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Abstract

Graphene-based materials exhibit exceptional mechanical properties and therefore they
are suitable candidates for high performance real-world applications. However, these
properties degrade in the presence of defects, which act as stress concentration points,
leading to the premature failure of materials. Hence, it is essential to gain insight into
the parameters affecting fracture and the crack impeding mechanisms developed due to
the presence of graphene. This dissertation delves into the fracture mechanics of
graphene, both supported and embedded in polymers, utilizing either in-situ Raman
spectroscopy or Atomic Force Microscopy (AFM), combined with micromechanical
tensile testing. A thorough investigation over the influence of a defect on the fracture
behavior and the morphology of graphene is conducted, as the introduction of an
induced defect can serve as a model to simulate real-world conditions, where
imperfections are inevitable. The presented findings reveal that its existence
significantly affects the mechanical behavior and the fracture toughness of both
graphene and graphene-based nanocomposites. Therefore, it is essential to monitor the
strain/stress distribution close to defects, when external deformation is applied, as an
increased stress field could potentially result to crack initiation and propagation. Herein,
the fracture behaviour of a novel class of nanocomposites, CVD graphene-based
nanolaminates, and the fracture behaviour of mechanically exfoliated graphene is
examined. The use of monolayer CVD graphene both as a sensor in polymers and as an
enhancing filler impeding the fracture of graphene-based nanolaminates is studied. The
analysis emphasizes on the determination of the stress distribution profiles at the
vicinity of an induced defect. In the case of graphene-based nanolaminates, valuable
information is provided over the fracture procedure, such as the fracture toughness, the
energy dissipation and the mechanisms that impede the crack propagation. The insights
of this investigation offer a comprehensive understanding of fracture mechanics in
graphene-based materials offering pathways over the harnessing of their exceptional
properties. In the case of mechanically exfoliated graphene, a comprehensive analysis
over the fracture behaviour of mono- and few- layered graphene, in which a defect has
been induced, is conducted, unravelling unique crack and wrinkle patterns, due to strain

imposition.
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The content of this dissertation can be conceptually divided into 6 Chapters. An
introduction to graphene and its exceptional properties, which renders its incorporation
into nanocomposites as an enticing alternative towards the reinforcement of materials
is provided in Chapter 1. Chapter 2 delves into fracture mechanics and its important
parameters, focusing on the fracture toughness of graphene-based materials, as well as
the role of factors affecting the mechanical properties of graphene-based
nanocomposites (i.e. filler content, size, dispersion etc.). In Chapter 3, a detailed
description of all experimental techniques used in this dissertation is provided. In
Chapter 4, the use of CVD graphene (produced via Chemical Vapor Deposition) as a
strain sensor for the quantification of strain close to defects, and for the extraction of
valuable parameters related to fracture, such as Stress Concentration Factor (SCF) is
proposed. The results were validated both analytically and numerically via Finite
Element Analysis, with the SCF values being remarkably similar, suggesting that CVD
graphene can be successfully used as a strain sensor for the assessment of strain/stress
distribution close to defects in polymers, and therefore to polymer-based composites.
Chapter 5 deals with the study of fracture mechanisms in a novel class of graphene
nanocomposites, the CVD graphene/polymer nanolaminates, when subjected to
tension. A thorough investigation over their fracture behaviour reveals that a low
graphene content leads to the enhancement of the nanolaminate’s fracture toughness,
whereas a higher graphene content leads to its embrittlement, despite the enhancement
providing to the nanocomposite. In Chapter 6, fracture mechanics and strain-induced
morphological alterations of notched mechanically exfoliated graphene flakes are
investigated, unveiling novel insights and contribute to the advancement of
nanotechnology field, through the design and optimization of nanomaterials with
tailored properties and functionalities for future applications. Lastly, in Chapter 7, the
results obtained in this thesis are summarized and potential topics for future work in the

study of fracture of 2D materials and graphene-based nanocomposites are proposed.
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ITepiAnyn

Ta ypagevikd vAKG Topovctdlovy eEapPeTIKEG UNYAVIKEG 1OLOTNTES, Ol OTOIEG TA
KaO16TOOV KOTAAANAO Yoo XpIoT G SLAPOPES TPONYUEVES €QPAPUOYES. Q6TOGO, M
TOPOVGia ATEAEL®V Umopel va vrofabuicet Tig 1010TNTEG ALTEG, KAODG AEITOVPYOVV G
ONUElD GVYKEVTPMOOTNC TAGNG, 00NYDOVTAG GE TPOWPTN 0oTOYio TV VAK®V. ETouévag,
1 YVOOT TOV TAPOUETPOV OV EMNPEALOVV T OpavoT], KAOMS KOl TOV UNYOVIGUMV TOV
kaBvotepov TV TEMKN Bpavomn tov VAoV givar peilovog onpaciog. Xty mapovoa
SwtpPn peAetdton 1 OPOVGTOUNYOVIKT] GUUTEPLPOPA TOL YPOAPEVIOV, TO OTol0 £)El
evanmotelel oe moAvpepKd VROGTPOUA, KOUODG KOL 1| GLUTEPLPOPH VAVOGUVOET®V
TOAVGTPOUOTIKOV pepPpavav pe faon 1o ypaeévio. EmmAéov, to ypapévio slodyetan
O¢ £YKAEIGHLOL OE TOAVUEPIKT UNTPO, Y10 TN LEAETN TG CLUTEPLPOPES TOV poly(methyl
methacrylate) (PMMA), to omoio givat éva ToAVUEPES TTOL PN CLLOTOLEITOL EVPEMG GE
TEYVOLOYIKEG EQaAPLOYES. ['lar TV VAOTOINGN TG TAPOVCAG ATPPNG EMGTPATEVETOL M)
eacpatookonio Raman kot n Mikpookonio Atopukng Avvaung (AFM), ce cuvovacpo
HE UNYOVIKEG OOKIUES LKPO-EPEAKVGIOV. ZVYKEKPIUEVA, EVOEAEXNC Epevuva dteldyeTon
OYETIKA e TNV EMOPACT LG ATEAELNS OTI OPOVCTOUNYOVIKY] GUUTEPLPOPE KOL GTN
popeoloyia Tov ypageviov, katd TV doknon eEmwteptkod optiov. H dnuovpyia pog
TEYVNTNG OTEAELOG UTTOPEL VO TPOGOUOIDGEL GUCTHLOTO GE TPAYLOATIKEG GLVONKES, oTAL
omoia n VapEN atereldv givarl avamdeevktn. Ta aroteAéopato Tov Tapovctdlovion
delyvouv O0TL M VP& ™G emMpPedlel CNUOVTIKA T UNYOVIKY] GUUTEPUPOPE KOl TNV
avtoyf] ot Bpavomn Tov YPAPEVIOL Kol T®V YPAPEVIK®OV vovocuviétmv. Etopévac, 1
HEAETN TNG KOTOVOUNG TNG TACNG KOVIA GE OTEAEIEC, OTAV OOKEITOL £EMTEPIKN
TOPALOPP®OT, Evat LYNANG onuaciog, KaBdg duvntikd 1 adEnon g GLYKEVIPOONG
Tdomng pmopel va 0ONYNGEL TNV EvapEn Kot 140001 pOYUOV. TNV Topovco. dStoTpipi,
eetdleton M OPOVCTOUNYOVIKY] GLUTEPIPOPE VOVOCUVOETOV TOAVGTPOUATIKOV
HEUPpavVOV YPAPEVIOV TOPAYOUEVOL HECH TNG YNUIKNG evomdbeong atpmv (CVD),
KaBMOG Kot UNYaviK@ OToPAOI®UEVAOV YPOPEVIKOV QUAAWDV. ZVYKEKPIUEVA, LEAETATOL M
xpnomn povootpopatikdv CVD ypapevikov @OAA®V 1660 ©¢ asOntipag tdong oe
TOAVUEPY], OGO KOl MG EVIGYVTIKY (ACN €vOG VovoouvOétov, divovtag Eppacn otnv
avdAvon ¢ katovopng g tdong kovtd otnv atéieln. Katd mm perémn tov
vavooLVOETOV, TopaTnpEiToL 1 AVATTUEN UNYAVIGL®OV TTov eumodilovv ) Bpavor Tov
VA0V, AdY® NG 01dyLoNG TNG EvEPYELOG Katd TV Evapén poyudv. Ta evpipoto avtg

™G €PELVOC TPOCOEPOVLY IO OAOKANPOUEVT] KOTOVONOT TNG UNYOVIKNG Opavong
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VMK®OV pHe BAom 10 YPO@pEVIO, SELKOAVVOVTOG TNV 0E0TOINoN TV eEUIPETIKOV
1010THTOV TOVE. XTNV TEPIMTTOON TOV UNYAVIKE OTOPAOIMUEVOD YPOPEVIOV, EKTETOUEVT
avdAvon mpaypotomoleital  OYETKE pe TNV Opadon  HOVOSTPOUATIKOV Kot
TOAVGTPOUOTIKOV QOAA®V Ypageviov, ota omoio £xel omuovpyndel o atéleta,
OMOKOAVTTTOVTOC HOVAOIKE HOTIPo TTuYDoE®V, AOY® NG ££MTEPIKA ePaprolOUeEVNC

TOPAUOPPDOTC.

H dwotppn yopileton evvororoyikd oe 6 Kepdiato. Xto TpdTo Ke@dloro mopatifovrol
TANPOPOPIEC OYETIKA LE TO YPAPEVIO Ko TIC EEUPETIKEG TOV 1O10TNTEG, Ol OTOIEG TO
KaO16TOOV EAKVOTIKY €MAOYN Yo TNV evioyvon dAlwv vikov. To Keedhiowo 2
TPOyUATELETAL PaCIKEG EVVOLEG TNG OPOVGTOUNYOVIKTG, EGTIALOVTOG GTOVG TOPAYOVTES
ov emnpedlovy TN PUNYOVIKY] GUUTEPLPOPE TOVL YPUPEVIOV, KOOMDG Kol YPOPEVIKMOV
vavoouvOétov. Xto Kepdhawo 3 mapovstdlovior ot TEWPOUATIKEG TEYVIKEG OV
ypnooromdnkav otnv napovca dwtpiPr). ro Kepdraro 4 mpoteivetan n yxprion CVD
YPOQEVIOL ¢ oucONTNpaC Yol TNV TOGOTIKOMOINGT TNG TAGNG KOVIA GE KLKAIKN
atéheln, KOs kat yuo TNV e€oymyr| TapaUETP®V oL oXETICOVTAL UE TNV AVTOYT TOL
VAMKOL ot Opavomn, Omwg o XZvvieheotig Xvykévipwong Tdoewv (SCF). Ta
amoteAéopato emoindevnkav pécw g Avdivong [enepacuévov Zroyeiov, pe Tig
Tipég Tov SCF va givan e€apetikd mapopoteg, vmodeikvoovtag ot to CVD ypapévio
umopel va ypnotporom el emruy® MG aoHNTAPOG Yo TNV EKTIUNOT TG KATOVOUNG
TaoNG KOvTh o€ atéleleg o€ mOAVUEPY] Kol ToAvpEPIKA cuvBeTa vAKA. To Kepdiato 5
TPOYUATEDETOL TN LEAETN TOV UNYXOVIGUOV Opadong vavoGOVOET®V TOAVGTPOUATIKAOV
pepPBpoveov  CVD ypageviov, otav avtég vroPdAioviol o€ €QeAKVOUO. AleE0dkN
€PELVO Y10 T1 CLUTEPLPOPA BPOONG TOVS OMTOKOAVTTEL OTL 1] EVGOUATWOGCT YOUNADV
TOGOCTMV YPUPEVIOL 00NYEl o€ PEATIOON TNG AVTOYNG TV YPUPEVIKAOV UEPPPOVOV GT
Opavon. Avtifétmg, M eVOOUATOGT VYNAOTEPOL YPAPEVIKOD TOGOGTOV KAOIGTA TO
vavoovuvheto mo yabvpd, mapd TN Pertioon TV UNYOVIKOV TOL 1010THTOV. XTO
Kepdhao 6 peretdvtal ot pnyovicpoi Opadone Kot ot Hopeoroyikeés LETAPOAEC oE
LUNYOVIKQ OTOPAOI®UEVE YPOPEVIKA QUAAN, oTO omoia £xel dnuovpynOel pia vovo-
gykomn). H pedémn avtdv tov cuotnudtov omokaAdTTel véa Tedio EQaproydV Kot
oLVUPaALEl 6TV avATTLEN TOL TESTIOVL TNG VOVOTEYVOAOYING, LEGM TOL GYEOAGHOD Kot
G PEATIGTOMOINOMG VOVOVAMK®V LE TPOGOPUOGHEVES 1O1OTNTEC KO AEITOVPYIKOTNTES
v peAdovtikég epappoyés. Téhog, oto Kepdhato 7 mapovcidlovtat To cupmepdouato

™mg OatpPng Ko mpoteivovtal EVOAAOKTIKEG TPOGEYYICES YO TNV TEPULTEP®
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dtepedvnon g Opavotounyovikng ocovumeplpopds 2D VAIKOV Kol GAA®V
vavooOvletwv. Xvvoyilovtog, M UEAETN NG GLUTEPLPOPAS Opadong dpdpwv
CLGTNUATOV UTOPEL VO TPOGPEPEL TOADTYLES YVAGELS Y10l TOLG UNYXOVIGHOVS Bpahong

TOV OPOLV GLUVEPYATIKA, BEATIOVOVTOG TNV avToyn oTn Bpahon Tov VAKOV.
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1. Graphene: fundamentals and nanocomposites

1.1 Introduction to carbon

Carbon lies in the “heart” of organic chemistry, being the fourth most common element
in the universe (after hydrogen, helium, and oxygen). While its quantity is practically
constant in our planet, carbon is continuously formed inside the stars as a result of the
collision of three o particles (Hey ), a nuclear fusion event that is rather common at such

extreme temperature and pressure conditions.

The electronic configuration of carbon, at its ground state, is 1s*2s*2p®. Out of the six
total electrons, the ones occupying the inner 1s atomic orbital do not participate in the
formation of bonds, unlike the remaining four outer electrons, which combined with
the ability of carbon to catenate are responsible for the formation of endless different
molecules. The electron density distribution in a molecule is represented by molecular
orbitals, which form by the combination/mixing of the atomic orbitals of the individual
atoms comprising the molecule. In the case of carbon, its orbitals can be either sp, sp?,
or sp hybridized, depending on how many of the 2pxy,, orbitals mix with the 2s orbital
(Figure 1.1(a)).

Figure 1.1(b) depicts the geometries of carbon's hybridized orbitals. The four sp?
hybridized orbitals adopt a tetrahedral arrangement with bond angles of 109.5° to
minimize electron repulsion. The three sp? hybridized orbitals lie in-plane with a bond
angle of 120°, while the remaining 2p orbital is perpendicular to the plane. The two sp
hybridized orbitals align linearly at a 180° angle, with the two unhybridized 2p

components perpendicular to each other and to the line defined by the sp orbitals.

20



Ground State  Excited State Hybridization (a)

2p
sp
w44
-4
2s 4, 4
_IT -
Is 4, A A
B % - o H
(b)

Unhybridized 2p orbitals

-

sp? hybridization sp? hybridization sp hybridization

Figure 1.1: (a) Electronic configuration, and (b) atomic orbitals of carbon.

Due to its electronic configuration, carbon exhibits a unique propensity for catenation,
wherein atoms of the same element bond to form chains, leading to an extensive array
of carbon-based compounds (Figure 1.2(a)). Being the smallest tetravalent atom, is
beneficial for forming strong carbon-carbon bonds, ultimately leading to stable long
chains. Apart from its various compounds, carbon is known to form numerous

allotropes.

Allotropes of carbon can be found both in nature and be composed in the lab. Naturally
occurring allotropes are graphite, diamond and lonsdaleite (hexagonal diamond).
Graphite is composed of atomically thin layers (connected via weak Van der Waals
interactions) of sp? hybridized carbon atoms arranged in a hexagonal lattice, whereas
diamond is composed of sp> hybridized carbon atoms arranged in a cubic crystalline
structure. Lonsdaleite can be obtained after suitable treatment (temperature and
pressure) of graphite or cubic diamond [1]. Despite that both graphite and diamond are
pure carbon, their different structure leads to entirely different material properties, such

as hardness, color, electric conductivity, etc. In the past decades, low-dimensional
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allotropes have been successfully synthesized in the laboratory, including 0-D
buckminsterfullerene (C60) [2], 1-D carbon nanotubes (CNTs) [3], and 2-D graphene
sheets [4], as well as hybrid forms like carbon nanobuds [5]. Carbon allotropes
composed of six-membered aromatic rings are referred to as graphitic allotropes. As
shown in Figure 1.2(b), the two-dimensional allotrope, graphene, can be considered as
the “parent” of all graphitic allotropes, as it can yield them by changing its topology.
For instance, wrapping graphene around an axis or a point can yield one-dimensional
carbon nanotubes or zero-dimensional fullerenes, whereas its stacking through Van der

Waals forces can result to three-dimensional graphite [6].

(a) (b)

Linear chain

6006060606000

2-D Graphene sheet

Branched chain

Ring chains

0-D Gy 1-D CNT 3-D Graphite

Figure 1.2:(a) Catenation in carbon, and (b) derivation of 0-D, 1-D and 3-D allotropes from 2-D
graphene [6].

1.2 Graphene: fundamentals and properties

Graphene is known as the first two-dimensional atomically thin material, and its
booming popularity in research and industrial applications is owed to the first isolation
of mechanically exfoliated graphene by Novoselov et al., two decades ago [4].
Throughout these years, it has been in the center of academic and industrial interest, as
it exhibits extraordinary physicochemical properties, due to its unique structure.
Specifically, each carbon atom is connected through strong ¢ covalent bonds to its three
nearest-neighbors, forming a hexagonal lattice. These three ¢ bonds are responsible for

the high mechanical strength of all graphitic allotropes [7] and originate from the head-
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to-head overlap of the sp? hybridized orbitals (indicated in Figure 1.1(b)), which
arrange in the basal plane of graphene at an angle of 120°. The unbound 2p, electron of
each carbon atom, which is perpendicular to the lattice, contributes to graphene’s
electronic conductivity and optical properties. The side-by-side overlapping of these 2p
orbitals, leads to the formation of m bonds, which due to graphene’s symmetry

correspond to an electron cloud of delocalized = electrons (Figure 1.3(a)).

Graphene’s honeycomb lattice can be viewed as a combination of two triangular

sublattices A, B (Figure 1.3(b)), each with a lattice constant & = d+/3, where d is the
C-C bond length, equal to 0.142 nm.

The three nearest neighbor vectors (Figure 1.3(b)) are:

13 1 V3
d1 = d (E,7>, dz == d <§,—7>, d3 = —d(l,O) (11)

The unit vectors (gray-colored arrows of Figure 1.3(b)) of sublattice A are:

V31 V3 1
al—a<7,§>, az—a<7,—§> (12)
where a = |a4| = |a;|, and the formed angle equals to n/3. Therefore, the unit cell of

graphene has the shape of a rhombus and includes 2 atoms (1 atom from sublattice A

and 1 atom of sublattice B). The wavevectors of the reciprocal space are:

by = 2—2(1,\/5), b, = 5—2(1, —V3) (1.3)

where |b41| = |b,| = :—n and the formed angle equals to 27/3. The hexagonal Brillouin

a’

Zone (BZ) of graphene has the following high-symmetry points: the center I', the
doubly degenerated corner K, and the edge’s center M (Figure 1.3(c)).
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Figure 1.3:(a) Delocalization of 2pz electrons in graphene, (b) formation of the honeycomb lattice by the
superimposition of two triangular sublattices, (c) Brillouin zone of graphene and its high-symmetry

points.

The study of Wallace, almost 80 years ago, set the foundation on understanding the
peak structure of a graphene [8]. In the simplest approximation where electrons transfer

only between nearest neighbors, the dispersion relation is [12]:

E(k) = iﬁ\/ei%'al + eikdz 4 pikeds (1.4)

where the hopping parameter 8 is related to the probability amplitude for electron
transfer between nearest neighbors, whereas + corresponds to the conduction and
valence peaks respectively. These peaks meet at the six corners of the Brillouin zone
(see Figure 1.4), where both the density of states and the energy gap is zero. Therefore,
graphene is a zero peak-gap semiconductor. At low electron energies, the electron’s

dispersion relation is linear, and equal to:

E(k) = hkvg (1.5)
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where vy is the Fermi velocity, which in the case of graphene is approximately 300

times smaller than the speed of light (the electrons behave as massless Dirac fermions)

8].

Figure 1.4:Electronic peak structure of monolayer graphene [9].

As amaterial’s conductivity is proportional to the product of carrier mobility and carrier
density, the electronic quality of materials is often characterized by the charge carrier
mobility. For a suspended graphene at ~5K, an electron mobility of
~200,000 cm?V~1s71 at an electron density of ~2 X 1011 ¢cm™2 has been reported
[10]. While the electron mobility is limited by scattering at defects (e.g., wrinkles, grain
boundaries, atomic vacancies, adsorbates and so on), there is also the influence of
intrinsic scatterers such as phonons (vibrational modes) that cannot be eliminated,
setting a fundamental limit on the electron mean free path and hence graphene’s
electronic quality [10]. On the other hand, the presence of out-of-plane vibrational
modes in graphene has been associated with its excellent bending properties [11]. The
stacking of graphene layers leads to multilayered graphene and Bernal stacked (AB)
graphite, which involves a relative translation between adjacent graphene layers, with
interlayer distance of approximately 0.335 nm [12]. The electronic coupling of the
adjacent graphene sheets affects the dispersion relation and separates the valence and

conduction peaks at the corners of the Brillouin zone, opening a tunable peak gap [13].
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1.3 Production methods of graphene

Graphene, at its pristine state, can only be produced via mechanical exfoliation of
graphite, using the scotch tape method, a labor-intensive and time-consuming process,
providing small sized (<100 pum) graphene flakes [4]. In order to overcome these
limitations, various techniques for large scale production of graphene and other 2D
materials synthesis, have been developed. Nevertheless, large quantities are achieved
at the expense of quality, as the physical properties are significantly downgraded. As
depicted in Figure 1.5, the routes followed for the synthesis of graphene (as of any
other 2D material) can be categorized in two sub-categories, the top-down approach,
and the bottom-up approach [14]. Top-down methods encompass the production of
atom-thick layered materials via exfoliation of 3D crystals. Bottom-up techniques
involve the production of larger 2D materials by utilizing small molecular precursors.
Although there are numerous synthesis techniques, there is still need for a low-cost,
environmentally benign, safe, and scalable method that does not compromise the

quality of graphene [15].

Graphene sheets
\ 1 . Graphene
Top-down : T o ,/(J:]'“(]j'i“lg‘qy / / sheets
CAI - oo
approaches T _ =p Wil st
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Figure 1.5:Some methods for the production of graphene [14].

1.3.1 Top-down approach

The top-down approach pertains to breaking down graphitic layers in order to isolate

atom-thick layers. To achieve this, an external mechanical or chemical stimuli has to
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be applied to a 3D crystal in order to segregate the layers that are connected to each

other through weak Van der Waals forces.

The mechanical exfoliation method expanded a brand-new field into exploring and
exploiting the properties of 2D materials, which are obtained from the breaking of 3D
materials. Prof. A. Geim and K. S. Novoselov won the 2010 Nobel Prize in Physics, as
they successfully isolated monolayer graphene through the mechanical exfoliation of
hexagonally oriented pyrolytic graphite (HOPG) and initiated the “graphene fever era”
[4]. The fundamental idea involves the mechanical cleavage of a single graphene layer
from a bulk graphite. Scotch tape was used for the transfer and isolation of one/few
graphene layers, as the adhesion of graphite to the tape surpasses the week Van der
Waals forces, which hold the graphitic sheets together. These one/few layer sheets can
be transferred onto a chosen substrate, without compromising their high quality. This
method is primarily employed for laboratory research, as it is immensely time-
consuming and the produced graphene flakes are characterized by a stochastic nature
regarding their shape, dimension and location. Therefore, this technique is the least
industrially scalable, which renders it most of the times impractical for commercial

graphene-based devices [16].

Liquid phase exfoliation (LPE) is another top-down synthesis method, where lighter
exfoliated flakes are disintegrated from bulk crystals. The 3D structures are dispersed
into suitable solvents, whose choice is critical for a stable dispersion (to avoid
restacking or precipitation), and then ultrasounds [17] or high shear mixing [18] is used
for the breakdown of 3D crystals. Generally, LPE is more scalable than mechanical
exfoliation, as the human factor which reinforces the randomness in production is
eliminated. However, the production of monolayer flakes is not feasible, and the
produced flakes follow a thickness and size distribution [19]. Hummer's method is
another top-down technique, where graphite undergoes oxidation using strong reagents
(NaNO3, KMnOg4, and H>SO4) [20]. Two-dimensional graphene oxide is derived from
the ultrasound-assisted breakdown of three-dimensional graphite oxide, which due to
the presence of oxygen groups (epoxy, hydroxyl, carbonyl, and carboxyl) [21],
possesses a semi-aromatic carbon structure with both sp? and sp® hybridization. The
elimination of oxygen-containing groups in graphene oxide, through thermal or
chemical methods, can lead to reduced graphene oxide (rGO) [21]. While sp?

hybridization is partially restored, the structural defects in the graphene lattice persist,
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and therefore the quality of rGO is inferior to that of graphene synthesized via other
approaches [22]. Although Hummer's method allows the large-scale production, there
is a great interest for the development of improved methods, due to safety concerns

arising from the highly exothermic reaction and the use of hazardous reagents [23].

Graphene sheets can also be obtained electrochemically, through the submerging of
graphite in a suitable electrolyte and the application of current [24]. As a result, ions
can intercalate between the graphene sheets, weakening their Van der Waals
interactions, and the decomposition of the solvent molecules (electrolysis) results to the
exfoliation of graphene [25]. This method is called electrochemical exfoliation, and
yields a high quantity of product, maintaining its quality, while it is also
environmentally friendly. Nevertheless, the thickness of the exfoliated flakes is not

uniform [25].

1.3.2 Bottom-up approach

The bottom-up approach is associated with the self-organization of carbon radicals,
which form after the decomposition of carbonaceous precursors. These methods
include epitaxial growth via the chemical vapor deposition (CVD) technique, or

graphene growth on a substrate through laser-based methods.

Chemical vapor deposition (CVD) is a technique employed for relatively high-quality
synthesis of graphene. The method necessitates the use of a gaseous carbon precursor,
such as methane (CH4) or ethylene (C2H4), whose molecules will be decomposed and
adsorbed at sufficient high temperatures, on a catalytic substrate (copper or nickel) [26].
The substrate plays a very important role, as monolayer graphene is usually formed on
copper, while few-layered graphene is formed on nickel. The carbon produced from
this chemical reaction process diffuses onto the catalyst, forming nucleation points that
grow epitaxially. The CVD method is very effective on the large-scale graphene
production. However, its polycrystalline nature affects its quality, as the individual
graphene crystals are not optimally oriented in respect to each other, forming a
"graphene quilt" [27]. Larger graphene single crystals can be produced through the use

of liquid metal catalysts [26], however, this procedure requires special equipment.
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The growth of graphene using lasers relies on the matching of the laser’s wavelength
to the absorption spectrum of a carbon-based precursor (most commonly polyimide
[28] or graphene oxide [29], which contain aromatic rings in their structure). If these
match, then the absorption of the laser’s photons leads to an extreme temperature rise
(which may exceed 3000 K), which results to its decomposition, and the recombination
of carbon radicals [28]. This method is suitable for the preparation of porous graphene

structures but cannot be used for the growth of 2D graphene of high quality.

1.4 Transfer of graphene onto desirable substrates

The most common transfer methods of graphene onto different substrates include
chemical vapor deposition (CVD) growth on solid catalytic substrates, like copper (Cu)
and nickel (Ni), followed by transfer processes, as usually these substrates are not
compatible with certain target applications. For example, in the field of electronics, they
cannot be integrated into the devices, but instead they have to be transferred onto
flexible polymer substrates (required for flexible electronics) or onto silicon wafers or
glass substrates, in order to conform with the standard semiconductor processing
techniques [30], and simultaneously allow better control over graphene’s properties
[31]. Moreover, the SiO; substrates can be used in electronic devices due to their
insulating properties and compatibility with lithography techniques. Therefore, the
development of large-scale transferring techniques of graphene onto suitable substrates
is crucial. In Figure 1.6 some typical transfer routes are depicted, including wet and
dry transfer, electrochemical and non-electrochemical bubble transfer, roll-to-roll and
support-free transfer. In the wet transfer process, a graphene-coated substrate is
immersed into a solution, which is used to etch the metal. After the complete removal
of the metal, graphene is rinsed with distilled water, and is ultimately transferred onto
the desired substrate via fishing procedure [32]. Due to the atom-thick nature of
graphene, a polymer layer is often employed in order to avoid graphene’s disintegration
during the process, as polymers are flexible and can be easily removed after the
termination of transfer, without introducing contamination from residues. In a dry
transfer procedure, graphene can be transferred to the desired substrate by utilizing a
stamping method, in which a polymer such as PDMS acts as a temporary supportive
layer. For this approach to be successful, specific adhesion requirements for the system
graphene — PDMS — final substrate shall be meet [33]. Electrochemical and non-

electrochemical bubble transfer are scalable procedures, where bubbles are generated
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through electrolysis and non-electrochemical approaches respectively, that can separate
graphene from its metal substrate and deposit it onto the target substrate, with the
appropriate maneuvering [34]. In those cases, the control over the experimental
conditions and substrate selection is crucial. Roll-to-roll procedure involves the
graphene transfer onto a flexible polymeric substrate in a continuous process, through
a series of sequential steps, which result in a large-scale production of thin graphene
films that can be integrated onto desirable devices [35]. Support-free transfer involves
the application of controlled external mechanical pressure or shear forces for the
detachment of graphene and its transfer to another substrate [36]. The advantages and
disadvantages of each of these methods are taken into consideration before utilizing
them for the intended application [34]. The most challenging part remains the transfer
of large-size CVD graphene from the metal (catalytic) substrate that it was growth on
to the intended one, without compromising its high quality during the sequential
procedures of each transfer process, as defects like cracks or wrinkles may be

introduced [37].
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Figure 1.6: Schematic diagrams of typical transfer routes [34].
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1.4.1 Wet Transfer procedure

Wet transfer procedure is still the most common technique for the deposition of CVD
graphene and was employed in the work described in this dissertation,. The general

overview of this procedure is given into the following steps:

e Removal of graphene from the backside of the Cu foil by implementing O>
plasma.

e Polymer support transfer: A thin polymer layer (PMMA) is applied on top of
the graphene-coated Cu foil in order to facilitate its transfer procedure, when
the catalyst is removed.

e Etching procedure: The sandwich structure consisting of PMMA/graphene/Cu
film is positioned into a suitable etchant, with Cu facing the etchant in order to
be removed. After its removal, the PMMA/graphene structure is rinsed off
several times with distilled water, in order to ensure the removal of any metallic
residues that can act as contaminants.

e Transfer onto the desirable substrate: The PMMA/graphene structure can be
deposited to any intended substrate, like PMMA slabs, or SiO, via fishing
procedure.

e Removal of the supportive layer: The removal of the supportive layer is not
always necessary, but it depends on the specific application requirements and
the desired properties of the final device or material. The PMMA supportive
layer can either be dissolved by immersing the substrate in an organic solvent,
such as acetone, followed by thorough rinsing to ensure no residue remains on
the graphene surface [38], or by annealing it to high temperatures (300-400 °C)
in an inert atmosphere (e.g., argon or nitrogen) or vacuum [39]. For instance, in
optoelectronic devices, like photodetectors, the polymeric layer may interfere
with light absorption or emission and therefore is better to be removed, for the
optimization of the device’s performance. However, in applications like in
flexible electronics, it may serve as a flexible substrate, which provides

mechanical support.
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1.5 Graphene-based nanocomposites

Composite materials are comprised of two or more distinguishable materials or phases
(being in chemical and mechanical equilibrium) functioning in tandem to achieve an
enhanced combination of material properties, in comparison to those of its individual
components [40]. These distinguishable materials constitute the matrix and the filler(s).
The matrix is responsible for the stress transfer to the enhancing or dispersed phase,
whereas the filler serves as the reinforcing component, which is responsible for the
enhanced properties of the composite, such as electrical, mechanical, and thermal
properties. Ideally, the fillers should be efficiently dispersed and stabilized into the
matrix. The classification of the composite materials is based on the type and size of
the reinforcement and the type of the matrix. As fillers, particles, short fibers,
continuous fibers and plates can be used. Regarding the matrix, composites can be
classified into Metal Matrix Composites (MMCs), Organic Matrix Composites (OMCs)
(further divided into Polymer Matrix Composites and Carbon Matrix Composites), and
Ceramic Matrix Composites (CMCs). Composites can be also categorized in
accordance to their structure, into three main categories [41], [42],[43]: particulate,
fiber-reinforced, and laminar composites. Fillers in particulate composites are small
matrix-encapsulated particles of any shape, size and configuration. Particulate
composites present high versatility in composition, isotropic structure and low
development costs. In fiber-based composites, there are both continuous and
discontinuous embedded fibers, with the former exhibiting specific and well-defined
orientation and the latter random orientation. The mechanical response of these
composites depends on the diameter, orientation, and stiffness of the fibers [41]. It
should be noted that in the case of short fibers, the achievement of uniform fiber
orientation and distribution density can be a quite challenging task. Laminar composites
consist of different layers stacked together, resulting in anisotropic materials in both

design and properties.

The filler’s dimension plays an important role to the composite’s overall properties.
When the filler dimension is below 100 nm, the composite is referred to as
nanocomposite [44]. The smaller the dimensions of the filler, the higher its surface area
will be, and therefore incorporation of nano-fillers results to a very high filler-matrix
interface area, affecting the physicochemical properties of the structure. The

nanoparticles used as fillers can be both organic and inorganic, such as single-walled,
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double-walled, and multi-walled carbon nanotubes, carbon nanofibers,
montmorillonite, nanoclay, polyhedral oligomeric silsesquioxanes, nanosilicates, Si02,

AlOs, and TiO2, [45][46][47].

As nanocomposites effectively merge the family of composites with nanotechnology,
it is of no surprise that these materials are in the center of interest for a wide range of
applications where the enhancement of mechanical, electrical and thermal properties is
of paramount significance [43]. To leverage from the remarkable physicochemical
properties of carbon-based and especially graphene-based nanostructures, these
materials have been widely explored as nanofillers in multifunctional nanocomposites
[48][49][50][51]. Graphene nanocomposites harness the exceptional physicochemical
properties of graphene, enhancing the performance of composites. As graphene is the
sp?> carbon allotrope with the highest specific surface area, graphene-based
nanocomposites present groundbreaking mechanical, optoelectronic, chemical, and
thermal properties, even at small volume fractions, making them ideal candidates for
high-performance applications [52][53][54][55][56][57]. Due to its inherent
characteristics, graphene presents remarkable electronic conductivity, as due to its
structure, electrons can move through the lattice with minimal resistance, resulting in
high electron mobility. Therefore, graphene acts as a highly efficient conductor,
reinforcing the overall electrical properties of the material. So, graphene-based
nanocomposites respond to a wide range of demanding applications requiring superior
electrical conductivity, such as in electronic devices and conductive coatings, and
therefore graphene’s inclusion into nanocomposites is promising for developing
advanced materials with enhanced electronic performance. Furthermore, according to
experimental studies, graphene presents a very high thermal conductivity in room
temperature, up to 5.30 X 103 Wm ™K ™! [58] compared to any type of CNTs 3.00 —
3.50 x 103 Wm~1K~1 [59][60], while theoretically, via MD studies this value can
reach up to 6.00 X 103 Wm 1K1, indicating that graphene is an ideal choice for
applications requiring effective heat management. Consequently, the incorporation of
graphene into composites graphene enhances the thermal stability and conductivity of
the nanocomposite, addressing challenges related to heat dissipation and thermal
resistance. Optically, graphene exhibits remarkable properties, as it presents
exceptional transparency (absorbing only 2.3% of light) due to its unique two-

dimensional structure. It presents strong light-matter interactions, with its absorption
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being wavelength-dependent. Also, quite remarkable are its capabilities to absorb and
transmit light across a broad spectrum, from ultraviolet to infrared. Therefore, graphene
is an ideal candidate for optoelectronic devices, photodetectors and transparent
conductive films. Therefore, its integration into nanocomposites renders them suitable
for high-performance applications in optoelectronics, sensors, and transparent

conductive films.

Mechanical performance of graphene-based nanocomposites has been beyond doubt in
the center of academic research. Previous studies have shown that the addition of
graphene into composites presents significant advancements in the mechanical
properties of graphene-based nanocomposites [61][62][63]. Nevertheless, conflicting
reports state that this procedure effectuates no impact or even a degradation
[64][65][66][67]. It should be stressed that a requirement for nanocomposites with high
strength and stiffness, is the existence of strong interfacial bonds in regions with high
interface area between the filler and the matrix, in order to achieve efficient stress
transfer, and effectively utilize the superior mechanical properties of graphene.
According to literature, the mechanical response of graphene-based nanocomposites
has displayed an augmentation reaching up to 150% for the modulus of elasticity at

graphene volumetric fractions around 0.5 vol% [68].

The assessment of the fortification of the mechanical performance is carried out via
resorting to fundamental mechanical parameters, i.e. Young’s modulus, deformation
and tensile strength. Increment of the Young’s modulus and strength at low deformation
rates, indicate an enhancement of the structure. This is quite common when graphene
is used as a filler. Nevertheless, at higher deformation rates, Young’s modulus and
strength present lower values, due to the slippage mechanism between the filler and the
matrix. Increase in the ultimate strain can be achieved by improving the interface
between the components of the material, which can be achieved through
functionalization or doping, or by following the proper synthetic approach [69].
Moreover, comparing the mechanical properties of carbon fiber-reinforced plastic
(CFRP), which deploy the strength of carbon fibers, glass fiber-reinforced plastic
(GFRP), which leverages the high strength and cost-effectiveness of glass fibers,
composites that include low dimensional sp? carbon nanostructures, such as CNTs or
graphene [70], with conventional polymer composites, it is evident that there is an

enormous difference in their Young’s modulus and their tensile strength. According to
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literature, CNTs and graphene present the higher Young’s modulus and tensile strength.
CNT fibers and CFRPs (continuously reinforced composites) are following, while
GFRPs display similar tensile strength to CFRPs, but with lower Young’s modulus.
The Young’s modulus of CNT polymer composites and graphene polymer
nanocomposites is overlapping with the one of GFRPs, exhibiting lower tensile
strength. Generally, continuously reinforced CNT or graphene fiber composites in the

future might be employed to create ultralight yet super-strong structures, replacing
carbon fibres [70].

In Figure 1.7, an Ashby plot depicting Young's modulus against tensile strength
compares the mechanical properties of polymers, conventional polymer composites
(including glass fiber-reinforced plastic (GFRP) and carbon fiber-reinforced plastic
(CFRP)), with CNT or graphene-based polymer composites [70]. The mechanical
properties of CNT or graphene polymer composites, considered particulate composites,
are scattered between those of GFRPs and polymers. While these properties are shown
to be below those of CFRPs, which are conventionally used for load-carrying structures,
the mechanical properties of CNT spun fibers suggest that CNT or graphene fibers
could potentially replace carbon fiber. If properly designed and manufactured,
continuously reinforced CNT or graphene spun fiber composites might be employed to

create ultralight yet super-strong structures in the near future [70].

10000
: (CNTs
1.000 - Carbon fibers ‘
~ - G
§ 100 - Natural fiber-polymer composites® raphenes
= :
% 9 NLF /Graphene malenal®
10+
= : NLF/Graphene-based composite*
» .
g -
E i
= :
01+
0.01 ~ - - - - - -
01 1 10 100 1.000 10,000 100,000
Tensile strength [MPa)

Figure 1.7:Ashby plot of Young's modulus vs. tensile strength comparing the mechanical properties of
natural fiber-based polymer composites with glass fiber—reinforced plastic (GFRP) and carbon fiber—
reinforced plastic (CFRP), with carbon nanotube (CNT), and graphene-based polymer composites [71].
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1.5.1 Production of graphene-based nanocomposites

The production methods of graphene-based nanocomposites have been extensively
researched, aiming to obtain the most efficient interface between the graphene filler and
the matrix. Solution-based techniques constitute the most common methods for the
preparation of polymer nanocomposites with graphene nanofillers, as they present
flexibility, speed, simplicity, and effective control over the behavior of the components
[72]. Solution mixing technique is an approach where graphene is dispersed in polymer
solution or solvent, in order to form a uniform mixture, which usually is utilized for
sheet or film production [73]. Melt mixing technique is another beneficial method for
producing nanocomposites with a thermoplastic polymer matrix, where insoluble and
thermally stable graphene nanofillers are added to the polymeric matrix when it is in its
molten state followed by cooling and solidification [74]. In-situ polymerization ensures
the strong interfacial bonding between the nanofiller and the matrix, as the polymer is
synthesized directly, in the presence of graphene [75]. Moreover, electrostatic assembly
is utilized for the formation of layered graphene-polymeric structures, using
electrostatic forces to deposit graphene onto the substrate [76]. The layer-by-layer
(LbL) assembly is a versatile technique for the fabrication of thin and ultrathin films,
resembling nanoscale sandwich structures. This approach offers precise control over
the distribution and orientation of graphene fillers within the polymer matrix [77], as
graphene and polymeric layers are deposited successively, allowing the engineering of
the interface between the layers, ensuring a tailored and controlled morphology and
adhesion in the final nanocomposite product [52][78][79][80][81]. The most widely
used LbL method are dip-coating, spin-coating and spray-coating. Generally, all these
LbL techniques display high scalability potential, however, they are time-consuming
[52]. All the above mentioned approaches for synthesizing nanocomposites are widely
used as they facilitate the controlled integration of graphene nanofillers into polymeric
matrices, enabling the exploitation of the exceptional graphene’s properties for the
enhancement of the overall performance of nanocomposites. Nevertheless, further
optimization of these methods, concerning the accomplishment of strong interfacial
interactions, uniform dispersion and scalable manufacturing is critical for various

industrial, electronical and other applications.
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1.5.2 Graphene-based nanolaminates

Another form of graphene-based nanocomposites is the graphene-based nanolaminates.
Nanolaminates are composed of well-oriented continuous or discontinuous nano-thin
laminae composed of large-size monolayer graphene (produced via CVD) and
polymeric layers. This novel approach is used for producing structures that can
showcase exceptional physical properties, rarely found in conventional materials, as a
result of their variability in the layer thickness and the stacking sequence. The presence
of highly aligned interfaces, the 2D character of all phases, and the existence of
dominant interfacial phenomena, transfuse extraordinary properties to nanolaminates

that are not found neither to conventional composites nor to bulk materials.

Large-sized CVD monolayer graphene is a promising nanofiller for nanolaminate
structures. Contrary to graphene derived from other methods, continuous CVD
graphene allows the controlled and homogenous filler distribution, while rendering the
efficient stress transfer feasible, due to its large aspect ratio. Therefore, their electrical,
thermal and mechanic behavior has to be explored. Generally, the literature on CVD
graphene nanolaminates is limited [82][83][84], nevertheless, there are some
pioneering works exploring the fabrication of polymer/CVD graphene sandwich-like
nanostructures, while evaluating their mechanical properties through innovative

methods, like the nano-bubble inflation method [84].

The first groundbreaking research in the field of nanolaminate’s production was
conducted by Vlassiouk et al. [85]. Nanolaminates were produced via sequential wet
transfer deposition of Gr/PMMA plies, accomplishing a CVD graphene volume
fraction of only 0.13 vol% and displaying an effective modulus of 1.2 TPa and an in-
plane electrical conductivity of 800 S/m, indicating that these structures exhibit high
stiffness and high conductivity [85]. Polycarbonate (PC) can also be used as a
polymeric matrix, as reported by Liu et al. [82], employing the stacking and folding
method for the creation of Gr/PC nanolaminate systems, with the graphene content
ranging from 0.082 vol% to 0.185 vol%. The effective modulus of this system was
reported to be 115 GPa, attributed to in-plane slippage between the graphene and PC
layers when the structure is subjected to tension, however the electrical conductivity is

417 S/m [82]. The notably high values of electrical conductivity in both cases are
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unparallel to any other discontinuous graphene-related material, even at cases where
the graphene loadings are two orders of magnitude higher. In another study,
PC/graphene nanolaminates, with the graphene content being at ~0.085 vol%, displayed
significant enhancement at their mechanical properties, as there is an improvement up
to 73.5% in Young’s modulus, and electrical properties (up to 10 S/m) [83]. Generally,
with the stacking and folding method, the production of mechanically and electrically
enhanced nanolaminates is feasible. Nevertheless, the dimensions of the final structure
are significantly smaller than expected, due to the repetitive procedure that is followed.
As reported in [32], graphene’s volume fraction is critical to the mechanical
fortification of nanolaminates. The volume fraction of graphene in CVD graphene-
based nanolaminates is defined by the thickness ratio of the filler and the polymer

matrix as:

tGr

Ver (1.6)

tGr + tpolymer

Where tg, is the thickness of graphene 0.334 nm, and t,,5;ymer is the thickness of the
polymer. It is apparent that attaining a high graphene content in nanolaminates is
challenging since this would necessitate very thin polymer layers, which, from both
thermodynamic and structural perspectives (e.g., polymer radius of gyration), may be
unfeasible. Efforts to produce ultra-thin films through methods like spin coating with
thicknesses of 10-30 nm have already been documented in the literature [86], and other
techniques such as Langmuir-Blodgett [87] have shown the potential to create even
thinner films (5-7 nm) [88]. However, the latter are challenging to handle, and damage
can be induced. Several studies have demonstrated that centimeter-sized, ultrathin
polymeric membranes can be lifted off without damage for thicknesses no smaller than
15-20 nm [89][90]. Thus, based on the available literature, it is inferred that the current
upper limit for graphene content in graphene-polymer nanolaminates is fundamentally
around 2 vol%, corresponding to a thickness of the polymeric layer of approximately
15 nm. It is crucial to develop a suitable technique that enables the production of CVD
graphene nanolaminates with a relatively larger volumetric fraction of graphene while
achieving a greater number of stratifications with larger dimensions than those already

reported in the literature.
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A novel method able to yield graphene-based nanolaminates with high volumetric
fraction and large-sized CVD graphene have been proposed by Pavlou et al. [32] (see
Figure 1.8). A semi-automatic, scalable process was developed, allowing the iterative
deposition of ultra-thin films of maximum dimensions of 7 cm x 7 cm. Part of this
procedure is the spin coating of the polymeric solution onto CVD graphene, the wet
transfer and the float depositions ("lift-off/float-on"), constructing step by step the final
structure. The number of layers of the structures produced were ranging from 10 to 100
and volume fractions of 0.044 to 0.5% and a systematic investigation of mechanical,

electrical, and multi-functional properties was conducted [32].

Figure 1.8:Assembly of graphene-Polymer nanolaminates.
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2. Fracture mechanics

2.1 Types of fracture

Fracture of materials can be broadly categorized into several types based on different
criteria, such as the nature of the material, the mode of loading, the resulting fracture
surfaces and the external factors, such as thermal or chemical effects [91]. Based on the
nature of the material, fracture can be classified into ductile and brittle. Ductile fracture
occurs in materials that exhibit significant plastic deformation before fracture, like
metals and some polymers, presenting extensive necking, dimples on the fracture
surface, and gradual failure [92] (Figure 2.1b). Brittle fracture occurs in materials, such
as ceramics and some polymers, that exhibit minimal or no plastic deformation before
cleavage. The fracture procedure is abrupt and catastrophic, with small energy
absorption, leaving a rather flat surface, without any prior detectable alterations like
necking of the material [93] (Figure 2.1a). Temperature and strain rate, are also factors
that play an important role in fracture behaviour [94]. Higher temperatures enhance
ductility, enabling more extensive plastic deformation before fracture, whilst lower
temperatures enhance the brittle behaviour. Moreover, increased strain rates may trigger
the transition from ductile to brittle behaviour, due to the limited plastic deformation
that a material can undergo, whereas at lower strain rates ductility is more favoured
[94]. In general, fracture will occur when the applied stress surpasses the fracture
strength of the material, which is the maximum stress or loading that it can withstand
before failure occurs. Figure 2.1a compares the stress-strain curves of a ductile and a
brittle material, providing information over the material’s mechanical behavior under
loading conditions. Figure 2.1b presents the points of interest of a stress-strain curve.
From the linear region at low strain, the Young’s modulus can be derived. Young’s
modulus defines the material's stiffness and its ability to deform elastically under
applied stress. The Yield Strength is defined as the point where the material transcends
from the elastic to the plastic region, giving information about the material's resistance
to permanent deformation; if the material surpasses its yield strength, then it will not
return to its initial state upon removal of the applied load. Fracture Strength or Ultimate
Tensile Strength corresponds to the maximum stress that a material can withstand

before its failure. Some materials exhibit Strain Hardening, after the yield point, where
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the material becomes stronger (increase in stress) and more resistant to deformation

with increasing strain.
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Figure 2.1:(a) Stress-Strain curves of a brittle and a ductile material [95), (b) Stress-Strain curve of a

ductile material and some points of interest [96].

The mode of loading is essentially important, as it is related to the fracture surface.
Specifically, tensile fracture, which occurs when a material is under tensile stress, leads
to fracture surfaces that are often perpendicular to the load direction, while in the case
of shear fracture, where the material is under shear stress, angled fracture surfaces are
observed. Fatigue fracture occurs in both ductile and brittle materials due to repeated
cyclic loading, which leads to the formation of micro-cracks which grow over time until
failure [97]. Cracks also propagate through the grains of the material, either it is ductile
or brittle (Transgranular fracture)[98], or along the grain boundaries (Integranular
fracture) in the case of materials that are susceptible to environmental degradation, such

as corrosion [99].

2.1.1 Linear Elastic Fracture Mechanics

Fracture mechanics is a solid-state field, which deals with the study of crack
propagation into a material, having as a prerequisite the existence of a crack. There are
two approaches utilized for the understanding of fracture, Linear Elastic Fracture
Mechanics (LEFM) and Elastic Plastic Fracture Mechanics (EPFM). In the case of
LEFM, materials behave in a linear elastic way when subjected to deformation,

exhibiting a small-scaled yielding, and rely on Griffith’s theory of brittle fracture for
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the analysis of crack propagation, whilst in the case of EPFM, the material exhibits
large-scale yielding, signifying that the plastic deformation of the material is not
negligible compared to the crack size (See Figure 2.4) [100]. Similarly to LEFM,
fundamental is Irwin's theory of brittle fracture, which employs the Stress Intensity
Factor (SIF) approach to examine crack propagation [101]. There are three fracture
modes in LEFM, mode I, II, and III (See Figure 2.2). In real structures, a combination
of mode II and mode III can occur simultaneously. In mode I, the load is applied
perpendicularly to the crack surface, requiring the least amount of load and energy for
crack propagation. Therefore, regardless of the orientation of the initial crack, it will

tend to reorient until it becomes perpendicular to the applied load.

Mode I Mode Il Mode 111
(Opening) (In-Plane Shear) (Out-of-Plane Shear)

— P
¢ e

Figure 2.2:Modes of fracture Mode I is referred as the opening or tensile mode, Mode II is the sliding
mode and Mode Il is the tearing mode [102].

y 4

Cracks induced due to the applied load consist of several distinct parts (see Figure 2.3).
Crack tip is the region at the forefront of the crack where stress is maximized.
Therefore, it constitutes area of crack initiation and propagation. Crack opening
represents the deformation zone ahead of the crack tip and can vary in width as the
crack propagates. This is known as the process zone or plastic zone. Crack body is the
area that extends from the crack tip into the material. When higher stress is applied,
crack propagates into the material, and crack surfaces are created as the material

separates into two parts. Depending on the material and the loading conditions, the
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surfaces may display various features (roughness, striation, markings). As the load is
increased, crack propagates in a stable way, until it reaches a threshold value; beyond
this point, crack propagates unstably, with no need of an increment of the external

loading [103].
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Figure 2.3: Parts of a crack [104].

Figure 2.4 bellow provides a load-displacement curve, along with cracked samples
corresponding to a different segment of this curve. In the first region, where the applied
strain is low, the stresses are lower than the yield strength of the material; hence, failure
of the specimen at this region testifies for brittle fracture. In this case, the plastic zone
(marked red in Figure 2.4) is minimal, and the LEFM approach can be used, as the
linear elastic assumption is valid. If the applied strain increases, the plastic zone will
enlarge. Unlike the case of brittle fracture, failure of the sample upon reaching the
higher region of the curve is indicative of ductile fracture, and in this case the size of
the plastic zone is the largest. In this case, fracture mechanics methods cannot be used,
and a strength-of-materials approach is necessary. An intermediate state to the above
extreme cases is termed Mixed-Mode Fracture. If the progressively increasing size of
the plastic zone (as strain increases) renders LEFM invalid, then elastic-plastic methods
such as Failure Assessment Diagram (FAD) can be used to study the fracture of the

sample [105].
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Figure 2.4: Load-displacement curve for various fracture modes [106].

2.2 Griffith’s brittle fracture

Griffith's theory of brittle fracture, proposed in 1920 [100], is a fundamental notion in
fracture mechanics. This theory, based on the first law of thermodynamics and on a
simple energy balance, enlightens the mechanisms of the brittle fracture of materials
delving into the role of the pre-existing defects, like cracks or voids [102]. Their role is
important, as they act as points of stress concentration resulting to failure, which occurs
when stress exceeds the maximum stress that a material can withstand (critical stress
o.), and the size of the defect attains a critical size. Griffith demonstrated that the critical
flaw size is inversely proportional to the material's surface energy and directly
proportional to its modulus of elasticity [100]. So, according to Griffith’s criterion
[100], the critical stress g, for onset of unstable crack propagation for a central crack
of length 2« (Figure 2.5), is given by the equation:
2yE

= |— 2.1
o= | 21

where E is the Young’s modulus, and y is the surface energy.

An alternative form of equation (2.1) is:
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2yE
Ocy/ Qg = T (22)

It is evident that the parameters of the left-hand side of the equation, i.e. g, which is
the critical stress before fracture and , which is the crack size, can be experimentally
measured, whilst the right-hand side of the equation contains only numerical parameters

and parameters that depend on the material.

Figure 2.5: Infinite plate with an interior crack [107)].

2.3 Fracture Parameters

Fracture parameters describe the properties and the behavior of a material under loading
conditions, until its failure [102]. The Stress Intensity Factor, K, expresses the
magnitude of the stress field near the tip of a crack in a material, providing information
over the stress concentration at the vicinity of a crack tip and therefore predicting crack
propagation under external loading. The energy release rate, G, represents the rate at
which energy is released as a crack propagates in a material, and can be used to quantify
its resistance to crack growth. Fracture toughness, K., is an intrinsic property of a
material, describing its ability to resist fracture, as it corresponds to the critical stress
intensity factor at which a pre-existing crack will propagate unstably in the material.
The total energy per unit fracture surface area required for crack propagation in a
material is expressed via J-integral, which is a fundamental parameter in nonlinear

fracture mechanics.
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2.3.1 Stress Intensity Factor and Stress Concentration Factor

The distribution of stress in the vicinity of the edge of a crack in an infinite plate, where

mode I (see Figure 2.2) predominates is given by the equations [108]:

K 0 6 . 36
Oxxy = L cos— (1 — sin=sin —) (2.3.a)
\ 21T 2 2 2
K 0 6 . 36
Oyy = L cos— (1 + sin=sin —) (2.3.b)
2nr 2 2 2
K 6 6 30
Oxy = L cos=sin—sin— (2.3.¢)

V2nr 2 2 2

where 6,71 are the polar coordinates and the crack tip is the point of origin. The
parameter K; is the Stress Intensity Factor (SIF) which determines the intensity of the

field of stress close to the crack tip. The SIF is defined as:

K; = Yovra (2.4)

Where o is the applied strain, Y is a geometrical modification factor and a is the crack

length, and the subscript I denotes the Mode I fracture condition.

Another important parameter is the Stress Concentration Factor (SCF) which is defined

as:

Oqt the vicinity of the defect
K, = y of the def (2.5)
Ofar filed

The SIF provides efficient information for the crack propagation analysis, as it
quantifies the stress magnitude near the tip of a crack and predicts the critical conditions
under which the crack will propagate, giving information over the overall crack
behavior of the material. The SCF is the ratio of the maximum stress close to a defect
to the normal stress of the material and quantifies the local stress amplification
compared to the normal stress, due to the existence of a discontinuity. Therefore,
quantitative information over the stress at the vicinity of a defect, prevents a future

unexpected material failure.
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2.3.2 Energy Release Rate

Another perspective for describing fracture behavior of a material in LEFM is the
energy-based approach, where the work, W, that is applied, is sufficient for breaking
the atomic bonds, creating new crack surfaces and eventually resulting to fracture [102].

This relationship is given by the equation:
W=U+y (2.6)

Where U is the internal energy and y is the bond-breaking energy.

The Energy Release Rate G is defined as the reduction of the total potential energy per
increase in fracture surface area A, expressing energy per unit area. Therefore, crack

propagation initiates when G reaches a critical value G;c, which is given by the

equation:
Ic — dA ( . )

The Energy release rate and Stress Intensity Factor approaches are equivalent, therefore

they can be expressed as follows:

2
G, = K?’, for plane stress (2.8)

_K/*(1-v

2
G, ), for plane strain (2.9)

where v is the Poisson ratio.

2.4 Nonlinear Fracture Mechanics

Nonlinearities, such as plastic or viscoelastic effects, can be present due to the energy
distribution into the material, not only for the atomic bond breakage, but also to the
plastic deformation or viscoelastic dissipation [109]. In such cases, EPFM can describe
more accurately the non-linear and time-dependent fracture behavior of the material.
The crack tip opening displacement (CTOD - § ) and the J-integral (J) are critical
parameters for the characterization of the crack behavior and the assessment of

material’s resistance in the case of elastic-plastic fracture [110]. Specifically, CTOD
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provides information over the opening of the crack as it propagates, and the magnitude
of plastic deformation occurring ahead of the crack tip in ductile materials. J-integral is
defined similarly to the energy release rate and has the unique property of being path-
independent line integral of the stress and displacement fields around the crack tip (see
Figure 2.6). Moreover, it corresponds to the energy dissipated when crack is growing,
considering both elastic and plastic deformation. Therefore, it is widely utilized for the
determination of the critical crack growth conditions and the prediction of fracture

toughness, especially in materials exhibiting nonlinear behavior.

Crack

r

Figure 2.6: Arbitrary contour around the tip of a crack [111].

The J-integral is given by the equation:

] = jg (W dy — Ti%ds) (2.10)

where w is the strain energy density, dy is taken in the direction of the y axis, T; is the
i component of the traction vector, u; is the i displacement component and ds is the

displacement increment along the integral.

2.5 Defects

Defects can be classified into three main categories: The inherent defects that occur
during the manufacturing process, including impurities, voids, dislocations and
inclusions [112][113], the defects that emerge during processes like forging, welding,
machining or casting and are the casting voids, heat-affected zone microstructures, and

residual stresses [114], and the defects like corrosion pits, oxide layers, or surface
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cracks that occur due to environmental degradation, such as corrosion, oxidation, or

fatigue [115][116].

The presence of defects significantly affects the mechanical properties of a material and
plays an important role on its fracture behavior. In specific, areas at the vicinity of
defects display higher stress concentration leading to initiation of cracks, which will
propagate when the value of stress exceeds a critical value, as an external loading is

applied [117][118].

2.6 Fracture toughness

Fracture toughness describes the resistance of an already cracked material to fracture
and is an intrinsic property that is affected by several factors. The microstructure
including grain size, dislocations, etc., as well as the chemical composition of a
material, i.e. the different types of atoms and their arrangement can affect crack
propagation [119][120][121]. The propagation can be also affected by treatments like
heating, or the environment itself, as moisture or corrosive agents may accelerate crack
initiation and propagation i.e. in the case of stress corrosion cracking [122]. Loading
conditions e.g. tensile, bending, the strain rate and the stress state that a material may
be into (i.e. the existence of residual stress) also play an equally important role,

affecting fracture toughness by reducing or enhancing its value [123][124][125].

Fracture toughness, denoted as K., where the subscript I denotes the Mode I fracture
condition and C the critical stress, is an intrinsic property of a material and represents
the maximum stress that it can withstand (given temperature and thickness), before a
pre-existing crack moves from the stable phase to the unstable, causing the fracture of

the material. Fracture toughness is given by the equation:

KIC = YO'C1/7TaC (211)

Where o¢ is the critical stress before fracture, Y is a dimensionless geometric factor and

ac is the critical crack length.

The increment of material’s thickness instigates diminishment in the value of fracture

toughness, as it ultimately stabilizes at an asymptotic value termed as the plain strain
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fracture toughness (Figure 2.7a) [102]. This value of the fracture toughness remains

unaffected by variations of thickness (Figure 2.7b).

Irwin et al. [101] in order to describe the behavior of fracture toughness as a function

of the specimen’s thickness developed an empirical relationship given by the equation:

Kerie = K¢ /1 + 1.4B,c* (2.12)

Where K,i; is the measured fracture toughness for thinner sections, K;- is the
presumed asymptotic fracture toughness for large section thicknesses and B, is the
minimum thickness. Therefore, the requirement that has to be fulfilled in order to assure
the plain strain fracture criterion is given by the equation:

B>25 (ﬂ)z (2.13)

Oy

Where oy, is the plane strain.
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Figure 2.7: (a) Variation of measured fracture toughness with specimen thickness for an unspecified

alloy. (b) Variation of measured fracture toughness with specimen thickness for 7075-T6 Aluminum [102].

2.7 Fracture toughness of graphene and other 2D materials

The fracture toughness of graphene has been in the center of interest through the past
years. Due to its unique atomic structure, especially in its pristine form, graphene

displays extraordinary properties. However, its brittle nature when unavoidable
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imperfections, like cracks, impurities, or dislocations exist, may have a serious impact
on the manufacturing and the utilization of graphene-based nanodevices. Fracture
toughness and crack propagation have been investigated mainly through theoretical
studies, numerical or atomistic simulations, and less experimental, as the procedure is
quite challenging, due to the difficulty of load applications in nanoscale materials and

the fast crack propagation when the crack becomes unstable [126].

The first experimental evidence on the exceptional strength of ~100 GPa and high
Young’s modulus of 1 TPa of pristine graphene was given through nanoindentation
experiments with AFM [127]. Specifically, either exfoliated or CVD graphene can be
transferred on a wafer with holes, in order for the graphene membrane to be
freestanding, at the top of the wafer holes. Then, controlled force is applied at various
locations of the graphene membrane with an AFM probe, consisting of a sharp tip at
the end of a cantilever, leading to indentation. The force applied by the cantilever, as
well as its displacement are measured, extracting information over the mechanical
response of graphene, including its elastic modulus and strength. In general,
nanoindentation using AFM has proven to be a powerful method for characterizing the
mechanical properties of graphene, as well as other 2D materials with high spatial

resolution and precision [128].

The first experimental determination of fracture toughness of CVD graphene was
conducted by Zhang et al. [129], combining scanning electron microscopy (SEM) with
in-situ tensile tests, resulting in the Stress Intensity Factor of K;- = 4.0 + 0.6 MPa\m
and the equivalent critical strain energy release rate of G = 15.9 ] m™2. In specific, in
this groundbreaking study, in situ tensile tests were conducted on suspended CVD
graphene, with a pre-existing crack of various initial lengths induced by Focused lon
Beam (FIB) inside a SEM, in order to extract also qualitative information over the
cracking process. An external deformation was applied to the CVD graphene, until
brittle fracture occurred at a stress significantly lower than the intrinsic strength of
graphene, indicating that due to graphene’s inherent brittleness, its fracture toughness
is lower than its intrinsic strength. The Griffith’s theory over the brittle fracture is also
affirmed, through the linear stress-strain curve of graphene samples which end by an
abrupt load drop, a result of the dynamic crack propagation. The experimental results
are also validated through Molecular Dynamic Simulations (MDs) and confirm the

applicability of Griffith’s theory over the brittle fracture of graphene, while
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simultaneously evaluating the influence of crack orientation on fracture load and
manifesting that fracture stress is the lowest for the zigzag crack edge, and the largest
along the armchair one[129]. By using a similar, method, Jang et al. reported a higher
fracture toughness, K;c = 21.25MPa~/m [130], which is attributed to the nonlinearity
of graphene during deformation [131]. Stacked bilayer graphene sheets (SBLG) also
present high fracture toughness K. =~ 28.06 + 7.5 MPay/m, ascribing it to the
complementarity that individual monolayer graphene sheets exhibit, as in the case that
they possess flaws, they are not coordinated to each other, and therefore one of the layer
each time assist with the retain of the load bearing [132]. Raman spectroscopy
combined with tensile testing was utilized by Wang et al. [133], reporting fracture
toughness of K. = 6.1 + 0.6 MPa~/m and a critical strain energy release rate of G, =
37.44 6.7 ] m~2, while Young et al. quantified the strain distribution close to a
preexisting defect in monolayer pristine graphene, reporting fracture toughness K, =
4.0 MPa+/m [134]. Concluding, even though graphene exhibits remarkable strength
[127], when a pre-crack exists, it exhibits a relatively low fracture toughness, indicating

that a defect can significantly weaken it.

Apart from graphene, the mechanical properties of other 2D materials have been
studied. For instance, Transition Metal Dichalcogenides (TMDs), such as MoS,,
MoSez, MoTez, WS», present varying fracture properties and their response to stress has
been studied both experimentally [135] and via atomistic modelling [136][137].
Monolayer TMDs, like MoS: present high intrinsic strength, 15 N m™!, and Young’s
modulus, 211 GPa, but relatively low fracture toughness, indicating that their resistance
to crack propagation is limited [138]. There are some cases where fracture toughness
has been improved using vacancies [139], nevertheless this field is yet to be explored.
On the other hand, hexagonal Boron Nitride (h-BN) presents extremely high fracture
toughness (K.rr = 8.7 MPa+/m) [140], even compared to graphene, as despite their
atomic structural similarities, the presence of the slightly asymmetric bonding
arrangements within h-BN can result to crack deflection and brunching during fracture,

leading to the final increment of fracture toughness,
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2.8 Fracture toughness of graphene-based nanocomposites

The understating of fracture toughness in graphene-based nanocomposites is essential
for the design and optimization of reliable and robust materials, the prediction of their
mechanical behavior in real world conditions, as well as their utilization in cutting-edge
technologies. As mentioned before, the incorporation of graphene into polymeric
matrices can enhance their mechanical performance, ascribing them high strength and
stiffness. The presence of graphene can lead to increased energy dissipation
mechanisms, crack deflection, and bridging effects, all of which contribute to enhanced
toughness (Figure 2.8). There are several factors that affect fracture toughness, such as
the quality of graphene used as nanofiller (GO, rGO), the dispersion and alignment of
graphene flakes within the matrix, and the properties of the matrix. For instance,
fracture toughness is improved with the addition of uniformly dispersed graphene
nanoplatelets (GNPs) into an epoxy matrix, as the average energy release rate G;, for
Mode I fracture toughness tests is increased, leading to higher ultimate strength of the

composite [141].
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Figure 2.8: Fracture toughness reinforcement mechanisms [142].

The incorporation of graphene into polymeric, ceramic or metal matrices can enhance

their mechanical performance, ascribing them high strength and stiffness. For instance,
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in the case of graphene/ceramic nanocomposites, which are of interest for high-
temperature applications and structural ceramics[143], graphene has been incorporated
into ceramic matrices such as alumina (Al,O3) [144], silicon carbide (SiC), and titanium
dioxide (TiO2) [145], improving their fracture toughness and mechanical strength
[146][147]. Fracture toughness of graphene/metal nanocomposites has been also
investigated [148], as the inclusion of graphene into metal matrices such as
aluminum[149], copper [150], and nickel [151] is widely utilized in lightweight
structural applications [152] and thermal management [153]. Graphene/Carbon
nanotube (CNTs) and Graphene/Carbon Fiber Reinforced Polymer (CFRP) can also be
added to various matrices, acting synergistically, for the creation of nanocomposites
with superior mechanical performance and high fracture toughness [154][155].
Graphene/epoxy nanocomposites, in which either graphene sheets or its derivatives
such as graphene oxide (GO) or reduced graphene oxide (rGO) are encompassed into
epoxy matrices, overall exhibit a promising potential in enhancing fracture toughness
[156], as for instance, polyaniline (PANI) coated graphene nanoplatelets (GNP) added
in carbon fiber reinforced polymer (CFRP) composites present an improvement of
approximately 79% in mode-I fracture toughness with the addition of 5 wt% GNP
[157]. Nevertheless, in some cases, fracture toughness slightly decreased when the
graphene loading was increased [158]. Graphene/Polymer nanocomposites, where
graphene is added into matrices such as polyethylene (PE), polypropylene (PP),
polycarbonate (PC), and polyurethane (PU), present an enhancement in fracture
toughness [159], rendering them adequate for industrial applications, from automotive

to aerospace.

Overall, the enhancement of the fracture toughness of graphene-based nanocomposites
is attributed to several factors. Namely, graphene’s intrinsic extraordinary properties,
including high strength and stiffness render it an excellent candidate as a reinforcing
filler into a nanocomposite matrix. Furthermore, the ability to act in a synergistic way
with other nanomaterials or additives included in the matrix, further enhances the
fracture toughness of the composite, as the reinforcement mechanisms of the
counterparts act synergistically. The strong interfacial bonding between
graphene/CNT/CFRP and the matrix, reinforces the effective load transfer and stress
distribution, contributing to the improvement of the mechanical characteristics of

graphene-based nanocomposites [91][160]. Crack deflection, crack pinning and crack
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bridging are also active toughening mechanisms [161]. Crack deflection occurs when a
crack extends through the nanocomposite, changing direction and increasing its overall
length, while generating micro-cracks, resulting in an increase of the total fracture
surface area [162]. Crack pinning involves the interruption of the crack propagation due
to the presence of obstacles like defects and impurities, leading to an increased
resistance towards catastrophic failure [163]. Crack bridging includes mechanisms
impeding crack propagation, as reinforcing elements (i.e. particles, fibers, platelets,
fibrils) within a material span across the crack or fracture surface [161]. For instance,
particles in particulate-reinforced composites, such as metal matrix composites
(MMCs) [149], platelets in graphene-based nanocomposites [141], fibrils in nanofiber-
reinforced polymers [164], and fibers in fiber-reinforced composites, such as carbon
fiber reinforced polymers (CFRP) [91] act like bridges, transferring stress from the
matrix to them, behaving as local stress concentrators, preventing crack extension and

therefore increasing the material's toughness.

Concluding, graphene-based nanocomposites often exhibit improved fracture
toughness compared to their pure matrix counterparts due to the presence of increased
energy dissipation mechanisms, crack deflection, and bridging effects, all of which
contribute to increased toughness. Nevertheless, achieving optimal fracture toughness
in graphene-based nanocomposites requires careful control over factors such as
graphene dispersion, interfacial bonding between graphene and the matrix, and
processing conditions. Improvements in these areas can lead to further enhancements
in fracture toughness and the development of advanced materials with superior

mechanical properties.

2.9 Factors that affect the toughness of graphene-polymer

nanocomposites

Toughness of graphene-polymer nanocomposites is affected by the morphology of
graphene flakes, their thickness and their size. For instance, wrinkles may act as an
enhancing toughening mechanism due to the increased interfacial adhesion between
graphene and the matrix [165], however the existence of wrinkles may cause a
reduction in the aspect ratio of graphene, impeding the effective interfacial load transfer

[166][167]. The thickness of the graphene-based nanofillers significantly influences the
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toughening performance of graphene/polymer nanocomposites. Previous studies have
shown that optimum toughening of a polymeric matrix (PDMS) is achieved through the
utilization of nanofiller of lower thickness [168]. Precisely, the use of monolayer
graphene as a nanofiller compared to multilayer graphene nanoplatelets (GNPs) using
the same filler loading, is more beneficial for the improvement of the nanocomposite’s
toughness [168]. Another crucial parameter for the refinement of the nanocomposite’s
toughness is the size of the nanofiller. The optimal graphene size depends on the type
of the graphene nanofiller used, as previous studies have shown that in some cases the
larger the graphene flake, the higher the toughening efficiency of the composite, as
better stress transfer is accomplished [169], however, there are some cases where
smaller flake size lead to more efficient toughening of the nanocomposite [170]. For
instance, larger flake size GNPs (25 um) have shown better toughening efficiency of
the epoxy matrix compared to the smaller ones (5 pm) when added at the same weight
percentage to the epoxy matrix, showcasing a clear augmentation of Kic, as a
percentage of 82% is demonstrated in the case of larger flakes, compared to 60%
displayed in the case of smaller flakes [171]. However, in the case of GO as nanofillers,
smaller flakes exhibited better toughening efficacy of the epoxy matrix [170].
Moreover, the selection of the adequate polymer as a matrix plays significant role, as
the same graphene content in a different polymeric host, leads to a different toughness

enhancement of the material (Figure 2.9).
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Figure 2.9: Enhancement of various polymer matrices as a function of graphene content [172].

The optimal filler loading along with the dispersion and the distribution of graphene

are critical factors over the enhancement of the nanocomposite’s toughness. The
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amount of graphene nanofiller added to the polymeric matrix ranges from 0.1 wt% up
to approximately 5.0 wt%, depending on the desired properties [173]. Precisely, a small
amount of graphene in some cases may lead to insufficient reinforcement of the
nanocomposite [174], whereas in other cases it significantly affects the mechanical
properties of the composite due to its exceptional strength and stiffness [175][176].
Moreover, uniform distribution and high dispersion of graphene nanofillers throughout
the matrix improves the toughness efficiency of the nanocomposite [177], and
facilitates the strong interfacial interaction (increased graphene-matrix interface area)
resulting to the increase of Young’s modulus and higher fracture toughness (see Figure
2.10) [172][178]. A non-homogenous dispersion of graphene nanoparticles may be
caused by the addition of a large amount of graphene, which may lead to negative
effects and downgrading of the polymer's mechanical properties [177][159]. For
instance, the presence of microcracks acts as a toughening mechanism in
graphene/epoxy nanocomposites, impeding the fast fracture of the material when low
graphene content is utilized [179]. When the graphene content is increasing, the fracture
toughness of the material is increased, as more toughening mechanisms, like crack
deflection and pinning act synergistically for the fracture procrastination [165][180].
However, if the graphene content is significantly increased, the fracture toughness will
eventually decrease, as the microcracks will merge with each other, due to their close
distance, resulting to a central crack in a faster way [179]. Therefore, the optimization
of graphene loading, as well as of its appropriate dispersion and distribution inside the

matrix play an important role to the improvement of fracture toughness.
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Figure 2.10: Fracture toughness of highly and poorly dispersed GO as a function of graphene content
[181].
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2.10 Graphene-PMMA nanocomposites: Nanofillers impact in
mechanical reinforcement

The incorporation of graphene or graphene derivatives into PMMA -nanocomposites
results to the enhancement of their mechanical properties, among which their modulus,
strength and fracture toughness [182][183]. For instance, the incorporation of nano-
sized graphene nanoplatelets (GNPs) and hydroxyapatite (HA) with combined loadings
ranging from 0.5 to 2.5 wt% in PMMA bone cement have shown an increase over the
flexural modulus by 30.80%, the flexural strength by 49.28%, the compression strength
by 31.7%, and the compression modulus by 57.41%, corresponding to the addition of
1.5 wt% GnP and HA nanoparticles [184]. Generally, depending on the processing
conditions and the desired level of toughness improvement, low concentration, up to
few wt% graphene content is added in PMMA-nanocomposites [185][186]. As
demonstrated by Sun Guanhong, in Figure 2.11, the nanocomposites with the higher
graphene content (3.0%) break at lower applied strain compared to the other samples,
whereas the ones with lower graphene content (0.5%, 1.5%) tend to break at higher
strains, reaching approximately the same stress level at break.
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Figure 2.11: (a) Stress-strain curves, and (b) Tensile strength of neat and graphene-PMMA

nanocomposites with various graphene loadings [185].

The addition of a low graphene-silver nanoparticles loading (1.0 wt%) in a PMMA
matrix can significantly increase its flexural strength by 174%, and present endurance
to higher applied loads, compared to the unmodified PMMA [187]. Moreover, PMMA
nanocomposites with 1.0 wt% graphene and 0.25 wt% Ti02 nanoparticles recorded the

best wear resistance performance compared to the pure specimen [188].
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Nanofiller concentrations even lower than 0.5 wt%, are able to provide enhanced
mechanical properties to the nanocomposites. For instance, the mechanical
performance of graphene-PMMA and GO-PMMA bone cements is significantly
reinforced at low loadings (<0.25 wt%), where their fatigue performance is enhanced
by 30% compared to the control group and their fracture toughness was improved by
23% and 32%, for the graphene and GO nanocomposites, respectively [189]. The
introduction of 0.09, 0.18 and 0.27 wt% graphene oxide nanosheets in PMMA-PVA
nanocomposites, significantly enhances properties like the bulk modulus, up to 225%,
compared to the blended polymers, rendering them promising materials for a wide
range of applications, including ultraviolet filters applications and their use as a car
glass [190]. It is interesting to note that graphene concentrations even lower than 0.1
wt% lead to enhancement of the graphene-PMMA nanocomposites. For instance, by
tuning the migration and selective location of mere 0.05 wt% graphene nanosheets
(GNs) during melt blending in a PC/PMMA/GNs composite, the strength and toughness
are significantly enhanced, as the tensile strength and the elongation of the composite
is increased by approximately 62.96% and 94.54%, respectively as compared to the
PC/PMMA blends [191]. Additionally, the production of CVD graphene-PMMA
nanolaminates of 0.06% volume fraction, significantly enhances the stiffness, the
toughness and the strength of the traditional composites with similar filler content
[192]. Furthermore, the addition of Chopped Carbon Fiber (CCF) in PMMA
composites, which are discontinuous carbon reinforcements, leads to the production of
composites with superior mechanical properties compared to those made from
polymers, as they present improvement on tensile strength, impact resistance, and
thermal stability, due to their high strength-to-weight ratio [193][194][195]. Fracture
toughness of CCF-PMMA nanocomposites may vary due to factors like fiber
orientation, aspect ratio, dispersion, and interfacial bonding between the fibers and the
polymer matrix. Nevertheless, in general they reinforce the fracture toughness of
nanocomposites, as the short carbon fibers span across crack surfaces, creating bridging
effects, and therefore impeding the crack propagation [196]. Moreover, Multiwall
Carbon Nanotubes (MWCNTs), which are cylindrical nanostructures composed of
multiple layers of graphene sheets rolled into concentric tubes, enhance the fracture
toughness of polymer matrices like PMMA, as they deflect and bridge cracks, and
therefore toughening the graphene-based nanocomposite [197][198]. Carbon

nanofibers (CNFs) are nanoscale carbon structures with a fibrous morphology and high
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aspect ratio, which act as crack bridges and energy dissipators reinforcing the fracture
toughness of PMMA-nanocomposites. In general, all these nanofillers enhance the
fracture toughness of graphene-PMMA nanocomposites, however factors such as the
aspect-ratio, the dispersion and interfacial bonding characteristics, play an important
role over the degree of fracture toughness enhancement [196]. For example, CNFs are
more easily dispersed into the PMMA nanocomposite than MWCNTSs. The latter
maintain their high aspect ratio; however, they are prone to forming agglomerates, in
which can be attributed the diminishment of flexural modulus compared to neat PMMA
(Figure 2.12(a)). On the contrary, CNFs and CCFs, characterized by higher quality
dispersion, present increased flexural modulus. In terms of fracture toughness, it is
significantly increased in the case of CCFs-PMMA nanocomposites (in comparison
with the MWCNTs and CNFs -PMMA nanocomposites), as due to their larger
dimension compared to the pre-crack length, mechanisms such as crack deflection,
crack bridging, and pull-out inhibit the crack propagation (Figure 2.12(b)). Lastly, the
poor dispersion of graphene derivatives, especially MWCNTs into the PMMA matrix,

further reduces the ability of the nanocomposite to resist crack propagation.
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Figure 2.12: (a) Flexural modulus, and (b) Fracture toughness of neat and graphene derivatives-PMMA
nanocomposites (a) Flexural modulus, and (b) Fracture toughness of neat and graphene derivatives-

PMMA nanocomposites [196].

The incorporation of CVD graphene into PMMA nanolaminates, even in low volume
fraction, significantly enhances the stiffness, the toughness and the strength compared
to the traditional composites with similar filler content [192]. From the stress-strain
curves of graphene-PMMA nanolaminates, corresponding to various graphene loadings
(see Figure 2.13), the nanolaminates with a higher graphene content tend to break at
lower applied strain, whereas the nanolaminates with lower graphene content tend to

break at higher strains, reaching approximately the same stress level at break.
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Moreover, large-scaled CVD graphene sheets, apart from ensuring the appropriate
conditions for adequate load transfer, they are also promising candidates for the
procrastination of the crack growth, due to their large dimensionality, allowing fracture
toughness mechanisms to inhibit the crack propagation via the formation of
microcracks and crack deflection. Consequently, in this dissertation, the fracture
toughness of low volume fraction CVD graphene-PMMA nanolaminates along with the

fracture mechanisms improving it are studied.
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Figure 2.13: Stress-strain curves obtained by uniaxial tensile testing of CVD graphene-PMMA

nanolaminates of various graphene content [32].
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3. Characterization techniques

This chapter presents the experimental techniques utilized in this dissertation for the
study of the samples. Specifically, both imaging techniques such as Optical Microscopy
and advanced imaging techniques, such as Atomic Force Microscopy (AFM) and
Scanning Electron Microscopy (SEM) were used for the visualization of the samples’
surface and the strain-induced morphological changes. Raman spectroscopy was used
for monitoring the quality of all samples, and for obtaining the stress distribution near
a defect, under the application of external strain. The graphene samples used, were

synthesized using both mechanical cleavage and CVD process.

3.1 Optical Microscopy

Optical microscopy is a simple and inexpensive technique, widely used for the
observation and the microscopic study of materials [199] and other biological samples
[200], providing valuable insight into the characteristics, i.e. its microstructure, its
morphology and its composition [201]. In general, optical microscopes use visible light
as an illumination source and a system of lenses in order to magnify the surface studied.
The optical microscope used in this thesis (Olympus, model here, Figure 3.1) was

located in a clean room, in order to prevent the contamination of the samples.

Figure 3.1: Olympus optical microscope.
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Optical microscopy is widely used also as an initial step at the study of mechanically
cleaved graphene flakes. Its simplicity combined with its ability to provide important
preliminary information over samples’ location and characteristics (size, shape number

of layers), renders this technique a useful tool for a researcher.

In this dissertation, the optical microscope was utilized extensively for the detection of
mechanically exfoliated graphene flakes produced via the mechanical cleavage method
from HOPG (High Order Pyrolitic Graphite), using a commercially available scotch
tape (see Figure 3.2). The mechanical exfoliation procedure is presented in detail in

Chapter 1 (1.3.1 Top-bottom approach).

(b)

Few LG

Figure 3.2: (a) Mechanical exfoliation of a graphitic flake on an adhesive tape, cleaved two to several
times (top to bottom) [202], Mechanical exfoliated graphene flakes deposited onto (b) Si0: wafer, (c) Si0;
wafer with holes, and (d) SU-8/PMMA substrate.

In general, graphene flakes are more easily observable when they are deposited onto
Si0, wafer with 300 nm thickness, with or without holes (Figure 3.2(b,c)). The
slightest change in the color of the flake, indicates empirically the number of the layers
that it consists of [203]. Graphene flakes that are deposited onto PMMA films are not
detectable via optical microscope, and thus SU-8 (SU-8 2000.5 Micro-Chem), which is
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a photoresist polymer, is spin coated on the top surface of a PMMA film, utilizing
incremental rpm until ~3000 rpm and creating a layer of ~100 nm thickness, in order
to enhance the visibility of the cleaved flakes, whose observation remains a challenging

procedure (Figure 3.2(d)).

3.2 Raman Spectroscopy

Raman spectroscopy is a powerful diagnostic, versatile, non-destructive technique,
used in a wide range of research and industrial applications, as it is utilized for the
identification, the characterization, the quality assessment, and the quantification of the
chemical components of materials. The operation of this technique is based on inelastic
Raman scattering. Following the incidence of light on a molecule, elastic scattering is
dominant (Rayleigh scattering). Nevertheless, inelastic scattering (Stokes and anti-
Stokes scattering) is also present. Specifically, when a photon interacts with matter, if
the energy is sufficient, a molecule is excited from its initial state to a temporary virtual
one, and then returns to the ground electronic state, emitting a photon. In the case of
Rayleigh scattering, the molecule returns to the same vibrational state from which it
was excited, therefore the emitted photon has the same kinetic energy as the incident.
However, in inelastic scattering the photon’s kinetic energy is not preserved, as the
molecule returns to a different vibrational level of the ground state. As shown in Figure
3.3, depending on whether the molecule returns to a higher/lower vibrational state than
its initial one, the emitted photon will have a lower/higher energy, corresponding to a
redshift (Stokes Raman scattering) or a blueshift (anti-Stokes Raman scattering),
respectively. According to Boltzmann’s distribution, for molecules at thermodynamic
equilibrium, the lower the vibrational state the higher the occupation. Therefore, the
Stokes Raman scattering events are more probable than the anti-Stokes, and their

corresponding intensity in the Raman spectra is higher.
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Figure 3.3: Energy diagram and related peaks for Rayleigh and Raman scattering [204].

Raman spectroscopy is a powerful diagnostic technique for the assessment of the
structural characteristics of carbon-based materials. Each carbon allotrope presents
peaks/peaks with diverse spectral characteristics, according to their unique atomic
structure and bonding configurations. Explicitly, in the Raman spectrum of graphite,
the G peak at ~1580 cm™ prevails, while there is a low intensity D-peak indicating the
structural defects of the material, and the 2D peak is a doublet. Additionally, diamond,
which is characterized by sp® bonding, presents a sharp peak at 1332 cm™. Fullerenes,
such as C60, showcase notable peaks like the one at ~1470 cm™, which is related to
their spherical geometry, while amorphous carbon, present broader peaks, with the G
and D peaks being present at ~1580 cm™ and ~1350 cm™, respectively, with their
I(D)/I(G) ratio providing information over the degree of disorder. The Raman spectrum
of Carbon Nanotubes (CNTs) is also characteristic, as the radial breathing mode
(RBM), which gives information over the nanotube diameter, and the G-peak (~1580
cm'), which reflects the electronic structure, are dominant. Finally, Graphene’s Raman
spectrum is characterized by two peaks, the G peak (~1580 cm™) and the single-
Lorentzian 2D peak (~2700 cm™), with the latter's intensity and full-width at half-
maximum (FWHM) and the ratio I(2D)/I(G) indicative of the number of graphene
layers. In the case where defects are present, D peak is also present at ~1350 cm™. In

Figure 3.4, the Raman spectra of both carbon allotropes and graphene-based materials
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are illustrated, displaying all the differences mentioned above [205][206]. It is obvious
that Raman spectroscopy can provide an “arrow in the quiver” for examining the quality

of carbonaceous materials.
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Figure 3.4: (a) “Signature” Raman spectra of some carbon allotropes, (b) Raman spectra of graphene-

related materials.

As can be seen in Figure 3.4, there are three characteristic peaks dominating graphene-
based material’s spectra, namely the D, G, and 2D peaks. Their provenance lies on the
phonon dispersion relation. Graphene’s unit cell includes two atoms and therefore for
vibrations in three-dimensional space, six phonon dispersion peaks (branches) are
needed to describe these possible vibrations. Depending on whether the nearest
neighboring atoms oscillate in- or out-of-phase, the branches are acoustic or optical
respectively. Out of the six branches, four branches correspond to in-plane vibrational
motion, and two branches (one acoustic and one optical) correspond to out of plane
vibrational motion. Out of the four in-plane branches, two are transverse and two are
longitudinal, depending on whether the vibrational motion is perpendicular or parallel
to the bond of the two atoms (in the case of out-of-plane vibrations both are transverse).
Summarizing the above considerations, the six branches are iLO, iTO, oTO, iLA, iTA,

oTA (see Figure 3.5).
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Figure 3.5: (a) Normal vibrational modes of graphene [207], (b) phonon dispersion relation of graphene
showing the iLO, iTO, oTO, iLA, iTA, oTA branches [206].

In the Raman spectra of carbon structures comprised of sp? configurations, like
graphene, the G peak is present due to the first-order Raman scattering process. Its
provenance is related to the doubly degenerate iLO and iTO phonon modes at the
Brillouin zone center I' [208]. The degeneracy can be lifted under certain scenarios,
such as in carbon nanotubes [209] or under tensile strain [210], resulting in the
appearance of a doublet peak (G- and G+). As shown in Figure 3.6, the D peak is
associated with an intervalley second-order process, where a photon excites an electron,
forming an electron-hole pair at the K point of Brillouin zone, where the excited
electron undergoes elastic scattering by a defect around the K’ point. Followingly, this
electron is inelastically scattered by an iTO phonon and returns to the K point,
recombining with the hole and emitting a photon. In the case of the 2D peak the excited
electron undergoes two inelastic scattering events (instead of one elastic and one
inelastic) [208]. The D and 2D peaks, in contrast with the G peak, display dispersion

and their peak positions vary depending on the energy of the incident laser photons.

band

Figure 3.6 Processes that give rise to the G, D, and 2D peaks in graphene-based materials [208].

The nature of the carbon allotrope studied, affects Raman peaks characteristics, such as
their shape, their intensity, their position, and their width. A characteristic feature in

Raman spectra of carbonaceous materials that have a disorder, or defects, imperfections
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in the carbon lattice, such as vacancies, edge effects or grain boundaries, is the D peak.
The intensity of this peak is related to the degree of disorder or the increase on the
structural defects present in the material, as a higher level of disorder leads to a higher
intensity of the D peak. The intensity of G peak is used as a measure of the graphitic
content or the crystallinity of the material, as it is related to the number of sp? bonds in
the material. In general, in most of the graphitic materials, G peak is narrower and has
higher intensity than D peak. Ferrari and Robertson have studied extensively the factors
that influence both D and G peaks of an amorphous carbon material [211]. Particularly,
they studied the effect that bonding configurations and structural features have on the
Raman spectrum of amorphous carbon, as the bond disorder, the presence of sp? rings
or chains, the clustering of sp? phase, and the sp?/sp’ ratio affects the overlap of the two
peaks and their relative peak intensities, as depicted in Figure 3.7. The ratio of the
intensity of the D peak to that of the G peak (I(D)/I(G)) reflects the degree of disorder
in the material. A ratio I(D)/I(G) close to 0, indicates that graphene is flawless, whilst
higher values indicate an increased defect density.
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Figure 3.7: Factors influencing the D and G Raman peaks of carbon [212].

External perturbations, such as strain and doping affect the characteristics of the D and
G peaks [213]. The application of strain may increase the disorder and the defects of
graphene’s lattice, resulting to a relative increase of the intensity of D to G peak, while
their linewidths become broader. Also, depending on the strain applied, compressive or
tensile, G peak’s position splits and shifts towards higher or lower wavenumbers,
respectively [210][214]. Doping can significantly affect peaks characteristics,
depending on the type and the concentration of the charges, influencing intensity,
position through shifting and the width of the peaks, due to the insertion of defects
[215].
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The 2D peak is another important prominent feature in carbonaceous Raman spectra,
like graphene and other honeycomb lattice structures, providing information over their
electronic and structural properties. At the same time, it displays a high sensitivity in
the number of graphene layers and their stacking order. In monolayer graphene, the 2D
peak appears as a single-Lorentzian curve, typically observed at ~2700 cm™! (when the
excitation laser is 514 nm) or at ~2600 cm™' (when the excitation laser is 785 nm), with
a Full-Width at Half-Maximum (FWHM) of approximately 24 cm™ [216]. When
individual graphene layers follow Bernal stacking, the layers are arranged in a specific
pattern, and the electronic and phonon peaks undergo further splitting. This splitting
results to multiple possible second-order processes, which involve two intervalley
processes, leading finally to the superposition of several 2D Raman peaks, as the
number of layers increases (as shown in Figure 3.8) [208]. In bilayer graphene, the 2D
peak can be deconvoluted into four peaks [217], while in trilayer graphene, six to fifteen
peaks are needed for the fitting of the 2D peak [218]. In the case of bulk Bernal-stacked
graphite, such as highly oriented pyrolytic graphite (HOPG), the 2D peak is a doublet,

which can be fitted using two Lorentzian curves [208].

HOPG

T T
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Figure 3.8: Change in the 2D Raman peak as the number of layers increases [208].

In general, the 2D peak is utilized as a diagnostic tool for the quality study and the
conditions that carbonaceous materials undergo. Noticeable alterations in both its shape

(broadening) and intensity are observed, as the number of graphene layers increase,

69



from monolayer graphene to bulk graphite, while information over the stacking order
of the sheets can be given [219]. Moreover, the 2D peak can be utilized for the
assessment of the degree of disorder, the identification of defects presence, as it is an
overtone of the D peak, the doping and other structural modifications. Precisely, the
ratio of the intensity of the 2D peak to that of the G peak (I(2D)/I(G)) is indicative of
graphene’s quality, as values greater than 2.5 signify that the graphene is monolayer,

whilst lower values suggest a higher number of layers.

The 2D peak is strongly affected by external factors, such as the excitation wavelength,
the application of strain, and doping [220]. Concretely, the 2D peak presents high
sensitivity (almost double than the G peak) over the external application of strain or
compression, as electronic and phonon dispersion near the K and K' points of graphene
is affected, resulting to the final splitting of the 2D peak into two distinct components,
referred to as 2D1 and 2D2 and their shifting towards lower (tensile strain) or higher
(compressive strain) wavenumbers. Both their relative peak intensities and peak width,
are modified due to the strain-induced alterations of lattice, resulting to broader or
narrower peaks. The peak splitting can also be utilized as a measure of charge doping,
detecting charge doping at levels two orders of magnitude lower than what can be
measured using the G peak response to doping [220]. Dopant atoms or molecules into
graphene have strong effects on 2D peak’s shape and position. High concentration of
dopants leads to broader linewidths and more significant shifts, due to the higher
induced disorder. Precisely, the existence of dopants can cause modifications on
graphene’s electronic properties, such as in the Fermi level or the carrier concentration,
leading to the presence of additional electronic states, which contribute to the
broadening of the 2D peak and the shifting of its position toward higher (p-type
dopants) or lower (n-type dopants) wavenumbers [221][222].

3.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a versatile nanoscale imaging technique utilized
for the high-resolution visualization of surfaces in various fields, such as biology,
chemistry and engineering [223]. The basic principle of AFM’s operation lies in the
interaction of the sample’s surface with a sharp tip (AFM tip), which is attached to a

flexible cantilever (its operation mimics that of a spring). Specifically, the AFM tip can

70



approach the sample’s surface to few nanometers, and scan over it in order to probe the
surface characteristics. Because of the interaction between surface’s atoms or molecules
and the tip, the cantilever is deflected towards or away from the surface, due to the
attractive or repulsive forces that are developed. These forces can be electrostatic,

magnetic, or Van der Waals.

As demonstrated in Figure 3.9, the deflection of the cantilever is detected through an
incident laser beam, which is reflected off the back of the cantilever onto a position-
sensitive photo diode detector, tracking the changes of the reflected beam direction
(position and angle). Specifically, as the cantilever bends due to the interactions of the
tip with the sample, the laser beam deviates from its original path. This deviation is
captured from the photodiode, activating a feedback process, where the cantilever
returns to its original position, adjusting the distance between the tip and the sample
accordingly, either by approaching it or by drifting apart. Consequently, as the tip scans

across the surface, an accurate topographic map of the surface feature is constructed.

Laser Diode
Position-sensitive
Photodetector

Cantiever Spnng

——-4

Figure 3.9: Representation of the working principle of AFM [224].

Depending both on the material properties of the sample (i.e. conductive, non-
conductive) and the desirable application, AFM can operate in various environments
(air, vacuum, liquid), in two modes: Static or Contact Mode and Dynamic Mode (see

Figure 3.10.
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1. Cantilever is engaged on sample 1. Cantilever oscillates in free air.
Vertical deflection is at setpoint. Amplitude is larger than setpoint.
Cantilever
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2. Tip encounters a particle. Cantilever is . oscillates at setpoint amplitude.

pushed up and vertical deflection increases

3.Tip encounters a particle. Cantilever
oscillation amplitude drops.
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vertical deflection back to setpoint
4, Feedback lifts the Z piezo. Amplitude
v

returns to setpoint.

Figure 3.10: AFM cantilever motion in (a) Contact Mode, and (b) Tapping Mode.

In Contact mode, the tip remains perpetually in contact with the surface, operating in
the repulsive regime of the curve, depicted in Figure 3.11. When the tip is approaching
the sample’s surface within a distance of less than 1 nm, a repulsive force is developed
due to the electron cloud overlap. Due to this force, the tip is not penetrating the sample
surface, but it preserves the constant contact between the tip and the sample. This mode
is suitable for the high-resolution imaging of flat and soft samples, with precise
topographical details. It is important to note that the cantilever is quite flexible in order
not to damage the specimens. Dynamic Mode can be further divided into tapping and
non-contact mode. In tapping mode (intermittent mode), both attractive and repulsive
forces dominate. In specific, during the non-contact segment of the oscillation, due to
van der Waals forces, which act as attractive forces between the tip and the sample
surface, the tip is attracted towards the surface, whilst during their brief contact,
repulsive forces are developed when the tip oscillates downwards, preventing in this
way the penetration and damaging of the sample (see Figure 3.11). The cantilever, in
this case, is forced to oscillate at or near its resonance frequency, reducing the lateral
forces and the potential damage of the sample. In non-contact mode, while the tip has
no direct contact with the sample, imaging is achieved through its interaction with the
sample through Van der Waals forces (attractive forces). This mode allows the surface
imaging of very delicate samples and usually the tip-sample distance is maintained at

several nanometers, in order to avoid physical contact.
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Figure 3.11: Force as function of the tip/sample distance [225].

PeakForce Quantitative Nanomechanical Mapping (PeakForce QNM) is an advanced
imaging mode in Atomic Force Microscopy (AFM) utilized for the study of
heterogenous samples, such as nanocomposites and polymers, where variations in
mechanical properties play important role on the material performance. This technique
furnishes high-resolution nanoscale mappings of the samples, while simultaneously
providing quantitative information over their mechanical properties. PeakForce QNM
is utilized for the high-resolution imaging of the samples with piconewton (pN)
sensitivity, rendering feasible the visualization of the daintiest details, such as atomic
defects in molecular structures [226]. The AFM tip approaches the sample’s surface and
encounters it, following a controlled, intermittent tapping motion. As the tip comes in
contact with the surface, a small peak force is exerted onto it and the deflection of the
cantilever is measured consistently, as the tip scans an area of interest. The applied force
is constantly being adjusting in order to maintain the steady tip-sample interaction,
assuring the high-resolution visualization and integrity of the sample’s surface. In
Figure 3.12, the interaction between the tip and the surface is illustrated in a diagram
that is known as “the heartbeat”, which is in essence a force vs time plot. At point A,
the tip is far from the sample and therefore there is minimal force (or no force at all)
applied to it. As the tip gradually approaches the surface, attractive forces, such as van
der Waals, electrostatic or capillary forces, begin to pull the cantilever downward
towards the surface, resulting in a negative force, as the graph is below the horizontal
axis. At point B, the cantilever is bending even more towards the surface, as attractive
forces surpass its stiffness, causing the tip to contact the surface. As can be seen in the
graph, between point B and C, the force increases until the modulation's Z position

reaches its lowest point (point C), where the force takes and maintains its maximum
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value during the interaction period through the system feedback. As the probe is
retracted, the force is diminishing until it reaches its minimum point D, which is
referred to as the pull-off point, and adhesion can be measured. When the tip finally
disengages, it is only affected by long-range forces, resulting in minimal or zero force

when the tip is fully withdrawn from the sample (point E).
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Figure 3.12: Force as a function of time in a PeakForce QNM cycle and the corresponding movement of

the tip.

In PeakForce QNM mode, high-resolution maps of mechanical properties across the
sample surface can be made, providing valuable insights into the material's
nanomechanical behavior. As the AFM tip scans across the sample surface, it renders
feasible the collection of important quantitative information focusing on the
nanomechanical properties of a material. Apart from the surface topographical
information obtained through high-resolution imaging, mechanical properties such as
stiffness, elasticity, adhesion, and deformation can be measured at the nanoscale [227].
The generation of detailed maps of these mechanical properties of the sample surface
is conducted through the application of controlled forces and by measuring cantilever’s
response. Specifically, information over the adhesion properties of the sample can be
extracted through the analysis of force-distance curves obtained during scanning [228].
The modulus of elasticity can be obtained through the measurement of indentation
depth of the AFM tip into the sample surface, while applying contact mechanics
models, therefore calculating the local Young's modulus of the material [229].
Measurements over the energy dissipation mechanisms and the dynamical mechanical

behavior of the material can be extracted through the analysis of cantilever’s response
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to the applied force, therefore giving information for the viscoelasticity of the sample
[229].

In this dissertation, AFM was utilized for the surface characterization of mechanically
exfoliated graphene, as well as the monitoring of its morphological alterations upon the

imposition of external strain, by employing PeakForce QNM.

3.4 In-situ mechanical testing

In-situ tensile testing of 2D materials and nanocomposites is a critical method for
understanding their mechanical properties and their behavior at the nano- and micro-
scale. This testing method involves subjecting the material to tensile forces while
observing in real-time its structure and deformation characteristics, typically using
advanced microscopy techniques. Specifically, in-situ tensile tests of both 2D materials
and nanocomposites combined with real time imaging techniques is beneficial for the
understanding of the mechanical response of nanomaterials like nanoparticles,
nanotubes, and nanosheets, facilitating the establishment of morphology-mechanics
correlations [230], while revealing intrinsic mechanisms like fiber strengthening and
CNT pullout in nanocomposites [231]. Advanced imaging techniques, such as Scanning
Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and Atomic
Force Microscopy (AFM) combined with in-situ tensile tests play a crucial role in
providing comprehensive information on the structure, morphology, and composition
of low-dimensional materials [232][233][234]. The combination of Raman technique
with tensile testing is also a very beneficial approach, providing insight over the
microstructure and the mechanical properties of both 2D materials and graphene-based
nanocomposites  [235][236].  Additionally, in-situ  tensile tests  using
microelectromechanical systems (MEMS) devices for graphene and graphene oxide
nanosheets, enable direct thickness mapping, high-resolution electron beam linking,
and mechanical testing [237][238]. Moreover, combining tensile test with atomistic
simulations, such as Molecular Dynamic Simulations (MDs), sheds light over the
filler’s contribution on graphene’s based nanocomposites concerning their mechanical
properties, such as their elastic modulus [175], and elucidates the mechanical properties

and the failure mechanisms of 2D materials [239].
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In this dissertation, the tensile testing of the samples was conducted with a micro-tensile
tester (MT-200, Deben UK Ltd, Woolpit, UK) equipped with 5, 50 and 210 N loadcells
(see Figure 3.13), accommodating samples with maximum thickness of 1 mm. The
maximum displacement of the grips reaches 30 mm, with a step accuracy of 10 pm.

This machine is fully controlled by a computer and has a sensitivity of 0.005 N.

Figure 3.13: Illustration of the micro-tensile tester.

Depending on the desirable experimental procedure, the micro-tensile tester was
adapted under or inside the instrument of interest, in order to study the samples’
response to the application of incremental strain. Precisely, the micro-tensile tester was
mounted onto a Raman microscope stage (Figure 3.14a) to assure the simultaneous
acquisition of samples’ Raman spectra in combination with the application of load on
the sample. The tester was also adapted under a custom-built digital optical microscope
camera (composed of the objective lens, the tube lens, a C-MOS camera and the
microscope holder) in order to observe the crack propagation of a sample with an
inflicted defect (Figure 3.14b), as well as inside the AFM chamber for the simultaneous
monitoring of the samples’ morphology (Figure 3.14¢). The samples studied were
graphene flakes of various number of layers, representative and distinguished among
the 2D material for their exceptional mechanical properties, as well as graphene-based
nanolaminates, presenting outstanding strength and Young’s modulus, ideal for high

performance applications.
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Figure 3.14: Deben micro-tester under (a) Raman, (b) High resolution camera, and (c) AFM, for the in-

situ tensile testing experiments.

3.5 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy is an advanced imaging technique with high resolution
imaging capabilities, rendering feasible the examination of topography and
composition of a sample at micro- and nano- scale [240]. Its principle relies on the
acceleration of focused electrons due to the implementation of high voltage onto a
sample. This interaction between the focused electron beam and the material atoms
generates signals collected by detectors and converted into digital images on a computer
screen [240]. Within the framework of this study, the SEM instrument employed was a
Field Emission SEM (FE-SEM) (Zeiss SUPRA 35VP), and a voltage of 10-15 kV
(Figure 3.15).
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Figure 3.15: Scanning Electron Microscope.
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4. Using large-size graphene sensor for the
assessment of stress concentration in the vicinity of

a notch

In the present chapter, the use of monolayer CVD graphene is proposed to monitor the
stress concentration near a defect in polymer of high interest such as, poly (methyl
methacrylate) (PMMA). Combining in-situ Raman spectroscopy, which is a powerful
diagnostic technique, with uniaxial tensile testing, the stress/strain distribution around
the defect can be probed via monitoring the wavenumber shift of the spectroscopic
features of graphene, with high spatial resolution. Experimental findings are supported

by Finite Elements Analysis.

4.1 Experimental methods for measuring the stress concentration
factor

Understanding the mechanical performance of materials and predicting potential failure
points is crucial in various engineering applications. As depicted in Chapter 2, the
presence of defects — flaws, scratches and notches - can significantly alter the stress
distribution leading to localized stress concentrations and premature failure [241][242].
The investigation of stress concentration in materials is of great importance in various
fields, such as astronautics and aeronautics, where localized stress can jeopardize the
safety of launched vehicles [243]. Therefore, several techniques are employed for the
assessment of the stress field depending on the material type, with most of the studies
focusing on isotropic, orthotropic, and composite materials [242][244] [245]. Polymers
are also widely utilized in industrial applications due to their exceptional mechanical
performance, attributed to the high strength-to-weight ratio, flexibility, and resistance
to corrosion and chemicals [246][247][248][249]. Polymers are classified into those
maintaining their mechanical properties despite the existence of notches, and those,
such as thermoplastics, which below the glass transition temperature (7%) exhibit brittle
fracture when subjected to an external force[250][251]. Notch-sensitive polymers
include amorphous (polymethyl methacrylate - PMMA, polycarbonate - PC [252]) and
some semi-crystalline thermoplastic polymers (polyethylene-PE, polypropylene-PP)
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[253], which can be affected by either irregularities at the molecular level [254] or
macroscopic imperfections [255]. Therefore, a comprehensive understanding of how
polymers respond to notches, also including the investigation of the stress concentration
in the areas close to defects, is essential for designing reliable and durable polymer-
based systems. Similarly, this is extremely important in the design of engineered
components based on advanced materials, such as composites. In this regard,
investigating the stress concentration to the areas close to defects facilitates the
understanding of the fracture behaviour of polymers, aiming to the development of
techniques that renders them more resilient to fracture [256][257].

In general, the experimental measurement of stress concentration in polymers is
possible by utilizing various approaches, such as Digital Image Correlation (DIC)
[258], caustics [259], photoelasticity measurements [260], laser scanning thermography
[261], ultrasonic testing [262], and acoustic emission testing [263]. However, each of
the aforementioned techniques present several drawbacks; for instance, DIC requires
specific surface preparation, caustics necessitate the sample surface to be reflective,
whereas photoelasticity can be applied only to transparent samples. Moreover,
advanced imaging techniques like scanning electron microscopy (SEM) and atomic
force microscopy (AFM) [264] are used for the detection and visualization of the
morphological strain-induced deformations, at micro or nanoscale, however they do not
provide quantitative information of the stress concentration close to an irregularity.
Strain gauges are also widely used to provide direct measurements of strain,
nevertheless not close to the discontinuity, as they measure strain over a larger area,
capturing average strain across the gauge length. On the contrary, minute strain gauges
are much smaller and can achieve higher resolution. However, their small size is
accompanied by installation issues, as they require more careful handling and precise
placement, as well as by higher cost and complexity, as they may need specialized
equipment for accurate measurement and data acquisition [265]. Capacitive [266],
[267] or resistive [268], [269] strain sensors transform the external applied strain into
changes in the capacitance or the resistance of these components, respectively [270].
Unlike capacitive strain sensors, which suffer from very low sensitivity (Gauge Factor
< 1), resistive strain sensors are highly sensitive (Gauge Factor typically higher than
10), but they are difficult to calibrate due to their nonlinearity, and their sensing
performance is less reversible upon dynamic loadings [271]. In addition, there are also

optical strain sensors which rely on the measured light power difference as a result of
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the change in transmission, caused by deformation [272], [273]. Fiber-optic strain
gauges can achieve resolution (that may even be in the order of nanostrain [274]), and
exhibit high sensitivity (in the order of pm/ue)[275], being suitable for real-time
monitoring applications of small strains [276]. It is important to consider that the
attachment of the above-mentioned devices near a stress concentration site is an
intrusive methodology, and the results obtained represent averages measured over the
active area of the strain gauge (on the scale of millimetres). Therefore, in order to
investigate the stress concentration around a defect, numerical techniques such as Finite
Element Analysis (FEA) are employed to simulate the response of the defected material

to mechanical stimulus [277].

A way to monitor stress distribution with high spatial resolution involves the use of
Raman active materials, either as coatings or as additives. This technique relies on the
sensitivity of the Raman peaks to the bond strain; in fact, due to the anharmonic nature
of the chemical bonds and the consequent change of their force constant with
interatomic separation, the Raman spectra of crystalline materials shift under the
imposition of stress or strain [278]. Tension causes frequency downshift (phonon
softening), while compression causes frequency upshift (phonon hardening). Galiotis
et al. utilized in-situ Raman spectroscopy to measure strain distribution at the edge of a
circular notch in a Kevlar 49 epoxy unidirectional composite laminate [279] by
monitoring the wavenumber shift of the 1615 cm™ peak attributed to the aromatic ring
C-C stretching vibrational mode. Raman spectroscopy is a powerful technique for the
estimation of stress and strain in graphene [280] and carbonaceous materials [281], and
other high performance fibres [282]. In particular, due to its high intrinsic sensitivity
upon external stimulation offered by its low dimension [283], [284], [278], graphene
has been proposed as an effective strain sensor; for instance, strain sensing on large
areas was performed by following the shift of 2D peak upon various cyclic deformation
sequences [284]. Raman metrology on graphene also enabled to assess stress transfer
characteristics in graphene/ polymer systems [285][286][287], to derive stress-strain
curves for graphene flakes in tension and compression [288], to shed light on the

relation between flake morphology and its properties [289][290].
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4.2 Specimen fabrication

The synthesis of large-sized monolayer graphene sheets was conducted using the
chemical vapor deposition (CVD) method, on a solid copper catalyst of 35 um thickness
and 99.95% purity from JX Nippon Mining & Metals®, in an AIXTRON® BlackMagic
Pro CVD semi-industrial chamber (see Figure 4.1(a)). Before inserting the Cu foils
into the chamber, they were cleaned with isopropanol, in order to remove any organic

contaminants.

During the CVD process, the pressure inside the chamber was reduced to 0.1 mbar,
while a mixture of Argon and Hydrogen gases was inserted in ratios of 250 sccm and
1000 sccm, respectively. The Cu foil was then annealed at 1070°C for 5 minutes.
Followingly, the hydrogen flow was decreased to 960 sccm, while 10 sccm of methane
was introduced as the carbon source for the growth of graphene on the copper surface.
After 5 minutes at 1070°C, the hydrogen flow was stopped, while methane flow
continued, and the chamber was slowly cooled to 650°C at a rate of 60°C/min, after
which the methane flow was terminated. The Cu foil remained in an argon atmosphere
until it cooled to 150°C, with a flow rate of 1000 sccm. The profile of temperature of

the CVD process as a function of time is illustrated in Figure 4.1b.
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Figure 4.1: (a) AIXTRON BM Pro CVD reactor for graphene production on solid Cu, (b) Temperature
evolution during the CVD method.

After the CVD growth, the graphene/Cu foils were cut into orthogonal (1 cm X 2 cm)
shapes, and the wet transfer stage was followed. In specific, for the creation of the
polymeric film to facilitate the graphene transfer onto the desirable transfer, a
commercial solution of PMMA in anisole (Microchem 495K) was diluted at 3 wt%. A
thin PMMA film was spin coated at 2500 rpm for 120 s onto CVD graphene grown on

Cu foil, in order to form a homogenous protecting polymer layer, which was then
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annealed at 120 °C for 10 min so as to remove the solvent. Followingly, oxygen plasma
was used to remove graphene from the backside of the Cu foil. Cu was then etched
away by using a 0.15M ammonium persulfate solution and the floating PMMA —
graphene stack was first rinsed with 3D water and then deposited onto a PMMA target
substrate (Plexiglass, Rohm, slab with thickness ca. 1 mm), which had been formerly
coated with a formvar (SP1-CHEM) ultra-thin film in order to improve graphene’s
adhesion [291]. Afterwards, the system was dried and heated at 40 °C under vacuum
for 30 min to remove possible trapped water molecules at the interface between
graphene membrane and bulk polymer. In order to create a defect, a circular hole with
a diameter of ~400 um was induced by using a microdrill in the middle of each
rectangular specimen with an overall length of 35 mm, a gauge length of 25 mm, and a
width of 10 mm. The width to diameter ratio was equal to approximately 22, in order
to avoid the contribution of the effects from the side edges [292]. A final annealing
process at 120 °C for an hour, under the application of a slight pressure, was performed
to heal possible zones of weak adhesion at the interface created upon microdrilling. The

procedure is depicted in Figure 4.2.

(a) (b) (c)
CVD graphene PMMA - CVD graphene - Cu foil
Spin coating Implementation of
of PMMA O, plasma etching
— —
Etching of Cu foil with APS
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PMMA slab — thin formvar film
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Figure 4.2: (a) CVD graphene on Cu substrate, (b) PMMA is spin-coated upon the CVD-Cu foil, (c) O2
plasma is employed for the removal of graphene at the back of the foil, and then Cu is etched via APS,
(d) A PMMA sheet coated with a ultrathin film of formvar resin is inserted in the transfer device, (e )
PMMA-coated graphene is finally deposited on the PMMA sheet, (f) Creation of the sub-mm defect (inset:

top-view of the defect at the optical microscope).
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4.2 Quality control of the CVD graphene membrane

The quality of graphene after deposition and micro-drilling was investigated by Raman
spectroscopic mapping. Representative Raman spectra of the CVD graphene
encapsulated in PMMA (black line) and of neat PMMA (red line) are shown in Figure
4.3(a), where both spectra include the characteristic peaks of PMMA at ~1450 cm™! ,
~1730 cm™ and ~2952 cm™ [293][294]. The successful deposition of the graphene
monolayer on the PMMA slab is demonstrated by inspection of its Raman spectrum,
i.e. the G and 2D peaks, and their homogeneous distributions (Figure 4.3 (b-¢)) [208].
Specifically, from the statistical analysis of the Raman mappings (Figure 4.4), it is found
that the average values of 2D peak position and FWHM are, respectively, 2613 cm™!
(see Figure 4.3 (b)) and 40 cm™! (see Figure 4.3(d)), while the Iop/Ig ratio is in average
~1.3 (Figure 4.3(e)), confirming the monolayer nature of the deposited graphene [295].
The position of the G peak at around 1591 cm™ (Figure 4.3(c)) indicates that graphene
experiences residual compression which can be attributed both to the transfer and to the
annealing process that was performed to improve adhesion with the polymer. The
presence of the D peak indicates the existence of defects in the edge region. The G and
2D peaks of graphene were fitted using single Lorentzian curves after background

correction.
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Figure 4.3: (a) Representative Raman spectra of PMMA coated with formvar resin and of CVD
graphene-PMMA film deposited on the PMMA specimen, (b) Spatial contour mapping of the position of
2D, (c) G peaks, (d) 2D width, and (e) I(2D)/I(G) ratio.
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Figure 4.4: Box plots of (a) 2D peak position, (b) G peak position, (c) FWHM of 2D peak, and (d) ratio
of the intensities of 2D and G peaks.
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4.4 In-situ Raman spectroscopy combined with micro-tensile
testing

The tensile tests were conducted with a micro-tensile tester (MT-200, Deben UK Ltd,
Woolpit, UK), equipped with a 200 N loadcell, which was mounted onto Raman
microscope stage (Figure 4.5). The rectangular specimens were loaded in tension in a
quasistatic way, with a crosshead displacement speed of 0.2 mm min™!. Tensile
deformation was applied in steps of 0.5%, up to 2%. At each deformation, in-situ
Raman line-mapping was conducted, starting from the edge of the hole and terminating
2 mm afar from it, perpendicular to the loading direction, in order to monitor the 2D
peak’s position shift. The spectra were acquired using a Raman microscope (InVia
Renishaw) with a 1200 grooves/mm grating and a laser of 785 nm excitation
wavelength, while the laser power was relatively low, equal to 1.1 mW, to avoid

overheating of the specimen. The spot size of laser was =1 um with 100x objective lens.

Figure 4.5: Deben micro-tester under Raman spectrometer for the in-situ tensile testing experiments.

A calibration curve has been preliminarily built to correlate the Raman wavenumber
shift of graphene characteristic peak to the applied strain. To achieve this, the specimen
was subjected to incremental uniaxial tensile strains up to 2.0%, in steps of 0.5%, and,
simultaneously, Raman spectra were acquired several mm far from the notch.
Specifically, by correlating the fitted position of the 2D peak (m2p) in the far field to the
applied strain, a unique calibration curve was produced for the system at hand as it is

presented in Figure 4.6(b). In fact, it is well established that when graphene is subjected
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to tension, phonon softening occurs and the 2D peak undergoes a redshift [210]. The
linear shift of the 2D peak indicates that the interface is intact in the far field even at
2% of applied strain and this is attributed to the use of formvar as buffer layer to
improve the adhesion between graphene sensor and the underlying PMMA specimen.
The strain sensitivity is expressed by the slope of the linear fitting equation (Ow2p/0¢)
and was calculated to be = —15.9 cm '/%. This value is in line with reported strain
sensitivities for similar CVD graphene/polymer systems [296]. As expected, it is
smaller compared to the strain sensitivity determined experimentally for pristine
graphene obtained via mechanical exfoliation (60 cm™/% [210]) and this has been

attributed in previous studies to the wrinkled morphology of the CVD grown graphene
[284][289].
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Figure 4.6: (a) lllustration of Raman mapping path and the load axis, (b) Shift of the 2D peak as a
function of the applied strain far from the hole, (c) Position of 2D peak as a function of the distance from

the hole, for several strain levels, and d) Profile of residual biaxial compression of graphene in

unstrained configuration..

The strain distribution in the vicinity of the hole was investigated by performing, at
each applied strain, a detailed 2 mm-long Raman line mapping, starting from the edge
of the hole and perpendicular to the loading direction (as illustrated in Figure 4.6(a)).
The position of the 2D peak as a function of the distance from the hole is plotted in

Figure 4.6(c), in the unstrained configuration and for each applied strain, and it evident
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that m2p it is not constant over the mapping line. Specifically, the 2D peak in the vicinity
of the hole is shifted at lower wavenumbers compared to the far-field zone, suggesting
a higher strain field around the defect. In the unstrained configuration, the residual
biaxial compression of graphene derived from transfer and annealing process can be
estimated on the basis of the shift rate of the 2D peak for graphene flakes under biaxial
deformations [287][297], being ~0.12% in the far field and gradually reducing to 0.07%
at the notch root (Figure 4.6(d)). This trend can be ascribed to the gradual release of
graphene residual compression derived from the drilling operation. Upon the
application of the tensile deformation, the position of the 2D peak progressively red-
shifts, while still dependent on the distance from hole. However, at 2.0% strain, a non-
monotonic trend of m2p is observed; in fact, at the notch root, wop is slightly blue-shifted
compared to the position at 1.5% of applied strain, and then decreases linearly until a
minimum is reached at ~70 um far from it, thus suggesting a partial local adhesive
failure between graphene sensor and PMMA. Afterwards, w2p increases until a plateau

is reached as already observed in the previous steps.

The experimentally determined 2D peak position has been then converted into strain
&(y) using the calibration curve depicted in Figure 4.8(b), according to the following

equation:

E(y) — W2pley—W2p|e=0%,y (41)

kap

where wyp gy and wyple=oy,, are the positions of the 2D peak at the same measured

point y at applied strain € and at € = 0%, respectively; k,pis the strain sensitivity

obtained from the calibration curve shown in Figure 4.6(b).

In Figure 4.9(a), the strain distributions around the hole are presented for each applied
strain. As expected, the strain is maximum in the vicinity of the hole, with the maximum
values recorded at 0.85%, 1.27%, and 2.14% for 0.5%, 1.0% and 1.5%, respectively,
and then decays in a non-linear manner, until a plateau value is reached at more than
500 pm far from the defect. In the case of 2.0% external applied strain, close to the edge
of the defect, the strain of the graphene is 1.94%, whilst 70 um further from the edge
rises at 2.48%, and then follows the same behaviour as in the previous cases. Optical

inspection of the specimen stretched at 2%, in the neighborhood of the hole, reveals the
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presence of microcracks and local delamination at the edge of the notch (see Figure
4.7Zpalpa! To apyeio mpoéhevong tng avagopdg osv Ppidnke.). Potential solutions for
the improvement of the polymer/graphene interface could involve functionalization
routes [298] and surface treatments to enhance adhesion [299].

50 um

Lack of adhesion

_—="

Microcracking

Figure 4.7: Optical images of the area at the vicinity of the hole, after the sample has been subjected to
2.0% applied strain.

It is important to note here that the proposed graphene-based sensor enables strain
measurements with high resolution. Actually, the spatial resolution of such
measurements is only limited by the wavelength of the incident laser beam and the
optical arrangement used to focus the beam onto the specimen. Therefore, the spatial
resolution of the proposed sensor is considered to be approximately of the order of the
diffraction limit, which is ~500 nm for the Raman system adopted in this study and
previous attempts from some of the authors [286]. Another important parameter is the
strain resolution of the proposed graphene-based sensor, defined as the smallest

difference in relative strain that it can measure, which can be calculated as [284]:

] Resolution of the Raman spectrometer (cm™1)
Resolution (ue) = X 10000 (4.2)

Raman strain sensitivit L_l
Y \%strain

By considering that the resolution of the measured wavenumber shift can be estimated
at 0.1 cm™ and that the Raman strain sensitivity of the system under investigation is

15.9 cm™!/%, the resolution of the proposed graphene-based sensor is of ~ £62 p.

The stress distribution was then derived using Hooke’s law, assuming that the PMMA
adopted in this study has a linear elastic behaviour with a Young’s modulus £ of 1.75

GPa (see Figure 4.8).
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The stress profiles are depicted in Figure 4.9(b), showing obviously the same

behaviour as strain does, with the maximum stress recorded at 15 MPa, 22.4 MPa and

37.6 MPa for 0.5%, 1.0% and 1.5%, respectively, suggesting that the area close to the

hole is more favorable for the creation of a possible crack. The case of 2.0% external

applied strain was not considered, as Hooke’s law is not valid in the non-elastic region.
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Figure 4.9: (a) Distribution of the actual strain and (b) Distribution of the stress at various levels of

applied strain as a function of the distance from the hole perpendicular to the load direction. (c) Stress

concentration factor for various external applied strains as a function of the distance from the hole

perpendicular to the load direction.

The stress concentration observed around a defect is quantified by the factor K , which

is defined as the ratio of the highest stress (0,4, ) to the far-field stress (o, ) on the axis
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normal to the applied load for a finite plate: K; = 0y4x/ 00 [279]. As can be seen in
Figure 4.9(c), the maximum K; value is calculated at 2.41, 2.08, and 1.86 for 0.5%,
1% and 1.5% applied strain, respectively. As the distance from the hole increases, K;
drops abruptly in all cases. As the stress concentration factor records its maximum value
close to the hole and then diminishes gradually, it is certain that this will be the initiating
point of a future crack. K; drops as the applied strain increases; this can be ascribed to
possible minor damage propagation (e.g. crazing [300] and microcracking) resulting
from the very high values of stress concentration to which the material is subjected near
the notch, as already demonstrated by Aryjal et al. [279], or lack of the interface (see
Figure 4.7).

The strain distribution around a circular hole in an infinite plate subjected to tensile
loading can be described analytically, using equations derived from the classical
elasticity theory. Specifically, the typical equilibrium equations of an isotropic material

are given by generalized Hooke’s law equations (absence of body forces):

=0 (4.3b)

Under generalized plane stress state, the above equations can be satisfied by using the

Airy’ s stress function @(x, y). The stress components can be expressed as:

62(,0
Oxx = a—yz (4‘4‘(1)
62<p
O'yy = W (44b)
azgo
Oxy = — %0y (4.40)

The compeatibility conditions for strains, assuming there are no body forces, must be

satisfied as follows:

0° 0%
VZ(O'xx + O'yy) = <ﬁ + a—yz> (Uxx + Uyy) =0 (45)
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Where V2 is the Laplace operator.

The symmetry of our system allows the use of polar coordinates, therefore from now

on, polar coordinates will be considered.

0%¢ 10(p 10%p
Orr = Oxxlo=0 = az. Tror t 2552z (460)
o=
az(p az(p
Ogg = O—yy|9=0 = ﬁ = W (46b)
=0
B 0% 0 (acp)
om0 = Txylg—o = oxdy|,_,  0x\dy
[ smH 0 [ ) cost96<p
cos @ —35 sin @ — 0

ord8 r do

cos? 0 [ 92 10
——[a—rfsinecosé)+ ( Ld go)

sin@ [ 0%¢p il sin@ [9%¢ o
- (ar6951n6+5c050>— 2 <Wcost9—%sm9

199 1%

96 = 1290 roro0

(4.6¢)

Considering the uniaxial stress, the boundary conditions far from the hole can be written

in cartesian coordinates as:
Oxx(x = 00,y) =0, (4.7a)
0yy(x > 0,y) =0 (4.7b)
Opy(x > 00,y) =0 (4.7c)

So, far from the hole (r — oo, ) after transformation to polar coordinates, we have:

Oxx + O Oxy — O-
xxz yy+(xx2 yy)c0529+axysin29=>

O (r = 0,0) =

On O
Opr(r = 0,0) = - + — cos 20 (4.8a)

O,y + O Oy — O
099 (r = ©,0) = xx2 yy—(xxz yy)cosze—axysin29=
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Op Ou
Ogg(r = 0,0) = — 5 cos 20 (4.8b)

Oxx — O
Org(r > 0,0) = — (%) sin 26 + oy, cos 20 =
Owo
Org(r = ©,0) = —7sin 20 (4.8¢)

Nevertheless, the system is subjected to a remote bi-axial loading state at r — oo, so the

boundary conditions can be expressed as:

O

Opr(r = ©0,0) = > (4.9a)
O

0'99(7‘ — 0, 0) = 7 (49b)

At the hole (r = a, 8), the radial and the shear stresses are equal to 0, while there is no

condition required for the tangential stress. So the boundary conditions for this case are:
or(r=a,0) =0 (4.10c)
oro(r=a,0) =0 (4.10d)

In the case of an axisymmetric stress distribution, all derivatives of 8 vanish, as there
is no dependance of the field variables upon it. So, the equation for ¢(r), in polar

coordinates can be written as:

@) = Cy + Cylogr + C3r? + Cyrllogr (4.11)

The stress components can be expressed as follows:

_1op G

0. —— T —
rr rz

=3, +2C;+ C,(2logr +1) (4.12a)

0% G,
%0 =3 7 ="12 +2C;+ C4,(2logr +3) (4.12b)

o9 = 0,due to symmetry (4.12¢)

The boundary conditions in this case are (4.9a, 4.9c). The general solution must
support finite stresses at r = oo, so C, = 0, while C,, (3 # 0. So, by applying the

boundary conditions we can estimate the coefficients:
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Oco

Oy (r > ) =205 = — =0 = T“’ (4.13a)
C, 0 » 0w
arr(rza)=5+7=0=>62=—a - (4.13b)

So, the solutions for the stress equations are:
O a~2
Orr,axisymmetrix = > [1 - (;) ] (4.14a)

O a2
096,axisymmetric = o [1 + (;) ] (4.14b)

Or@,axisymmetric = 0 (4.14c)

In the case where there is 8 dependency, the homogeneous biharmonic operation in

polar coordinates is:

0% 2 0% 1 0% 203
00%  r20r%00% r*900* 1 or3

2 3¢ 10%p 40% 103¢
r30rdf? r20r2 r*06* ror3

(4.15)

Due to the 0 periodicity, the solution of the above equation can be assumed to be:
@(r,0) = g(r)cos26 (4.16)

So, the biharmonic equation becomes:

d*g 2d3g 9d?g 9dg
4o = == ——Z)cos20 =0 (4.1
Ve <dr4 rdr3 r2dr? + r3 dr) cos26 =0 (417)

This expression can be valid if

d4g+2d3g 9d%g 9dg
dr* rdr3 r?2dr? r3dr

=0 (4.18)
The solution given for the above differential equation is:

C
g(r) = C1 + C2r2 + C3I‘4 + 1"_; (4‘19)
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By replacing g(r) into the expression for ¢(r, 6),

C
p(r,0) = (Cl + Cor? + Cyr* + r—:) cos26 (4.20)

Introducing (17) into equations (4.a — c), the stress components are:
C; Cy
Orrnon axisymmetric (r,0) =— (2 C, + 41‘_2 + 61‘_4) cos 26 (4.21a)
2 €y
096,non axisymmetric (r,0) = <2C2 + 12C3r° + 6 I‘_4> cos 20 (4.21b)

(1 Ca\ .
0r0,non axisymmetric(r' 9) = (ZCZ + 6C3I‘2 —2 I‘_Z - 61'_4) sin 26 (4’-2 1c)

The values for the constants can occur by employing the boundary condition far from
the hole (r — o, 0),

2

a
C; = 0007 (4.22a)

c, =-22 (422p
.=-22 (a220)

C;=0 (4.220)

a4—
Cy = ~0— (4.22d)

Whereas, at the hole (r = a, 6):
C; Cy
2C, + 4a—2+ 6a_4 =0 (4.23a)

2C,—2—=—6—2=0 (4.23b
2 a2 at (4 )
By replacing the constants,

2

O a a4
Orrnon axisymmetric — 7 (1 —4 (;) +3 (;) ) cos 26 (4.2461)

O ay?
066,non axisymmetric — — 7 (1 +3 (;) )COS 20 (4.24b)

2

Os a
Or0,non axisymmetric — — 1+2 (_)

- -) -3 (2)4) sin20  (4.24¢)
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So, the complete stress field is given by the equations:
Oy = Urr,axisymmetrix + arr,non axisymmetric
_ O ( (a)z) 4 O (1 4 (a)
2 r 2 r
0gp = 09g,axisymmetric + 066, non axisymmetric
Ten (1 + (a)z) Ten (1 +3 (a)4) 26 4.25h
= — — _— - COS .
2 r 2 r ( )

Org = Org axisymmetric + 07r6,non axisymmetric

(102l

2

+3 (%)4) cos260 (4.25a)

‘3 (%)4) sin 26 (4.25¢)

Where g, is the radial stress, ggg is the tangential stress, o0,.g is the shear stress, o, is

the remote stress, a is the hole radius, r is the radial coordinate and 6 is the polar angle.

Figure 4.10(a) illustrates the theoretically obtained stress distribution profile around a
circular hole in the specimen under external strains of 0.5%, 1.0%, and 1.5%. The
highest stress occurs at the edge of the notch, measuring 18.7 MPa, 32.8 MPa, and 60.8
MPafor the respective strain levels. The stress values obtained are higher than those
derived experimentally, which can be attributed to the deficiencies of the theoretical
approach which assumes perfect adhesion between the two constituents. In all cases,
the stress decreases with distance from the hole, reaching a plateau approximately 500
um away. Similarly, the stress concentration factor in the case of 0.5%, in which K,
value presents its higher value experimentally, exhibits the same trend as the stress,
displaying a maximum value of 2.96 at the hole's edge and then decreases until it
reaches a plateau (Figure 4.10 (b)). Comparing the stress concentration factor, obtained
both experimentally and analytically, it appears that both follow the same profile
behaviour, exhibiting a minor deviation in the maximum K, value (Figure 4.10 (c)).
This can be attributed to the fact that even though PMMA is a material considered linear
elastic at low strains, it may exhibit some degree of plasticity due to the high stress
close to the hole, leading to a lower K; value compared to the one derived from the

analytical model.
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Figure 4.10: (a) Analytically extracted distribution of stress on the tensile axis, at various levels of applied
strain as a function of the distance from the hole, (b) Stress concentration factor as a function of the
distance from the hole perpendicular to the load direction, and, (c) Comparison between stress
concentration factor obtained from the analytically derived expressions of stress ggg and experimental

Raman data, as a function of the distance from the hole perpendicular to the load direction.

A Finite Element Analysis (FEA) based on Abaqus computational package was
conducted, in order to precisely quantify the stress distribution around the circular hole
with less time-consuming and equally precise means. Considering FEA, both the
substrate and the graphene were considered isotropic materials with elastic properties,
with Young’s moduli of 1.75 GPa [301] and 1 TPa [127] respectively, whereas their
corresponding Poisson ratios were 0.3 [302] and 0.165 [301]. Given the small thickness
of the specimen compared to its other dimensions, plane stress conditions were assumed
for the analysis. In such a configuration, the stresses in the plane, particularly the

longitudinal stresses, are dominant, while the stress through the thickness can be
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considered negligible. As a result, the specimen was modelled in 2D to focus on the in-
plane stresses, simplifying the analysis while still capturing the critical mechanical
behaviour relevant to uniaxial stress loading [303]. Each part was meshed with 4-node,
2-dimensional, nonlinear, quadrilateral shell elements with reduced integration. A dense
mesh around the vicinity of the whole was implemented, resulting in a total of 10548
elements (4284 elements for graphene part and 6264 elements for the substrate part)
(see Figure 4.11).
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Figure 4.11: FEA geometry, mesh definition and boundary conditions.

The specimen was subjected to uniaxial displacement, conducting a two-dimensional
analysis. A 4-node, 2-dimensional, nonlinear shell element type was used and Python
scripting through Abaqus was implemented to generate the structures with 400 um hole
diameter and the external applied displacements, in accordance with the experiments.

The contour plots of the axial stress present the same behaviour for each external
applied strain, thus in Figure 4.12(a) an indicative stress contour plot is presented for
the case of 0.5% external applied strain. It can be noticed that the same values of axial
stress are developed on each side of the hole, with the maximum stress occurring at the
edge of the notch. Finally, it is quite evident that the stress decays dramatically as we
move far from the notch, in the perpendicular direction of the applied strain. Figure
4.12(b) shows the stress distribution profile around the circular hole of the specimen
for 0.5%, 1.0%, and 1.5% external strain. It is observed that the maximum value of
stress is located at the edge of the notch and equals to 20.3, 40.7, and 61.0 MPa for
0.5%, 1.0%, and 1.5% applied strain, respectively. The higher stress values compared

to the experimentally derived ones can be attributed to the assumption of perfect
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interface between bulk PMMA and PMMA/graphene membrane. Furthermore, a stress
decay is observed in all cases, reaching a plateau, at a distance of 500 um far from the
hole. The stress concentration factor follows the same behaviour as stress, with the
maximum value being 2.52 at the edge of the hole and then decay dramatically until

reaching a plateau (Figure 4.12(c)).

It is clear that the profile of the stress concentration factor, obtained experimentally
through the elaboration of the Raman data, and numerically via FEA (see Figure
4.12(d)), exhibit not only the same profile behaviour but also the same values, as almost
the same K, value is recorded at the edge of the defect. This result is particularly
significant, as the experimental monitoring of the stress distribution across a defect is
quite difficult and challenging, and therefore, the approach to this problem, until now
is mainly numerical [277]. The herein obtained stress concentration factor of 2.41 (for
the case of 0.5% applied strain) agrees to previous studies in literature on PMMA, i.e.
the implementation of DIC combined with FEA, where a stress concentration factor of
2.38 was reported [258]. Generally, the stress concentration at areas close to defects is
not measured directly via an experimental method, but rely on the combination of an
experimental method with FEA, or the study is conducted solely through FEA, as no
experimental method can approach the point of increased stress concentration. The
difference between these studies and the present study lies on the fact that there no need
of combination of the experimental and the numerical technique, but FEA are used only
for the validation of experimental results. Furthermore, it is worth noting that in the
case of FEA implementation, the adhesion between PMMA and graphene is perfect,
and there are not any interface issues, in comparison with the experimental one, which
indicates that despite the practical difficulties, graphene can be perfectly used as a strain
sensor for polymers. However, it is worth mentioning that this case is valid for low
external applied strains, as at higher ones the interface issues start playing a significant
role at the response of the system, up to an external strain of 2.0% where there is a lack
of adhesion between the sensor and the polymer at the vicinity of the defect. This further
proves the reliability of the proposed method and encourages the use of graphene

sensors in the investigation of stress concentration in other polymers and composites.
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Figure 4.12: (a) Stress contour plot for 0.5% external applied strain, (b) Theoretically predicted
distribution of stress on the tensile axis, at various levels of applied strain as a function of the distance
from the hole, (c) Stress concentration factor as a function of the distance from the hole perpendicular
to the load direction and (d) Comparison between stress concentration factor obtained from FEA and
experimental Raman data (for an applied strain of 0.5%), as a function of the distance from the hole

perpendicular to the load direction.

Comparing the K; extracted experimentally, analytically and numerically, for the case
of 0.5% applied strain, it is evident that it presents the same profile trend, with minor
deviations in its maximum value (Figure 4.13). This can be attributed to the fact that
in general, theoretical models provide a more simplified view and do not consider the

complexities of real-world materials.
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Figure 4.13: Comparison between stress concentration factor obtained from FEA, analytical expressions
and experimental Raman data, as a function of the distance from the hole perpendicular to the load

direction.

4.5 Conclusion

The use of CVD graphene as sensor for monitoring the strain/stress distributions around
a defect in a polymer subjected to uniaxial tensile loading has been showcased. Owing
to the strain sensitivity of the 2D Raman peak of graphene, it is possible to gain
quantitative insight on the stress distribution around a defect with sub-micron spatial
resolution. Herein, the stress concentration factor for PMMA at the lowest applied
strain was calculated to be 2.41, which lies remarkable close to the values of 2.52 and
2.96 derived from Finite Element Analysis and analytical expressions, respectively, and
other studies in the literature for similar systems.

Considering the above, the use of cm-size graphene grown by Chemical Vapour
Deposition (CVD) to assess the stress concentration around a sub-mm scale circular
defect in a polymeric material, by exploiting in-situ micro-Raman spectroscopy
combined with tensile testing has proven to be a successful approach experimentally,
verified by numerical simulations. Thus, this technique combination can be reliable in
the assessment of stress concentration in polymers, or other materials such as graphene-
based nanocomposites, in which graphene can act both as a sensor and as a reinforcing

filler.
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5. Fracture toughness of graphene-PMMA

nanolaminates

This chapter deals with the study of fracture mechanisms in a novel class of graphene
nanocomposites, the CVD graphene/polymer nanolaminates, when subjected to
tension. The incorporation of continuous CVD graphene monolayer into nanolaminates
has been demonstrated to be effective towards the increase of Young’s modulus and
tensile strength of polymer matrix [192]. Their exceptional mechanical properties
alongside with their multifunctionality render them highly valuable for a wide range of
demanding high-performance applications [52] (i.e. as gas barriers [192], for sensing
applications [304], for EMI shielding [32], in electronic applications [305], as strain
sensors [306], etc.). Therefore, understanding the fracture behaviour of this class of
materials is necessary for their integration into advanced engineering applications.
Herein, CVD graphene-based nanolaminates of different graphene content were
produced via the iterative lift-off/float-on procedure [32]. In order to study their fracture
behaviour, a hole-shaped defect was induced at the centre of the specimens as described
in the following section. Next, a thorough investigation of the nanocomposites’ fracture
behaviour was conducted by in-situ monitoring the mechanical loading of the
nanolaminate with a high-resolution camera. As will be shown, this method revealed
useful information over the microcrack formation and eventually the fracture toughness
of the nanocomposite. SEM was also used in order to garner insight over crack path
initiation from the induced defect. Moreover, in-situ Raman spectroscopy was
combined with the micromechanical testing of graphene-based nanolaminates in order
to provide information over the fracture procedure and to derive fracture parameters,
such as the Stress Concentration Factor (SCF — described in Chapter 2), or the

maximum stress that these nanocomposites can withstand near the defect.

5.1 Fabrication of PMMA/CVD graphene nanolaminates

For the production of ultrathin PMMA films, commercially available solutions of
PMMA in anisole (Microchem 495K A6, Microchem Corp., Erlenbach, Switzerland)
of various concentrations were employed. The fabrication of the polymeric layers on

top of the substrates of interest was conducted via a spin-coating technique. Spin
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coating is a widely used, straightforward method which enables the production of
uniform polymeric films on top of flat surfaces, with thickness spanning from a few
nanometers to microns. The process involves the deposition of a small amount of the
polymer solution at the centre of a flat surface, and then its rotation at high speed (static
dispense), in order to spread the polymeric liquid across the surface by the generated

centrifugal force (see Figure 5.1).

Coating with a spin coater

|

A. Rotating stage B. Target surface C. Coating fluid
Figure 5.1: Illustration of the spin-coating process [307].

As the substrate spins, the solvent of the solution is evaporating, leaving a continuous
thin film of the desired material, whose thickness depends on the angular speed of
spinning, the viscosity, the environmental conditions and concentration of the solution,
and the solvent used [308]. One way to accurately determine the final thickness of the
film is the construction of an empirical “spin curve” (Figure 5.2), for a given spinning
time, based on the combination of the experimental data of measured polymeric layers
with the equation which connects their thickness (t) with the angular speed (w) used in

spin coating:

t o — (5.1)

Vo
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Figure 5.2: Thickness of PMMA films produced by various anisole concentrations, as a function of the

angular speed.

Therefore, the angular speed is adjusted accordingly in order to obtain the polymeric
layer of desirable thickness. The thickness of the polymeric layer is crucial in

determining the final content of graphene, as described in equation (5.2):

_ tgr _ Nxtgr

Vor (5.2)

tgrttpolymer thanolaminate

where N is the total number of monolayer CVD graphene sheets used, tg, = 0.334 nm

is the thickness of each graphene layer and t,,4,01aminate 1S the total thickness of the

nanolaminate.

The CVD graphene/PMMA nanolaminates were fabricated through a Lift-Off/Float-
On process, characterized by a semi-automatic, sequential transfer of graphene layers
which are coated with an ultrathin PMMA film, onto a substrate, using consecutive wet
depositions [85][82] combined with an all-fluidic manipulation system [309].
Specifically, the deposition process was carried out into specially designed devices
comprised of conical polytetrafluoroethylene (PTFE) tanks equipped with manual
control flow valves, adapted from intravenous infusion devices, for regulating the inlet
and outlet fluids (see Figure 5.3). The geometry of the inner section of the transfer tank
is important, as the inclined walls allow the stable attachment of the substrate and a

reduction of the height of the concave meniscus.
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Figure 5.3: (a) Array of cone-shaped PTFE tanks for the wet transfer process, (b) Graphene/PMMA

membrane during the etching of copper.

Initially, a PMMA supportive layer is deposited via spin-coating onto a graphene/Cu
foil of 35 mm x 35 mm, and then placed in a transfer tank filled with APS solution to
remove the Cu (Figure 5.3). When the etching of Cu is completed, distilled water is
inserted into the tank, in order to rinse the nanofilm, thus removing any metallic
residues that may act as defects. The first deposition of graphene/PMMA nanofilm
performed onto a thick Cu foil, and then it is dried at 40 °C under vacuum for 30 min,
and then post-baked at 150 °C for 5 min, in order to improve adhesion. Then the next
graphene/PMMA nanofilm is deposited onto the previous one and the same process is
followed. This etching/lift-off procedure is performed simultaneously in several
transfer tanks, in order to accelerate the production process, and the cycle is repeated
until the desired number of PMMA/graphene layers is achieved. Therefore, at the end
of the iterative procedure, the desired number of graphene/PMMA layers are transferred
onto the same Cu substrate, which is then etched away at the final step of the process,

leaving a freestanding nanolaminate which is rinsed and dried.

The thickness of each nanolaminate membrane was measured by taking the average
value of 10 via a digital micro-meter with a resolution of 0.1 um (Mitutoyo, Japan) (see
Ypaipa! To apyeio mpoéhevong e avagopdg dev Ppénke.). The thickness of neat
PMMA was 6.1pum (0.00% volume fraction). Two volume fractions of graphene were
considered, namely 0.035% and 0.12%. The former nanolaminate was 5.8 um thick and

included 6 CVD graphene monolayers, while the latter was 5.7 pm thick and included
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20 CVD graphene monolayers. In Zpdaipa! To apyeio mpoérevong g avapopds oev
Bpédnke. the conditions used for the production of nanolaminates of different volume

fractions are summarized.

Table 5.1: Information over the produced graphene/PMMA nanolaminates.

Graphene Nominal Angular Solution Number Final

Volume fraction (%) Polymer speed in of thickness
Thickness (RPM)  Anisole layers (pm)
(nm) (wt%)

0.00 250 1500 3 20 6.1

0.035 750 1000 6 6 5.8

0.12 250 1500 3 20 5.7

The nanolaminates were cut into stripes of 42 mm and a width of 2 mm (measured via
optical microscopy with a 5x lens) and were secured onto paper testing cards using a
two-part cold curing epoxy resin (Araldite 2011, Huntsman Advanced Materials, UK)
in order to avoid any possible damage at the gripping area by the clamps (see Figure
5.4). The gauge length (Ly), was also measured by an optical microscope, using a 5x
lens, approximately at 25 mm. It is evident that the neat PMMA film is “colourless”
(Figure 5.4(a)), whilst as the number of graphene layers that are added as fillers is

increasing, the darker the nanolaminates become, respectively (Figure 5.4(b,c)).

(b)

Figure 5.4: (a) Neat PMMA film, Graphene/PMMA nanolaminates of (b) 0.035% and (c) 0.12% volume

fraction, respectively.
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5.2 Fracture processes in defected graphene-PMMA
nanolaminates

The micro-tensile tester (MT-200, Deben UK Ltd, Woolpit, UK), equipped with a 5 N
loadcell was used for the tensile test of the samples, which were loaded in tension with
a crosshead displacement speed of 0.2 mm min™!, corresponding to a strain rate of 0.008
min’!. The strain is calculated considering the elongation of the sample (displacement)
AL and the gauge length (Ly), while the stress can be derived by considering the

recorded force, the thickness, and the width of the nanolaminate.

To assess the effect of a defect in the mechanical behaviour of the nanolaminates, both
as-prepared defect-free and defected samples were compared. The defect of each
nanolaminate was introduced at its centre using a tabletop 1064 nm Nd:YAG laser
(Rofin) was used (see Figure 5.5). Specifically, the centre of the specimens was
irradiated, forming a see-through hole of ~ 300 um radius, which is approximately 6
times smaller than the overall width, securing this way that there will not be edge effects
leading to the premature failure of the nanocomposite. Irradiation involved a single
laser pulse, and the following conditions: laser voltage of 300 V, pulse width of 1.0 ms,

and a laser spot size of 200 um.

(a) | (b)

Figure 5.5: (a) Top-view (via optical microscope using a 5x lens) and (b) Cross sectional view (via SEM)

of nanolaminates with a defect-hole at the centre of a nanolaminate specimen.

Representative stress-strain curves of graphene-based nanolaminates and neat PMMA

film are shown in Figure 5.6, for both pristine and defected configurations.
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Figure 5.6: Representative stress-strain curves of neat PMMA (0.00%) and graphene-based

nanolaminates (0.035% and 0.12%), in the as-prepared and defected states.

The stress-strain curves indicate that the incorporation of graphene content into

nanolaminates enhances significantly their stiffness. The Young’s modulus which is

indicative of a material’s stiffness, is derived from the slope at low strain (up to 0.4%)

of an average of 10 samples, corresponding to E,,, = 1.75 GPa for the neat PMMA,
E. = 2.10 GPa for the nanolaminates with Vg = 0.035% , and E. = 2.70 GPa for the

nanolaminates with Vg = 0.12%.

Table 5.2: Information over the mechanical properties of graphene/PMMA nanolaminates.

Graphene Volume 0.00 0.035 0.118
fraction (%)
Young’s Modulus 1.75+0.14 | 2.10+0.15 | 2.70+ 0.13
(GPa)
Strength (MPa) As—prepared | 28.3+ 0.5 34.6 + 0.7 36.2+0.8
Defected 242+ 0.8 33.7+ 0.9 324+ 0.6
Elongation at break | As—prepared | 2.60 +0.20 | 2.40+0.12 | 2.10 £+ 0.15
(%)
Defected 210+ 0.10 | 220+0.20 | 1.97 £ 0.10

107



A framework over the estimation of the overall properties of graphene-based
nanocomposites based on the properties of their individual constituents and their
complex interactions in microscale can be provided via the construction of
micromechanical models [310]. These models enable the comprehensive analysis of
factors like volume fraction, interface characteristics, nanofiller dimension, and
orientation, which significantly influence the overall mechanical behaviour of the
nanocomposites [311][312][313]. In specific, the prediction of properties such as
Young's modulus, yield strength, and thermal conductivity, contributes to the design of
materials with enhanced mechanical and thermal behaviour, resulting to the
optimization of the nanocomposite [314]. Furthermore, these models provide the
theoretical basis for the prediction and understanding of the mechanical behaviour of
graphene-based composites, reducing the need for numerous experimental trials, thus
offering a cost-effective and efficient approach to material design and development
[315]. The primary methods proposed for the prediction of the effective properties of
heterogeneous materials from the constituent properties include analytical methods,
such as Rule of Mixtures (RoM), a simple linear approximation according to which the
overall properties of the composite can be calculated based on the volume fractions and
properties of its constituents, or Mori-Tanaka model, which provides information over
the composite’s elastic properties based on the interaction between the inclusions (e.g.,
graphene) and the matrix [316] [317], and semi-empirical methods, such as Halpin-Tsai
model, which takes into account the shape, orientation, and distribution of the
reinforcing phase within the matrix [318][319] in order to estimate the Young’s

modulus of the composite.

The Rule of Mixtures (RoM) is the most prevalent common method for the estimation
of mechanical properties, such as Young’s modulus E., based on some idealized
assumptions, such as the infinite length of the filler, its alignment to one direction and
the perfect bonding with the matrix, in composite materials including Carbon Fibre
Reinforced Polymers (CFRPs) [320], Fibre Metal Laminates (FMLS) [321], and
nanostructure-hybrid fibre composites [322]. Assuming that the strain is uniform across
the composite, the effective modulus of the composite can be calculated via the Voigt

model:
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Where Ef, Ep, are the moduli of the filler and the matrix, and Vi, Vi are the volume

fraction of the filler and the matrix, respectively.

Figure 5.7 illustrates the linear relationship between the Young’s modulus of the
nanolaminates as a function of their graphene content. It is evident that the addition of
only 0.12% CVD graphene leads to an increase of the Young’s modulus by ~50%. The
effective Young’s modulus obtained is E.rr = 804 GPa, which is considerably close
to the one obtained effective modulus in similar system (E.fr. = 846 GPa)[323] and
the Young’s modulus of the pristine monolayer graphene [324]. It is worth noting that
these values are significantly higher than the values estimated for similar laminate

systems produced using methods such as stacking and folding [83].

Eeff, = 8.04 GPa/% = 804 GPa

0.00 002 004 006 008 0.10 0.12

Volume fraction (%)

Figure 5.7: Young's modulus of the graphene-based nanolaminates as a function of graphene volume

fraction.

The addition of CVD graphene layers into the nanolaminates leads to a significant
improvement of the ultimate tensile strength of the pristine samples compared to the
neat PMMA of approximately 28% (see Figure 5.8(a)). The strain at break is almost
the same for the neat PMMA and the low volume fraction nanolaminates, whereas the
high volume fraction nanolaminates present embrittlement (see Figure 5.8(a)). This
embrittlement can be attributed to the thickness and the morphology of the Cu foils
used as a substrate during the CVD growth, which typical exhibit a roughness value of
R,~40 nm [325]. From the thickness values of PMMA layers of each volume fraction,

it is evident that the lower the volume fraction, the thicker the PMMA layer becomes
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in comparison with the higher volume fractions. This entails that the roughness of the
Cu foil does not affect the thicker polymeric layers, in contrast with the thinner ones,
thus inserting inherent defects to the system, whose role is significant and potentially
can contribute to the premature failure of the system. Furthermore, the high volume
fraction nanolaminates are produced via numerous itinerary depositions, rendering
possible the formation of ruptures or tear of the graphene/polymeric layer due to their
low thickness, potentially resulting to the reduced strength of graphene, and slightly to
the stiffness, as indicated in Zedipa! To apyeio mpoéievong g ovaeopds dev

Bpédnke..

When the defect is introduced, both the strain at break and the strength of all samples
drop. In the case of the neat PMMA, the strain at break drops by ~19% and the strength
by ~17%. These percentages are reduced significantly in graphene-based
nanolaminates for which the strain at break falls by ~8% and ~6%, whereas the strength
declines by ~6% and ~7%, for the low and high volume fraction nanolaminates,
respectively. The lower percentage drops derived for graphene nanolaminates, testify
for the “activation” of impeding mechanisms for crack progression (such as these
detailed in Chapter 2) after the reinforcement with CVD graphene fillers. Comparison
of the ultimate tensile strength between the defected nanolaminates and the defected
neat PMMA, unveils an improvement of ~40%. Therefore, the incorporation of a small

number of large graphene layers can significantly reinforce PMMA nanolaminates.

(a) (b)
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Figure 5.8: (a) Ultimate tensile stress and, (b) Strain at break of the neat PMMA (0.00%) and graphene-
based nanolaminates (0.035% and 0.12%), in the as-prepared and defected state.
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To gain further insight into the fracture of the defected graphene-based nanolaminates,
the Griffith’s criterion (Equation 2.11) was considered, using the radius of the hole as
ac, and the ultimate tensile strength as o. The fracture toughness of the neat PMMA
is 0.55 + 0.07 MPa m'/? whereas in the low and high volume fraction nanolaminates
it increases to 0.81 + 0.05 MPa m'/? and 0.72 + 0.05 MPa m'/?, respectively (see
Figure 5.9). The slight decrease of fracture toughness in the case of the nanolaminate
with Vg = 0.12% compared to the nanolaminate with Vg = 0.035% may be attributed
to possible defects introduced in the laminate structure upon multiple deposition
process. It is interesting to note that the fracture toughness of the graphene-based
nanolaminates is significantly higher than the neat PMMA, with the low and high
volume fraction nanolaminates presenting an increase of ~48% and ~31%,
respectively, which is associated with the developed mechanisms resisting crack
propagation as described in Chapter 2. This showcases that CVD graphene is an
excellent candidate for the efficient reinforcement of a nanocomposite, even at low
contents. Nevertheless, there are other systems in the literature, such as epoxy resins
including rubber beads, presenting even higher increase of fracture toughness, which
comes at a cost of reducing the nanocomposite’s strength [161]. In these approaches,
graphene derivatives, such as GNPs, are also incorporated in the nanocomposites to

improve their mechanical properties [161].
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Figure 5.9: Fracture toughness of the neat PMMA (0.00%) and graphene-based nanolaminates (0.035%
and 0.12%,).
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During the tensile procedure, the top-view of the examined nanolaminates was
monitored by a high-resolution camera, and recorded in real-time with a frame rate of
5 frames per second (Chapter 3 — Section 4), providing information over crack
initiation and propagation. For all the specimens, during the tensile test, the shape of
the hole is altered compared to the initial circular configuration, and becomes more
elliptical. Most importantly, two crack tips form at each side of the hole at a critical
strain. The points of the crack initiation are those which experience the highest
deformation and stress levels. During the stage of the stable crack propagation, a plastic
zone ahead of the crack tip is formed, due to the complex interplay of mechanical
forces. Precisely, these mechanical forces lead to a complex stress distribution near the
crack tip, including the tensile stress ahead of the crack, the compressive stress behind
it, and shear stress along the crack surfaces, resulting to a plastic deformation which
contributes to the blunting of the crack tip, affecting the stress distribution and the
overall fracture process [326]. Specifically, the tensile stress is the primary driving force
for the crack propagation, as the stress that material undergoes ahead of the crack tip,
causes further opening and extension of the crack within the material, leaving the
material behind experiencing a compressive strain, which contributes to the overall
deformation and failure of the material. Shear stress acts along the crack surfaces,
causing a sliding motion of each side of the crack, which further contributes to the

opening of the crack and the propagation of the fracture.
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Figure 5.10: Real-time optical examination of the neat PMMA and graphene based nanolaminates
subjected to tensile loading. Neat PMMA at rest (a), when crack initiates (b), and before final failure (c).
Low/high volume fraction graphene nanolaminates at rest (e/i), when crack initiates (f/j), and before

final failure (g/k). The yellow arrows indicate the load axis.

Figure 5.10(a,d,g) depicts the unstrained configuration of 0.00%, 0.035%, and 0.12%
nanolaminates, while frames of the nanolaminates when crack initiation occurs, are
depicted in Figure 5.10(b,e,h). Figure 5.10(c,f,i) corresponds to the last frame before
fracture. The images in Figure 5.10(b/c, e/f, h/i) are also presented at higher
magnification in Figure 5.11. The strain at which the crack initiation occurs at each
case corresponds to the left red dashed line of the Figure 5.11(¢,f,i), whereas the strain

at which the final failure occurs corresponds to the right red dashed line.
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Figure 5.11: Images of higher magnification for the case of 0.00%, 0.035%, and 0.12% nanolaminates,
when crack initiates(a,d,g) and before the final fracture (b,e,h). (c.f,i)The stress-strain curves for neat
PMMA, low, and high volume fraction graphene nanolaminates, respectively. In each stress-strain curve

the crack initiation and the final fracture are depicted with the letters of the corresponding image.

The crack formation in the case of the PMMA film does not appear simultaneously in
both the sides of the hole (see Figure 5.10(b), Figure 5.11(a)), most likely due to the
different defect curvature in the respective regions (due to the low absorption of pure
PMMA at 1064 nm, there is no complete ablation throughout the entire irradiated zone),
whilst the crack formation in the case of 0.035% and 0.12%, appears almost
simultaneously in the upper and lower area of the hole’s edge (see Figure 5.10(e,h),
Figure 5.11(d,g)). Calculating the integrated area after the crack onset in the stress-
strain curves of Figure 5.11(c,f,i), the energy dissipation is 0.075 + 0.006 J/cm3,
0.093 + 0.008 J/cm? , and 0.100 + 0.010 J/cm3, for 0.00%, 0.035%, and 0.12%
nanolaminates, respectively. The energy dissipation in the case of the PMMA film is

lower than the graphene-based nanolaminates, which can be attributed to the absence
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of crack impeding mechanisms, unlike the graphene-based nanolaminates, in which
mechanisms that procrastinate the fracture procedure are developed. Typical cross-
sectional SEM images were also taken from the fractured specimens in order to observe
the morphology of the crack path and to gain further information on fracture (see Figure
5.12). In the case of the neat PMMA (Figure 5.12(a)), the texture of the crack surface
appears smooth and no evidence of any impeding mechanism for crack progression
appears. On the contrary, in the graphene-based nanolaminates that possess a clear
multi-layer architecture, a rough crack surface texture is observed, with the individual
polymeric layers being distinguishable from each other, highlighting their severe
delamination (especially the case of Vi, = 0.12%). The individual layers show failure
at different points (Figure 5.12(b,c)), thus suggesting that crack has not propagated
uniformly in all layers, probably due to the deflection occurring at the different
graphene/PMMA interfaces [327]. This is likely associated with the increased fracture
toughness, compared to the neat PMMA.

Concluding, neat PMMA is the first to fail, due to the absence of crack impeding
mechanisms, whilst between the two graphene/PMMA nanolaminates examined, the
0.035% exhibits superior mechanical properties. In fact, crack impeding mechanisms
(i.e. deflection) exist in both 0.035% and 0.12% nanolaminates, however, the existence
of many graphene/PMMA interfaces in the latter case leads to embrittlement, resulting

to premature failure in comparison to the former nanolaminate.
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Figure 5.12: Cross-sectional SEM images of the crack path in the case of (a) neat PMMA, (b) 0.035%
and (¢) 0.12% volume fraction.

5.3 Monitoring the stress distribution across the area of a defect
using Raman spectroscopy

As seen in Figure 5.6, the nanolaminates in which a defect has been introduced, break
at significantly lower strain than those without defects. Hence, a need over the
quantification of stress distribution at the vicinity of the defect is arising. As mentioned
in Chapter 3, Raman spectroscopy is a powerful technique adopted to assess stress
transfer characteristics in graphene/ polymer systems [285][328][287]. In Chapter 4,
CVD graphene has been demonstrated to be effective as a sensor for the assessment of
stress concentration around circular defects in polymeric materials, by exploiting in-
situ micro-Raman spectroscopy combined with tensile testing. This approach has been

proven to be successful experimentally, owing to the strain sensitivity of the 2D Raman

116



peak of graphene, providing quantitative insight on the stress distribution around a
defect with sub-micron spatial resolution. In the previous paragraph, graphene’s role as
a reinforcing filler was highlighted. In this paragraph, the role of graphene, both as
sensor and reinforcing filler will be showcased.

Firstly, Raman spectroscopy was employed for the quality control of graphene during
the lamination process (see Figure 5.14). A representative Raman spectrum of the
graphene/PMMA nanolaminate is illustrated in Figure 5.13. The presence of graphene
is evident by the typical features in the Raman spectrum [208], as the 2D peak is present
at ~2706 cm™! revealing that graphene experiences a slight residual compression, and
the G peak is present at ~1590 cm™!. The weak D peak located at ~1350 cm™ manifests
a low defect density. In the spectrum, also the Raman peaks of PMMA are visible at
~1450 cm™ [293], ~1730 cm™ [293] and ~2952 cm™ [294].

L Graphene/PMMA nanolaminate‘
| 2D

Raman Intensity (a.u.)

"

1000 1500 2000 2500 3000
Raman shift (cm™)

Figure 5.13: Raman spectrum of a graphene/PMMA nanolaminate.

The high quality of graphene in the produced nanolaminates is preserved throughout
the samples, as indicated by the Int(2D)/Int(G) and the Int(D)/Int(G) Raman peak peak
intensity ratio. Specifically, Raman mappings obtained from the samples at rest (see
Figure 5.14), where Y (um) represents the distance from the hole and X (um) the offset
from the in-plane axis of symmetry that is perpendicular to the load axis. The Raman
mappings were conducted with a Y-axis step of 10 um close to the edge of the hole (Y
values < 300 um) and with a step of 20 um at distances exceeding Y = 300 um. The
average values of Int(2D)/Int(G) are ~2.1 (for 0.035%, see Figure 5.15(a)) and ~1.75
(for 0.12%, see Figure 5.15(b)). while the Int(D)/Int(G) average values are quite small
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(~0.05 for 0.035%, see Figure 5.15(a)) and ~0.06 for 0.12%, see Figure 5.15(b)). The
low values of Int(D)/Int(G) can be attributed to the minor structural defects that may
be induced during the stacking process of the alternating Gr/PMMA layers and to the
polycrystalline nature of our CVD graphene [329]. It is important to note that even close
to the defect, the quality of the specimens does not deteriorate, as indicated from the

Int(2D)/Int(G) and the Int(D)/Int(G) ratios (see Figure 5.14).
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Figure 5.14: (a, b) Spatial contour mapping of Int(2D)/Int(G) and Int(D)/Int(G) for graphene volume
fractions 0.035%, and (c, d) for 0.12% at rest, respectively (no application of strain).
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Figure 5.15: Box plots of the average values of Int(2D)/Int(G) and Int(D)/Int(G) for nanolaminates of
graphene volume fractions (a) 0.035%, and (b) 0.12 at rest, respectively (no application of strain).
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The performance of the material was tested combining mechanical testing with in-situ
Raman spectroscopy. During the experiment, the tensile testing of the samples was
conducted in a step-wise manner (in steps of 0.1%, up to 0.5%). At each step, in-situ
Raman linear mappings have been conducted on the nanolaminates with a Renishaw
Invia Raman Spectrometer, starting from the edge of the hole and terminating 1 mm
afar from it, perpendicular to the loading direction, by acquiring spectra at steps of 10
um, using a 514 nm laser excitation and a 50x objective. The laser power was kept
below 1 mW in order to avoid laser-induced heating of the specimens. The mappings
considered in each step were the following: (i) two perpendicular to the load axis
mappings, at the upper and the lower edge of the hole and (ii) one mapping at the far-
field (Figure 5.16). The duration of the Raman mappings was approximately 1.5 — 2
hours for each strain. All the Raman spectra were baseline-corrected, and the
characteristic peaks of graphene were fitted with Lorentzian functions, to record the
spectroscopic parameters (peak position and full width at half maximum, FWHM) at

each position of the mapping.
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Figure 5.16: Schematic illustration of the top view of graphene/PMMA nanolaminates.

Figure 5.18 and Figure 5.19 present the evolution of the position of the graphene 2D
peak for nanolaminates of 0.035% and 0.12% volume fractions, respectively, before
and after the imposition of quasi-static tensile strain. As mentioned previously, the
position of pristine graphene’s 2D Raman peak is highly sensitive to tensile strain, with

a redshift rate of ¥ —60cm™1/% [280][210], whereas this shift rate has been reported
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to be substantially lower in the case of CVD graphene, or graphene-polymer coatings
due to its polycrystalline nature [284]. Figure 5.18(a,b) and Figure 5.19(a,b) show a
detailed position mapping of the 2D peak corresponding to regions A and B of the
samples at rest. When no strain is applied, the 2D peak’s position is approximately 2705
cm! for the case of 0.035% Gr/PMMA and 2701 cm™! for the case of 0.12% Gr/PMMA.
The deviation from 2682 cm™!, which is the expected value for stress-free graphene
[280], manifests that graphene undergoes residual compression arising from the
nanolaminate production procedure [192]. Specifically, in the unstrained configuration,
the residual biaxial compression of graphene derived from transfer and annealing
process can be estimated ~0.15% and ~0.13% in the far field and gradually reducing to
~0.13% and ~0.11% at the notch root, for graphene content of, respectively, 0.035%
and 0.12%, respectively (see Figure 5.17(a,b)).
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Figure 5.17: Profile of residual biaxial compression of (a)0.035% and (b) 0.12% graphene-based

nanolaminates in the unstrained configuration.

For successively increased external applied strain deformations up to ~0.5% (see
Figure 5.18(c-f) and Figure 5.19(c-f)), the 2D peak position progressively shifts
towards lower wavenumbers, while the wavenumber location is found to be dependent
on both the perpendicular to the load axis distance from hole (Y) and the offset from
the in-plane axis of symmetry that is perpendicular to the load axis (X). The highest
red-shifting of the 2D peak is observed near (X,Y) = (0,0), indicating that the stress

concentration is maximized near this point.
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Figure 5.18: Spatial contour mappings for the case of 0.035% volume fraction (a) at the top, and (b) at
the bottom area when no strain is applied, (c) at the top, and (d) at the bottom area when 0.4%
deformation is applied and, (e) at the top, and (f) at the bottom area when 0.5% deformation is applied.
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Figure 5.19: Spatial contour mappings for the case of 0.12% volume fraction (a) at the top, and (b) at
the bottom area when no strain is applied, (c) at the top, and (d) at the bottom area when 0.4%

deformation is applied and , (e) at the top, and (f) at the bottom area when 0.5% deformation is applied.

Detailed Raman mappings of the 2D peak position as a function of distance from the
hole, for the low and high volume fraction nanolaminates, extracted from the one side
of Figure 5.18 (top) and Figure 5.19 (top), for simplicity reasons, respectively, are
depicted in Figure 5.20 and Figure 5.21.

Figure 5.20 presents the detailed linear mappings of the 2D Raman peak position for
each x- coordinate (as illustrated in the schematic picture; X =-40 um, X =-20 um, X =0
um, X =20 um, X =40 um), for the nanolaminates with low volume fraction. Each graph
depicts the spatial profile of the position of the 2D peak (along the mapping line) for
applied strains from 0.0% to 0.5%. Due to the application of strain, the position of the
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2D peak shifts in a non-linear manner at the vicinity of the defect, reaching a plateau at
Y values exceeding 300 um. Even though this redshift of the 2D peak close to the defect
occurs in the same way for all cases, the highest redshift at 0.5% applied strain
corresponds to X =0 um coordinate. At X =0 pum, the position of the 2D peak is roughly
2691 cm! far from the defect, whereas at the nearest point it drops down to 2671 cm™,

presenting a redshift of ~ 34 cm™ compared to the unstrained state (which is 2705 cm™

1).
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Figure 5.20: Line mappings of 2D peak position as a function of the distance from the hole for each x-
coordinate for the case of 0.035% volume fraction, at different applied strain levels (0.0% - 0.5%,)

Similarly, Figure 5.21 depicts the detailed linear mappings of the 2D Raman peak
position for each x- coordinate (as illustrated in the schematic picture; X =-60 um, X =-
30 um, X =0 um, X =30 um, X =60 um), for the nanolaminates of high volume fraction,

with each graph including linear Raman mapping for applied strains from 0.0% to 0.5%.
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Likewise, due to the strain application, the position of the 2D peak shifts in a non-linear
manner at the vicinity of the defect, reaching a plateau at Y values exceeding 300 pm,
in all cases. At 0.5% strain, the 2D peak at X =0 um is nearly 2693 cm™! far from the
defect, and 2683 cm™! at the point of nearest proximity to this defect. Considering that
at 0% strain, the 2D peak is ~2701 cm™!, the maximum redshift achieved close to the
defect is ~18 cm™!, which is ~40 % lower compared to the maximum redshift achieved

in the case of 0.035% nanolaminates.
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Figure 5.21: Line mappings of 2D peak position as a function of the distance from the hole for each x-
coordinate for the case of 0.12% volume fraction, at different applied strain levels (0.0% - 0.5%).

In order to determine the stress sensitivity of graphene in the nanolaminate
configuration, Awgar riera (the shift of 2D peak’s position value at far field at each
applied strain compared to the initial configuration ) shall be expressed as a function of

the stress that graphene experiences at each applied strain (0g,qppene). To determine
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Ographene> @ new methodology was implemented. Exploiting the capability of direct
force measurements (using DEBEN micro-mechanical) during the in-situ Raman
experiment, the stress that the nanolaminate experiences can be derived directly from
the force data. Previously, indirect methods for assessing the mechanical properties
were employed, correlating Raman shifts of graphene peaks, due to strain application,
with theoretical models to extract information over stress [210][330]. In the approach
presented herein, the observed shift of graphene Raman peaks was directly correlated
with the stress derived from the analysis of experimentally-derived stress-strain curves
of the nanolaminates Figure 5.22(a,b). It is important to note here that, as the duration
of each strain step during the Raman mapping was quite long (~2 hours) the
nanolaminates experienced relaxation, which is manifested by the stress drop at long
time after the application of a constant deformation (depicted with red points in Figure
5.22). This can be attributed to the inherent viscoelastic behaviour of the polymer
matrix, which is dominant in nanolaminates (Vin>99%) and leads to a stress decrease
when the specimens are subjected to a constant strain over time [331][332].
Consequently, the stress transfer from the polymeric matrix to the graphene inclusion

is time dependent.
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Figure 5.22: Stress-strain curve with a quasi-static step for nanolaminates of (a) 0.035% and, (b) 0.12%

volume fraction.

In light of that, the modulus of the nanolaminates under investigation has been derived
from the slope of relaxed the stress-strain curves depicted in Figure 5.22, yielding

1.78 GPa, and 2.27 GPa, for the 0.035% and 0.12% nanolaminates respectively.
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Figure 5.23: Modulus of the nanolaminates as derived from the stress-strain curves for the case of (a)

0.035% and, (b) 0.12% volume fraction nanolaminates.

By fitting the moduli of the nanolaminates in the relaxed state to the rule of mixture, an
effective modulus of graphene of 560 GPa has been derived. (see Figure 5.24). In this
analysis, the stress relaxation of PMMA matrix has been taken into account, as well.
This value is ~25% lower than the effective Young’s modulus obtained from the
continuous mechanical test (see Figure 5.7, E.rr = 804 GPa). As explained
previously, this drop is attributed to the relaxation phenomenon associated with the high

duration of each interval of the incrementally applied strain.

Eeff. = 5.60 GPa/% = 560 GPa

T T T T T T
0.00 002 0.04 006 008 010 0.12

Volume fraction (%)

Figure 5.24: Young's modulus of the neat PMMA and graphene-based nanolaminates as a function of

graphene volume fraction. Effective modulus of graphene derived from the slope.

Knowing the value of the effective modulus of graphene in the nanolaminate

configuration, 0yrapnene can be calculated for each applied strain, using Hooke’s law
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(Ographene = €Egrapnene). Therefore, for both the Raman experiments performed on
the two nanolaminates, the far-field shift of the 2D peak position has been plotted as a

function of the graphene stress. The slope of Awfar fited = f(Ographene) have been

found to be 3.71 €M™ /.p and 3.64 M/ | for the 0.035% and 0.12%

nanolaminates, respectively (see ZedAua! To apyeio mpoéievong g avopopds dev

Bpébnie.). Therefore, the stress sensitivity of the system will be set as the average value

NPT e . -1
of the individual stress sensitivities, 3.68 €M~/ GPa
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Figure 5.25: Stress sensitivity for (a)0.035% and (b)0.12% volume fraction nanolaminates.

Next, the local stress that graphene experiences in each point furthering away from the

defect can be derived by dividing Aw with the derived stress sensitivity

-1
(3.68 M "/ ).

127



* 0.1% 02% * 03% 04% * 05%

10 T T T T T r
g ]
6L e X =40 pm 1
a %
4 e 9 .,“0 aa? g"‘;ﬁ %9 o 4
- e 3 929559 o gy ? —
e ) )
a3 o 2ded o 209 2,00, oo
2 L .:““owﬁoa a0 ggiaﬂi\"'Q‘a i'“w.‘f'“"'xz‘°:'v—
ok 9o awgmha_,ihq' owﬂ; a0 2,700 s 5§ e
10 I 1 1 1 i
s [ J
o — 4
6 L ERARER X=20pm ]
@,
4 "a" @ o 939, 93, 500 : ¥
[ e 2% % 9 a9, 29, 24942
N : ﬂﬂg ,,°°° °w°' ""'""'i,"“-ﬁq 23e3
o~ #3330
Cd ok u"‘o“» a*‘.an“ "‘oa l,.a-) “"‘%,,;a,o b
A 10 [t . L . I . I
O 8 o o® 9 -
~ 6L D of X=0um 1
v ° ’5,% % %29 99,9 of ]
7] 4 2% o a9, 32%%0 0,>%0% s e ]
G) 17 L 209 mﬂ,ﬂ o nnﬂawaﬁ o “ﬁa ':o“ oaﬂg‘ A ¢? s _‘
= 2399 Cd ot 9232235 a®
L—' 0F wﬁwﬁ‘“ '@w%a:‘:o:‘% S ge Wbt el ¢ _
210 1 I 1 . I ]
s [ J
90?2 —
s
3 e X =-20 um ]
2 299
% % a® 1
4 'd.m» '3 -
3, 99°, 0.9 ) “o0 i
2L 90,0259, a,%" uu“aaa 28 e e,a;u 20 N-‘%.. : s ; ]
0 aa%, 9339 gog9a3° “u;waei w:‘"", a"5%30y! Mm}lﬂl&, -] H 8
10 ] 1 1 1 ]
s [ J
s s o X =-40 pm |
6 ag' -
@ @ 99 37 L e
J S o 9
4+ @ P 02,90 Page o %ay -
Hau °',°uo.m‘ % 0 W%g_ qw‘wa 2 0% 0029, 02
B 3 u b
2+ e 1099, -ﬁw a' o a0 ﬁ.ﬁ dovawued
0 S2a%398,%0%8,% 20 .. ,.;a o%33° 87380505533 '“oa Beedaa’
1 . 1 L 1 . 1

0 200 400 600

Distance from the hole (pm)

Figure 5.26: Line mappings of stress of graphene as a function of the x- coordinate and the distance

from the hole for the case of 0.035%.

Figure 5.26 illustrates the spatial distribution of graphene stress as a function of the
distance from the edge of the hole, for each X coordinate, in the case of 0.035% volume
fraction nanolaminates. The stress graphene endures at applied strain 0.5%, as a
reinforcement filler at low volume fraction nanolaminates at (X,Y)=(0,0) is ~8.5 GPa,
which is the highest tensile strength ever observed for an embedded material, either in
a form of sheets or as a filament close to a defect. Normally, the maximum stress that
graphene can endure is ~5 GPa [134]. This again verifies that graphene is the strongest
material that can be used for the reinforcement of composites. From the topographical
study conducted, it is evident that at the areas close to the central point (as the offset
from X=0 pm increases), the stress is a little lower than that of X=0, nevertheless, is
quite high for a reinforcing material exceeding the reported values of pristine graphene

even at areas X= 20 um from the central point.
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On the contrary, in the case of the high volume fraction nanolaminates (Figure 5.27),

the maximum stress close to the defect is approximately half compared to that presented
in the case of 0.035% volume fraction, as at Y=0 pm the stress is approximately 5 GPa
when subjected to 0.5% external applied, a value which is also recorded at pristine
graphene, which exhibits a fracture strength below 5 GPa when subjected to 0.4%
external applied deformation [134].
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Figure 5.27: Line mappings of stress of graphene as a function of the x- coordinate and the distance from

the hole for the case of 0.12% volume fraction.

Followingly, the stress concentration factor K;, given by the Equation 5.4, where 0,4
is the stress perpendicular to the load axis, at Y=0, and o is the stress at the far field,

was determined for the nanolaminates of each volume fraction.

K, = Imax (5.4)

o

The stress concentration factor (SCF) was derived for each applied strain up to 0.5%,

as it has been observed that at higher external applied levels, K; remains constant or
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diminishes [279]; as for higher strains, the material starts to fail close to the defect, by
delaminating or due to cracks induced in the individual graphene sheets [333]. The
determination of SCF is crucial for the comprehension of stress distribution close to
defects existing in a material and especially in nanocomposites, as it can provide
valuable information, over the prediction of their mechanical response and the failure

mechanisms [49].
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Figure 5.28: Line mappings of Stress Concentration Factor Kt as a function of the distance from the
hole, for each x- coordinate, for the case of 0.035%.

In Figure 5.28, the topographical study of SCF for the case of low volume fraction
nanolaminates is presented. In all X-coordinates the SCF ranges within 2.2 — 3, with
the highest value observes at (X,Y) = (-20,0). The load that graphene experiences at the
edge of the hole at X=-20 pm is approximately 3 times higher than that of the far field,
whilst at the other X coordinates is 2-2.5 times higher. This implies that it is more
probable for a crack to form near (-20,0), which could eventually lead to the failure of

the specimens. Fracture occurring at coordinate X#0 pum can be attributed either to
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microdefects introduced during the laser irradiation procedure for the hole creation, or

to errors in accurately determining the x-coordinate position.

Respectively, K; for the case of 0.12% volume fraction nanolaminates, for each X
coordinate, is presented in Figure 5.29. Herein, K, is approximately 5.5 times higher at
the edge of the hole at X=0, 30 um, whilst in the neighboring areas reduces to 4 and 2
times (for more distant x-coordinates), compared to the far-field. This indicates that it
is almost twice as probable (compared to the 0.035% nanolaminates) that a crack will
arise from the edge of hole, implying that they are more brittle. This comes in agreement
with the findings in Figure 5.6, in which nanolaminates of 0.12% volume fraction, fail
earlier than those of 0.035% volume fraction (the ones containing a defect) and exhibit

1/2 for

lower fracture toughness, with their corresponding K. values being 0.72 MPa m
the 0.12% and 0.81 MPa m'/? for the 0.035%. Moreover, for low external strains of
up to 0.2%, it is highly probable that the Raman spectroscopy data exhibit considerable
variation, conceivably due to the inadequate stretching of the sample. It is important to
note that according to theory [102], the maximum stress concentration is expected at
the minimum cross section of the specimen, perpendicular to the load axis. Possible
deviations from this behaviour (i.e. fracture at coordinate X#0 pum) can be ascribed

either to further microdefects developed during laser irradiation for the hole creation,

or the determination of the right positioning of the x coordinates.
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Figure 5.29: Line mappings of Stress Concentration Factor K, as a function of the distance from the hole,

for each x- coordinate, for the case of 0.12%.

The stress concentration factor is high in low strains of up to 0.2%, in both 0.035% and
0.12% nanolaminates, and then diminishes, remaining constant for higher applied
strains. The increased stress concentration at low strains leads to the formation of

phenomena like local microcracking, which results to the decrease of K.

5.4 Conclusions

In this thesis we have demonstrated that the graphene-based nanolaminates present
significantly higher resilience to fracture than the neat PMMA, with the fracture
toughness of the low and high volume fraction samples being ~48% and ~31% higher
than that of the PMMA. Specifically, the fracture toughness of the neat PMMA is
0.55 4 0.07 MPa m'/?, whereas in the low and high volume fraction nanolaminates it

increases to 0.81 + 0.05 MPa m'/? and 0.72 + 0.05 MPa m'/?, respectively. This
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indicates that due to the addition of CVD graphene, mechanisms that impede the
ultimate failure of the material in the form of microcracking deflection etc, are
developed. Although the high volume fraction nanolaminates contain higher graphene
content (and thus are stiffer than both the low fraction ones and the neat PMMA) they
tend to fail prematurely, displaying a more brittle fracture, as they exhibit a two times

higher stress concentration factor compared with the low volume fraction ones.

Furthermore, the knowledge over the stress distribution at the vicinity of the defect
(hole in our case) is pivotal in understanding and predicting the final fracture of the
material, as the stress concentration and thus the SCF vary significantly in
nanocomposites, including graphene-based nanocomposites, depending on the type and
the dispersion of nanofillers [334], the interfacial interactions [335] and the loading
conditions [336]. Therefore, the comparison between the SCF occurring in a wide range
of materials and experimental conditions is quite difficult, and that is the reason why
there is no universal definition. Furthermore, the measurement of the stress
concentration close to a defect, is also a quite challenging procedure, and therefore, the
experimental calculation of the SCF is difficult. In fact, in most of the cases,
computational modeling methods, such as Finite Element Analysis (FEA) or Molecular

Dynamic simulations (MDs) is involved for the prediction of SCF [337].

Herein, Raman spectroscopy in combination with micromechanical testing was
employed for the conduction of spectral mappings across a defect, in order to identify
the areas presenting the higher stress concentration, which are more prone to failure.
According to the analysis of stress distribution, the maximum stress that the material
experiences is ~8.5 GPa and ~5 GPa, for the low and high volume fraction
nanolaminates, respectively. This is a groundbreaking result proving that a small
number of CVD graphene sheets used as nanofiller can provide both superior strength
and resilience to a nanocomposite, exhibiting remarkable resistance to crack
propagation. Comparing the SCF of high and low volume fraction nanolaminates, the
former is significantly higher, indicating that fracture will occur faster in this material;

this is validated from the more brittle behaviour of the 0.12% nanolaminates.

Concluding, these results prove that graphene, except from being a material with unique
properties, it can be exceptional as a nanofiller. Graphene-based nanolaminates of low

volume fraction present significantly higher ultimate tensile strength and fracture
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toughness, indicating their remarkable resistance to crack propagation. Therefore,
potentially, graphene-based nanolaminates can be used in various high performance

applications.
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6. Crack propagation and related morphological
changes of exfoliated graphene monitored via

Atomic Force Microscopy

This Chapter deals with the investigation of fracture mechanics (theoretically described
in detail in Chapter 2) and other strain-induced morphological alterations of notched
single and few layered graphene produced via mechanical exfoliation. Exfoliated
graphene represents the ideal material for the investigation at the nanoscale of the
morphological alterations that refer to changes in size, shape of the structure of the
graphene sheets, when they are subjected to external deformation. The presence of a
defect, such as a notch, in combination with the application of strain can lead to the
stress concentration at the tip of the notch, resulting to a localized deformation or
premature failure of the material. This, as well described in the previous Chapters of
this Thesis, is of foremost importance in practical applications of graphene-based
devices, as graphene sheets serve as reinforcing or conductive elements for applications
such as nanomechanical devices or sensors [338][339]. As described in the Chapter, a
novel technique based on the use of AFM nanoindentation tool has been implemented
to inflict nanometric scale defect with controlled geometry and size into the graphene
flakes. In-situ monitoring of flake morphology and crack propagation has been
performed by adjusting a micro-tensile tester under the Atomic Force Microscope,
allowing the accurate inspection of graphene features with high-resolution, as well as
the extraction of fracture toughness. Therefore, a comprehensive examination of strain-
induced morphological patterns in notched graphene sheets has been conducted, aiming
to unveil novel insights and contribute to the advancement of nanotechnology field,
through the design and optimization of nanomaterials with tailored properties and

functionalities for future applications.

6.1 Production and selection of exfoliated graphene samples

Graphene flakes were produced via the mechanical cleavage method from HOPG (High
Order Pyrolitic Graphite) using a commercially available scotch tape and were

followingly deposited onto a SUS/PMMA substrate. SUS/PMMA -supported graphene
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flakes were at first examined under the optical microscope, and both monolayer (see
Figure 6.1(a)) and few-layered (see Figure 6.1(b)) flakes having adequately large size
(higher than 10 x 10 um?) were selected for this investigation, in order to avoid edge

effects and to ensure efficient load transfer [286].

(a) (b)

Few layers graphene

!

Monolayer graphene
Marking point

Marking point
e ] ST |

Figure 6.1: Optical micrographs of typical (a) monolayer and (b) few layers graphene flakes obtained
through mechanical exfoliation of HOPG.

6.2 Quality control of the specimens via Raman spectroscopy

and Atomic Force Microscopy

Raman spectroscopy was employed for the characterization and quality control of the
selected samples (see Chapter 3). In Figure 6.2(a,c), a monolayer (see inset) and a few-
layered graphene are depicted, respectively. Indicative Raman spectra of mono- and
few-layered graphene are illustrated in Figure 6.2(b,d), respectively. Important
information, such as the existence of residual strain, doping or the number of layers of
the samples can be extracted from the typical features of the 2D and G peaks, which

are prominent in Raman spectra.

136



(a) (b)

—— Monolayer graphene on PMMA sul

Marking point

Few layers graphene Monolayer graphenc

Raman Intensity (a.u.)

500 1000 1500 2000 2500 3000

Raman shift (cm™)
(C) (d) ~~  ||——Few-layered graphene on PMMA substrate|
> F
G
2
7]
s ; =
Marking point 3
s
=
3
£
<
a4
Few layers graphene : : L : :
4 EED 500 1000 1500 2000 2500 3000
L]

Raman shift (ecm™!)

Figure 6.2: Illlustration of (a) monolayer, (c) few layers graphene flakes under the optical microscope,
and their corresponding Raman spectra at (b,d).

The 2D peak for the monolayer graphene is centered at ~2682 cm! (see Figure 6.2(b))
indicating that it is stress-free [340], and the FWHM of the peak fitted by a single
Lorentzian is 28 cm™!, while the G peak position is located at around 1582 cm™ and has
a FWHM of 14 cm™. The relatively narrow FWHM of the 2D peak and the ratio of
intensities Ip/lg ~2 confirm the monolayer nature of the graphene flake under
investigation. For the flake shown in Figure 6.2(c), the 2D peak is centered at 2708 cm”
! with a larger FWHM of 63 cm™!, suggesting that this is a few-layered flake[341]. The
G peak position is observed at around ~1580 cm™ and has a FWHM of 14 cm™ ( Figure
6.2(d)). In both the flakes, the D peak located at 1350 cm™ is negligible, indicating that
graphene is defect-free. The Iop/IG ratio for the few layered graphene is ~1.3, verifying
the high quality of the flakes. Apart from the graphene features, the spectra include the
characteristic peaks of PMMA at ~1450 cm™ [293] ~1730 cm™ [293] and ~2952 cm"

1[294].

The morphology of graphene flakes was visualized by using Atomic Force Microscopy
(AFM). The AFM images of the graphene flakes were acquired by an AFM microscope
(Dimension Icon Bruker) using a Scanasyst-air probe of stiffness ~0.40 N/m and the
topographical images of the flakes were obtained by the operating Peak Force QNM

mode. Figure 6.3 shows topographical images of a monolayer and a few-layered flake.
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By using the cross-section function of the NanoScope® software, the height of the
mono and few-layered flake under investigation was found to be ~0.5 nm and ~3.0 nm,
respectively, thus confirming the monolayer and few-layered nature of the flakes.
Moreover, some patterns can be detected by AFM, which could be ascribed to adhesive
residue upon exfoliation process. The detection of these patterns was not possible

neither through the optical microscope, nor through the Raman spectroscope.

(a) (b)

_______

----------------

Height Sensor 5.0 um Height Sensor 10.0 um

Figure 6.3: AFM topographical image of (a) a monolayer, and (b) a few-layered flake. Dashed lines are

a guide to eye-emphasizing flake boundaries.

6.3 Optimization of AFM tip-induced defect

In order to create a defect with controlled nanometric size and shape and in a precise
position of the micrometric graphene flakes, an ad-hoc methodology was implemented,
which is based on the use of the nanoindenting and nanoscratching tool of the AFM.
The application of small forces (uN) and the nanometric lateral size resolution give the
possibility to create defects in the two-dimensional material without traumatizing its
surrounding areas or damaging its interface with the substrate. Specifically, a dedicated
probe for nanoindenting and scratching applications (DNISP, Bruker) consisting of a
natural diamond tip (nominal apex radius of 40 nm) mounted on a stainless steel
rectangular cantilever (stiffness 286.52 N/m and frequency of 65 kHz) was adopted for
the defect creation (see Figure 6.4). The location, size and the applied indenting force
were set in Tapping mode, using the function “Point and Shoot” of the NanoScope®
software. It is important to note that the DNISP probe is not for use in general AF M
imaging; therefore, the topography of the graphene flakes after the creation of the
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defects has been observed in PeakForce QNM mode, as already mentioned in par. 6.2,
using a Scanasyst-air probe (spring constant ~0.40 N/m, frequency ~70 kHz, tip radius

~2 nm).

Figure 6.4: SEM of the DNISP AFM probe.

A preliminary investigation to set the adequate force required for the local tearing of
graphene, without causing further deformation or damage to the sample, was
conducted. Specifically, a region of interest was selected, and a defect was created onto
the graphene surface , applying forces from 1 to 20 puN . The AFM image depicted in
Figure 6.5 shows the creation of defects (indicated by capital letters A-K) in monolayer
graphene supported on PMMA, using different indenting forces listed in Table 6.1. In
the case of forces smaller than 10 uN, no damage could be successfully inflicted to the
specimen. From 10 uN to 14 pN, the DNISP tip cuts graphene, with the diameter of the
hole-shaped defect being relatively steady (~ 0.1 um), while from 15 puN to 20 uN the
diameter of the defect has clearly increased (~ 0.2 um) and areas close to it, have been
slightly lifted. The shape of the defects conforms with the shape of the tip in all cases;
however, the lateral size of the produced hole increases with the applied force, as higher

force induces higher indentation depth into the sample.

Next, a line-shaped defect was induced by using force of 10 uN. The nanoscratching
process consists of repetitive nanoindentation at adjacent locations along a specific
pattern (in this case a 1.5 pm-long line). From the AFM image shown in Figure 6.5(b),
it is evident that employing forces up to 5 uN does not result in the formation of a clear
line cut. On the contrary, increasing the force above 10 uN causes the damage of the
substrate, reducing the adhesion of the flake with it, resulting to its further lifting of the

edges of the cut. In light of that, the indenting force was not further increased.
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Figure 6.5: Preliminary investigation of nanoindentation/ nanoscratching process for the creation of a
defect, (a) spots (denoted as A — K (see Table 6.1)) and, (b,c) line-cuts (denoted as L1 — L6 (see Table
6.2)): AFM images of a graphene monolayer supported on PMMA after application of different indenting
forces.

Table 6.1: Correspondence of nanoindentation force with the defect shown in the AFM image shown in
Figure 6.5(a).

_10 11 12 13 14 15 16 17 18 19 20 10

Table 6.2: Correspondence of nanoindentation force with the line-cut defect shown in the AFM image
shown in Figure 6.5(b,c) .

A high-resolution AFM image of the line scratch created in the monolayer graphene
shows that the notch tip has a triangular geometry that replicates the shape of the

diamond tip; no further corrugations or damage has occurred in the graphene flake in
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the proximity of the notch, (Figure 6.6), thus suggesting the feasibility of the proposed

technique for the investigation of fracture mechanics in notched graphene flakes.
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Figure 6.6: High-resolution image of a typical notch induced at the edge of the graphene flake.

6.4 Cracking of exfoliated graphene: formation and propagation

Comprehensive insight into strain-induced changes of graphene’s surface morphology
can be achieved via the combination of AFM with micro-tensile testing of the simply
supported graphene flakes. Particularly, the real-time observation of the material’s
behaviour under load can unravel deformation mechanisms providing direct evidence

of phenomena such as crack initiation and propagation.

The examination of graphene’s morphology close to the defect is extremely important
and very few studies in the literature have been reported so far [10-14]. AFM images
can reveal the formation of structural defects, such as vacancies, adatoms, or grain
boundaries, near the defect site [342]. When the sample is subjected to tension, a defect
acts as a point of high stress concentration causing morphological alterations at the
region around it. This induced localized deformation can cause non-uniform surface
features or height variations, while strain-induced wrinkles or ripples can also be
present [343][344]. When the applied strain reaches a critical value, causing the crack
initiation at the vicinity of the defect, AFM images can capture this propagation and
provide indicative images of discontinuities or step-like features in graphene’s surface.
Therefore, AFM provides valuable insights into how defects influence the morphology
and mechanical behaviour of graphene under tension, offering a nanoscale perspective

on the material's response to applied stress [345][112].
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6.4.1 The case of monolayer graphene

The morphological alterations in notched graphene under the application of a tensile
deformation were monitored via AFM in PeakForce QNM mode using a Scanasyst-air
probe (spring constant ~0.40 N/m, frequency ~70 kHz, tip radius ~2 nm). The micro-
tensile tester (Deben MT200) was adjusted under the microscope, as shown in Figure
6.7. Next, a defect was inflicted on each graphene flake examined, following the
methodology described in par. 6.3, and reference images (before the imposition of

strain) were acquired for comparison purposes.

Left grip

AFM stage

Figure 6.7: Schematic illustration of the specimen configuration to impart measurable strain to notched

graphene. The load axis is the horizontal axis.

Figure 6.8 shows the AFM images that were acquired from the notched monolayer
graphene (with the dimension of the line-cut defect being ~ 1.0 um length and ~ 0.1 pm
width) under the application of a uniaxial tensile loading. The images depicted, refer
to actual graphene strain of 0.00%, 0.39%, 0.45%, 0.51%, 0.57% and 1.1%, as derived
from the phonon secular equations [210] (prior to in-situ AFM investigation,

preliminary experiments were conducted on the same specimen to measure the phonon
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shift upon the imposition of an applied strain via Raman spectroscopy, as described also
in Chapter 4). The loading increases quasi-statically by small increments (~ 0.06%).
For simplicity, images taken when no change occurs during the tensile procedure (e.g.

during actual graphene strain 0.00% - 0.39%, when no fracture is observed), are

omitted.
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Figure 6.8: AFM visualization close to the line-cut defect at the edge of the graphene sheet at various
actual graphene strains (a) 0.00%, (b) 0.39%, (c) 0.45%, (d) 0.51%, (e) 0.57%, and (f) 1.1%. The load

axis is the horizontal axis.

Graphene remains intact, despite the existence of the line-cut defect at actual strain up
to 0.39% (Figure 6.8(a,b)). It is interesting noting that at 0.45% strain, a crack arises
and propagates from the tip of the line-cut defect (see Figure 6.8(c)), and this is in
agreement with previous studies on crack propagation in graphene as indirectly
monitored via Raman spectroscopic mapping [134]. In most cases, the crack
propagation is almost instantaneous across the sample, and that is due to the brittle

nature of graphene when it presents a defect [129]; after crack initiation, propagation
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rapidly enters its unstable phase, and develops perpendicularly to the load direction,
leaving lifted edges, alongside the crack (Figure 6.8(d-f)). It is evident from the
adhesion image that the crack arising from the defect, has teared the graphene sheet

from the lower to the upper edge (Figure 6.9).

: Graphene 5

Crack path

A | inc-cut defect

Adhesion ) 3.0um

Figure 6.9: Adhesion mapping of the graphene flake after the application of incremental strain. The load

axis is the horizontal axis.

Figure 6.10 compares the morphology of the monolayer graphene flake, before and
after the tensile test. In Figure 6.10(a), the height image of graphene’s surface before
the application of strain is given, where no corrugations or any other damage occurs,
close to the induced defect. However, after the application of the incremental strain and
the unloading of the sample, the crack has initiated from the defect and has propagated
throughout the sample, perpendicularly to the applied load (Figure 6.10(b)). The crack
path can be interpreted as the most favorable path that is followed for the relief of the
stress concentration. It is evident that the presence of the crack in combination with the
applied load has inflicted the splitting of the material, leaving two edges of the graphene
layer slightly lifted (Figure 6.9).
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Figure 6.10: Topographic mapping of the graphene flake (a) before, and (b) afier the application of
incremental strain. The load axis is the horizontal axis.

Figure 6.11(a,b) shows a high-resolution topographic image of the fracture and the
corresponding adhesion mapping. In between the free edges of graphene created due to
the crack propagation, the surface of SU§/PMMA is displayed, where the adhesion has
higher value, and an increased surface roughness compared to the graphene sheet is
observed. Very interestingly, at the edges of the fracture line graphene appears slightly
lifted, and this can be ascribed to local lack of adhesion (as revealed by the lower
adhesion forces in the corresponding mapping). In order to measure the distances
between the two edges of the crack and the zone where graphene is lifted, a cross
section of the white-dashed line depicted in Figure 6.11(a), is given in Figure 6.11(c).
The distance between the two free graphene edges is approximately 122 nm (blue
dashed lines), while the difference in the height of the lifted edges compared to the rest
of the graphene sheet is approximately 1.5 nm (green dashed lines). The PMMA with
the lifted graphene edges has a height difference of approximately 2 nm (red dashed
lines), and the inner part of the crack has a vertical distance of approximately 0.4 - 1
nm compared to regions outside the crack (magenta dashed lines). This range of values,
which exceeds the thickness of monolayer graphene (0.334 nm), is due to the roughness

of the PMMA/SUS substrate.

The observation of a crack arising close to the defect and its propagation perpendicular
to the load axis can be attributed to several factors related to the nature of the defect
and the material’s mechanical response. In general, stress distribution within the
material is greatly affected by the existence of a defect, as it may act as point of stress
concentration. In turn, this increased local stress results to a higher localized

deformation of the material [346]. If the localized stress surpasses the material's fracture
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strength, it will lead to crack initiation. Therefore, graphene’s inherent material
properties, such as fracture toughness and interlayer bond strength are important
parameters in the study of crack propagation. It is important to note that perfect
graphene presents very high strength and resistance to fracture (= 100 GPa [347]);
nevertheless, if a defect is present, due to stress concentration close to it, the actual
strength is can be much lower (= 10 GPa or less [348]), and therefore crack formation
becomes easier. The direction of crack propagation is mainly affected by stress
distribution, which is determined by the geometry and the location of the defect, as well
as the applied stress. The defect created before the load application, is located at the
edge of the graphene sheet and the direction of crack propagation is perpendicular to
the strain axis, minimizing the overall stress on the material. In general, the stress
distribution near the edges of graphene varies from that in the center, and this strain
gradient occurs due to several factors, such as boundary defects (i.e. edge vacancies,
edge atoms, etc.), the presence of free edges, material geometry, and its mechanical
properties. Precisely, the edge atoms, have higher potential energy compared to inner
atoms, as they participate in fewer covalent bonds and bond-bending angles compared
to atoms located in the interior regions of the sheets, and therefore contributing less to
the flexural rigidity (its ability to resist bending or deformation under stress) of the
material and rendering them prone to buckling under compressive loads [349]. Thus,
edges exhibit higher strain levels under the same stress conditions and crack initiation
is more likely at the edge of a graphene sheet (which is independent from the existence

of a notch).

Considering that the Young’ modulus of monolayer graphene is 1 TPa, when the actual
strain of graphene is ~0.45%, the tensile strength can be estimated to be ~4.5 GPa, a
value that is much lower than 100 GPa . This significant drop of the tensile strength,
as already observed in similar systems where tensile strength values below 5 GPa are

recorded [134][348], is attributed to the presence of the defect.

Delving into the stress field at the vicinity of the crack, where fracture mode I
predominates, the stress components are given by the equations described in Chapter 2
[108]. When the crack is formed perpendicularly to the load axis (8 = 0), and the stress
field is described by the equation:

K;

Oyy = 6.1
vy = o= (61)
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Where g,,,, = o is the applied strain. Thus, the SIF can be expressed as follows:

K, = oV2nr (6.2)

Fracture will occur when the crack formed will transcend from the stable phase to the
unstable. At this point, stress o exceeds a critical value g, and K; reaches the value of
K;c, which is the fracture toughness of the material, and for a crack of a length is given

by the equation:
K;c = o.NVma (6.3)

Considering that the crack length is 1 um, the K;. of graphene can be estimated to be

7.97 + 2.10 MPa\/m, which is higher than values quoted in literature for graphene
[129][134]. According to the study of Zhao et al. [134], when the crack is sharp, the

estimated value of K; is approximately 4.0 MPa~/m, whilst in the case of a blunt crack,

K¢ is approximately 9.2 MPa~+/m. Therefore, it can be safely concluded that the crack

is blunt.
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Figure 6.11: High-resolution (a) topographic and (b) adhesion mapping of the fracture in supported
monolayer graphene. (c) Cross-section at the white-dashed line in (a) displaying the horizontal distance
between the teared graphene edges (blue dashed lines), the height of the lifted edges compared to the
rest graphene sheet (green dashed lines) and the PMMA (rved dashed lines), the height difference between
the PMMA and the regions outside the crack (magenta dashed lines). The load axis is the horizontal axis.
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6.4.2 The case of few-layered graphene

The morphology of a notched few-layer graphene (lower than 10 layers) flake under
uniaxial tension was also investigated. In the case of the flake in Figure 6.12, we can
observe the existence of some wrinkles before the application of the load, without
forming any motif, which can be attributed either to the intrinsic stress during the
exfoliation procedure [350], either to the interaction between the graphene layers and
the SUS/PMMA substrate. The creation of the defect did not cause any damage to the

neighbouring area, as no corrugation or wrinkle formation is observed.

Height Sensor 7 10.0 um

Figure 6.12: Topographic mapping of a few-layered graphene flake when no strain is applied. The defect

induced is marked inside the white circle.

Next, the specimen was subjected to step-wise incremental loading, and after each step
AFM images were taken for the examination of the area close to the defect, in order to
monitor the crack formation. From Figure 6.13(a) we can observe that at 0.32% actual
strain, a small crack seems to be formed at the edge of the defect, which propagates at
0.62% strain, even though it is not clear in the height image of Figure 6.13(b), but it

is apparent in the adhesion image. The fracture toughness K;. of the multilayer

graphene is approximately 11.0 + 2.3 MPa+/m, which is higher than the value of
monolayer graphene. The fracture is evident at 0.95% actual strain, in both the height

and the adhesion images (see Figure 6.13(c)).
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Figure 6.13: Topographic and adhesion mapping of the graphene flake when (a) 0.32%, (b) 0.62%, and

(c) 0.95% actual strain. The load axis is the horizontal axis.

In Figure 6.14 the topographical mappings in areas where the crack has propagated are
given. As in the case of the monolayer flake that was studied earlier, the crack has
propagated perpendicularly to the applied load, nevertheless, deflects when it
encounters an “anomaly” (Figure 6.14(f)), and returns to the perpendicular direction,
reaching the lower boundary of the flake. The tearing of the graphene sheets is evident
also in Figure 6.14(d), where two wrinkles (see into the white frame) parallel to the
load axis stop their propagation at the free edge of the teared graphene sheets. The crack
path can be interpreted as the path that is the most favorable for the stress concentration

relief.
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Figure 6.14: Topographic mapping of the few-layers graphene flake upon unloading. The load axis is

the horizontal axis.

Comparing the crack propagation process in the monolayer and the few-layer graphene
flakes studied in this dissertation, it is observed that the crack initiation occurs in most
of the cases at approximately 0.45% and 0.62% actual strain, respectively. These
findings agree with similar systems in literature (as was previously mentioned in par.
6.4.1), where crack propagation in monolayer graphene occurs at strain levels between
0.40 % - 0.44 %, with K; being approximately 4.0 MPay/m and 9.2 MPa~/m for sharp
and blunt crack respectively [134]. In the case of few layered graphene, the extra sheets

contribute to the mechanical stability of the system, providing some level of mechanical
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reinforcement and stress distribution between the sheets, therefore, they tend to exhibit
enhanced resistance to the crack initiation [132], or the propagation will be slower, in
case that some (and not all the) sheets tear apart [351]. Nevertheless, it is also possible
that few-layered graphene contains more structural defects which may facilitate the
crack propagation process. This ability of distributing and dissipating the stress to the
adjacent layers, cannot be found in monolayer graphene, which is more susceptible to

fracture as there are no other supporting layers.

6.4.3 Other strain-induced morphological features observed in monolayer

and few-layered graphene

One interesting phenomenon during crack propagation is crack deflection [134]. As
seen in Figure 6.15(a) no crack is formed when the sample is at rest. However, at actual
graphene strain 0.45%, a crack initially is formed in an oblique angle relative to the
primary loading axis, but then deflects and realigns perpendicular to the loading axis
(see Figure 6.15(b)). In general, the fracture path occurs primarily along the zigzag
direction, which exhibits slightly lower fracture energy compared to the armchair
direction [352]. Nonetheless, it has been demonstrated in literature that regardless of
the flake’s crystallographic orientation, the crack path becomes approximately

perpendicular to the tensile axis, as a result of the asymmetric stress field at the crack
tip [353][134].
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Figure 6.15:Topographic and adhesion mapping of a monolayer graphene (a) at rest, and (b) at 0.45%

actual strain.
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Crack deflection is not a phenomenon limited to monolayer graphene, but is also
observed in few layered graphene, however the morphology observed is more complex.
Figure 6.16(a) illustrates the morphology of few-layers graphene at rest, while Figure
6.16(b) shows the area close to the induced defect. It is evident that the creation of the

defect has not created any damage to the area close to it.

@ | (b)

20.0 nm {OiG %

Height Sensor 5.0um Height Sensor

Figure 6.16: Topographic mapping (a) of a few layers flake, and (b) the area close to an induced

defect, when sample is at rest.

At 0.62% actual strain, the surface’s morphology has been clearly altered. The
morphological mappings of the areas close to the defect existing in the graphene edge
is depicted in Figure 6.17. Herein, both crack (noted as “A”) and wrinkle (noted as
“B”) formation arise from the edge of the defect, at actual graphene strain 0.62% and
0.32% (Figure 6.17(a)). The crack arises from the tip of the defect (Figure 6.17(a))
and propagates at an angle to the load axis (Figure 6.17(a, b, ci)). Then, the crack
deflects and orients perpendicularly to the load axis (Figure 6.17c¢i), and stops when it
crosses paths with another crack (Figure 6.17(di)). Furthermore, the increased stress
concentration has given rise to a wrinkle system, which is expressed through the
existence of undulations or folds on the graphene surface (Figure 6.17(a,b)). These
wrinkles come across with other folds or generate new ones (Figure 6.17(b,cii)) due to
the increased strain gradient of the area, and their termination occurs when they meet a
free edge of the graphene sheet, which has been created due to the propagation of a

crack (Figure 6.17(dii, eiii)).
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Figure 6.17: Topographic mappings of the corrugations initiated from induced defect at the upper edge

of the graphene sheet (a- eii). The load axis is the horizontal axis.

Lastly, except from the wrinkles, cracks, and other corrugations, in a monolayer
graphene flake, a unique morphology has appeared (Figure 6.18). The corrugations
observed cannot be classified as regular wrinkles or ripples as they appear to have a
radial pattern possibly due to the complex strain gradient at the tip of the defect.
Specifically, the corrugations that lie in proximity to the defect align almost radially to
its tip, whereas the farther their distance, the more parallel they become (perpendicular

to the load axis).
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Figure 6.18: (a) Unique morphology induced on graphene’s surface due to the presence of a defect, (b)

zoom at the area near the tip of the defect. The load axis is the horizontal axis.

6.5 Fatigue of exfoliated graphene

Fatigue study of materials has always been of high interest, as fatigue failure can occur
at stress levels much lower than the static fracture strength [354]. As graphene stands
out among 2D materials due to its unique characteristics, the exploration of its
mechanical fatigue is important in applications such as stretchable electronics and
artificial skins [354][355][356]. Cui et al. examined the fatigue of suspended monolayer
and few-layer graphene (via AFM), demonstrating a fatigue life of more than 10° cycles
at a mean stress of 71 GPa [354]. According to the authors, fatigue failure in monolayer
occurs without progressive damage, while Molecular Dynamic simulations (MDs)
reveal that fracture is preceded by stress mediated by stress-mediated bond
reconfigurations near defective sites [354]. The same group showed that, in the case
substrate-supported graphene, the van der Waals interactions at the graphene-polymer
interface can induce substantial fatigue fracture of graphene through a combination of

in-plane shear and out-of-plane tear mechanisms [356]. Wang et al. studied the strain
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transfer at the graphene-polymethyl methacrylate (PMMA) interface under repetitive
loading with 0.7% strain, by combining in-situ Raman spectroscopy and AFM
measurements, reporting a stress transfer efficiency loss of ~ 40% after 10 cycles, due

to graphene buckling [355].

Herein, mechanically exfoliated graphene flakes deposited onto SUS/PMMA are
subjected to cyclic mechanical loading. After graphene’s deposition onto the substrate,
the specimen was subjected to uniaxial tension, until the actual graphene strain is
approximately 0.45% and then the strain was released slowly, in order for the sample
to return to its initial state. In that way, the 1% cycle of the cyclic mechanical loading
was completed, and this procedure was followed for 1000 cycles. This small external
strain was chosen in order for the substrate to be in the elastic area, and not be plastically
deformed, allowing the stress transfer from PMMA to graphene [357][296]. In Figure
6.19(a), the morphology of a monolayer graphene flake which does not have any prior
induced defect is depicted, while in Figure 6.19(bi, ci, di) graphene’s morphology at
200%, 500", and 1000 cycles, respectively is presented. During previous cycles, some
minor alterations occurred at the area, but there were no wrinkles or folds formed. High
resolution topographic images of the craze formed are depicted in Figure 6.19(bii, cii,
dii). Specifically, at 200" cycle, it seems like a crack has occurred, with the sheet being
locally lifted after its creation (Figure 6.19(bii)). However, its morphology is slightly
altered on the 500" and 1000™ cycle (Figure 6.19 (b,c)) likely due to the strain

redistribution at the area.
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Figure 6.19: Topographic mappings of the graphene flake at (a) rest, (b) 200th, (c) 500th, (d) 1000th
cycle. The images indicated by (ii) illustrate the area with the corrugation of the corresponding (i). The

load axis is the horizontal axis.

In general, in monolayer exfoliated graphene, corrugations occur locally, and they are
not dispersed throughout the sample. For instance, in Figure 6.20(a,b), a craze has been
created in the 200" cycle onto the graphene’s surface, initiating from the upper edge of
the sheet, uplifting the area within which it propagates. As seen in Figure 6.20, in the
case of 1000 cycles, the wrinkle only acquired greater length, while no signs of other

wrinkle patterns were observed (Figure 6.20(a-d)).
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Figure 6.20: High-resolution topographic and adhesion mapping of graphene surface close to a craze

at 200th cycles and 1000th cycles. The load axis is the horizontal axis.

The morphology of few-layered graphene sheets is slightly different. For instance, apart
from the wrinkle formation and propagation throughout the sample, due to the strain
gradient induced, from both tension and compression, also other features (i.e. ripples)
appear on the surface of the sheets (Figure 6.21). Particularly, as seen in Figure 6.21(a)
during the 1% cycle no significant change is observed at the morphology of the graphene
flake. However, at 200™ cycles apparent morphological changes are perceived Figure
6.21(b) and are marked in the black (Left area) and red (Right area) circle. Specifically,
intense ripples (Figure 6.21(bi)), as well as bifurcation signs (Figure 6.21(bii)) appear
on graphene surface caused by the stress field induced due to the cyclic

loading/unloading procedure.
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Figure 6.21: Topographic and adhesion mappings of few-layer graphene surface at (a) 1st, and (b) 200th
cycles. During the 200th cycles there are obvious morphological changes, such as (b;) ripples and (i)

bifurcation signs. The load axis is the horizontal axis.

The morphology of few-layered graphene flake is depicted at 200" (Figure 6.22(a)),
500" (Figure 6.22((b)) and 1000™ cycles (Figure 6.22((c)). Apart from the few isolated
wrinkles appearing at 200" (Figure 6.22(a)), a wrinkling system appears due to the
compression-tension loading at the 500" cycles (Figure 6.22((b)). However, in the
1000 cycle, this wrinkling system seems to subside (Figure 6.22((c)), perhaps due to

the repetitive stretching procedure and the surface tension existing in thin films [358].

158



1.2nN

3.0nN

Adhesion 5 |

1.2nN

Figure 6.22: Topographic and adhesion mappings of few-layer graphene surface at (a) 200th cycles and
(b) 500th cycles with the formation of a wrinkle system, and (c) 1000th cycles. The load axis is the

horizontal axis.

The alteration in the morphology of wrinkling pattern displayed at 500" and 1000™
cycles (white boxes — Figure 6.22(b,c)) are depicted in Figure 6.23. Comparison
between the morphology at these cycles indicates that although at 500" cycles a system
of intersecting wrinkles has formed, at 1000 cycles most of these wrinkles have

disappeared and ripples have emerged, due to the alterations in strain gradient.
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Figure 6.23: Topographic and adhesion mappings of few-layer graphene surface at (a) 500th cycle and
(b) 1000th cycles. The load axis is the horizontal axis.

In Figure 6.24, the upper edge of the few-layered graphene sheet is depicted. It is clear
that wrinkles are formed from the edge of the sheets at the 200" cycle, however in the
500™ cycle the wrinkle formation is way more pronounced due to the repetitive changes

in the stress field, resulting in a more intense pattern creation.
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Figure 6.24: Topographic and adhesion mappings of few-layer graphene surface at (a) 200th cycles and

(b) 500th cycles with the formation of a wrinkle system. The load axis is the horizontal axis.

6.6 Conclusions

Concluding, the presence of a defect on exfoliated graphene sheets plays a crucial role
on its mechanical behaviour as it introduces localized stress concentration on its tip,

rendering certain regions more susceptible to mechanical failure than others. Moreover,
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the presence of a substrate i1s known to affect the mechanical response of graphene, due
to their Young’s modulus mismatch, leading to the appearance of patterns such as
wrinkles. In fact, the application of external strain causes morphological alterations
which seem to be different depending on the number of layers comprising the graphene
flakes. Cracks and wrinkles are more localized on monolayer than in few-layer
graphene. Herein, a new nanoscratching methodology was adopted to pre-crack
graphene samples, by using an AFM diamond tip, in order to study the mechanical
response of graphene. Crack initiation occurs in monolayer graphene at actual strain
0.45%, whereas for the case of few-layered graphene, it occurs at slightly higher applied
strain, 0.62%, due to the additional support provided by the adjacent graphene layers,
and the fracture toughness K;. of the few-layered graphene (11.0 + 2.3 MPavm) is
higher than the value of monolayer graphene (7.97 + 2.10 MPa~/m). Crack deflection,
which is a crack delaying mechanism, was also observed in the case of monolayer
graphene. Moreover, wrinkles form at 0.51% strain in the case of monolayer graphene,
which is higher that the strain required to initiate cracking, due to the strain gradient
close to the crack. On the contrary, in the case of few-layered graphene, wrinkles are
formed in an early stage of 0.32% applied strain, possibly because in the case of a
graphene stack, the presence of neighboring graphene layers can aid in the stress
redistribution through the formation of wrinkles. Fatigue testing of the graphene
samples up to 1000 cycles revealed that in the case of monolayer graphene, the wrinkles
and folds appearing are localized, while in the case of few and multilayer stacks these
features (along with ripples) are more spread throughout the flakes, forming patterns

that are not observed in the former case.
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7. Conclusions and Future work

In this dissertation, a thorough examination over the fracture behavior of graphene and

graphene-based nanolaminates was conducted.

Firstly, a combination of Raman spectroscopy with micromechanical testing was
employed for the promotion of CVD graphene as a strain sensor in a defected polymer,
like PMMA, which is utilized in numerous industrial and research applications.
Initially, CVD graphene was successfully transferred onto a PMMA slab. Then a defect
was introduced at the center of the specimen, maintaining the structural integrity of
both graphene and polymer at the nearby areas. Subsequently, when the polymer was
subjected to incremental uniaxial deformation up to 2.0% (in steps of 0.5%), the 2D
Raman peak position shifted towards lower wavenumber, confirming its high
sensitivity. The w2p of graphene in the far field was utilized in order to construct a
unique calibration curve for the system at hand, from which its strain sensitivity was
extracted (= —15.9 cm ™ !/%). The experimentally determined 2D peak position was then
converted into strain using the calibration curve, revealing the strain distribution across
the hole, which was maximum at the vicinity of the defect followed by a non-linear
reduction, reaching a plateau at ~500 um. The resolution of the proposed graphene-
based sensor is of ~ £62 pe. Furthermore, the stress profiles were extracted by using
Hooke’s law, following the same trend as the strain, while the stress concentration factor
Kr was quantified for the PMMA at 2.41, being in line with the literature. K follows
the same behavior as stress, nevertheless, as the applied strain increases, it drops due to
minor damage propagation, resulting from the high stress concentration values
exhibited near the notch. The validation of the experiment was conducted both
numerically (using FEA), where the stress concentration factor was found to be 2.52,
and analytically, where the stress concentration factor was found to be 2.96. Therefore,
the use of CVD graphene as a strain sensor close to defects existing in PMMA is
validated. Leveraging the sensitivity of graphene’s 2D Raman peak to the imposition
of external strain, it is feasible to obtain quantitative insight on the stress distribution
around a defect with sub-micron spatial resolution. Further research can be conducted
to enhance the practical application and commercial viability of CVD graphene-based
strain sensors. Alongside these promising results, future work may include the further
optimization of large-scale transfer of CVVD graphene onto diverse polymer substrates

and composite materials in order to ensure the consistency and the scalability of this
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kind of strain sensors. Meanwhile, investigation over the adaptability and the
multifunctionality can be studied, for instance exploring integration strategies for
connecting graphene strain sensors with electronic data acquisition systems, including
wireless communication for real-time monitoring applications or assess the
biocompatibility and functionality of graphene strain sensors for potential applications
in medical devices, such as monitoring physiological strains in biomedical implants or

wearable health monitors.

Furthermore, the role of CVD graphene as an enhancing filler in graphene-based
nanolaminates was investigated, focusing on the material's fracture toughness, crack
initiation, and energy dissipation. Specifically, introducing monolayer graphene
nanofillers into PMMA can elevate the ultimate tensile stress by 28%, and achieve an
increased Young’s modulus (2.10 £0.15GPa and 2.70% 0.13 GPa, for
nanolaminates with 0.035% and 0.12% volume fraction of graphene) in comparison to
the neat PMMA (1.75 £ 0.14 GPa). This improvement in both strength and stiffness of
the materials reveals the potential of these materials for high performance applications.
Nevertheless, their fracture toughness was yet to be explored. In this thesis it is shown
that the incorporation of CVD graphene sheets in graphene-based nanolaminates
significantly improves the fracture toughness of the nanocomposites by 55% (at
0.035%) and 31% (at 0.12%). This indicates that the layered structure of the
nanolaminates combined with the exceptional mechanical properties of CVD graphene
contributes to higher resistance to crack propagation, owing to the emergence of crack
delaying mechanisms, like microcracks and crack deflection. At this point it should be
mentioned that the 0.12% volume fraction nanolaminates present more brittle
behaviour, despite that they include a higher number of graphene sheets, due to the thin
nature of the polymeric layers and the inherent defects caused by the itinerary
depositions during the preparation procedure. Furthermore, crack initiation in the neat
PMMA occurs earlier than in the graphene-based nanocomposites, due to the lack of
the reinforcing filler and the mechanisms that procrastinate the final fracture. CVD
graphene sheets increase the energy dissipation during the fracture procedure, due to
the existence of mechanisms such as crack deflection, which impede the initiation and

propagation of the crack.

Valuable insight over the fracture procedure was gained via the study of stress

distribution across specimens containing a defect. Precisely, following the previously
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mentioned methodology (combining Raman spectroscopy with the micromechanical
testing), spectral Raman mappings are acquired close to the defect, identifying areas
that display higher stress concentration, potentially leading to failure of the material.
The analysis of stress distribution reveals that the nanolaminates of 0.035% and 0.12%
volume fraction experience maximum stresses of ~8.5 GPa and ~5 GPa close to the
defect, respectively. This result demonstrates that even a small number of CVD
graphene sheets used as nanofillers can significantly enhance the strength and resilience
of a nanocomposite, showing exceptional resistance to crack propagation. Also, the
Stress Concentration Factor (SCF) for the low volume fraction nanolaminates is ~3.0
and ~5.5, for 0.035% and 0.12%, suggesting that fracture will occur earlier in the case
of high volume fraction nanolaminates, which is verified by the brittle behaviour
displayed through their dynamic tensile testing. Both SCFs are higher than the case of
the neat PMMA, nevertheless, the toughness of PMMA is much lower, due to the

absence of fracture impeding mechanisms.

Future research can be directed towards the involvement of advanced imaging and
characterization techniques, such as Scanning Electron Microscopy (SEM), and
computational modelling techniques, such as Molecular Dynamics simulations (MDs)
and Finite Element Analysis (FEA), to gain valuable insight over the crack initiation
and propagation in nanoscale and provide deeper insights into the fracture delaying
mechanisms, such as crack bridging and crack deflection. Moreover, an investigation
over the fatigue of the graphene-based nanolaminates can be conducted, studying the
fracture toughness of graphene under repeated stress cycles and identifying any
potential degradation mechanisms. Future research may also include the development
of hybrid nanocomposites, where other 2D materials can act synergistically as a filler
in the nanolaminates, potentially leading to a further enhancement of their fracture
resistance. Thus, the study of the fracture behavior of graphene-based nanolaminates
offers a broad area considering future research, and leads to the development of high-
performance materials with superior mechanical properties and wide-ranging industrial

applications.

Another approach of investigating the fracture toughness of graphene included the
study of mono- and multi- layered mechanically exfoliated graphene, through the
combination of AFM with micromechanical tensile testing. This approach provided

valuable insight into the mechanical behavior of the material and revealed that the

165



presence of nano/micro-defects can play a critical role not only in initiating cracks and
influencing fracture toughness, but also at the creation of various wrinkling patterns.
Considering this, the actual graphene strain could be extracted at each applied strain
during the tensile procedure. A new methodology was developed for the controlled
cutting of the samples, without damaging the areas close to it, in order to assure that
any change in the surface morphology will be attributed to the existence of this defect.
By combining in-situ AFM with micromechanical testing, the fracture behavior of
graphene flakes was assessed. Monolayer graphene, exhibiting exceptional mechanical
properties is proven to be highly susceptible to fracture due to the presence of the
induced defect, as it acts as a point of stress concentration. Few-layered and
multilayered graphene, are also prone to a more rapid failure due to the defect’s
presence, nevertheless, the interlayer interactions enhance the resistance to crack
propagation, due to the support provided from each layer to the other, exhibiting higher
fracture toughness (11.0 + 2.3 MPay/m) than in the case of the monolayer graphene

(7.97 + 2.10 MPa~/m). Fatigue testing of the graphene flakes was also conducted (up
to 1000 cycles) resulting to various wrinkle patterns. These patterns are observed both
in mono- and multi- layered graphene, indicative of the deformation caused by the
presence of the defect, however with one main difference: in the case of monolayer
graphene, the wrinkles are more localized, whereas in the case of few layered graphene,
wrinkles are distributed throughout the sample, forming various patterns, due to the
interaction between the graphene layers. These findings not only deepen our
understanding of the fracture mechanics of exfoliated graphene but also provide
valuable guidelines for optimizing its use in various high-performance applications. By
addressing the interplay between defects, crack initiation, and wrinkle formation, we
can better harness the unique properties of graphene to develop more robust and reliable
materials and devices. Future work can involve the study of both fracture toughness
and fatigue of various 2D materials using a SEM instrument, in order to observe any

existing fracture impeding mechanisms in real-time.
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