. In Figure 4.1(c), the epoxy layer can be seen on the walls of epoxy-coated
channels. However, as shown in Figure 4.1(b), there is clearly no layer around the periphery of the

wax-coated channel wall.

Figure 4.1. SEM images of a) uncoated b) wax-coated and c) epoxy-coated microvascular channels

The observations by using SEM, as shown in Figure 4.2, were made on the specimens to
investigate, whether the SE2N agent injected into the channels reacted with the composite structure
containing Grubbs' catalyst. In samples containing uncoated and wax-coated channel walls,
polymerization reactions took place between the Grubbs’ catalyst and the healing agent. Then, the
microvascular channels were filled up with polymer as shown in Figure 4.2(a and b). On the other
hand, it is seen that there is no polymerization reaction in the epoxy-coated channels and the channels

remain fully clear and open as seen in Figure 4.2(c).
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Figure 4.2. SEM images of a) uncoated b) wax-coated and c¢) epoxy-coated microvascular channels
after SE2N agent injected into channels

As a result of the SEM analysis, epoxy coating provided a barrier around the microvascular
channel walls and prevented self-healing before crack formation. This is because there was not any

unexpected reaction that occurred with the Grubbs’ catalyst and SE2N healing agent.

4.2. Inspection of Channel Structure Inside Composite Laminate

It is necessary to observe whether the microvascular channels created during the channel
formation process are completely open and whether there is any structural deterioration. Various
methods have been applied to obtain images or examine the presence and shape of microvascular
channels within the composite structure, such as by using a thermal camera and scanning with micro-

computed tomography (LCT). Both methods were used as discussed below.

4.2.1. Inspection via Thermal Camera

This method can be considered as a crude approach to visually examine the formation of
microvascular channels inside the CFRP composite laminate. Initial investigations were carried out
by injecting water at room temperature through the channels to test whether there was any disruption
such as clogging of the channels during the channel creation process and whether the connection
between the channels was successful. It was observed that water reached all channels and exited from
the other end of each channel. This means that the interconnection between channels is successfully
established and there is no blockage in the microvascular channels.

In order to visualize the success of the channel creation process, hot water was injected into
a few channels in a laminate with interconnected microvascular channels. Then, the change in heat
distribution during water flow in the channels was recorded with a thermal camera. It is observed
that hot water was distributed successfully to other interconnected channels. Pictures showing the

flow of hot water inside the connected channels were captured and shown in Figure 4.3.
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(b)

Figure 4.3. Thermal camera images of hot water injected composite laminates containing
interconnected microvascular channels

Inspection with a thermal camera offers the opportunity to make practical observations on
the successful creation of microvascular channels without the need for high-technology visualization
techniques. As a results of this, it is proven that channels were created successfully and the
connection between channels was easily achieved by the use of the novel microvascular channel

formation method developed in this study.

4.2.2. Micro CT Inspection

Micro CT is a high-resolution imaging technique that enables non-destructive 3D
examination of different densities within the solid structure. The clearance and state of the
microvascular channels inside the composite structures were easily detected by uCT as shown in
Figure 4.4. The black areas in the X-ray scans indicate the clearances and voids, dark grey areas in
the X-ray scans indicate the dense epoxy and polymer matrix, and the light grey areas in the X-ray
scans indicate the carbon fabric in the composite laminate.

From the pCT X-ray scans it is seen that the microvascular channels are built successfully
by the novel channel formation technique. Microvascular channels are clean and wide open through
the composite laminate as indicated in Figure 4.4(d and f) showing the results of X-ray scanning.
Also, the scan in Figure 4.4(h) for the microvascular channels that are uncoated and the SE2N healing
agent injected inside shows that the agent undergoes a ring-opening polymerization reaction with

catalyst resulting in the closure of the channels.
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Figure 4.4. 3D scanned images obtained from pCT inspection of specimens including a) no
channels, ¢) three channels, ) five channels, g) uncoated channels which are healed after SE2N is
injected. X-ray scan images obtained from uCT inspection of specimens including b) no channels,

d) three channels, f) five channels, h) uncoated channels which are healed after SE2N is injected
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4.3. Mechanical Performance of Composites Including Microvascular Channels

It was investigated whether the channels, created to provide self-healing properties within
the composite structure, had a negative impact on the strength of the structure. To be able to
determine the impact of microvascular channels on the mechanical characteristics of composite
structures, specimens in various channel configurations were subjected to 3-point bending tests. The
force-displacement curves of each test result for each configuration are plotted as indicated in figures

from Figure 4.5 to Figure 4.10.
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Figure 4.5. Load—extension curves as a result of 3-point bending tests conducted for specimens in
EOO configuration
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Figure 4.6. Load—extension curves as a result of 3-point bending tests conducted for specimens in

1710D configuration
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Figure 4.7. Load—extension curves as a result of 3-point bending tests conducted for specimens in
1710U configuration
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Figure 4.8. Load—extension curves as a result of 3-point bending tests conducted for specimens in
2610D configuration
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Figure 4.9. Load—extension curves as a result of 3-point bending tests conducted for specimens in
1705D configuration
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Figure 4.10. Load—extension curves as a result of 3-point bending tests conducted for specimens in
E1710D configuration

According to the experimental results obtained from 3-point bending tests, fracture forces
and stiffness values for specimens in various configurations are compared with each other by plotting
them on the bar charts including standard deviations as indicated in Figure 4.11 and average values

of the results were tabulated in Table 4.4. The stiffness values are obtained by using Equation 3.7.

Table 4.4. Averages of fracture force, deflection and stiffness values of specimens in different
configurations and their standard deviation values

Average Relative Relative Relative

Configuration Fracture Stal}d?rd Standard Average Stal}d?rd Standard AYerage Stal}d?rd Standard

Force | Deviation | pyayiation | EXtension | Deviation | pyaviation | Stiffness | Deviation | paviation

(N) N) (mm) (mm) (N/mm) | (N/mm)

E00 427.96 28.77 7% 21.13 1.82 9% 20.30 1.20 6%
1710D 512.34 12.51 2% 21.37 0.92 4% 24.01 1.00 4%
E1710D 449.54 50.57 11% 20.27 1.59 8% 22.13 0.92 4%
1710U 397.13 26.28 7% 20.85 1.25 6% 19.07 1.24 7%
2610D 501.01 26.05 5% 21.40 0.79 4% 23.41 0.69 3%
1705D 442.08 16.40 4% 20.30 1.01 5% 21.79 0.51 2%
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Figure 4.11. Bar charts of a) fracture forces and b) stiffness values in different configurations based
on 3-point bending test results
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According to these comparison results, it is observed that the strength and stiffness values of
composite specimens with 1710A and 2610A channel configurations are approximately 20% better
than those of specimens without channels. However, the main reason in this case is that composite
structures with different channel configurations do not have the same cross-sectional area and the
corrugations that occur on the upper surfaces of composite structures with microvascular channels
create a shape factor effect in the structure. Due to this effect, the results cannot be evaluated directly
and compared appropriately.

In order to make more appropriate comparisons, shape factors are determined for each
configuration with reference to the solid shape, which is the EOO configuration, as explained in
section 3.2.3. First of all, the second moment of area (/) values, which is necessary to calculate the
microscopic shape factor, are obtained from the 3D scanning as shown in the Table 4.5 and shape

factor values are calculated as indicated in Equation 3.2 by using these inertia values.

Table 4.5. Scanned cross-sections and second moment of area (I) values of each configuration

Max. - Second
Min. Moment
Configuration Scanned Cross-Section
Thickness | of Area
(mm) I, (mm*)
T L Y P T T o o e o P
EO00 1.67-1.59 14.29
AAAAIAIIII, I,
1710D o | e [ wes | 1.89-1.53 | 16.62
A S YA, A
E1710D 1.78-1.57 15.11
7 W” /T o,
1710U g ‘ 2 2 | 1.74-1.47 12.94
I, T,
2610D 10 10 L 1.78-1.51 13.77
39.97
1705D 9.6 | 5 5 s L s 1.65-1.46 11.95

Normally, the second moment of area values of samples having microvascular channels are

expected to be lower than those of sample having no channel because, there are gaps causing
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subtraction in the cross-sectional area due to the channel (Budynas et al., 2011). However, the reason
why the second moment of area value is higher for the sample in the 1710D configuration, which has
microvascular channels, is that its thickness is approximately 0.2 mm thicker than the E00
configuration. These thickness values are available in Table 4.6.

After obtaining the microscopic shape factors for each configuration, the fracture force and
stiffness values according to the 3-point bending test results are modified based on Equation 3.7 and
Equation 3.8 in order to eliminate the shape factor effect of the corrugated top surfaces on the
composite laminate. The specific force (F*) and specific stiffness (S*) values irrespective of the
shape factor effect are obtained as a result of this modification. The average values of specific force,
specific stiffness and shape factor values are tabulated in Table 4.6 and the bar charts including
standard deviations to make a comparison irrespective of the effect of shape factor are plotted as
shown in Figure 4.12. As a result of this comparison, the effect of channels on the mechanical
properties of the composite structure is evaluated according to the channel quantity and location

within the composite laminate.

Table 4.6. Averages of specific fracture force, specific stiffness and shape factor values of specimens
in different configurations

Average
Max. - Second | Average | Specific Relative | Average Relative
Configuration Min. Moment | Shape | Fracture | Standard | Standard | Specific | Standard | Standard
Thickness | of Area | Factor Force | Deviation | Deviation | Stiffness | Deviation | Deviation
(mm) | I, mm? | (¥§,,) N) N) (N/mm) | (N/mm)
E00 1.67-1.59 14.29 1.00 427.96 28.77 7% 20.30 1.20 6%
1710D 1.89-1.53 16.62 1.20 426.46 7.68 2% 19.99 0.88 4%
E1710D 1.78-1.57 15.11 1.12 402.31 29.75 7% 19.86 0.65 3%
1710U 1.74-1.47 12.94 1.01 394.82 23.07 6% 18.96 1.02 5%
2610D 1.78-1.51 13.77 1.19 420.87 18.18 4% 19.67 0.49 2%
1705D 1.65-1.46 11.95 1.09 406.01 13.98 3% 20.02 0.79 4%

While considering the standard deviations of the results which are obtained by eliminating
the effect of the microscopic shape factor from the 3-point bending test results, it is observed that
microvascular channels with created configurations do not exhibit a substantial effect on the strength
of the composite structure. When the channel configurations were compared among themselves, it
was observed that there was a slight reduction in the strength and stiffness values compared to the
reference structure which is the E00 configuration. Saeed et al. (2016) is explained the reason of this
reduction as to be generation of resin-rich regions and reduction in fiber volume fraction. In this

study, no significant change in the values was observed when standard deviations were considered.
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Figure 4.12. Bar charts of a) specific fracture forces and b) specific stiffness values in different
configurations irrespective of the shape factor effect
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4.4. Uniformity of Catalyst in Composite Laminate

In this study 2% wt. Grubbs’ catalyst is integrated into composite laminates by mixing it into
the epoxy polymer. 3 Roll Mill machine is used to mix the catalyst with epoxy polymer
homogeneously. The distribution of catalyst inside the composite structure is investigated with the
SEM-EDS analyses to the cross-sectional surface of specimens cut out from the composite laminate.
It is observed that the epoxy-catalyst mixture achieved to be homogeneous as visualized in Figure
4.13. The green points represent the ruthenium (Ru) atoms contained in the Grubbs’ catalyst. It is
observed that Grubbs’ catalyst is successfully distributed homogeneously within the composite
structure.

As a result of this analysis, the homogenization of additive (in this case catalyst) within the
epoxy polymer matrix was successfully accomplished using a 3 Roll Mill machine and catalyst was

distributed into the carbon fiber reinforced composite uniformly.

[1500kV| 30 |-42 350 [8.0mm|3:
Figure 4.13. Visualization of the distribution of Ru atoms with EDS analyses in a cross-sectional
area of 800um x 650um taken from the composite structure

4.5. Self-Healing of Composite

In order to observe the fracture properties and healing behaviour before and after the
application of self-healing mechanism, compact tension tests are applied in predefined approaches
to the specimens produced based on ASTM D5045 standards. In this test, the force was applied to
the specimens and crack tip opening displacement (CTOD) values were measured to see the effect

of the healing agent as the crack propagates. During the tests, two approaches were followed, and
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the tests were conducted with different groups of specimens at different healing times. Since it was
observed that the ring-opening polymerization reaction began after the first 30 minutes, the tests were
conducted for healing times of 30, 60, 120 and 150 minutes. The situation inside the structure during
the compact tension tests was visualized in relation to the Force-CTOD curve as depicted in Figure

4.14. It was noted that, during the tests were conducted, room temperature was approximately 18 °C.

Penetration of healing agent inte micro/macro-cracks
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g 800
>
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$
:
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2
Crack Tip Opering Displacement {mm)

Holding for a specific time & healing

Initial position & Injection of healing agent Completely breakage of fibers

Figure 4.14. Schematically visualization of situation inside the structure during the compact tension
tests in relation to the Force-CTOD curve

The results of each approach are compared to each other, as plotted in Figure 4.15 and Figure

4.16, to observe the effect of the self-healing mechanism on the mechanical properties of composite
structures. It is observed from the figures below that the maximum force values of the virgin
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specimen with empty microvascular channels (CTE) are slightly higher (9%) than that of the
specimen without channels (CTS). The main reason for this situation is that the channels, round in
shape, in the structure increases triaxiality (Wang et al., 2021; LI et al., 2020) which cause increase
in strain at that location. The crack tip energy released during the crack propagation is distributed
over a wider area when the crack reaches the channel edge because of the blunting effect of channels

in circular shape (Kousourakis et al., 2006). So, the maximum force to initiate the crack is increased.
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Figure 4.15. Force — CTOD curves of the solid, virgin and self-healing agent injected specimens
according to Approach 1

The microvascular channels were filled with healing agent and the Force—CTOD
measurements were plotted as a result of tests conducted according to Approach 1, as shown in
Figure 4.15. An increment was observed in crack opening displacements, compared to virgin
specimens, as the effect of the healing agent. This means that there is healing for micro-cracks in the
polymer matrix under the applied load.

The Force—CTOD measurements were plotted as a result of tests conducted according to
Approach 2, as shown in Figure 4.16. During the tests for Approach 2, the microvascular channels
were fed with healing agent continuously to fill the crack zone because the load was released after
the fracture occurs at the crack zone in the macroscale. So, there was a considerably higher volume

of agents needed at the crack zone in this approach.
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Figure 4.16. Force — CTOD curves of the solid, virgin and self-healing agent injected specimens
according to Approach 2

Similar to the results of the Approach 1, an increment was observed in crack opening
displacements, compared to virgin specimens, as the effect of the healing agent. So, healing for

macro-cracks in the polymer matrix under the applied load was also observed in the Approach 2.

Table 4.7. Averages of force, strain energy and healing efficiency values of specimens in different
scenarios for both Approach 1 and Approach 2

Average Average Average

Configuration Ultimate Fracture CTOD at Standard Relative

Force Force Fracture AU Deviation Healing Standard

ON) N) (mm) [0)) [0)) Efficiency Deviation
CTS 821.67 62291 3.30 1.935 0.070 - 4%
CTE 897.03 603.44 3.24 1.853 0.059 - 3%
CTFB30 880.31 668.53 3.40 2.243 0.108 121.0 % 5%
CTFB60 937.97 650.56 3.67 2.287 0.146 123.4 % 6%
CTFB120 1006.75 590.93 3.89 2.517 0.073 135.8 % 3%
CTFB150 969.63 647.63 3.95 2.511 0.095 1355 % 4%
CTFA30 942.94 611.22 3.35 2.320 0.088 125.1 % 4%
CTFA60 1020.56 608.75 3.84 2.534 0.081 136.7 % 3%
CTFA120 963.56 615.81 4.02 2.709 0.133 146.2 % 5%
CTFA150 1002.39 581.34 4.05 2.756 0.102 148.7 % 4%
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The average ultimate force, fracture force, CTOD values at fracture point, change in strain
energy (area under the load-displacement curve, AU) and healing efficiency values compared to
virgin specimens were tabulated as shown in Table 4.7.

The healing efficiency values were evaluated based on calculations of Mode-I strain release
rate (Gr) which is a measure of resistance to crack propagation where the crack faces move apart
normal to the crack plane. For the same crack area, the efficiency was defined as the ratio of area
under the load-displacement curve of healed specimen (AUpgqeq) to area under the load-
displacement curve of virgin specimen (AU, ;ygn), Which is named as CTE, as indicated in equation
3.11.

The evaluated healing efficiency values were compared based on virgin specimen and plotted
as shown in Figure 4.17 and Figure 4.18 for both Approach 1 and Approach 2.

For Approach 1, the healing efficiencies were observed as approximately 121%, 123%,
136% and 136% for the healing times of 30, 60, 120 and 150 minutes, respectively. Based on these
results, a significant resistance on crack propagation was observed up to healing time of 120 minutes
and there is a slight difference in efficiency values, after healing time of 120 minutes. In the case that
the tensile load was interrupted when the micro-cracks was occurred, the healing agent penetrated
into the micro-cracks arising near the channels. Hence, a healing was achieved as a result of

triggering the self-healing mechanism.
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Figure 4.17. Development of healing efficiency over time according to Approach 1
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For Approach 2, the healing efficiencies were observed as approximately 125%, 137%,
146% and 149% for the healing times of 30, 60, 120 and 150 minutes, respectively. Based on these
results, a significant resistance on crack propagation was observed up to healing time of 120 minutes
and there is a slight difference in efficiency values, after healing time of 120 minutes. The self-
healing mechanism was certainly triggered after the fracture of fibers initiated along the crack
propagation zone and a healing was achieved.

As a result, the use of the healing mechanism through microvascular channels created with
the novel method was found to be successful. It was observed that healing was achieved for structures
where the healing agent can be stored in microvascular channels with Approach 1. For example,
structures may be small and multi-structural parts such as, rib, stringer, brackets etc. in an aircraft.
Also, with Approach 2 healing was achieved for the large structural parts such as, skin, spar, panel

etc. in an aircraft where the channels can be fed continuously with healing agent.

200
180

160

_.

o

()
]

CTFA120 CTFA150

120 CTFA60

CTFA30
100

Healing Efficiency (%)

[\ P (o)) 0
(e (o) e (e e
PR I N TR N T |

T T
30 60 90 120 150

Time (min)

Figure 4.18. Development of healing efficiency over time according to Approach 2

In addition, images of the crack zone were observed using a stereo microscope, as shown in
Figure 4.19. In these images, crack zones where the agent was not injected, and where the agent was
injected were examined closely. It is seen that in the crack area where the agent has been continuously
injected into the channel from the back of it during the propagation, the crack is filled by the agent.

As a result, polymerization occurs instantaneously as shown in Figure 4.19(c and d).
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Figure 4.19. a) Distant view and b) close-up images of the crack zone where the agent was not
injected, c) distant view and d) close-up images of the crack zone where the agent was
injected
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5. CONCLUSION

In this study, carbon fiber reinforced polymer structures having microvascular channels were
produced and self-healing features via these microvascular channels of composite structures were
experienced. Unlike the present channel formation methods, a novel microvascular channel
production method was developed and introduced to the literature. In the literature studies, the pre-
and post-processes required to create microvascular channels within the composite structure are time-
consuming and not suitable for rapid and large-scale production. With the novel method developed
within this study, polyamide monofilaments are used as core to obtain cavities as they are removed
from the structure. The selected core material of polyamide monofilaments allowed easy removal in
a short time, and microvascular channels were created without any collapse or deterioration. With
this method, production time is shortened, and production becomes easier due to its simple
application compared to the available methods such as the use of sacrificial material etc. Therefore,
a reduction in the production cost of composites having microvascular channels was achieved. In
addition to all these, polyamide monofilaments used to create channels are commercially available,
cheap and available in various diameters. Also, monofilaments can be reused because they do not
break or deteriorate after the process.

In the literature, since the healing agent and catalyst are located in two separate channels
within the structure, the crack can only heal after reaching each separate channel. This situation
negatively affects the strength of the structure and limits the number of channels that can be created.
However, a novel coating method applied to the microvascular channel walls in this study, allowed
the catalyst to be distributed into the matrix in solid form and the healing agent to be preserved in
the channel without any undesired reaction. Since the catalyst is distributed into the structure in solid
powder form, there is no need for a separate channel for the catalyst. Thus, healing can begin
immediately whenever the crack contacts any of the channels before it grows further, and the number
of microvascular channels that can be placed within the structure can be increased.

In order to create isolated microvascular channel networks, there are lots of methods
available in the literature (Bleay et al., 2001; Lima et al., 2013; Norris et al., 2012; Norris et al., 2011;
Pang and Bond, 2005a; Phillips and Baur, 2013; Trask and Bond, 2010; H. R. Williams et al., 2007,
Wu et al., 2012; Zainuddin et al., 2014). Since isolated microvascular channels do not enable to
supply a sufficient volume of healing agents continuously for their repeated damage-healing cycles,
the creation of interconnected microvascular channels becomes more important. Because the
mechanism, which consists of networks connected to each other by alternative channel pathways,
reaches the damage even if a part of the channel is blocked, allowing the agent to reach the damaged
area. This mechanism provides repeated healing cycles. However, the methods available in the
literature for creation of the interconnected microvascular channel networks require time-consuming

pre- and post-processes (Coppola et al., 2014; Dong et al., 2012; Esser-Kahn et al., 2011; Patrick et
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al., 2014). With the novel method developed in this study, it is possible to create microvascular
channels more easily and in a shorter time by weaving or locating the monofilaments, used to create
channels, into the fabric in an appropriate sequence and applying them to the structure to form
interconnected channels.

As a catalyst material, Grubbs’ Catalyst was successfully distributed into the matrix material
of composite structure homogeneously by using a three-roll mill machine and as a healing agent,
SE2N was injected and stored in microvascular channels successfully in this study. Compared to
other available agents, the healing reaction was achieved in a shorter time by using SE2N & Grubbs’
catalyst duo. Additionally, since the self-healing agent can remain liquid between -80°C and 148°C,
it allows damages that occurred in aircraft structures to be healed during operation.

The effect of microvascular channels on the flexural strength of composite material was
investigated by 3-point bending tests. It was also observed that the corrugated top surfaces of the
laminates created a microscopic shape factor which affects the flexural properties because the height
of the laminate layers above the channel plane is not adequate to eliminate the corrugation. This is
because the thickness of the laminate is not thick enough to compensate corrugation. The test results
were modified to eliminate the effect of the shape factor and there was no significant reduction
observed in the strength and stiffness values compared to the reference specimen when the standard
deviations were considered. This means that microvascular channels with a diameter of 450 pm had
negligible negative effects on the structure of the samples tested in the specified configurations.

The healing behaviour of the mechanism was investigated during crack propagation by
compact tension test. Tests were conducted for two different approaches, one to observe the healing
of microcracks and the other to observe the healing of macrocracks when fractures were detected.
The tests were repeated for different healing times of 30, 60, 120 and 150 minutes to investigate the
effect of the healing reaction over time. According to the results obtained from compact tension tests,
healing abilities for both approaches and different healing times were evaluated in terms of healing
efficiency. As a result, the efficiency increases as the healing time increases and a slight increase was
also observed in efficiency values after healing time of 120 minutes for both approaches. The main
reason for this is that the healing reaction is approximately completed after this period.

Also, in the approach where the healing of microcracks was observed, healing efficiency
reached up to 136% and in the approach where the healing of macro cracks was observed, healing
efficiency reached up to 149%. The main reason for this difference is that as the crack grew to the
macro scale due to the fracture, a larger volume of healing agent was required and continuously
injected into the channels. As a result of these tests, it was observed that healing was achieved via
microvascular channels created by the method developed in this study. On the other hand, SE2N
provides more flexibility to this healing process since it reacts over a wide temperature range and in

a short time.
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With this success, the easy integration of the self-healing feature into composite structural
parts contributes to ensuring structural durability, operational safety, and operational continuity by
automatically repairing minor damages, depending on the platform on which it is used. In addition,
maintenance and repair costs will decrease and downtime will be minimized due to the self-healing
features.

Nowadays, interest in smart materials and composites is increasing and the self-healing
composite market is growing with ongoing research and development. Technological advancements
and industry recognition will drive further growth. Cost, scalability, and regulatory considerations
will determine widespread adoption. The self-healing polymer market is expected to grow from USD
0.9 billion to USD 69.93 billion by 2032, with a compound rate of growth (CAGR) of 62.2% (Self-
Healing Polymer Market Size, Share, Growth | Report, 2030). This shows the potential of this study
for the future works.

However, catalysts and healing agents used for self-healing mechanisms are quite expensive
compared to polymer composite materials used in the market. Therefore, it is more suitable for use
in sectors where the cost is of secondary importance, such as the space and aviation industry. The
positive impact of self-healing on critical factors such as enhanced safety, reliability, operational
continuity, improving efficiency and gaining competitive advantages in these sectors makes this
technology a worthwhile investment. However, as the use of self-healing composites increases, the

cost of ingredient catalysts and healing agent materials may decrease further.

Future Studies

In this study, 2% wt. Grubbs’ catalyst was mixed into the matrix. However, the effect of the
amount of catalyst on the self-healing mechanism should be investigated in future studies.

Also, the samples tested in this study contain isolated channels. In future studies, test samples
containing interconnected channels should be produced and the tests should be repeated for these
samples as well. Thus, the effect of a continuous supply of healing agents, which is providing
repeated, healing cycles can be examined for the interconnected channels. In addition, the effects of
the channel diameter should also be investigated.

One of the most important parameters for self-healing composites is interlaminar shear
strength (ILSS). ILSS is known to be highly sensitive to interlaminar voids, cavities, or defects,
which can be formed during composite production or intentionally created (Goodwin et al., 1997).
Similarly, microchannels in CFRP composites act as interlaminar cavities and significantly lower
their ILSS. The interlaminar shear strength tests should be conducted to investigate and determine
the effects of microvascular channels on this parameter.

On the other hand, most structures are subjected to various repetitive loads during their

lifetime. This situation causes damage due to the fatigue of the material. So, the effects of
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microvascular channels and healing cycles via these channels should be investigated under

alternating loads in future studies.
Additionally, the healing agent used in this study (SE2N) enables healing over a wide range
of temperatures, between -80°C and 148°C, tests should be repeated at these extreme temperatures

to examine the effect of temperature on the healing process in fiber reinforced polymer structures.
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