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Abstract

Two-dimensional flat carbon sheets, commonly seen in graphite, are a much sought

after material with interesting electronic and mechanical characteristics. It is ex-

pected to be used in the next generation microchips in lieu of silicon and also

expected to first enter the commercial market in the form of conducting plastics

and composites. Due to the increase in the number of such applications along with

business opportunities, producing or isolating this layer of graphite cost-effectively

is an urgent challenge to be addressed. Widespread efforts in this direction are fo-

cusing more on chemical methods to separate (from bulk graphite) or deposit (using

epitaxial methods) this two-dimensional layer; such chemical methods not only are

environmentally unfriendly, but also produce poor yield and can result in graphene

layers with undesirable functional groups attached. One of the early methods, and

still sometimes used today for research, of separating graphene from bulk graphite

is by mechanical cleavage using a scotch tape. This method is known to produce

high quality of graphene layers. However, this method is not reliable for mass man-

ufacturing of graphene; the full potential for such mechanical methods remain to be

explored.

In this study, a novel method to synthesize carbon nano-sheets specially few layers

of graphene from bulk graphite by mechanical exfoliation is presented. The method

involves the use of an ultra-sharp single crystal diamond wedge to cleave highly or-
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dered pyrolytic graphite parallel to the basal plane to generate carbon nanosheets.

Characterization of the cleaved layers shows that the process is able to synthe-

size carbon nano-sheets with a thickness of a few nanometers and with an area of

hundreds of micrometers. Further examination of sheets made by such sectioning

showed the presence of flat, rolled and sheared graphitic thin layers with nano-scale

dimensions. The rolled structures observed are of various types: partially rolled,

fully rolled and axially slid out nano-scrolls. In addition, two types of kink bands

are also observed in the sectioned layers. Microscopic analysis of the as received

starting material (prior to sectioning) showed the presence of defects such as dis-

continuous layers, kink bands and edge folds. The sectioning forces are measured

and used to correlate with the structural characteristics of the layers. The possibil-

ity of enhancing the cleaving process by the use of ultrasonic oscillations along the

wedge is also studied. In order to understand the wedge-graphene interactions under

controlled conditions this thesis investigates the micro-nano indentation of highly

oriented pyrolytic graphite parallel to the basal plane. Such indentation allows con-

trol over the depth and load leading to an understanding of the various stages of

layer separation and edge structure formation. Depending on how far we indent

from a free edge various types of load-displacement curves have been observed. In-

teresting kinks/steps are also observed during unloading stage signifying structural

changes.

The thesis explores, using molecular simulations, how and under what conditions

graphene layers separate, fold and shear during the wedge-based mechanical exfolia-

tion machining technique. Molecular simulations of initial wedge engagement show

that the entry location of the wedge tip vis-a-vis the nearest graphene layer plays

a key role in determining whether layers separate or fold and which layers and how

many of them fold. It is also noticed that depending on this entry location several

successive layers beneath the wedge undergo significant elastic bending, consuming
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energies requiring large vertical forces to be imposed by the moving wedge. The

layer separation force itself is seen to be minimal and consistent with breaking up

of van der Waals interactions. In addition, shearing of layers occurs mainly during

wedge exit and depends largely on the wedge speed and also its depth of insertion.

Understanding the conditions at which this separation, folding and shearing of the

graphene layers takes place, one can control or tune the wedge-based exfoliation

technique for particular kinds of graphene layers. Molecular simulations also show

that the multiple spikes in sectioning forces observed in experiments could be ex-

plained as the interactions of discontinuous layer pre-existing in the starting material

with the moving wedge. The effect of wedge radius on initial wedge material en-

gagement reveals various layer initiation modes in relation to the depth of insertion.

The obtained forces significantly increase with an increase in the wedge radius.

Molecular simulations are further used to understand the formation of carbon nano-

scrolls and the study presents two hypotheses of how such scrolls form. The first

hypothesis is based on microscopic evidence of pre-existing folds in layer edges of

the HOPG. The moving wedge upon interaction with certain fold geometries can

trigger scroll formation. The second hypothesis is based on literature evidence that

graphene sheets when subject to deformation can result in defects on the torn edges

and such defects are induced in the HOPG layers during sample preparation. The

layers with such defects, upon interacting with the moving wedge, can also form

scrolls.

This thesis, by a combination of experimental and simulation studies, convincingly

shows the capability of producing both planar and rolled carbon nano structures with

the wedge-based mechanical exfoliation technique. Understanding of this oriented

sectioning technique provides useful control methods employing which this technique

has potential to be used as a technique to fabricate thin graphitic layers and rolled
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structures for potential industrial applications.
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Chapter 1

INTRODUCTION

1.1 Background and Motivation

The discovery of different forms of carbon structures such as fullerene, nanotubes,

and graphene (fig.1.1 [1]) have led to increases in research and development of car-

bon based materials science. Graphene is the most recent addition to this group.

Graphene is a two dimensional sp2-bonded layer of atoms arranged in a honeycomb

lattice. The two-dimensional layer serves as the basic building block of all other

graphitic forms. From physicists interested in studying its properties to materials

and electronics engineers eager to use of it to make novel devices and materials, it

is a much sought-after substance both in the academic world and in the industry.

Once thought not to exist by themselves these 2-D carbon sheets were discovered

in 2004 [2], causing earlier theories of thermodynamic equilibrium of 2-D crystals

to be revised [3]. Graphene, like other carbon nanostructures, is equally vital for a

wide range of applications.

Graphene displays remarkable properties that are useful in many applications. These

include exceptional quantum hall effects [4], high electron mobility at room temper-
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Figure 1.1: Carbon nanostructures; (a) C60: Buckminsterfullerene; (b) nested giant
fullerenes or graphitic onions; (c) carbon nanotube; (d) nanocones or nanohorns; (e)
nanotoroids; (f) graphene surface; (g) 3D graphite crystal; (h) Haeckelite surface;
(i) graphene nanoribbons; (j) graphene clusters; (k) helicoidal carbon nanotube;
(l) short carbon chains; (m) 3D Schwarzite crystals; (n) carbon nanofoams (inter-
connected graphene surfaces with channels); (o) 3D nanotube networks, and (p)
nanoribbons 2D networks[1].

ature of 2.5x105 cm2V-1s-1, large Young’s modulus of 1 TPa, high thermal conductiv-

ity above 3,000 WmK-1, optical absorption of 2.3%, ability to conduct high densities

of electric current, and the ability of decorating with other molecules (chemically

functionality).

The electrical properties of graphene trigger many applications in transparent con-

ductive coatings such as touch screen, e-paper, organic light-emitting diodes (OLEDs),

high frequency transistors, and logic transistors (which have tremendous potential to

replace silicon). A number of potential photonic applications show its great poten-

tial - photodetectors, optical modulators, turntable fiber and solid-state mode locked
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Figure 1.2: Future graphene road map [6]

lasers, and optical polarization controllers. Graphene-based paints are widely used

as conductive ink and gas barrier applications. Graphene-attached composite mate-

rials have also been developed for a wide range of applications. Graphene research

is increasingly targeting energy-storing applications such as solar cells, electrode

materials, super capacitors, batteries and fuel cells. Extreme sensitivity to the envi-

ronment prompts graphene to be a remarkable candidate for sensor applications and

measurements. There is also much research interest in bio-applications such as drug

delivery, tissue engineering and regenerative medicine [5]. Graphene also displays

potential as a viable candidate for nano-electro mechanical systems (NEMS) [6].

This has led to expectations of new graphene-based products in the next 20 years

that were not even deemed possible a few years ago (fig.1.2 [5]).

Due to the challenge of separating single graphne layers from bulk graphite at a

larger scale, there is a significant amount of research being conducted on other

graphitic variations such as bi layers and few layers of graphene (FLG). All carbon

structures, single to 3-D, exhibit different band structures and electronic properties.
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Graphitic variations such as nanoribbons and nanoclusters have attracted consid-

erable attention in terms of their applications [1]. Extensive investigations on thin

films of graphite and nanographene platelets (NGP - thickness of NGP is less than

100 nm) report their potential in many applications [7].

In order to make use of the carbon nano-sheet structure and its properties, good-

quality sheets have to be mass-produced reliably and economically. In many oc-

casions, it has been highlighted that the applications of graphene largely depends

on the unique properties of graphene [8, 9] and the properties are strongly affected

by the method of synthesis [10]. Current graphene synthesis methods can be clas-

sified into several groups such as epitaxial growth, unconventional methods, and

exfoliation techniques. In the epitaxial growth technique, graphene is grown on top

of a substrate using chemical vapor deposition techniques [10–12]. Unconventional

methods include unzipping CNTs, arc discharge, and detonation of chemicals. The

unzipping of CNTs taken place in the longitudinal direction and is accomplished

by several methods [13]. The arc discharge method involves the use of a high-

current arc discharge between a graphite anode and cathode under a hydrogen and

helium gaseous atmosphere [14]. In the detonation of chemicals, a mixture of nat-

ural graphite, nitric acid, and CH3NO2 is allowed to explode in a vessel and the

graphene sheets were detected in the soot obtained [15]. All these methods suffer

from various limitations such as poor yield, use of hazardous chemicals, contamina-

tion of graphene with impurities and functional groups, and long processing time.

The exfoliation technique, the method of focus in this thesis, involves the separa-

tion of graphene layers from bulk graphite using thermal, chemical, and mechanical

routines.

In the thermal exfoliation process the bulk graphite is oxidized, centrifuged, and

ultrasonicated to achieve a single layer of graphene [16]. Chemical exfoliation is
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performed at high temperatures and involves several processing steps and chemi-

cal combinations [17]. Mechanical exfoliation is largely performed using the simple

scotch-tape method [18]. Repeated peelings are needed to achieve a single layer

graphene and it is difficult to predict the number of peelings required. Several other

micro-mechanical cleaving methods involve the use of an atomic force microscope

(AFM) tip. In one method, the tip scratches on the material (HOPG islands) sur-

face [19]. Another similar method involves attaching the HOPG material islands to

the AFM tip, which then scratches on a silicon substrate [20]. In general, it is diffi-

cult to control the number of cleaved graphene layers using these micro-mechanical

techniques.

There are differences in the graphene layers exfoliated chemically and mechanically.

In terms of dimension, mechanically exfoliated layers are in the range of a few

hundred micrometers. However, other chemical exfoliation techniques are able to

produce much larger sizes. For example, chemical vapor deposition technique can

grow graphene to approximately 1m in size. However, mechanically exfoliated layers

are much cleaner and easy to separate, while chemically exfoliate layers overlap

and this causes difficulties in separating the layers. Mechanically exfoliated layers

exhibit extremely high carrier mobility values close to the theoretical predictions. All

other methods produce graphene with carrier mobility values lower by few orders of

magnitude. Chemically exfoliated layers are adequate for coating paints, composites,

transparent conductive layers, energy storages, etc. While CVD graphene layers

are sufficient for applications such as photonics, nanoelectronics, sensors and bio-

applications. Despite the higher quality, mechanically exfoliated layers are largely

restricted only to research investigations.

None of these methods have been established as a capable and reliable fabrication

technique for industrial applications [8, 21–23]. As shown in fig.1.3 [5], the quality
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Figure 1.3: Comparison of price and quality of current manufacturing methods [6]

of the graphene layers are related to the cost and application requirements. Hence,

this is an area of opportunity for research and commercialization, if one can come

up with a solution for reliable mass production of quality graphene. There are

several challenges to be addressed in developing a new fabrication technique for this

novel material such as preserving uniform sheet thickness, producing them faster

in the case of deposition and exfoliation (separation from bulk), ensuring higher

yield at fast production rates, ensuring scalability to high volumes, and producing

it in a pure state without any attached functional groups. As will be explained in

chapter 2, the current methods explored by researchers today are predominantly

chemical in nature and suffer from environmental problems (when scaled up), low

yield, and poor scalability. There is thus a compelling need to reconsider methods

such as mechanical cleavage technique to produce this material. There is extensive

scope in exploring the mechanical exfoliation technique for graphene synthesis with

potential for low chemical usage and better process controllability. Application

areas where ultra-thin sectioning is routinely performed offer some ideas for the

mechanical exfoliation of layers from a bulk substrate.
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Figure 1.4: The scotch-tape method

1.2 Alternative Mechanical Cleaving Method

The scotch-tape method (fig.1.4 [5]) is a traditional mechanical cleavage method

for producing graphene since its discovery [18] and currently used for research pur-

poses. This is not a suitable technique to use as a mass-production method due

to the difficulty of controlling the number of peelings required to obtain graphene.

The conventional machining technique is a possible alternative method to use as

a controlled mechanical cleaving technique. To use this technique, scaling it down

to a few nanometers is necessary and to achieve this, special equipment is required

that can provide the resolution iat this scale. Ultramicrotome techniques used for

Transmission Electron Microscope sample preparation are applicable to nano scale

cleaving and their general applications can be seen in the fields of biology and

medicine [24,25]. Under normal conditions, the mechanical separation of the mate-

rial by machining at all levels-meso, micro and nano- results in chips (layers) that

are severely deformed in the case of ductile metals and fractured in the case of brittle

materials. The deformed and fractured chip behave very differently from that of the

substrate material from which it is removed. The question then arises whether one

can remove the material by machining in such a way that the chip has a structure not

very different from the substrate material. Some of the factors that can help reduce

the deformation in the chip are: a very high rake angle, a sharp cutting tool, and

application of vibrations to the tool. Under such special conditions, the machined

chip itself can be the ultra-thin layer or the film desired. Hence, the technique has
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potential to produce ultra-thin layers such as few layers of graphene.

1.3 Objectives and Scope of the Thesis

The main objective of this thesis is to study the potential of applying a novel wedge-

based mechanical exfoliation technique (WBME) to produce few layers of graphene

sheets via both experiments and molecular simulations.

The investigations are carried out in several stages to achieve the above objective.

The potential of the wedge-based exfoliation technique in producing few layers of

graphene is tested via cleaving experiments. The exfoliation or cleaving setup con-

sists of a feeding stage (an ultra-microtome), an ultra-sharp single crystal diamond

wedge and a highly ordered pyrolytic graphite as the starting material. The exfo-

liated few layers of graphene are characterized by various microscopic techniques

such as optical microscope, Raman spectroscope, atomic force microscope, scanning

electron microscope, and transmission electron microscope for quantitative and qual-

itative analysis.

Detailed investigations are conducted to understand the effect of various factors

through experiments and molecular simulations. These analyses include the studies

on various process parameters that affect cleaving and a number of key features such

as folds, rolled and sheared geometries on exfoliated layers. Further to the cleving ex-

periments, nanoindentation experiments are used to investigate the wedge-material

interaction. Molecular simulations are also performed to understand qualititatively

and quantitatively the dynamics of the exfoliation technique at the atomic scale

using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)

package. The reserach road map is shown in fig.1.5.



CHAPTER 1. INTRODUCTION 9

Figure 1.5: The research road map

1.4 Research Approach and Thesis Outline

The thesis consists of seven chapters. The second chapter highlights the existing

graphene fabrication techniques, especially focusing on their advantages and dis-

advantages. A review of various graphene mechanical exfoliation techniques is also

presented in this chapter. Following this, Chapter 3 describes the experimental setup

used for the proposed cleaving technique. It further details experimental parameters

and the characterization results. Chapter 4 includes the qualitative study of molec-

ular dynamic simulations on the separation, folding and shearing of graphene and

FLG during WBME. The effects of the wedge radius are also discussed in this chap-

ter. Chapter 5 describes the experimental observation of carbon nanoscrolls and the

cleaving mechanism using molecular dynamic simulations. Chapter 6 investigates

wedge-material engagement via the indentation process. The thesis concludes with

Chapter 7 highlighting the conclusions and outlining areas for further research.



Chapter 2

LITERATURE REVIEW

As observed in chapter 1 carbon nanosheets have great potential in a wide range of

applications, because of the remarkable properties of thin carbon nanosheets. The

previous chapter also briefly described existing fabrication graphene techniques. It

reported that mechanical exfoliation technique can be developed further and that

other methods have a number of drawbacks. It identified opportunities for develop-

ing the mechanical exfoliation technique to produce carbon nanosheets. This chapter

elaborates further on the current trends in graphene synthesis and the challenges

in existing carbon nanosheet fabrication techniques especially that of graphene that

motivated the present study.

Section 2.1 presents the detailed structure and variations in carbon nanosheets.

The following section describes current carbon nanosheets fabrication techniques

presenting a broad classification. Section 2.3 discusses the existing exfoliation tech-

niques and section 2.4 presents the tool-based mechanical exfoliation focusing on

trends and applications at the nanometer level. It is then followed by a discussion

related to large-scale processing methods of carbon nanosheets. Section 2.6 intro-

duces a molecular simulation technique that is widely employed to investigate the
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nanometric machining process.

2.1 Carbon Nanosheet Structure and Its Varia-

tions

Graphite is one of the materials that has been under scientific investigation for a

long period. Graphite is in the form of a stack of graphene sheets. The distance

between two adjacent layers is 3.35 A0 while their in-plane (with layer) carbon-

carbon bond length is 1.42 A0 [26]. Graphite has weak van der Waals interaction

between its sheets and a strong carbon-carbon covalent bond (sp2) within the sheet.

The weak bonds allow decoupling of the adjacent layers under an external stress.

Naturally occurring graphite is generally mined and is typically contaminated with

many impurities and is polycrystalline in nature. Flake, amorphous, and vein are

considered as naturally occurring variations of graphite. Synthetic graphite can be

produced through extrusion or pressing and these have displayed larger crystallite

sizes compared to natural graphite with significant improvements in properties such

as electrical resistivity; there are also remarkable differences in properties in the

parallel and vertical directions [27,28]. Synthetic graphite can also be made by py-

rolysis or thermal decomposition of polyvinyldene chloride at 1000 0C [29] and the

resulting graphite has a mixture of ordered and disordered structures. The process

of graphitization depends on the less strong cross-linking and near parallel orienta-

tion of neighboring crystallites [30]. The crystal orientations of the ordered graphite

can be improved further by applying uniform pressure on deposited pyro-carbon1 at

high temperatures (30000C); the resulting graphite is called highly ordered pyrolytic

graphite. Highly oriented pyrolytic graphite is a popular synthetic form preserves a

high degree of layered structure even at high temperatures. The process of graphiti-
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Figure 2.1: Crystalline arrangement under high temperature processing [31]

zation involves providing graphite with various degrees of crystallinity (fig.2.1 [31])

under different stage of elevated temperatures.

The graphene sheet structure is called as the honeycomb lattice. The graphene

unit cell consists of two equivalent carbon atoms (fig.2.2 [32, 33]). Graphene sheets

have two interesting edge structures named as armchair and zigzag edges. Graphene

stacking modes are of three types: AA, AB, and ABC also called hexagonal, Bernal,

and rhombohedral respectively (fig.2.3 [32]). The Bernal mode is the most popular

naturally available stacking type out of these three [32]. The single sheet of graphene

is considered as the basic building block of all other graphitic materials [3]. A fully

wrapped sheet of graphene is called 0D fullerene and when it rolled up along an axis

it is refereed to as nanotube. A 2-D structure is considered as a sheet and the 3-D

form referred as the graphite.

Not only are single graphene sheets important, several layers of graphene are also

proving useful for applications. These are referred as graphitic thin films. The litera-

ture reports a variety graphitic thin films such as flake graphite, graphite nanosheets,
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Figure 2.2: (a) Graphene hexagonal structure of identical carbon atoms. The unit
cell (shaded) containing two carbon atoms is shown along with standard unit cell
vectors aG and bG. b) schematic of in plane bonds and orbitals perpendicular to
the plane of the sheets, (c) Graphite structure [31,32]

Nano Graphene platelets (NGP), xGNP, and few layers of graphene. These graphitic

thin films also exhibit many unique properties and display potential in numerous ap-

plications [7]. The commercially available forms belong to various categories based

on layer thickness. All graphite thin films below 100 nanometer thickness are gen-

erally called Graphene Nano Platelets (GNP). The xGNP, a commercially available

form, has a thickness range of 1 to 20 nm (fig.2.4 [18, 34]). Flake graphite is in the

thickness range of 30-80 nm and mainly exfoliated through graphite intercalation.

Graphite nanosheets are also reported to be in the same thickness in the same range

but are less dense than other variations such as flake graphite, xGNP, graphdiyne,

Figure 2.3: Stacking modes of AA, AB and ABC on multilayer graphene [32]
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Figure 2.4: Carbon Nanosheet Variations: (a) Single sheet of graphene, (b) xGNP
[18,34]

or NGP [7,35]. Additions of these graphite thin films change barrier properties and

thus improve the electrical and thermal conductivities. They can also elevate me-

chanical properties in considerable extent. The applications of graphite thin films

include ultra-capacitor electrodes, anode materials for lithium-ion batteries, additive

for battery electrodes, electrically-conductive inks, thermally-conductive films and

coatings, additive for light-weighting composites, films or coatings for EMI shield-

ing, substrate for chemical or biochemical sensors, barrier material for packaging,

additive for super-strong concrete, and additive for metal-matrix composites [34].

2.2 Carbon Nanosheet Fabrication Techniques

There have been many attempts to isolate graphene and after its various forms after

its initial ground breaking discovery. Many reports have been published exploring

varied production techniques. The properties of graphene largely depend on the

manufacturing method [10]. The reported techniques can broadly be classified as

epitaxial growth, unconventional methods, and exfoliation technique; these are elob-

orated in this section. As highlighted in chapter 1, this thesis focuses on exfoliation

techniques. The exfoliation techniques itself can further be categorized into mechan-
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Figure 2.5: Carbon nanostructures and current graphene manufacturing methods

ical, thermal, and chemical categories and is discussed in the next section. Figure

2.5 presents an overview of various graphene manufacturing methods reported in

the literature.

2.2.1 Epitaxial Growth

In the epitaxial growth technique, the graphene is grown on top of a substrate

material such as metals (Ru, Ir, Co, Pt, Ni etc.) or insulators (silicon carbide-

SiC) using physical vapor deposition (PVD) and chemical vapor depositions (CVD)

methods [36–38]. The technique can roughly be divided into two types based on the

supply of the carbon atoms. In one type, carbon is provided through the gaseous

phase. In the other type, carbon atoms are segregated from the substrate to the
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Figure 2.6: Epitaxial Growth graphene on a Ni film which placed on the substrate
[41]

surface. The bonding between the substrate and the bottom layer decides the quality

of the graphene layer [33]. A ultra-thin vacuum (105 Torr) and high temperatures

(1250 -1450 0C) are applied during these processes [39]. Epitaxially grown graphene

is treated as a new class of material due to complexity of its electronic structure.

Generally, this process results in a final product that is a combination of single

and multiple layers (4-100) [40]. High quality substrates are required for good

quality graphene to be produced; all surface scratch marks have to be removed

before the growth process begins [32]. An example of such epitaxial grown few

layers of graphene is demonstrated by Zhang et al. (2010) [41] on a Ni substrate

(fig.2.6 [41]). An additional sputtering technique is used to deposit the Ni layer

before the epitaxial growth is initiated. Slow growth, non-uniform thickness, and

maintaining high temperatures are challenges with this method. Many physical

properties differ between graphene that is epitaxially grown and that is mechanically

exfoliated [40].

2.2.2 Unconventional Methods

The methods other than exfoliation technique and epitaxial growth can be grouped

as unconventional methods. These methods include unzipping carbon nanotubes,
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Figure 2.7: Graphene nanoribbons from unzipping multi-wall carbon nanotube [43]

application of arc discharge, detonation of chemicals, atomic layer deposition, and

reduction from carbon monoxide. These methods are largely suitable for laboratory

use and are still in their primary stages of development.

2.2.2.1 Unzipping carbon nanotubes

Unzipping CNT mainly focuses on achieving graphene by tearing through the carbon

nanotubes longitudinal direction. The process of unzipping involves breaking up of

rolled CNT that can results in various edge structures of the resulting graphene.

Depending on the edge pattern, graphene behaves like a metal or a semiconductor

[42]. There are four methods of unzipping CNT described in the literature. These

techniques are: plasma cutting, chemical oxidizing, inserting an impurity atom, and

microwave assisted cutting.

In the plasma cutting technique, the process starts with embedding mult-walled

carbon nanotubes (MWNT) in a poly methyl methacrylate (PMMA) substrate. An

Argon (Ar)plasma is applied to MWNT until the CNTs get separated (fig.2.7 [43]).
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Figure 2.8: Different stage of unzipping carbon nanotube with palladium particles
[13]

A potassium hydroxide (KOH) solution is used to peel off the multi-wall carbon

nanotubes. The single, bi-layer and multi-layer graphene nanoribbons are separated

by controlling the etching time. In this method, microwave irradiation (to provide

heat) was applied under specific conditions such as 300 W, at 200 0C for 60-120

minutes inside a water bath. Palladium nanoparticles are mixed as a catalyst for

the process and act as cutting edges.The decantation or toluenewater system is used

to separate the FLG from the residuals. Figure 2.8 [13] represents the different stages

of the CNT unzipping with the palladium particle as the catalyst . The microwave-

assisted cutting technique is also capable of producing few layers of graphene.

Explain in another multi-walled carbon nanotube tearing method [42,44], MWCNT

is oxidized with the sulfuric (H2SO4) acid and potassium permanganate (KMNO4)

at room temperature. After one hour of treatment, the MWCNTs were seen to open

out and consisted of 1-30 layers of graphene nanoribbons (fig.2.9 [44]). With this

process, the opening of a SWCNT is difficult due to entanglements.

Another CNT unzipping method is reported to produce graphene nanoribbons as-
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Figure 2.9: A schematic diagram of gradual unzipping of one wall of a CNT to form
a nanoribbon [44]

sisted with Li as a catalyst [45]. A metal atom (Li) is inserted with ammonia followed

by a thermal treatment. This process starts with the MWCNT and is subjected to

sonication in a dry tetrahydrofluran environment. Then, it is mixed with liquid am-

monia, liquid nitrogen and acetone. Granule form of Li is added and kept for a few

hours to settle. Finally, hydrochloric acid is added and the residuals are collected

through a micro fabrication membrane [45]. Intercalation increases the inter-layer

spacing by expanding and it ultimately fails with a rupture (fig.2.10 [45]).Use of

harmful chemicals, smaller size of nanotubes, low yield, and high cost of initial ma-

terials do not suit this method for large-scale production of graphene except for a

few limited applications.

Figure 2.10: Unzipping multi-wall carbon nanotube with Li catalist [45]
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2.2.2.2 Arc Discharge Method

Discharging an arc between two graphite electrodes method has also been tested

to find the suitability of the process to produce graphene [46]. Experiments were

conducted in a helium atmosphere with different pressures. Graphite rods are used

both as anode and cathode. The gap between the electrodes is maintained at 2mm

and a high current (100 A) is provided. The cathode’s black soot is collected and

examined for graphene. It is reported that soot contain a combination of single,

bi, and multi layer graphene [47]. Low throughput, contamination of graphene

with impurities and poor control prevent implementing this process as a large scale

industrial process.

In addition to the above processes, there are several other techniques tested to

fabricate carbon nanosheets. Detonation using chemicals is one technique that has

been tested. Natural graphite, a concentrated nitric, and CH3NO2 are used as the

raw materials [48]. The explosive nature of the experiment, hazardous chemicals,

combination with impurities, low yield hinders the use of this route to be established

as a large-scale industrial process. The atomic layer deposition is also demonstrated

as a graphene manufacturing process [49, 50]. However, the high initial equipment

cost, risk of impurities and time-consuming process has become significant barriers

to its progress. A catalyst assisted cutting method termed as Nano cutting reported

in the literature as another multi-stage technique to fabricate carbon nanosheets

[51, 52]. This process uses a nickel particle as a catalyst. The size of the metal

particle is a key parameter in this process and largely it reported achieving the

nanoribbons. Overall, these methods involve looming issues such as high cost, time

consuming, and low yield. Therefor, it is very hard to imagine their applications on

larger scale at this moment.
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2.3 Exfoliation Techniques

Exfoliation is a technique that removes or separates a layer of material from its

stacked bulk. This can be performed in several ways and in graphene, these methods

broadly classified into chemical, thermal, and mechanical. The properties of the

exfoliated material largely depend on the technique that is used. Following sections

describe the existing exfoliation techniques reported in the literature for fabricating

these carbon nanosheets.

2.3.1 Chemical Exfoliation

Chemical exfoliation is a popular method to produce carbon nanosheets. In one

method, colloidal suspension are used and in the other, a compound is inserted be-

tween graphene layers to exfoliate. The colloidal suspension method uses a liquid

solution to suspend the graphene (fig.2.11 [53]). This method utilizes surfactants

or stabilizers, though there are recent attempts to remove the surfactants from the

process [54]. Graphite oxide, the starting material, is mixed with an aqueous or

organic solvent with the aid of sonication [12,55]. A number of solvents such as wa-

ter, methanol, acetone, ethanol, dimethylformaide (DMF), tetrahydrofuran (THF)

are employed to dissolve the graphite oxide. The derived graphene oxide sheets

is electrically insulating and require another separate process (chemical, thermal,

or UV-assisted) to convert them into electrically conducting graphene oxide [53].

Graphene oxide sheets display negative charges when dispersed in water and this

provides a stable suspension. Generally, graphitic layers produced by this method

are composed of hundreds of layers (average 30 nm to 100 nm). The lateral sizes of

the obtained sheets vary less than 1 micro-meters [12]. A number of draw backs are

involved with this method: poor yield, less quantity, low quality, attach of functional
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Figure 2.11: Colloidal suspension process to produce graphene [53]

groups, high cost, safety of solvent, removing residual from solvent, length of time

to stabilize, use of chemicals, and significant number of defects, etc. [12].

In another method, intercalation compounds are used to exfoliate the graphene

(fig.2.12 [56]). Graphite intercalation has been known to scientists for more than

a century but in the last four decades it has become a very active field of re-

search [57, 58]. The intercalate is expected to move between the layers and as a

results inter-layer spacing is increased. The van der Waals bonds strength are also

depleted and exfoliation yields the carbon nanosheets including the single layers

of graphene. Various intercalation compounds such as Te Potassium (KC8), the

Cesium (C8Cs), and the Ferrous (FeCl3) have been tested [56,59]. In several exper-

imental investigations intercalation is undertaken twice before achieving the desired

layers. Poor the controllability, use of hazardous chemicals, and poor yield have

become a barrier to these types of methods in progressing to an industrial scale.
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Figure 2.12: Schematic diagram for graphite intercalation and exfoliation [56]

2.3.2 Thermal Exfoliation Methods

Thermal exfoliation is a combination of several processes (fig.2.13 [16]). The process

initiates with graphite (natural or graphite oxide) as the raw material and oxidiza-

tion is first carried out. This is followed by thermal expansion, centrifugation and

ultra-sonication [16, 46]. A number of toxic chemicals and high temperatures are

used in this process to produce carbon nanosheets. The hazardous chemicals used

such as the Potassium Permanganate (KMNO4), nitric, and sulfuric acids at high

temperatures resulting violent chemical reactions. The intercalation and oxidization

take place over a long period of time. Thermal exfoliation is also associated with

many of the previously explained de-merits. Therefore, implementing this method

as a large scale graphene manufacturing method is questionable [60].
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Figure 2.13: Thermal exfoliation under low temperature [16]

2.3.3 Mechanical Exfoliation

As we highlighted in an earlier section (chapter 1.1), a number of techniques have

been reported for exfoliating graphitic layers mechanically. The very first separation

and isolation of single layer of graphite was performed with a simple mechanical ex-

foliation technique using an adhesive tape (fig.2.14a) [18]. The process was initiated

by creating islands of protrusions on the HOPG sample surface. These mesas were

prepared by oxygen plasma etching. Then, a scotch tape was used to peel repeat-

edly to produce several layers of thin films ending up with graphene among the few

layers. These single layers were found as patches. Such peeling-induced mechanical

exfoliation (fig.2.14a), while producing high quality graphene, has limitations of low

yield and poor process control. This scotch- tape method has been largely restricted

to laboratory based sample preparation. Several other mechanical techniques have

also been exploited to separate thin layers of graphite (fig.2.14b) [19,20]. One such

technique involves manipulating an island of HOPG by sliding it on a Si substrate

using the tip of an Atomic Force Microscope (AFM) [19, 20]. Another technique

involves microtome sectioning (fig.2.14c) using a wedge; this is a simple and ver-

satile method to produce thin sections of various materials. This technique more

popular in biological sample preparation and use either glass or diamond cutting
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Figure 2.14: Mechanical exfoliation methods; (a) Scotch tape method, (b)Scratching
HOPG islands with Atomic Force Microscope tip,(c) Microtome sectioning: (c-1)
Un-oriented sectioning of graphite and (c-2) Oriented sectioning of HOPG.

tool [24,61–63]. Mica, a layered material, was cleaved using a glass wedge indicating

the possibility of layer separation as early as in 1930 [64]. Brittle and hard materials

such as germanium, aluminum etc have also been sectioned to nanometer scale using

this technique with thicknesses in the range of three to five nanometers [65]. Mi-

crotome sectioning has been applied to graphite not as a exfoliation technique but

predominantly to study the characteristics of graphite such as stacking faults and

crystallite sizes of synthetic graphite [66]. In another study, the structure of indus-

trial carbon is determined during graphitization by sectioning bonded and natural

carbon [67,68] at various stages. A recent work reported micrometer-thick graphitic

sectioning of highly ordered pyrolytic graphite using a microtome and showed the

imperfections and defects on the sections obtained [69].

None of the studies that used microtome sectioning focused on the orientation of
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the graphitic layer arrangement during sectioning. Directionally sectioning the thin

graphitic layers parallel to the basal plane is intuitively the best way to overcome

the weak van der Waals forces between the layers. Directional sectioning may have

a high potential to produce defect free layers particularly with HOPG; aligning the

tool parallel to the layers may also require less energy for sectioning leading to less

damage being induced in the sectioned layers. Hence, in this study our focus is on

sectioning of HOPG parallel to the basal plane using a microtome wedge.

2.4 Mechanical Cleaving Using a Cutting Tool

Mechanical exfoliation or mechanical cleaving can be performed with the aid of a

tool to separate the part of a material from its base material. This technique exists

from the Stone Age. Mechanical exfoliation has been a part of human life and is

evolved from scraping fur from animals, chopping wood, cutting metals to current

facial scrubs and peeling several atomic layers from base material. However, this

technique requires cleaver manipulation of process and tools to adapt it in various

applications. In the era of industrial revolution, there has been high demand for

finished products and it leads to mass production technology. The conventional ma-

chining technique played a vital role in the development of automatic machine tools

for highly reliable processes. The fundamental studies were started to understand

basic mechanisms of machining and simultaneously the theories were developed to

enhance the processing techniques. In the era of miniaturizing the products, new

avenues are opened and posts many challenges in the process reliability. Micro and

nanometer level applications seek new methods to produce their feature sizes and

leads to high demands for chemical free, low cost and fabrication techniques with

short lead-times. The mechanical cleaving has shown a great potential as a fabrica-

tion method in this micro and nanoscale applications especially avoiding high cost
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clean room techniques. Varieties of terminologies were presented such as nanoskiv-

ing, nanotomy, and controlled chatting for mechanical cleaving process in nanoscale.

The equipment microtome is the basis for all these techniques.

2.4.1 Mechanical Machining

The nano/micro machining process focuses on mechanically removing a small amount

of material (usually discarded later) leaving behind micro-nanostructures on the base

material. This has attracted significant interest in many disciplines during the past

decade [70]. This technique is applicable to use for a wide range of materials. The

process is more similar to the conventional machining except for the scale at which

it is operating. An earlier study reported 1 nm thickness layers [71]. The nanoma-

chining technique has been used to remove one nanometer thick layers from the

copper and 10 nm layers from the aluminum by diamond turning [72]. The process

of nanomachining divides into four categories; deterministic mechanical nanometric

machining, loose abrasive machining, non-mechanical nanometric machining, and

lithographic methods [73]. In this study, we focus on the first group where control

tools are applied in nanomachining process. In this domain, parameter measure-

ments are much difficult and required high degree of precision instruments.

Orthogonal machining is defined as the cutting edge perpendicular to the direction

of motion of the tool [74]. A model for orthogonal cutting was defined based on

the several assumptions and the shearing is considered as the main mechanism of

material removal. A number of significant parameters and regions are identified

which influence the cutting process. As shown in (fig.2.15 [75, 76]), rake angle ,

cutting velocity, unreformed chip thickness, and chip thickness are the most impor-

tant parameters. There are two shear zones-primary (A) and secondary (B)-where

the chip undergoes deformation due to shearing and sliding. Merchant describes
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Figure 2.15: Orthogonal Cutting process [75], (a) Process parameters, (b)-(d) Basic
chip types [76]

a model called Merchants circle for force calculation considering the forces acting

on tool and chip [77]. In conventional machining, the focus is mainly on the newly

generated surface. However, in this study, the focus is on the generated chips.

It is well known that the higher rake angle reduce chip thickness and the associated

deformation [78]. It is also reported that the sharp cutting tool reduce the plowing

effect and the deformation induced in the machining process [79]. As reported,

the vibration assisted machining (VAM) also shrink chip thickness variation, tool

forces, surface roughness, and damage. It improves the accuracy and tool life against

the conventional machining. There are several ways to apply the vibration. In

conventional practice, oscillation is applied along the cutting direction or maintain

either linear or circular/elliptical tool path [80]. Recently, it was also shown that

the application of ultrasonic oscillation along the cutting edge perpendicular to the

machining direction has considerably reduce variation of chip thickness in micro-

scale [81].

Merchantet et al. [76] reported mainly three types of chips using the conventional

orthogonal machining (fig.2.15b-d). These are named as discontinuous or segmented
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chips, continuous chip without built-up edge, and continuous chips with build-up

edge [82]. The chip formation mechanisms, flow, and chip curling have been inves-

tigated extensively [83]. The orthogonal cutting process expects chips to move long

the tool face. However, due to the uneven velocity distributions there is a possibility

to move them sideways [84]. Generally, brittle material machining expects to break

the chips without plastic deform due to propagation of fracture. There is no clear

description for material removal mechanism in nanoscale. According to Komanduri

et al. [85], researchers still assume the macro-scale predictions of material removal

taking place ahead of the tool by the formation of chips even for nanometer regime.

In this domain tool radius plays a significant role. They investigated the nanoscale

ductile material machining with an AFM tip and concluded that material removal

mechanism largely due to the tool ploughing.

The brittle material machining is also a segment of interest during this study due

to the use of the brittle material HOPG. Atkins et al. investigated a wide range of

factors that influence the brittle material machining. His research group reported

a method to drive fracture toughness by obtaining the forces during the brittle

material machining [86]. Atkins use the term floppy Offcuts to introduce microtome

cutting. He performed a comprehensive analysis on cutting and frictional forces [87].

Williams et al. [88] presented an numerical analysis of wedge splitting which is the

action more similar to the cleaving mechanism. Patel et al [89] presented a detailed

analysis on cutting a polymer sample with the aim of finding the fracture toughness.

Wyeth et al. [90] discussed machining of Polymethyl Methacrylate (PMMA) material

under various conditions with respect to the type of chips generated.
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2.4.2 Microtome Sectioning

A microtome technique is a tool-based cutting technique to produce desired features

or sectioned of materials. The application of microtome technique is mainly in the

field of material science. This technique is frequently use in the biological sam-

ple preparations for microscopic analysis. Recent advancement of serial sectioning

using microtome opens new avenues in 3-D reconstruction (especially anatomical

information) of images which heavily used in medicine related studies [91, 92]. The

technique has the potential of studying the nano-scale crack propagation processes,

the chip forming process, characterization of molecular anisotropy, and determina-

tion of cell wall fraction in cellular solids due to nanometer regime sectioning [93].

Two or three dimensional metallic nanostructures provide numerous applications

such as optical filtering, substrates for optical detection of chemical and biological

analysis, surface-enhanced Raman scattering ,substrates for enhanced luminosity,

materials to augment absorption in thin-film photovoltaic devices, meta-materials

with negative magnetic permeability, and negative refractive indices, surfaces for

perfect lenses, and invisibility cloaking are examples of possible and realized appli-

cations [94]. A large number of materials: metals, semiconductors, metal-oxides,

conjugated polymers (semiconducting and conducting), and films of semiconductor

nanocrystals, can be sectioned by cleverly manipulating the material during the

preparation [95]. Such sectioned nanostructures can also be used as the magnetic

particles for digital storage patterning functional, surfaces for biology and devices

for energy conversion and storage [96]. Material sectioning has emerged as one of

the ways to make these nanostructures. This sectioning technique has developed as

a nanoscale fabrication method that avoids expensive clean room techniques that

use for nanofabrication. The ultramicrotome process has a capability of replacement

for polishing, focus iron beam (FIB), and iron thinning for several applications [97].
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Figure 2.16: Ultramicrotome and cutting operation (a) A Commercial ultramicro-
tome, (b) Orthogonal cutting process with ultramicrotome [62]

Mica, another layered material, was cleaved using a glass wedge indicating the pos-

sibility of layers separation as early as in 1930 [64]. Brittle and hard materials such

as germanium, aluminum etc have also been sectioned to nanometer scale using this

technique with thicknesses in the range of three to five nanometers [65].

The feeding system of ultramicrotome can be classified into either thermal or me-

chanical, the former being more accurate for generating a layer thicknesses less than

100 nm. Interference color can be used as a rough guide to ensure that the thick-

nesses in the nanometer regime during cleaving process [98]. The sectioning can be

carried out either at room or low (cryo) temperature conditions. Figure 2.16 shows

an ultramicrotome that available commercially. The orthogonal cutting action is

employed in the ultramicrotome cleaving technique (fig.2.16b [62]). The chip or

the desired thin-layer is moved along the rake face and floats on to the water boat

that attached to cutting edge. Distilled water is used as a liquid due to its surface

tension, low viscosity and low rate of evaporation [62]. There are number of process

parameters considered in the course of the ultramicrotome. The parameters such

as cutting speed, slicing thickness, and rake angle play a dominant role in achieving

defect free chips. Defects are one of the major concerns of this technique; instru-

mental faults, stress during cutting, and chatter are identified as the main causes.
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Figure 2.17: Ultra-sharp diamond wedge (a) Schematic diagram of a oscillating
diamond wedge (b)Commercially available diamond wedge [61]

The tool is kept fixed while the work material is moved during the slicing. The

process parameters are decided based on the material of the cutting specimen.

A notable feature of the sectioning technique using a microtome is the use of ul-

trasonic oscillating diamond knife. (fig.2.17 [61]) describes the components of an

oscillating diamond wedge. The self-containing unit consists of a diamond wedge

(d), a stage (k), an oscillating piezo translator (p), a washer (pd), a metal rod (m),

a nut (n), and connecting wires. The wedge is oscillated in a direction parallel to

its cutting edge. Amplitude and frequency can be altered independently [61]. A

commercially available oscillating diamond wedge is shown in (fig.2.17b). Change

in the geometry of the ultra-thin layers in the cutting direction is called compression

and this is a critical factor for success of these ultra-thin sections [24]. It is reported

that oscillation reduces the compression by nearly a factor of two. In conventional

machining, chips are removed by shearing. However, in nanoscale is not clear the

mechanism that removes the material.

The following table 2.1 summarized the identified gaps in earlier attempts on me-

chanical exfoliation and reported sectioning methods. It also identifies the major

characteristics of the proposed wedge-based mechanical exfoliation techniques to

overcome those limitations.
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Table 2.1: Summary of the gaps identified prior reported
other mechanical exfoliation and sectioning techniques

Description Prior work of mechani-
cal exfoliation

Prior work of sectioning
technique

Critical requirement for
mechanical exfoliation

To establish mechanical ex-
foliation as a manufactur-
ing process, it is required
to have a reliable, repeat-
able, high yielded and con-
trollable process

Controlling of the thickness
of the layers removed

less sample preparation and
minimum damages to the
sample

Controlling defects by direc-
tional sectioning

Aligning the tool parallel to
the layers may also require
less energy for sectioning

Issues not addressed in
the literature

Difficulty of controlling this
process

No attempt has been made
to control the removed ma-
terial (chips) such that to
obtain very thin layers

Poor yield Focused was not on the
orientation of the graphitic
layer arrangement during
sectioning

The small size of the exfoli-
ated layers [10]
To avoid the significant
initial sample preparation
technique (lithographic)
that used in AFM based
exfoliation [19,20]
Minimum attempt on un-
derstanding the process
mechanisms

Challenge in the address-
ing these issues

Scotch tape was only re-
stricted to laboratory based
research work

Predominantly the focus
was to study the charac-
teristics of graphite such
as stacking faults and crys-
tallite sizes of synthetic
graphite [66]
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Significant trend to develop
various chemical methods
for graphene production
over the mechanical exfoli-
ation

Determining the structure
of industrial carbon by sec-
tioning bonded and natural
carbon [67]

The size of the available
highly ordered pyrolytic
graphite might have a
significant deciding factor;
though the intercalation
techniques [57] use HOPG
as a starting material the
CVD techniques developed
use gases as the starting
material

Not intend to section very
thin layers [68]

Quality of graphene can be
a trade-off with certain ap-
plications [5]

How this thesis attempts
to address these issues

The discussed sectioning
method used a wedge to
penetrate inside the mate-
rial and peel a thin layer of
graphite

To control and under-
stand the removed material
(chips) such that to obtain
very thin layers

Introducing a controlling
mechanism by precise posi-
tioning of the wedge to have
a repeatable process

Directionally sectioning for
thin graphite layers parallel
to the basal plane Aligning
the tool parallel to the lay-
ers for sectioning may lead
to less damage being in-
duced in the sectioned lay-
ers.

Avoiding chemical contami-
nates
Increasing the yield and
the size of exfoliate sheets
Understanding the process
mechanism when the wedge
is interacting with the ma-
terial via molecular simula-
tions
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Figure 2.18: Chemical approach of graphene transferring; Comparison of standard
polymer-based and propose (direct) methods [100]

2.5 Graphene Processing Methods

Handling of the carbon nanosheets especially graphene is an important during the

processing. Transferring graphene from one substrate to another opens an avenue for

device fabrication and characterization. Due its fine thickness, great care has to be

taken to avoid additional damages on inducing stresses that may cause alteration

of its properties. As explained earlier in section 2.3, various substrates are used

for graphene processing. During very first isolation of graphene, the scotch-tape

peeled flakes were attached to a photo-resist and they were released in acetone

before collecting on to a Si/SiO2 substrate [18]. Another method for transferring

mono-layer graphene was introduced using a combination of chemicals [99]. Regan

and coauthors [100] reported another transfer method for large area processing. It

avoids adapting wet chemical and other conventional steps that cause additional

mechanical stresses. They compared the technique with the standard method based

on polymer as in fig.2.18. The standard method uses PMMA, by spin coating it

anduse it as a rigid support for the graphene layer. The proposed new method (direct

method) applies isoproponoal (IPA) to strengthen the bond between graphene and
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Figure 2.19: Roller assisted graphene transferring (a) Schematic diagram of Roll
to Roll Production [103], (b) Schematic diagram for roller-style EFEG - fabricated
roller-style HOPG template [104]

Cu grid [100]. Reina et al. (2008) [101] reported a method that used PMMA

to transfer graphene from one substrate to another. A number of research groups

selected PDMS as a supporting substrate due to the low surface energy that makes it

easier to transfer graphene to a substrate [102]. Bae et al, [103] presented a large area

transferring technique for CVD grown graphene on a copper foil (fig.2.18a [103]).

In this method, the support (polymer) substrate is attached on the graphene grown

copper foil and then the foil is removed by an etchant. Following this, the graphene

layer is released on to the target substrate. Another similar attempt [104] was made

with an electrostatic force applied to the exfoliated layers of graphene using a roller

technique (fig.2.18b).

2.6 Molecular Simulations

The nanomanufacturing processes can be better controlled if the process mecha-

nisms are well understood. Especially a process like nanomachining is not amenable

to observation in-situ during the process. The use of computer-simulation provide
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an efficient and alternative solution. The choice of simulation technique depends on

the conditions it is executed. Density functional based calculations such as local-

density approximation (LDA) and generalized gradient approximation (GGA) are

not suitable for application at such finite temperatures [105]; they are only suitable

at ground state (0 K). DFT based methods are currently being extended for finite

temperature conditions [106] though there are significant challenges to be overcome.

Molecular Dynamic simulation is one technique that can be used to obtain the dy-

namics of the system. It predicts macroscopic properties through microscopic states

at the molecular level. It is able to simulate the system in atomistic (molecular)

scales. Molecular dynamic models incorporate the classical equation of motion and

numerical integration for time steps. In MD, several critical parameters such as the

potential function, the time-step, and the boundary conditions contribute to the ac-

curacy of the simulated results. The potential function is an empirical formulation.

The potential energy calculates the forces acting on the atoms. Numerous poten-

tial functions such as the Lenard Jones (LJ), the Adaptive Intermolecular reactive

empirical bond-order (AIREBO), the Tersoff etc, are developed to represent the

bonding nature of the various materials.Although, there are developed potentials

such as registry-dependent potentials (RDP) to overcome some of the draw backs

associated with LJ, the performance of these two potentials are similar at finite

temperatures. It is particularly pointed out [107] that dynamic effects dominate at

finite temperatures; phenomenon such as rotational corrugation dependence on cir-

cumferential periodicity in DWCNTs, observed at 0 K (using molecular mechanics

calculations) are not displayed at finite temperatures (when simulated using RDP

based potentials incorporated in molecular dynamic computations). These authors

argue that dynamic effects at finite temperatures (300 K) dominate and thus these

effects are not observed. It is also reported [108] that LJ potential shows similar

performance to RDP based potentials at temperatures in the range of 16-298 K,
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when both are compared in a molecular dynamic framework to simulate peeling and

exfoliation of graphene layers using nanoasperities, a process that involves both sep-

aration and some shearing. Only at temperatures in the range of 2-16 K significant

differences are reported.

A large number of commercial and open-source software packages namely, Large-

scale Atomic/Molecular Massively Parallel Simulator (LAMMPS), AMBER, COS-

MOS, CHARMM etc., are currently available to develop an MD model. Packages

like Visual Molecular Dynamics (VMD), AtomEye, PyMol etc, support the visual-

ization of atom trajectories during the simulation steps. The LAMMPS is developed

by Sandia National Laboratory [109]. The literature publishes many reports that

use LAMMPS to investigate the various research problems [110–112].

However, this method has improved to test a larger system using the coarse grain

technique [113]. The conditions used in an MD model are far from that use in

actual experiments. For example, the number of atoms at the macroscopic level

is in the order of 1023 (1cm2) but the models use only a few millions (maximum)

of atoms due to the computational restrictions. The atomistic simulations are still

computationally intensive [114]. Despite these limitations insights drawn from these

simulations such as deformation mechanisms [115–117], reveal very important details

that are extremely difficult or impossible to observe with the experiments to study at

macroscopic level [118]. This well established method has been using in a wide range

of fields to study various phenomena such as material removal mechanisms, effects

of tool geometry, the temperature effects, the process parameters such as cutting

speed and cutting forces [119–123]. The simulation of machining process is one such

problem that investigated through a molecular dynamic model. Komanduri and

coauthors applied MD to predict the wear mechanism of nanometric cutting using

LAMMPS [118]. Cheng et al. (2003) [35] used simulation dynamic to investigate
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the nanometric cutting tool wear in silicon. The simulations have also been used

to study the properties of graphene such as nanoscale peeling process of monolayer

graphene [124], edge stresses calculations [125], and frictional behavior of mono and

few layers of graphene [126,127].

The simulation studies reported the dynamics of the graphene sheets covering di-

verse aspects of nanoscale peeling process [124], edge stress calculations of graphene

sheets [128], and frictional behavior of carbon nanosheets [126, 127]. Selection of a

suitable potential is crucial for carbon related materials due to their bonding na-

ture. The AIREBO and the Tersoff potential functions are widely used to simulate

the bonding interaction between the carbon atoms. A large number of molecular

dynamics studies used the LAMMPS package with the AIREBO potential for the

carbon related materials [109, 110, 125]. The LJ potential has also been used to

estimate the adhesion energy between the graphene layers [115] and to predict the

diffusion behavior of ad-particle on graphene [129]. Hence, proper study using the

simulation technique may provide useful insights that may helpful to control the

experimental process.

2.7 Summary

Benchmarking existing graphene manufacturing processes revealed that techniques

such as epitaxial growth, unconventional methods-unzipping carbon nanotubes, arc

discharge, atomic layer deposition and exfoliation techniques are used predominantly

for synthesis of carbon nanosheets. There is very little work in the literature explor-

ing the potential of the mechanical exfoliation to produce carbon nanosheets; this

method is restricted only to the laboratory scale synthesis. Given its potential to

produce high quality graphene, there are plenty of opportunities to develop it into
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an industrial scale method. The nanomachining process is capable of producing

ultra-thin layers and this tool based machining technique can be used to fabricate

graphene. Molecular dynamic simulations can be used to obtain insights into the

mechanical exfoliation process. In the following chapter, a tool based mechanical

exfoliation machining process is introduced and the molecular dynamic simulation

technique is later applied to understand the mechanics of the process.



Chapter 3

WEDGE BASED MECHANICAL

EXFOLIATION (WBME)

As pointed out in the previous chapter, there is an urgent need to develop a reliable

fabrication technique to produce carbon nanosheets to realize promising applications

that are rapidly being developed. A study of current graphene fabrication techniques

highlighted that mechanical exfoliation has been largely ignored as a common fabri-

cation technique and restricted only to laboratory-based research. Earlier published

reports indicated that mechanically exfoliated graphene is of better quality com-

pared with graphene obtained using other fabrication techniques. Simultaneously,

the field of mechanical machining is being developed as a fabrication method at the

nanoscale. The focus of this study is to develop a mechanical exfoliation technique

to fabricate the carbon nanosheets with better process control. This study further

investigates the detailed morphologies of the cleaved carbon nanosheets obtained

using a new mechanical exfoliation technique.

Section 3.1 introduces the proposed wedge-based mechanical exfoliation (WBME)

technique. Following this a discussion about material preparation used and the
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cleaving process is presented in section 3.2. Section 3.3 presents preliminary char-

acterization results. The following section presents a detailed analysis of the mor-

phologies of the carbon nanosheets, and measured force signatures.

3.1 WBME Technique

Graphite being a layered material, a sharp tool that moves through the inter-layer

spacing should be able to separate layers from its bulk. Theoretically, if the tool is

sharp enough to initiate a crack, an applied external force will cause the crack to

propagate through the layers. As shown in (fig.3.1), it is possible to make use of

the inter-layer spacing and complete the cleaving. This process is more similar to a

slicing technique. The thickness of the cleaved layers can be controlled by precisely

controlling the tool position.

3.2 Material Preparation

Converting the concept idea into a real experimental set-up requires accurate equip-

ment that support the various dedicated functions (fig.3.2). The experimental set-up

Figure 3.1: The schematic diagram of the WBME
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Figure 3.2: Concept converts to a experimental set-up

consists of a piece of HOPG material, a sharp cutting wedge, a wedge holder, and a

precision linear stage for positioning of the wedge or the material. Highly ordered

pyrolytic graphite is selected as the raw material with dimensions of 2 x 12 x 12 mm.

The HOPG is purchased commercially from Structure Probe Inc (SPI- [130]-ZYH

grade) and Electron Microscopy Sciences (EMS [131]). As reported in the litera-

ture, the HOPG structure (layered ) is more closer to natural graphite. The selected

sharp cutting wedge is 3 mm in length and is made of single crystal diamond. It has

a sharpness of 2 nm which is relatively sharper compared with other commercially

available tools. The included angle of the wedge is 35 degrees. A special boat to

house a bath of liquid is attached to the wedge. The diamond wedge is mounted on

an ultrasonic oscillation system with a capability of providing tunable frequencies

in the range 25 to 45 kHz with an amplitude of vibration ranging within a few tens

of nanometers. An ultramicrotome is selected as the material holder as well as to
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Figure 3.3: Material preparation: (a) HOPG material before processing, (b) Em-
bedding Silicon carbide mold, (c) Material after embedding

provide feed motion. The capability of advancing the cantilever arm with nanometer

precision range is a crucial factor in selection of this machine. A separate stage is

used to hold the cutting wedge.

The HOPG material (fig.3.3a) is cut into smaller pieces with dimension of 1 x 1 x

2 mm3 using a sharp blade with extreme care. These smaller pieces are brittle and

hence not reliable to fixture directly on the spindle of the ultramicrotome for further

processing. Thus, the prepared work material was embedded in an Epofix medium

inside a silicon carbide mold (fig.3.3b). The embedding medium is prepared by mix-

ing a resin (Bisphenol-A-Diglycidylether) and a hardener (Triethylenetetramine) in

appropriate proportions. The prepared material is placed at the room temperature

for 8 hours to cure. The specimen is shown in fig.3.3c.

Next, these prepared work materials are further trimmed as shown in fig.3.4a [63]

into a pyramid shape using a trimming (Leica) machine. This machine is used with

a diamond-rotating miller. There are several intentions in this trimming action.

One is further to reduce the area of the material surface that suits for the sectioning

process. The other is to remove the embedded material around the HOPG specimen.

Figure 3.4b shows the schematic of the expected pyramid shape and trimmed sample

is shown in fig.3.4c. The area of the pyramid surface is controllable. Approximately,
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Figure 3.4: Specimen trimming process (a) Trimming process [63], (b) Schematic
shape of the trimmed pyramid, (c) Trimmed pyramid-shape sample

the surface area is maintained at 0.5 x 1.0 mm2. It is possible to extent the material

in the direction of length but width has a dependency on the width of the diamond

wedge. The next step is to mount the HOPG specimen onto the ultramicrotome

holder (fig.3.5a). A special type of spindle head is used and it is capable of rotating

within the ultramicrotome cantilever arm. The 90 0 positions are marked (click

stop) and spindle can be accurately positioned. Then, the diamond wedge is securely

mounted onto the wedge holder (fig.3.5b). A tool setting (clearance angle) is also

set during this process. This angle is vital because there should adequate space

between the newly generated surface of the specimen and the bottom face of the

wedge to avoid any damage to newly generated surface due to the rubbing. The

specimen and the wedge mounted setup on the Leica Ultra Cut is shown in fig.3.5c.

Then, the boat is filled with the de-ionized water until a positive meniscus is formed.

A syringe is used to control the water level of the boat and level is maintained very

close to the edge of the diamond wedge. Soon after, the alignment of the specimen

block and the edge of the wedge is carried out. This is an important step to avoid

many difficulties later on. At the beginning of this process, the wedge is hold back
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Figure 3.5: Experimental set-up: (a) specimen mounted on the specimen holder
after trimming into pyramid shape, (b) wedge holder and (c) specimen and wedge
mounted set up.

to avoid the damages to the diamond edge due to any accidental or unexpected

movements. Careful advancement of wedge stage projects the edge of the wedge

reflection on the specimen surface. The back-light of the ultramicrotome provides

this reflection. This reflection can easily be observed through the stereo microscopes

attached to the ultramicrotome. The alignment steps are schematically indicated

in fig.3.6 [132]. The critical indicator is the knife-edge reflection on the specimen.

Figure 3.6a and b, show the correct specimen alignment. The specimen tilt can

easily be recognized by the movement of the cantilever arm up and down. When

it moves down manually, the space between the edge of the wedge and specimen

must be kept constant. This provides the evidence for proper specimen mounting.

If there is any specimen tilt, a gap is indicated as seen in fig.3.6c and d. When the

specimen gap getting smaller, the specimen should rotate in the clockwise direction

or vise-versa, then it should rotate to the anti-clockwise direction. This procedure

aligns the vertical plane and surface of the specimen. For a proper alignment, the

specimen and the edge of the wedge must be horizontal. If not, the reflection will

indicate disorientation as illustrated in fig.3.6e-h. If the left side of the specimen
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Figure 3.6: Alignment process of wedge and the specimen ; a, b- proper specimen
mounting, c, d- specimen tilt, e-h- wedge misorientation [131]

is closer to the wedge (fig.3.6 e and f), then the wedge should be rotated to right

side using the wedge holder. If it is vise-versa (fig.3.6g-h), then the wedge must

be rotated in the other direction [132]. After performing the proper alignment, the

system is ready for cleaving operation. Before beginning of the operation, several

parameters such as cutting speeds, and thickness of the cleaved layers have to be

set. The control knobs to control the parameters are provided in a separate panel.

Then, the sectioning process can be started.

As a practice, first, a larger thickness is set until whole block face is removed. Then,

the setting is changed to the required thickness on the section and continued with

sectioning. Every experimental run involved a series of 20 cleaving passes. During

every pass, a layer is generated. As the wedge retracts and is ready for the next

pass, the layer just generated remains adhered to the wedge surface. The subsequent

cut generates another layer which pushes the previous layer further onto the wedge

and subsequently on to the water bath. When the new layer goes underneath the

previous layer or when the layer reaches the water surface, then in some cases curling

of the layers is observed. More often than not a series of layers are observed floating

on the water bath. Next, the challenging task is to remove them from this water

bath. They must be transferred to a substrate for further processing. The floated
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layers are first separated by eye lash (fig.3.7a & b [34]). The stereo-microscopes are

immensely useful to separate them. The eye-lash is made by an epoxy gluing a piece

of hair. A loop attached with a handle (3 mm in diameter) hold over the floating

layers as shown in fig.3.7c-f [131]. Due to the surface tension of the water these layers

are attached to the water droplets. With this technique, the separated layers can

easily be transferred to any substrate. We use different substrate materials. One is

a Si substrate coated with 300 nm SiO2 epi-layer and the other is a copper grid (3.05

diameter and 400 mesh size). The Si substrate provides a better visibility during the

optical microscope characterization. The copper grid is essential for transmission

electron microscope observations.

3.3 Preliminary Cleaving Results

The initial experiments were performed with the technique demonstrated in the pre-

vious section. The ultra-sharp wedge is held fixed while the work material was fed

slowly downwards at a controlled speed (0.6 mm/s) towards the wedge. The overlap

between the diamond wedge and the HOPG surface was set to 40 nm at this stage.

A wedge setting angle of 6 0 were adjusted. Preliminary experiments were per-

formed with and without oscillation on the wedge. Application of oscillation set the

parameters of frequency to 33 kHz and voltage to 2.1 V. This particular frequency is

very close to the resonance frequency of the wedge system. The cleaved layers slide

off the diamond wedge surface, are floated on to a water bath, collected and then

transferred to a copper grids for AFM and TEM observations. Raman character-

izations are performed on six samples prepared using identical process parameters

with a Renishaw Raman microscope (633 nm wavelength).

Under perfect cleaving conditions, we can expect the layer size to be comparable to
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Figure 3.7: Floating layers and separation; (a) Cleave layers floating on the water
bath, (b) Floating layers are separated by eye lash [33], (c)-(f) separation of layers
and deposited to copper grid [130]

the dimensions of the face of the pyramid (1 x 0.5 mm2). We were able to observe

layers with area of approximately of 900 x 300 µ2 with a repeatability of more

than 50%. The observed layers through the optical microscope are shown in fig.3.8.

Layers placed on Si substrate show a inference color (fig.3.8a-c) scheme which is an

indication of very thin layers. Small particles are attached on some of the layers as

in fig.3.8a. A proper cleaning after the trimming process can considerably avoids

this issue. Edge distortions such as tearing and edge folding are clearly visible. The

layers placed on top of copper grids do not provide clear appearance (fig.3.8d).

Atomic force microscope operated in the tapping mode is used to determine the
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Figure 3.8: Optical microscope images of preliminary layers; (a), (b) and (c) on
Si/SiO2 substrate, (d) on copper grids.

Figure 3.9: Thickness measurement with AFM (a) Sectional analysis of edge, (b)
Plane view of edge (c) 3-D topography (d) AFM tip position
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thickness of the layers obtained. The sectional analysis (fig.3.9) of this data shows

that the layer thickness is in the range of tens of nanometers. It is also seen that the

edges of the layers have uneven thickness as shown in fig.3.9a. Figure 3.9b represents

the plan view and fig.3.9c shows the topography of a measured area. The focus is

given to select the appropriate area on the copper grid. The AFM measurements

were taken on both the suspended and non-suspended areas; the edge thickness

measurements were made on the non-suspended area as shown in fig.3.9d. The

observed crumpling and folding layers on top of each other made much difficult for

thickness measurement.

Observations using TEM of the few layers of graphene obtained with and without

oscillations are shown in fig.3.10 and fig.3.11 respectively. In the micrographs, of

layers without application of oscillations, the folded graphene sheet is clearly visible

(marked as 1 & 2). Fig.3.10 shows an area where the sheet appears to be heavily

crumpled. In the micrographs of layers obtained with application of oscillations,

folded graphene sheets, and smooth areas of the sheets are also clearly observed. In

this case several distorted areas are seen and these structures that seem to resemble

other nanostructures (like nanoscrolls) can be observed (marked as 3 in the enlarged

area), which needs further investigation.

The Raman spectroscopy data of the cleaved layers, produced with and without

oscillation indicates several features such as the D band (information about defects),

G band (in plane vibration) and 2D band (stacking order); these correlated well with

reported data in the literature [9]. There are no differences in the D band positions

(1,332 cm−1) with and without oscillations. However, this D band position observed

is different from that of bulk graphite (1,355 cm−1). The G band position was 1,577

cm−1 with oscillation and 1,578 cm−1 without. The Raman data is further analyzed

using a curve fitting method involving deconvolution and fitting two Lorentzian
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Figure 3.10: TEM images without ultrasonic oscillation (a) Large FLG edges, (b)
and (d) folded FLG, (c) large graphene sheet with rolled edge.

Figure 3.11: TEM images with ultrasonic oscillation (a) Low magnificent image of
FLG, (b) Edge of few layers of graphene, (c) and (d) Folded FLG
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Figure 3.12: Raman spectroscopy data

functions, HOPG being a polycrystalline material [133].

Fig.3.12 shows the fitted curves obtained, from which the ratio of D and G band

peak intensities (ID/IG) can be obtained. There are two different ways to calcu-

late this ID/IG ratio. One method is to obtain it directly from the peak height

[134, 135, 135, 136] and the other way is to use the integrated area of the fitted

curves [137–139]. Here, both methods are used to analyze the Raman data. The

ID/IG ratio obtained using both peak height and integrated intensity methods are

plotted in fig.3.13a for the six samples. A statistical two-sample t-test conducted on

the samples showed that the ID/IG ratios for the layers obtained with and without

oscillation, calculated using the direct peak height method, were statistically differ-

ent (p value = 0.031 at 95% confidence); thus oscillation has some distinct effect on

the process and the layers obtained.The ID/IG ratio of CVD grown and scotch tape

exfoliated graphene are compared with the WBME graphne in the table 3.1. The

values reported in the literature vary between 0.3 1.4, while our values are in the
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Table 3.1: Comparison of ID/IG ratios of of CVD, scotch and WBME graphene
Reference Description ID/IG Laser Calculated

(nm) Method
Wood .J.D. et al. [140] CVD,1000 0C 0.67-0.69 633 Unknown
Zhao . P et al. [141] CVD,700 0C 1.4 633 Unknown
Ismach. A.et al. [142] CVD,1000 0C 0.3 -0.9 532 I. Intensity

HOPG 0.25 514 Unknown
Ni. Z. H et. al. [143] Scotch Tape 0.3 532 Unknown

Graphene
Thesis WBME 0.2-0.35 633 Peak Height

0.6-1.2 633 I. Intensity

range of 0.2 1.2, depending on how the ratio is determined. It can thus be concluded

that our graphene layers and that grown using CVD grown have comparable values.

The ID/IG ratios can also be used to calculate the crystallite size. The average

crystallite size (La) and excitation laser energy both are correlated with ID/IG ratio.

There are different equations reported in the literature to estimate La. The original

equation determined by Tuinstra and Koenig [134] is said to be not appropriate for

all graphite forms. Hence, a general formula for La involving any excitation energy,

E, was proposed by Canado et al. [137] as shown in equation 3.1.

La =
560×

(

IG
ID

)

E4
(3.1)

The values of La calculated using this equation and experimentally obtained val-

ues of ID/IG are plotted as shown in fig.3.13b. It appears that La is smaller when

ultrasonic oscillation is applied to the wedge. The value of La is inversely propor-

tional to amount of crystal boundary and is a measure of dislocations, vacancies,

as well as number of non-graphitic atoms, which in turn is proportional to chemical

functionality and shear strength of linkages [135]. The amount of disorder is an

indication of fraction sp2 bond and it is a measure of electrical, mechanical, and
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Figure 3.13: Calculation of La using experimentally obtained values of ID/IG; (a)
ID/IG ratio obtained by both direct peak height measurement and using integrated
area method. (b) The La values calculated using both these methods is plotted

optical properties. The lower value of La when oscillations are applied indicates the

improved quality of the layers obtained. Also, the higher the value of La, the lower

the shear strength. Thus, from fig.3.13 , if can be conclude that shear strength tends

to increase when ultrasonic oscillation is applied.

This preliminary study opens up many interesting questions. It proves that the

technique is capable of producing ultra-thin carbon nanosheets together with differ-

ent variations. It requires further detailed investigations on the technique and the

controlling parameters. Next section reports the further in depth analysis of various

structures. As reported in the previous section, the morphologies of the cleaved

layers are an interesting subject for further study.

3.4 Detailed Characterization of Carbon Nanosheets

In this section, we examine and report here the nature of layers produced by this

technique and factors that contribute to layer-defects and process signatures. The

emphasis here is on characterizing the ultra-thin layers obtained by oriented mi-
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crotome sectioning (chapter 2) at varying levels of magnification using optical mi-

croscope, field emission scanning electron microscope (FESEM), and transmission

electron microscope (TEM). Particularly, we identify the various nanostructures

generated with this technique. The sectioning forces are also measured to analyze

their relationship to the sectioning mechanism. We also report pre-existing defects

in the HOPG and its effect on the layers obtained and measured force signatures.

The force signature analysis together with a basic understanding of the section-

ing mechanism will help towards advancing this technique for fabrication of thin

graphitic films.

We start our investigation by examining the structure of the as-purchased unsec-

tioned HOPG for any pre-existing defects. On the sidewalls of the HOPG, striation

marks are observed (fig.3.14a) and these marks are left behind by the process origi-

nally used by the vendor to cut the HOPG blocks to the required size. The enlarged

area of the surface shows presence of powdered particles attached to the surface

fig.3.14b. To remove these particles and to enable viewing the bulk structure of

the HOPG an adhesive tape is used to perform several peelings on the sidewall;

the peeled HOPG sidewalls are then observed in an FESEM. As shown in fig.3.14c,

several defects such as kinks (indicated as circle 1), discontinuous layers (circle 2),

and voids are noticed. Surprisingly, the layers seem to be bunched together. In cer-

tain areas, heavily distorted layers (fig.3.14d) are also observed. We also performed

several adhesive peelings to clean the top surface of the HOPG and observed them

for the presence of any pre-existing defects/structures. Defects such as cleavage

steps, wrinkles, and folded-over flakes are readily visible similar to that reported in

the literature [144]. These observations of pre-existing defects in the HOPG need

to be taken into account when studying the structure and morphology of the layers

obtained after sectioning.
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Figure 3.14: Pre-existing defects in HOPG prior to sectioning; (a) Sidewalls of
the as received HOPG material show parallel striation marks, (b) Enlarged view
of HOPG sidewalls showing presence of powered material, (c) Kinks (circle 1) and
discontinuous layers (circle 2) seen on the sidewalls after adhesive tape peelings to
remove the powered layer, (d) Distorted layers can also be seen on some side wall
locations, (e) Cleavage step, (f) Wrinkles on the top surface of the HOPG after
several peelings.
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Figure 3.15: The experimental setup for force measurement; The HOPG sample is
mounted on the moving stage of the ultramicrotome while the wedge is mounted on
a force sensor held on the fixed portion of the microtome. The force sensor detects
sectioning forces.

As reported in section 3.2, same material preparation technique is adhered to. The

sample is prepared taking into account layer orientations. The trimmed small pieces

are placed in an embedding mould in such a way that layers are arranged in a ver-

tical direction. In this set of experiments we tested several process parameters by

changing the sectioning speed in the range of 1-5 mm/s and the section thickness

in the range of 10-40 nm (thin sections) and 500 nm (thick sections). The wedge-

setting angle is held constant at 49 0. Sectioned layers are transferred onto same

substrates for detailed characterization. A multi-component force sensor (Kistler

C9256) detects forces experienced during sectioning(fig.3.15). A custom-made fix-

ture holds the wedge directly on the force sensor at an inclination angle of 60 0 thus

providing clearance to the HOPG surface being sectioned.
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Figure 3.16: Optical microscope images of thin section layer morphologies: (a)
Flat and several folded layers showing the thickness variations in colors, (b) Carbon
particles attached to the edge of the layers (c) Enlarged image of a single continuous
layer. The marked regions of 1shows pink color that indicate thickness less than 5
nm, and 2 shows yellow color regions represent the thicker (tens of nanometers)
sections

3.4.1 Qualitative Analysis of Sectioned Layers with Optical

Microscope, FESEM and TEM

Similar to earlier discussion we start our characterization with the optical micro-

scope.

Optical microscopy (thin sections): Images from optical microscopy (Zeiss

Axioskop 2 mat) are shown in fig.3.16. The microscope uses a 12 V, 100 W halogen

illuminator and was operated in the transmited mode.The first notable observation

is the shape and size of the cleaved layers. As similar to preliminary study, even

though we expect the area of the cleaved layers to be equal to the area of the sample
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it is not the case for the sectioned layers observed the layers are smaller than the

sample area. This may be due to partial cleaving resulting from uneven material

surface and possible misalignment between the block and the wedge. The layers

exhibit various colours mainly due to thickness variations [145]. As reported in the

literature blue, pink, and purple color patches indicate very thin layer sections and

approximately the thickness is less than 3 nm [146]. The yellow patches indicates

relatively thicker regions [147]. These thin regions are marked as 1 and the thicker

regions as 2 in fig.3.16. Considering the position of these regions, it is difficult

to perform AFM type of measurement to grantee the thickness. This visual aid

provides a clear indication on thin regions on the cleaved layers. Damages are also

noticeable on the edge of the layers. Separated and folded layers are also observed

clearly (fig.3.16). During the experiments, we collected the layers after sequential

sectioning performed continuously several times. We use water as a supporting

medium to allow layers to float and to avoid the layer contacting the wedge surface.

If there is a gap between the edge of the wedge and the water then the cleaved layers

may contact the wedge surface causing folding and overlaps. Friction on the wedge

surface may also contribute to the folding. As reported in previous studies [148], we

interested to see the presence of any deformations or sectioning artifacts. The layers

we observed (fig.3.16a), are very thin and due to the reflecting colours it is difficult to

discern the presence of artifacts. However, the images clearly indicate that the edges

have undergone severe deformations. Carbon particles are also visible at the edges

of the layers in fig.3.16b: this is reported as a type of defect in the literature [144].

Fig.3.16c shows continuous unfolded thin layers of graphite seen among the samples.

Optical microscopy (thick sections) (fig.3.17): Layers obtained by a single

sectioning stroke with section thickness of 500 nm were collected and transferred to

copper grids. By performing this single stroke of sectioning, we avoid the folding of

two consecutive layers seen earlier. The thick layers show signs of several mechanical
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Figure 3.17: Optical microscope images of thick sections; (a) Suspected deformed
graphite-stand regions, (b) Wedge marks (c) Tearing marks, (d) Large areaflat region
without any folds or defects.

deformations (fig.3.17a). The layers appear crumpled and some features look like a

graphite stand another type of defect reported in the literature [144]. A number of

suspected wedge (cutting) marks (circled in fig.3.17b and c) and tearing marks are

also seen on the cleaved layers. These marks are caused by the edge roughness of the

wedge. Similar wedge marks are also observed with other materials sectioned using

a microtome [61]. As shown in fig.3.17d, large flat surface areas are also visible.

FESEM observations : FEMSEMmicrographs (fig.3.18) indicate the existence of

various types of layer morphologies. A stack of sheared as well as laterally displaced

and folded layers can be seen in fig.3.18a and fig.3.18b respectively. The sectioned

layers show the presence of several types of kinks (fig.3.18c & d). The shape of these

kinks are similar to that reported in the literature [149] where mechanical exfoliation

using an adhesive tape was performed. The step and peak capped shape kinks are

evident in fig.3.18c, and d. The edges appear to be shifted in the step kinks. Such
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Figure 3.18: FESEM images of sectioned layers: (a) Sheared layers, (b) Folded
layers (c) Step shaped kink, (d) Peak-cap shaped kink (e) Crumpled layers with
sharp folds

kinks can form in several ways. Kinks can pre-exist in the as-received HOPG, or

can form either during the material preparation process or during the sectioning

process itself. It is not known whether one or all these steps created the kinks. We

already reported in the previous section the presence of pre-existing kinks in the as-

received HOPG. During the material preparation, the larger HOPG sample is cut

into smaller pieces for embedding in epoxy, and trimming of the embedded HOPG

can cause kink formation. The pre-existing kinks in HOPG (fig.3.16c & d) can also

be transferred as-is to the sectioned layers. Kinks can also form during the sectioning

process. During sectioning, the graphene layers are subjected to large deformations

as the moving wedge applies a force parallel to the basal plane of the graphene

layers. The weak van der Waals interaction between the layers and weak bending

rigidity can lead to deformations under such conditions. Similar deformations have

been reported to cause delamination of grains and formation of shear and kink

bands in layered hexagonal materials such as Ti3SiC2 [150–152]. Another study,

on Ti3SiC2 aslo, reported [153] a similar type of kink formation caused by grain

buckling or bending under compression. Compression-induced heavily crumpled
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layers with sharp folds in stacks of layers are also seen in fig.3.18e. Understanding

these structures and their formation can provide useful information to control the

exfoliation process.

Figure 3.19a shows flat and sheared layers. A tearing layer is observed and it is folded

back onto its surface as in fig.3.19b. The kinks (fig.3.19c, d), observed earlier at lower

magnifications with FESEM, are clearly visible here and kinked layers appear to be

sheared and slid out. Other types of curvilinear shapes were also observed as shown

in fig.3.19e-h. These are clearly multiple layered and some of them appear to be bent

into various shapes such as S (fig.3.19f). Another group of layers appear partially

rolled and slid out along their axis (fig.3.19g, h). Such layer shapes are important

to many applications, for example the use of rolled carbon sheets as nanoactuators

and energy storages [154, 155]. The conditions that lead to the formation of such

rolled structures are yet unknown. We speculate later that the exfoliation process

can cause such structures to form. As reported in the literature [144], several defects

such as cleavage steps, fold-over sheets are also noticeable.

FESEM images of the HOPG specimen surface: After sectioning the sam-

ple under various conditions, we observed the sample surface itself in an FESEM

(fig.3.20). The surface is not smooth with uneven surface features present. After

performing one set of experiments, we section the material for adequate number

of times to remove the uneven surface marks, before proceeding to the next set of

experiments. The enlarged image of a portion of another sectioned specimen sur-

face shows the presence of wedge marks (fig.3.20c); similar wedge marks were seen

earlier on the sectioned layers. These wedge marks can easily be transferred on to

the sectioned layers as well. Re-sharpening the edge of the wedge will remove these

appeared marks on the both substrate and the sectioned layers. Fig.3.20d shows

discontinuous regions on the surface of the HOPG specimen; these could be crystal-
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Figure 3.19: TEM Images of sectioned layer morphologies; (a) Flat and sheared
layers, (b) Torn layers, (c) and (d) Kinks, (e) and (f) Multiple bent layers, (g) and
(h) Partially rolled and axially slid out structures.

lite regions or cracked areas. The sectioned layers are likely to get discontinuous at

these regions.

The questions arises as to how these layers and structures produced by the ori-

ented sectioning compare with results previously reported by performing unoriented

sectioning on natural graphite and synthetic graphite? The effects of orientations

during sectioning were indeed speculated and discussed with different structures

expected in oriented sections compared to non-oriented ones [67], but no particu-

lar effort was made to improve orientation and study its effects. While flat layers

were previously seen in unoriented sectioning micrographs [66, 67], we expect to

see more such regions in oriented sectioning since the layers tend to cleave better.

While presence of rolled sections (called cigar like) were reported in earlier unori-

ented sections [67] but clear evidence was not presented. We suspect that the wedge

bluntness in combination with the orientation alignment causes the edges to roll up

more frequently and thus are more evident in oriented sectioning. Similarly, the

presence of sheared layers in unoriented sections was conjectured but no evidences
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Figure 3.20: The surface of HOPG after sectioning; (a) Uneven surface after sec-
tioning, (b) Enlarged image indicating patches of cleaved regions, (c) Enlarge image
of a sectioned surface indicating wedge marks, (d) Cracked regions on the HOPG
surface where cleaved sections are torn at this point.

were provided [67]. Such shearing in oriented sectioning is likely to be easier because

of the orientation of the layers with respect to the wedge with the wedge displacing

the layers especially during exit. In addition, no evidence of kinks was shown in pre-

vious unoriented microtome type sectioning. It is not immediately clear if oriented

sectioning facilitates kink formation. We speculate that the ease of layer shearing

in oriented sectioning can also contribute to kink formation. We should note here

that kinks, similar to what we report here, are also reported in layers obtained by

tape-based mechanical peeling [149] though the fundamental mechanisms of layer

separation are different here.

This study provides an understanding of the nature of layers produced by oriented

sectioning. It is evident that the sectioning and the sample preparation technique

intern, can create several defects such as kinks, cleavage steps, ridge, folded over lay-

ers, and broken pieces. The cutting edge itself contributes to the tearing and wedge

marks on the layers. This study provides some clues as to the factors that influence
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Figure 3.21: Sectioning and normal force trends with time. Several intermittent
force-peaks were observed during the sectioning process. The first peak is due to
the wedge and material engagement, while subsequent peaks could be caused by
pre-existing defects.

the formation of various layer structures and that can avoid defect formation. Key

sectioning process characteristics such as energy/forces involved can further indicate

sectioning mechanisms and nature of the layer formation. In the next section, the

measured sectioning forces, characteristic patterns, the effect of pre-existing defects,

and their interactions with the moving wedge during sectioning will be investigated.

We expect the characteristics of the energy and forces involved in the sectioning to

change in the presence of defects.

3.5 Sectioning Force Signature

The recorded sectioning forces, for a particular sectioning condition, are shown in

fig.3.21; similar force profiles were seen at other sectioning conditions. The forces

acting along and perpendicular to the wedge movement are termed as sectioning

and normal forces respectively. The sectioning force profile show several spikes
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during the process. The first spike is at the beginning of sectioning and subsequent

spikes appear as sectioning progresses. The initial spike is caused by the wedge and

material engagement as the layers resist the advancing wedge. This is considered as

the point of initiation of cleavage. The initiation causes a rapid increase followed by

a rapid decrease in force without reaching a steady state thus indicating a significant

force required at the beginning of the process and further wedge penetration requires

smaller forces to overcome the van der Waals interactions. The normal force shows

a similar trend as the sectioning force but with a reduced magnitude. The normal

force is caused by wedge pressing on the substrate. The subsequent spikes seen in the

force profiles could be due to interaction between defects in the HOPG layers and the

moving wedge. FESEM observations of HOPG sidewalls prior to sectioning showed

various types of imperfections. These imperfections may contribute to the subtle

changes in how the wedge causes the layers to cleave. Here, we hypothesize that

the spikes subsequent to the first one may be due to the presence of discontinuous

layers (fig.3.14c), a pre-existing defect in the HOPG. We confirm this hypothesis

by presenting molecular simulation studies (in chapter 4) since in-situ observation

of cleaving under high magnifications was not possible. From these experiments,

the average cleaving and vertical unit forces of the wedge material interface are

calculated as 20 and 1.3 N/mm x102 respectively.

3.6 Summary

We have demonstrated a novel mechanical exfoliation technique to produce carbon

nanosheets from HOPG using an ultra sharp diamond wedge. Preliminary studies of

AFM measurements indicated that the proposed mechanical cleaving method is ca-

pable of producing thin layer graphene with a thickness of tens of nanometers. This

was further confirmed with color code studying by placing cleaned layers on Si02
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surface. TEM studies revealed that considerable amount of attention is required to

understand the edge formation since obtaining structures resembling other nanos-

tuructures were observed. Application of ultrasonic vibrations along the tool edge

was observed to significantly reduce ID/IG ratios in Raman spectrum. Hence, the

applied oscillations may have potential to reduce defects in cleaved layers. The

application of ultrasonic vibration also appeared to reduce the crystallite size.

Observing the sidewalls of the as-received HOPG indicated the presence of several

pre-existing defects such as discontinuous layers and kinks. Characterization of the

sectioned layers at various levels of magnification revealed the presence of various

shapes and structures. From optical micrographs of the sectioned layers, we observed

colored (evidence of thin sections), flat and distorted layers. Some of the sectioned

layers appeared to be folded with dust type carbon particles attached. A closer

FESEM examination showed the presence of sheared and flat layers as well as two

types of kinks peak cap and step shape. Heavily crumpled and distorted sections

were also observed among the cleaved sections. TEM micrographs confirmed the

presence of flat, folded and torn structures. Several types of rolled sheets were also

noticed. Besides the sectioned layers, examination of the sectioned HOPG surface

indicated uneven surface contours and cutting artifacts. Experimental sectioning

forces indicated the presence of several intermittent force peaks.



Chapter 4

FACTORS AFFECTING WBME

- A MOLECULAR SIMULATION

STUDY

4.1 Background

A wedge based mechanical exfoliation (WBME) technique (fig.4.1a) was proposed

and tested to produce carbon nanosheets in the previous chapter. The layers pro-

duced had various interesting structures: flat, rolled, sheared layers (fig.4.1b-d).

The experimental conditions such as depth of insertion (DOI), rake angle, clearance

angle, and cleaving speed can be controlled in this process. Close observation of

uncleaned HOPG indicates presence of features such as discontinuous layers, kinks

(after cleaning), and several distorted layers on the side surface. The measured force

signatures showed high initial peak at the beginning and several other intermittent

peaks appearing as the wedge advanced. These observations have led us to ask the

question of how this folding and sliding of the layers are caused by the action of
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the moving wedge. The WBME technique can be better controlled if the nature of

separation initiated by the wedge is well understood. Since it is not easy to make

in-situ observation during the exfoliation we have resorted to the use of molecular

dynamic simulations to study the process. Here we report, using molecular dynam-

ics simulation studies, how and under what conditions graphene layers separate,

fold and shear during the wedge-based mechanical exfoliation machining technique

to produce few layers of graphene. Section 4.1 describes the details of the molecular

dynamic model used. Then, the simulation results related to separation, folding,

and shearing phenomena during the process are discussed. Subsequently we try and

understand how the force spikes appear during wedge advancement. Section 4.5

then presents the effect of wedge radius on the initial wedge-material engagement.

The last section of the chapter describes the effect of application of oscillation to

the WBME process.

4.2 Simulation Model

We first modeled single layer of graphene sheet using the selected Large-scale Atomic

/ Molecular Massively Parallel Simulator (LAMMPS) software [109]. The sheet

is built considering the atomic positions of the graphene unit cell (fig.4.2 [156]).

The customized metal unit system was selected to model the a single-layer zigzag

graphene sheet. The simulation box is bounded by 0-103.987, 0-30.2471, 0-3.4 (A0),

in the X, Y, and Z directions respectively. A total number of 1213 atoms per sheet

were included in the model. Periodic boundary conditions were applied.

In this model, we used the well established Adaptive Intermolecular Reactive Em-

pirical Bond Order (AIREBO) potential that is available in the LAMMPS. This

potential function has been developed to model the hydrocarbon systems. The
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Figure 4.1: (a) Schematic diagram for wedge based mechanical exfoliation of few
layers of graphene, TEM image of flat separated (b), folding (c) and sheared (d) few
layers of graphene.

potential energy in this system is expressed as in equation 4.1:

E =
1
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where Eij is the pair potential between the atoms i and j. The term EREBO represents

short-range (typically less than 2A 0) interactions among C-C atoms while the long-

Figure 4.2: (a) Graphene unit cell [151], b) Atom position used for building the
model



CHAPTER 4. FACTORS AFFECTING WBME - A MOLECULAR
SIMULATION STUDY 72

Figure 4.3: Model single layer graphene sheet

range interactions are modeled by the term ELJ . The ETORSION is the energy

contributed by the various dihedral angles. The interaction between work material

and wedge is represented by the Lenard Jones potential and its energy is given by

equation 4.2:

ELJ = 4C

{

(σ

r

)12

−
(σ

r

)6
}

, r < Rc, (4.2)

where Rc is the cutoff value and r is the distance between atoms (C= 0.00284, σ=3.4

A 0 [157]). The necessary outputs such as potential energy, temperature, total

energy, stresses in each direction are written to an output file as the simulation gets

completed. The output file is visualized with the assistance of the visual molecular

dynamics (VMD) software [158]. A modeled single-sheet of graphene is shown in

fig.4.3.

To verify the modeled single-sheet, an uni-axial tension test was simulated to calcu-

late its Young’s modulus. To simulate the tension test, the equilibrium was attained

with NVT conditions, and a uniaxial strain of (0.001/ps) was applied with a constant

temperature condition using a Berdersen thermostat. The time used step was 0.001

ps throughout the simulation. The tension was applied in the Y direction. From the

output file, the stress-strain diagrams were plotted to calculate the Young’s modu-
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Figure 4.4: Simulation model; (a) Schematic diagram of the MD simulation model;
the work material is composed of fixed boundary layers (cyan), and free layers (pur-
ple). The wedge (green) is modeled as a rigid object. With appropriate wedge and
clearance angles close to the diamond wedge used in the experiments, (b) Schematic
diagram of wedge position between layers; to the distance between immediate two
layers, tx the distance from the immediate top layer to the bottom of wedge atom.

lus. We repeated the similar test several times and the calculated Young’s modulus

is in the range of 0.8-1.0 TPa. The obtained modulus values are compared with

the literature reported values (table 4.1). It can thus be concluded that the model

developed (AIREBO potential values, boundary conditions etc.) are validated and

that the model can now be used for further simulation studies.

A schematic diagram of the WBME simulation model is shown in fig.4.4a. This

model consists of two components namely a graphite block (HOPG) modeled as

a stack of graphene layers (hexagonally arranged atoms), and a rigid wedge. To

Table 4.1: Young’s modulus value of graphene reported in the literature

Value of Young’s modulus Method

1.00 [159] Nano-indenting (experimental)
1.05 [160] Density Functional Theory
1.11 [161] Ab initio calculations
1.24 [162] Density Functional Theory
1.27 [163] Non orthogonal tight binding
0.94 [164] Molecular mechanics
0.86 [165] Molecular dynamics
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simplify the diamond wedge geometry, we have a used single-sheet of graphene bent

with a fixed included (wedge) angle of 35 0 and an edge radius of 2.4 A0. All the

atomic positions are seized to represent the rigid wedge. The wedge is held inclined

at an angle of 4 0 (fig.4.4a) and the edge of the wedge is kept parallel to the graphene

layers. The width of the wedge (68.8 A0) is kept larger than that of work material so

that the entire width of HOPG is sliced. The depth of indentation is defined as the

distance from the top layer to the bottom most wedge atom, which determines the

thickness of exfoliated layers. From fig.4.4b, DOI can be written as (n-1)*to + tx.

(n - number of graphene layers above the wedge). The wedge position between the

two nearest layers can be presented as tx/to. The exfoliation process is performed

in x- direction on the (001) surface of the work piece by moving the rigid wedge

towards the graphite block with a constant speed. Simulations are conducted at

constant temperature of 300 K. The set of parameters used for this simulations

are provided in table 4.2. Initially, the wedge is placed a little distance away from

the work material and after several time steps it moves forward to interact with

the work material. The cleaving wedge interacts with the zigzag edge during the

exfoliation simulation. Care should be taken while assigning cut-off values between

the wedge and work materials. Various cut-off values have been tested and relevant

chip morphologies and force profiles are obtained. All force components in x, y, z

directions are plotted when the wedge edge moves from its reference position. The

forces profiles generated by a cutoff value of 3.4 A0 captured the proper forces, and

hence is used this value for simulations.

In the experimental study, the wedge starts cleaving from one end of the HOPG

block and emerges at the other end to complete the exfoliation. To simulate such

experiments, two types of models are considered in the simulations. In one model,

named hereafter as bottom fixed system (BFS), we fix the bottom two layers of

atoms and there are no constraints on the two ends. The BFS model simulates the
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Table 4.2: MD simulation model parameters

Parameter Value

Work piece dimension (A 0) 208.5 x 59 x 68
No of atoms in the work-piece 53900
Wedge width (A 0) 3200
Wedge width A 0) 68.8
Wedge nose radius (A 0) 2.4
Clearance Angle (Degree) 4
Wedge angle (Degree) 35
Temperature (K) 300

fact that as the wedge reaches the end of the cut, the edge atoms are free to move in

response to the advancing wedge. As graphene layers are weakly bonded by van der

Waals forces, intuitively, we can expect that the small-applied forces at the cutting

edge may cause shearing of layers in the direction of wedge motion [166]. In the

other model, hereafter called as fixed end system (FES), as in most MD simulation

studies of nano-machining, we fix not only the bottom two layers of atoms as in

the BFS model but also one end of the HOPG (opposite end of where the wedge

enters). The FES model simulates the fact that far way atoms with respect to the

advancing wedge are in standstill position and relatively unaffected during initial

wedge engagement and beginning of exfoliation.

We note here that the actual experimental conditions are not perfectly replicated in

the simulation models. The limitations are mainly in wedge sharpness (in relation to

layer thickness), model size, and computational times. We use higher wedge speeds

and smaller work/wedge sizes in the simulation models to reduce computational

times. Higher wedge moving speeds can result in larger temperatures due to higher

deformation rates and frictional dissipation. In the simulations we use constant

temperature throughout the machining process to eliminate any temperature effects.

The wedge sharpness limitations can be resolved using a scaled model, resulting in

reduced computational expenses. Thus, despite some limitations, we expect the
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simulation results to provide fundamental understanding of the exfoliation process

during the nano-machining. We use these two simulation models to study how

exfoliation occurs during initial engagement, wedge penetration and as the wedge

leaves the cut. The results and the findings are discussed in the following sections.

4.3 Separation, Folding and Shearing of Graphene

Layers

During the nano-machining simulations, we found three kinds of separated layers

similar to that observed in the experiments: clearly separated flat layers, layers

that were folded, and layers that were sheared. The following sections describe the

conditions under which different types of layers are likely to form.

4.3.1 Layer Separation

By layer separation we mean here cleaved graphene layers without any folding on

edges. Simulation using the FES model showed that initial engagement of the

wedge with HOPG results in initial layers deflects on (without folding) and wedge

penetrates between the layers. In the experiments, the cleaved layers come on to

the wedge surface and then slide onto a water bath. In the simulations, the cleaved

graphene layers slide over the wedge surface as the wedge moves forward towards

the HOPG as shown in fig.4.5. Water effects are not considered in the simulation.

The wedge position is seen to be important to get cleaved flat layers without any

folding (fig.4.5b). The number of layers that get cleaved is dependent on the depth

of indentation. Positioning the wedge when n=1 and n=3 at tx/to = 0.59 results in

cleaving of one layer (fig.4.5a) and three layers (fig.4.5b) of graphene respectively.
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Figure 4.5: Conditions at which layer separation was seen in simulations (a) n=1,
tx/to=0.59; clear layer separation without folding, (b) n=3, tx/t0=0.59; clear sep-
aration without folding. The circles indicate the deflection of the layers below the
wedge.

When the wedge is positioned at a smaller depth of indentation (n=1, tx/to =0.18),

the wedge elastically deflects the underneath layers instead of simply cleaving the

top layer. There are considerable elastic deflections occurring due to the wedge

pressing as shown in fig.4.5. These observations indicate that the wedge position is

crucial and based on the wedge position one can predict the number and the nature

of cleaved layers to be expected.

4.3.2 Layer Folding

Experimental results show the presence of folded layers of graphene in fig.4.1c. We

observed similar occurrence of folded layers in the simulations also under certain

conditions. The action of folding is directly influenced by the position of the wedge.

It is observed that at certain wedge positions, penetration of the wedge causes the

layer in front of the wedge to start folding (fig.4.6) instead of undergoing cleaving

as discussed in the previous section (fig.4.5). The conditions at which it is observed

is n=1 and up to tx/to=0.18. Further advancement of the wedge makes the folded

layer to spring back to the wedge surface recovering the fold. Two different depths of



CHAPTER 4. FACTORS AFFECTING WBME - A MOLECULAR
SIMULATION STUDY 78

Figure 4.6: Folding of layers ahead of the wedge edge at various depths of inden-
tations; (a) at n=1, (b) at n=3. Simulation is carried out at tx/to =0.18, cleaving
speed of 100 m/s. Less deflections are observed when the folding layers occurring.
The circles indicate the deflection of the layers below the wedge.

indentation at a particular wedge position between the layers of tx/to=0.18 displayed

similar folding of graphene layers as shown in fig.4.6. The free rippled zigzag edges

were seen to influence the folding of layers near the wedge tip.

As observed in the simulations, the wedge position plays a key role. We study the

effect of wedge position and its influence on separation versus folding by studying

the deflection of the layer immediately beneath the wedge. At lower values of tx/to

the layer deflections are low regardless of DOI (n value). At higher values of tx/to

the deflections are seen to increase dramatically. The conditions for folding and sep-

aration can be differentiated clearly: separation with folding occurs at low values of

tx/to where little deflection of the layer beneath the wedge is seen. Clear separation

without folding occurs at higher values of tx/to where considerable deflection of the

layer immediately below the wedge is observed. We note here that the effect of the

wedge-bluntness (or edge radius) may have a role to play in determining at what

values of tx/to the transition from folding to separation occurs.

Separation with and without folding are expected to affect some experimentally

measurable signatures such as force or effort needed in wedge penetration. There are

two types of forces acting on the wedge when it penetrates into the HOPG. The force
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Figure 4.7: Deflection of the immediate layer below the wedge with respect to the
wedge position (tx/to) between the two nearest layers. Folding of the layer ahead of
the wedge is observed at low values of tx/to; clear separations of layers are noticed
at higher values.

acting parallel (horizontal) to the wedge movement helps to cleave the layers and

is called here as the cleaving force (fig.4.8a), the force perpendicular to the wedge

movement is named as the vertical force (fig.4.8b). From the simulations, these

forces acting on the wedge are extracted and plotted against the wedge displacement

from its starting position. The cleaving force is seen to show a two peak profile.

When the wedge starts to penetrate into the HOPG, a significant resistance force

acts in horizontal direction on the wedge as evidenced by the first peak (fig.4.8a).

The significance of second peak in simulation process corresponds to the folding

of graphene layer. When exfoliating at tx/to =0.18, the second peak is almost

equivalent magnitude to that of first peak (see fig.4.8 inset) and causes folding of

top layer (fig.4.6a). However, in other cases the magnitude of second peak is not

that significant and there could be momentary partial folding and recovering to the

flat structure. Similar trends were observed at values of DOI n=3. However, the

magnitude of first peak reaches to 13.5 eV/A 0 for single layer cleaving (n=1) and
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Figure 4.8: Forces acting on the wedge during the cleaving process for various wedge
positions (tx/to) ranging from 0 to 0.7 for n=1, (a) Cleaving force (b) Vertical force.
The inset shows the two-peak profile signature seen during initial engagement of the
wedge.

for three layers (n=3) this value reaches higher value 15 eV/A 0. Such differences

can be attributed to effort needed to fold the underneath layer. From the simulation

analysis, it is clear that there is significant resistance offered by the HOPG during

wedge engagement and while cleaving least forces offered to overcome the weak van

der Waals energy between the layers. Beyond the second peak cleaving forces merge

to a constant force and is represented by smooth cleaving process without any edge

effects. The calculated constant cleaving force converges approximately to 1 eV/A

0 and matches well with calculated theoretical force value of 0.8 eV/A 0 required to

break the van der Waals bonds in the cleaved region assuming a constant specific

energy of 0.035 eV/atom [167].

The vertical force component during the cleaving process is calculated and reported

in fig.4.8b. It is progressively increasing during the wedge engagement, reaching a

constant value when the wedge moves forward to cleave the layers. The magnitude

of vertical force varies with tx/to unlike the cleaving forces which merged to single

value as cleaving progresses. The magnitude of vertical force increases with increase

in tx/to. In the case of tx/to =0, the magnitude of the vertical force is much higher
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and is due to the wedge indenting the top layer instead of cleaving. The energy

exerted by the wedge is spent on cleaving and pressing the wedge. By measuring

the deflection of the layers immediately beneath the wedge, the bending energy can

be calculated. The bending energy is given by equation 4.3 [168]:

E = (Bending Modulus) ∗ (Bending Area) (4.3)

and considering derivative as the force for bending (equation 4.4)can be determined

as

F =
dE

dx
=

(

D ∗ w

R

)

(

1
√

2R (x− x2)

)

(4.4)

where D is the bending modulus, w is the width of the HOPG block, R is the

deflected curvature, and x is the vertical deflection. Adding up the forces required to

deflect all the layers (in this case we calculate up to three layers) the magnitude of the

vertical force is about 5.5 eV/A 0. This value lies in the simulation mean force range

of 5-55 eV/A 0 based on the wedge position. In this calculation we neglected the in

plane strain and considered a constant bending modulus throughout the calculation.

As stated in the literature multilayer graphene has different values for bending

modulus based on the number of layers [169]. The above investigations clearly show

that separation and folding can be controlled by adjusting wedge position. The

analysis of forces indicates that the wedge based exfoliation process requires higher

effort during initial wedge engagement and as exfoliation proceeds comparatively

lower effort to sustain the cleaving process. The vertical force on the wedge depends

on its position and the wedge is seen to impart strain to the layers beneath it; this

could possibly influence the quality of the layers cleaved subsequently.
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Figure 4.9: Shearing of graphene layers as the wedge exits the HOPG block using
the BFS model where the end face atoms are free to move; (a) at lower speeds
wedge advancement creates step like edges (n=1, tx/to = 0.59 at 100 m/s), (b) At
higher speeds wedge advancement shears the layers at end face while cleaving and
separating a single sheet of graphene (n=1, tx/to = 0.59 and cleaving speed of 500
m/s), (c) At higher depth of indentations at the same higher speed (as in (b)) a few
layers graphene cleave and separate while a folded layer ahead the wedge is formed;
this same folder layer is seen to get sheared at the end face (n=3, tx/to = 0.59, and
cleaving speed of 500 m/s ). The circles indicate the deflection of the layers below
the wedge.

4.3.3 Layer Shearing

During the experimental investigations shearing of graphene layers were observed in

the cleaved samples (see fig.4.1d). However, we noticed little shearing in the FES

model simulations that were discussed in the previous sections. We hypothesized

that perhaps shearing was occurring only when the edge completes cleaving and

exits the HOPG work sample. To check this hypothesis, simulations using the BFS

model are considered here. In this model, the rear side atoms are free to respond

and move to applied forces; this is the only difference in the model setup compared

to the FES model used earlier. Different depth of indentations and various cleaving
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speeds are simulated at room temperature using this model. The simulation results

are shown for three different scenarios in fig.4.9. Figure 4.9a shows that shearing

of layers occurs at two places: at the front of the HOPG block (below the wedge)

and also at the back end of HOPG when cleaving at a lower speed of 100 m/s. Due

to weak van der Waals interactions between the layers, these shear layers look like

step edges. Once, the step edges (fig.4.9a) formed the layers below the wedge are

locked due to energetically active edges and layers above the wedge slide horizontally

in the direction of wedge penetration. No layer separation was observed. Similar

cleaving patterns are observed at other wedge positions (tx/to) and various DOI (n)

at this same speed; more layers were seen to shear out of the back end at higher

DOI values. When cleaving at a higher speed (500 m/s) two scenarios are noticeable

depending on the depth of indentation. At lower depth of indentation, (fig.4.9b),

the graphene layer cleaves, separates and slides on to the wedge surface similar to

that observed in the FES model simulations. However, at the rear end of HOPG

we can observe that the top two layers undergo shearing out of the HOPG end

face. The separated layer was seen to be sheared the most at the HOPG end face

with the shear gradually reducing in the layers beneath it. At higher depths of

indentation layer separation was seen but along with a folded layer close to the

wedge tip position. This folded layer was seen to be sheared the most projecting

out of the HOPG end face; the cleaved and separated layers above it and the layers

below it were seen to undergo less shearing at the HOPG end face. At slower speeds

the layers prefer to shear rather than cleave and separate (fig.4.9a). A higher speed

of cleaving layer separation is preferred along with shearing. The shearing seems

largely restricted to the layers closest to the wedge tip. With the exception of the

case when the wedge tip is close to the HOPG surface where the layer closest to the

tip gets separated and sheared (fig.4.9b), the separated layers are seen to undergo

less shear (fig.4.9c). These simulation results show that the wedge exit effects are
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Figure 4.10: Forces acting on the wedge extracted from the BFS model simulations;
(a) Cleaving force and (b) Vertical forces at n=1, 3 and at tx/to=0.59 for low (100
m/s) and high (500 m/s) cleaving speeds.

important for layer shearing that was observed in the experiments. Layer shearing

is likely to influence the forces experienced by the wedge as it reaches the end of the

cleaving process. This is considered next in the discussion.

Similar to the FES model, the forces on the wedge are extracted from the simulations

and plotted as shown in fig.4.10. The cleaving and vertical forces are calculated for

two sets of cleaving speeds and depths of indentation. fig.4.10a presents the variation

of cleaving forces with wedge advancement. At the time of wedge engagement (left

side of the graph), a large resistive force in the form of an initial peak is observed

at both speeds and DOI. Once the wedge engages completely then the forces acting

on the wedge diminish as cleaving starts and also due to the weak van der Waals

forces between layers of graphene. At higher cleaving speeds, the magnitude of

initial peak is twice that seen at lower cleaving speeds. Also DOI has no effect on

the magnitude of the peak forces at lower speeds but has an effect at higher speeds;

lower DOI (n=1) appear to produce a higher peak than the larger DOI (n=3). At

the lower cleaving speeds, for n=1 and n=3, the low intensive intermediate peaks is

seen and is caused by sliding resistance between the step edges and the resistance

from the folding of layer. However, at higher cleaving speeds, the intermediate peaks
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are seen to diminish since the number of sheared layers is less than that at lower

speeds.

Trends in the vertical force component are shown in fig.4.10b. Small intermediate

peaks are observed, at lower speeds, due to edge interlocking effects. Large vertical

forces are seen at lower DOI (n=1) at higher cleaving speed; this may be due to the

wedge indenting the layer below the tool (similar to that seen in the FES model) and

at higher DOI the initial peak is predominantly caused by the folding of graphene at

the time of wedge engagement; the wedge indentation effect is smaller here. Large

vertical forces can be detrimental to the graphene layers causing stress and damage.

The large vertical forces can be avoided by appropriate choice of speeds and DOI.

4.4 Correlation of Structural Defects and Inter-

mittent Force Spikes

Using the developed molecular model no other intermittent peaks were observed as

reported in the experimental force measurements. The molecular model is now al-

tered by incorporating one type of defect (a discontinuous layer) observed in earlier

experiments (chapter 3.4). The results are shown in fig.4.11. The sectioning force

profile, without any defects, indicates a single sharp spike at the beginning of the

wedge engagement (fig.4.11a-c). The altered model is shown in (fig.4.11d). Pene-

tration of the wedge initiates cleaving of the first layer as shown in the fig.4.11e.

Further wedge movement causes wedge interaction with the modeled discontinuous

layer. The simulated sectioning forces are shown in fig.4.11f. There are several spikes

seen in the sectioning force. The first spike is due to the wedge engagement with

the material. Next spike is due to the wedge engagement with the discontinuous

layer. Subsequently, another spike is appearing very close to the previous spike due
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to layer bending ahead of the wedge. The simulation spike trends are similar to the

experimental observations we reported earlier. Hence, defects such as pre-existing

discontinuous layers in the HOPG and their interactions with the wedge can lead to

the appearance of several spikes in the sectioning force characteristics. For a further

complete understanding of the force signatures one needs to consider simulating

other defects such as kinks reported earlier in the FESEM and TEM micrographs.

Figure 4.11: Molecular dynamics simulation model and results: (a) The modeled MD
system with defect-free layers, (b) Separation of layers, (c) Sectioning force profiles -
only one peak is observed, (d) The MDmodel with a discontinuous layer representing
a pre-existing defect in the HOPG, (e) Shape of the layers generated ahead of the
wedge during sectioning, (f) Sectioning force profile now displays multiple peaks.
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4.5 Effect of the Larger Wedge Radius

At the macro scale, the wedge may appear to be perfectly sharp but at the nanoscale

it can be significantly blunt when considered relative to the depth of insertion [79]. A

sharp wedge has a positive rake angle whereas a blunt wedge has a negative one [79],

when the depth of insertion is smaller than the wedge radius. Thus, the edge radius

has considerable effects on the machining process particularly on machining forces,

stresses, deformation zones, and quality of the surface produced [170]. A larger

wedge radius exerts a hydrostatic pressure on the material when machined with

negative rake angles. This edge-radius effect results in a ductile mode machining

in brittle materials [79]. Literature also reports [171] that the material removal

mechanism becomes one of plowing instead of machining due to the bluntness of the

cutting edge.

From the observations in earlier chapters, initial wedge-material engagement is seen

to be important. It is difficult to observe the process online at this scale, we attempt

to understand the effects of edge radius on the WBME technique using molecular

dynamic simulations. We focus on minimum thickness of layer that can be removed

at various wedge radii. This study further considers the effects of wedge-material

engagement on the nature of the cleaving and the forces acting during this impact.

These simulation results may help to fine-tune the cleaving process for better accu-

racy and consistency. We use a simulation model similar to that with used earlier

(section 4.2) but various wedges radii of 2.45, 5.46, 11.6, and 22.5A0. The wedges

consist of 3240, 2646, 3840 and 7452 atoms respectively. There are 43218 free and

10682 fixed atoms in the model. All other parameters are similar to what we used

in section 4.2. We start our discussion by presenting the wedge radius effects on the

minimum thickness of sheet cleaved on cleaving and folding, and on the nature of

the folds produced.
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1. Effect of the wedge radii on Critical Depth of Insertion (DOIcritical)

It is reported in the literature that the material removal occurs very differently

when the wedge radius is comparable to the depth of cut [172]. Thus, it influ-

ences the minimum thickness that can be removed from the material. Minimum

cut thickness is about 1/10th of the cutting edge radius for continuous (non-layered)

materials [173]. Ikawa N et al. [174] studied the minimum thickness of cut in di-

amond turning and presented a definition based on experimental and simulation

studies. In crysterlline metals (continuous material), the minimum cut thickness is

defined, as the minimum uncut chip thickness which can be stably removed from

the material [121, 174]. The factors such as wedge sharpness, material uniformity

and the affinity of wedge and material have a influence on the minimum thickness

of cut in conventional materials [174].

Limited investigations have been reported on the minimum thickness of cut in a

layered material. Here we investigate the minimum thickness of sheet under various

wedge radii. Interestingly, in this material due to the layered structure, the minimum

thickness amount of material that can be removed is a single sheet of graphene layer.

According to our earlier findings using a very sharp wedge, the initial wedge material

engagement is more vital for the nature of cleaved layers. We noticed that at some

conditions the wedge slides on the surface without cleaving any layers. This is

because, if the (DOI) is below the critical value, any wedges no matter what its

radius is slides on the surface (fig.4.12a, c, e, and f). However, gradual increase of

DOI results in layer generation via rubbing of the wedge on the surface. Such layer

cleaving is shown in fig.4.12b, d, f, and h. A sharper wedge cleaves the layer at a

depth of insertion of 0.2A 0 and DOI)critical is independent of wedge radii at higher

magnitudes as shown in fig.4.13. A depth of insertion of 1.6 A0 is the critical value

for a blunt wedge. We also measure the size of the buckling of the cleaved layers
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Figure 4.12: Investigation of DOIcritical with respect to wedge radius. The wedge
radius in; (a) and (b) is 2.45A 0, (c) and (d) is 5.46 A0 , (e) and (f) is 11.6A 0 , (g)
and (h) is 22.5A 0.
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Figure 4.13: Variation of DOIcritical and the size of buckling of the cleaved layer
against the wedge radius is shown in (i).

ahead of the wedge and the amount of buckling increases with wedge radii (fig.4.13).

The larger the wedge radii, the more bending the cleaved has to undergo before it

overcome the the bluntness and get released above the wedge. in the next section,

we focus on the effect of the larger wedge radius on cleaving layer geometries.

2. Effect of the Wedge Radius on Wedge-material engagement

Use of a sharper wedge resulted in several shapes of cleaved layers in section 4.2-4.4

and it will be interesting to see how the fold geometries change with a blunt wedge.

For this study we select a larger wedge a radius of 11.6 A0. The wedge position is

controlled within the first three layers and the observation of initial wedge-material

impact is shown in fig.4.14. At DOI =1.2 A0, the wedge merely slides on the

material surface without cleaving any layers (fig.4.14a). Gradual increase of DOI

to 1.6 A0 results in cleaving of a layer with a fold ahead of the wedge (fig.4.14b).

After initiation, and buckling the layer then gets released on to the rake face of the

wedge over and above the blunt nose of the wedge. Increase of DOI from 2 to 4.6 A0
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Figure 4.14: Effect of wedge radius (11.6 A0) on layer initiations at various DOI ;
(a) DOI=0.6 A0, (b) DOI=1.6 A0, (c) DOI=2.0 A0, (d) DOI=3.4 A0, (e) DOI=4.6
A0 and (f) DOI=6.8 A0

(fig.4.14c-e) shows a similar trend of sliding and layer formation. Further, increase of

depth of insertions to 6.8 A0 results in cleaving two layers together (fig.4.14f). From

our observations, rubbing becomes the major mechanism of cleaving mechanism

under the action of a blunt wedge. Although, the wedge starts with a fold it is

interesting to see how it behaves during the continued wedge penetration inside the

material. During further wedge penetration (fig.4.15a), the separated layer folds

back on to surface at DOI 1.6 A0. Evidence of such folding was seen experimentally

(fig.3.18b). However, at DOI= 3.4 A0, the initiated layer exhibits entirely different

behavior compared to earlier case (fig.4.15b). The folded layer moves on to the

wedge face. The advancement of the blunt wedge at a depth of insertion of 6.8 A0

results in twisting of the cleaved layer (fig.4.15c).

Forces acting on the wedge during penetration provide vital information about the

cleaving process under the blunt wedge. Such insights are helpful to understand

and control the process. Figure 4.16a shows how forces profiles detected from the

simulations. The cleaving force, horizontal component, consists of several peaks. It
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Figure 4.15: Cleaved layer behavior after significant penetration inside the material;
(a) DOI at 1.6 A0 abruptly kick off layers fold back on to the surface, (b) at 3.4
A0 the initiated folded layer continues with the wedge penetration, at DOI 6.8 A0

(c) shows subsurface damages and twisted layers during the wedge penetration, (d)
Protrusion at the backside of the material

starts with a smaller (magnitude) spike (P1 in fig.4.16a) followed by a broader peak

(P2). Observations of atomic trajectories indicate that the smaller peak arises due

to the wedge compression of the layers. The border peak signifies the completion of

cleaving. The magnitude of the first spike gradually rises with increase in DOI and

the position of the broader peak moves closer to the initial peak.

Figure 4.16b shows how the normal force, acting in the perpendicular direction.

It is seen to gradually increase and dominate with continued wedge penetration.

We noticed two different shapes of normal force profiles: one having a peak in the

middle and the other showing an exponentially increasing trend. The middle-peak

occurs when the layer abruptly release from its buckled shape and moves on to the

wedge face. This is observed at DOI=1.6 A0. At this moment, the pressed layers

underneath the wedge have more freedom for elastic recovery. In the other scenario,
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CHAPTER 4. FACTORS AFFECTING WBME - A MOLECULAR
SIMULATION STUDY 94

Figure 4.17: Wedge-material engagement at DOI/R 0.17, 0.82, and 1.34 with wedge
radii 2.45, 5.46, and 11.6 A0

the bending layer ahead of the wedge acts as a barrier to this recovery.

3. Effects of wedge radius on cleaving and folding at large DOI

The study in the previous section was restricted to shallow depth of insertions. Now,

we extend this study to analyze the effect of the wedge radius at larger depth of

insertions. For this study, we selected three ratios of DOI to R (0.17, 0.82, and

1.34). The depth of insertions are selected in the broader range of 0.2 to 30.8 A0

to satisfy the DOI/R ratios for a particular wedge radius. Figure 4.17 summarizes

the wedge-material engagement with respect to DOI/R ratios. The observations

clearly indicate three types of layer initiation modes during the initial wedge-material
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interaction. These can be broadly classified into with and without layer folding a

ahead of the wedge and a mode creates a protrusion at the back of the material.

At lower DOI/R ratio (0.17), beyond the critical DOI, the wedge penetration starts

a buckling layer ahead of the wedge. Figure 4.17a-c indicate this mode of layer

initiation. All layers buckle upwards and rubbing is the main mechanism that cleaves

the layer. In the second mode, layers get generated without any buckling ahead of

the wedge. This phenomenon is observed with the sharper wedge as indicated in

fig.4.17d and g. After the initial wedge engagement, further wedge penetration

deflects the layers to either side of wedge leading to clear separation. The wedge

radius has a significant contribution to this type of cleaving process. The nature

of such cleaving process is similar at higher depth of insertion with respect to a

particular wedge position. In the third mode, after the initial wedge engagement,

the process neither cleaves any layer nor initiates any buckling ahead the wedge.

Although, the initial impacts looks like a layer is about to generate (fig.4.17e), the

continuous wedge penetration initiate a protrusion at the backside of the material

(fig.4.15d). It shears several layers from the material surface. This feature is similar

to the kinked structure that was observed in experiments. Increase in both DOI/R

ratio and wedge radius (fig.4.17i) resulted in the separating layers latching on to

another subsurface layer beneath the wedge. The layer thicknesses are seen to be

uniform except for subsurface latching. From these observations, it is clear that the

wedge radius has a significant effect on the nature of the cleaved layers produced by

WBME process.

4. Effect of wedge radius on forces at large DOI

We discuss here the force signatures, both cleaving and vertical, acting on the wedge

during its penetration and how it changes with changes in DOI/R ratio. The force

profiles under DOI/R=0.82 is shown in fig.4.18a-c. The initial wedge-material en-
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Figure 4.18: Forces profiles at DOI/R=0.82; (a) Wedge radius=2.45 A0 , (b) Wedge
radius=5.46 A0 , (c) Wedge radius=11.6 A0

gagement taken place at the circled region. The width of the circled area increases

with increase in wedge radius. The amount of cleaving force after the initial impact

reduces with the wedge penetration. A significant increase in the vertical force is

noticed with increase in wedge radius (fig.4.18c).

We study the maximum force acting on the wedge during its engagement. This

force also may cause maximum distortion in the layers at the point of separation.

We obtained the peak cleaving force and respective vertical components from the

captured forces. Figure 4.19a-c shows the variation of cleaving and vertical forces as

well as the ratio of vertical to cleaving force with respect to wedge radius. The effect

of wedge radius on the cleaving force is more pronounced on the radius increases.

A closer look at the sharper wedge shows higher magnitude of the force value at

lower DOI/R, than at other ratios. At higher ratios layer initiation modes are

different (sliding vs deflection) and this may cause the difference in the cleaving force

magnitude. This may correlates to the presence of thickness variation (expected vs

cleaved) at higher cleaving forces.

Figure 4.19d-f shows the variation in, cleaving forces, vertical force, and also vertical-

to-cleaving force ratio, with DOI/R. Cleaving force variation with DOI/R shows

similar trend as in cleaving force variation with wedge radius, except that the vari-
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Figure 4.19: Force variation with wedge radius; (a) Cleaving force, (b) Vertical force,
(c) Vertical to cleaving ratio, Force variation with DOI/R , (d) Cleaving force, (e)
Vertical force, (f) Vertical to cleaving ratio
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ations are smaller. Effect of the wedge radius is less at lower DOI/R and more

pronounced at higher DOI/R. Vertical force variation shows the opposite trend

with higher variation at lower DOI/R ratios. The DOI/R is seen to affect vertical

to cleaving force ratio strongly with very large variation at small DOI/R, little to no

variation at mid-range DOI/Rand slightly large variation at higher DOI/R ratios.

Though in the simulations the depth of insertions are very small compared to the

experiments, we extrapolate the forces to match with the experimental conditions.

The simulations with a blunt wedge (11.6A0) provides the values for cleaving and

vertical forces as 2.9 and 0.32 N/(mmx102) respectively.

The specific cutting energy is related to the forces and also provides vital signatures

about the process. We compare the effect of wedge radius on the cleaving process

at two wedge radius of 2.45 and 11.6A0 as shown in fig.4.20a. At lower depth of

insertions a higher variation in the specific cutting energy is observed at both wedge

radii but at higher DOI the variation reduces significantly. This specific cutting

energy variation is similar to that seen in the literature with continuous materials

[175]. The plowing effect is reported as the major contributor for such effect, with

the supplied energy not completely consumed only for material removal [175]. At

the beginning, a smaller wedge radius tool consumes more energy than the one with

larger radius. This may be caused by different layer initiation modes. A sharper

wedge deflects the layers while the blunt one slides on it. The influence of the wedge

speed is also shown in fig.4.20a for the larger wedge radius tool. Larger variation is

observed at lower depth of insertions and variation disappears with increase in DOI.

sin(θ) =
re − to

re
(4.5)

The effective rake (fig.4.20b) has a significant contribution in nanoscale cleaving due

to wedge bluntness. When the depth of insertion is less than the wedge radius, the
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Figure 4.20: Cutting energy variation; (a) Specific cutting energy variation at wedge
material interface, (b) The force (vertical / cleaving) variations with the effective
rake angle for wedge radius (11.6A0)

effective rake angle always becomes negative [176]. As reported [177], the effective

rake angle can be calculated from the equation 4.5. The parameters in the equation:

to as depth of cut, re as wedge radius, and θ as effective rake angle. The effective

rake calculation based on our MD simulation (wedge radius 11.6 A0, DOI ranging

from 0.6 to 9.5A0) varies in the range of -70 to -10 degrees. Observations of the

atomistic trajectories indicate that the layer is formed when the wedge effective

rake angle decreases to about -60 0. Such analysis can be used when experimental

parameters are determining.

4.6 Effect of Ultrasonic Vibration

Many attempts have been made to assist the cutting techniques using application

of vibration [80, 114]. Vibration can either be applied to the tool or the material

in micro cutting. Such vibrations can be applied in the transverse direction, i.e.

the direction perpendicular to the tool moving direction, and has many reported

advantages such as reduction of chip thickness variations, applied forces, and im-

provement of surface finish [81]. It has been reported that oscillation applied in the
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Figure 4.21: Oscillating wedge material system; (a) wedge material system, (b), (c)
two consecutive wedge positions that indicate the oscillatory motion )

transverse direction reduces thickness variations (compression) and improves quality

of the surface [24,178]. As reported in chapter 3, our set up is capable of providing

oscillation to the wedge. Recently, a number of attempts reported to develop this

type of cutting technique as a fabrication method. The associated literature use

the term chatter to indicate the cutting action. However, chatter is often avoided

specially in microtome sectioning. Nevertheless, several reports [178, 179] proposed

a effective way to use the chatter with an oscillating diamond knife to produce

nanostructures. The focus is on controlling the wavy patterns. Here we attempt to

use of simulation technique to model the vibration applied to the WBME process

of cleaving graphene layers.

In this model, the wedge is oscillated perpendicular to its moving direction. Here,

we assume no oscillations in any other direction. The applied frequency is a limiting

factor in the simulation model. Similar to the use of a much higher speed in the

simulations. Here we simulated much high frequencies. However, the insights ob-

tained may provide a wealth of information useful for understanding and fine-tuning

the process. The motions of the wedge movement simulated in LAMMPS software

package. The relevant line of code is given in Appendix. The amplitude and the
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Figure 4.22: Wedge-material engagement with variation of DOI/R with ultrasonic
vibration.

time period, have to be coded to get the desired frequency. The MD simulation

system runs at the pico-second (ps) time scale. Therefore, the period value must

be suitable for the system. For an example, we used a time period of 4 ps at which

the model provide an oscillation of 250 GHz. During the experiments, we employed

oscillations in the range of 25-40 KHz. Figure 4.21 shows the model setup. Two

consecutive wedge positions are indicated and the reduction of gap shows the wedge

movement in the cleaving direction (fig.4.21 b, c). Two relative wedge positions also

shown the oscillating action taking place perpendicular to its moving direction. The

observations of wedge material interaction are discussed in the next sections.

Fig.4.22 shows the wedge-material engagement with applied oscillations. The impact
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Figure 4.23: Forces profiles at DOI/R=0.82; (a) Wedge radius=2.45 A0 , (b) Wedge
radius=5.46 A0 , (c) Wedge radius=11.6A0 under ultrasonic vibration

and the layer generation modes are almost similar to that without oscillation as

shown in fig.4.22. Similar to the earlier study, the forces are recorded and plotted

in Fig.4.22. It is also similar to that of cleaving without application of oscillation

that reported in earlier fig.4.23. This simulation study shows a very little effect on

the applied oscillation. Therefore, further comprehensive studies may required to

investigate the influence of oscillation.

4.7 Summary

Molecular dynamic simulations were used to understand the wedge based mechanical

exfoliation of HOPG. The simulations show that separation, folding and shearing of

graphene layers can be expected depending on cleaving conditions. Such separated,

folded and sheared layers were also seen in the experimental results (chapter 3).

This study also revealed that the placement of the wedge position is critical in

controlling when shearing, folding and bending occur. Folding of layers is found

when the wedge is placed at less than one-third of the inter-layer distance while

clear separation without any folding occurs at wedge placement beyond this limit.
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Force required to cause cleaving consists of two stages and indicate that initial wedge

engagement requires a larger force than continuous cleaving of the layers. Shearing

of graphene layers were observed during wedge exit as the wedge approaches the

end face of the HOPG material. Shearing was seen to be affected both by speed

and DOI. These simulation results provide valuable insight into the process that

help in choosing suitable parameters such as position of wedge, cleaving speeds and

boundary conditions to produce particular type of graphene layers.

Simulation also show that wedge radius or wedge bluntness has a significant effect

on layer initiation modes. Cleaving with a larger edge radius, wedge causes layers

to undergo buckling; larger the radius more the buckling effect. The buckled layer

then suddenly unbuckles and releases over the wedge face over the blunt wedge. A

critical DOI of 1.6 A0 is seen necessary for a single layer to be separated; hence

with accurate positioning and an atomically flat HOPG surface it is possible to

mechanically cleave a single layer. The critical DOI value is seen to be independent

of wedge radius. Forces and specific energy calculations also show the strong effect

of wedge radius on the process. Simulations were further used to study the effect of

ultrasonic oscillations.

Table 4.3: Factors affecting the nature of the exfoliation-
though molecular simulations

Controlling
Factor

Wedge Range Type of FLG layers pro-
duced

Wedge Position
/ Wedge Radius

Sharp 1/3 <DOI <1 Folded layers

Blunt 0 <DOI <15.6
A0

Folded layers; minimum
DOI of 1.6 A0 needed to
form layer

Sharp and
Blunt

DOI <3 A0 Significantly larger specific
energy

Rake Angle sharp -17.5 to 50 0 Folded and unfoldedlayers
but no scroll formation
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Table 4.4: Summary of the parameter and model results
validation

Factors
Method of Validation

Experiments Simulations Analytical
Model

Parameter
Validation

Potential
Function

Litreature
records

Spacing be-
tween layers

Experimentally
obtained (Liter-
ature records)

The spacing
was measured
after the energy
minimization of
the model

Model
Results
Validation

Flat, folded
and sheared
layers

Own experimen-
tal observations

Own simulation
observations

Process
Signatures
(Forces)

Simulation
obtained forces

Theoretically
reported
values

The trend of the
experimental
forces

Trends of the
simulation forces

Comparison on
magnitude of
the experimental
cleaving force 20
N /mm x102 and
vertical forces
2.9 N/mmx102

Comparison on
the magnitude
of the simulated
cleaving force
1.3 N/ mm
x102 and ver-
tical force 0.32
N/mm x102



Chapter 5

FORMATION OF CARBON

NANOSCROLLS

As reported in earlier chapters, the WBME process produced some interesting lay-

ers consisting of various rolled structures. These structures are identified as carbon

nanoscrolls (CNS). Carbon nanoscrolls of various forms are observed. We present

two hypothesis of how such scrolls form. The first hypothesis is based on microscopy

evidence of pre-existing folds in layer edges of the HOPG. The second hypothesis

is based on literature evidence that graphene sheets when subject to deformation

can result in defects on the torn edges. The sample preparation process can in-

duce such defects in the HOPG layers. We show using molecular simulations that

the interaction of the moving wedge with certain fold geometries can trigger scroll

formation, confirming the first hypothesis. To test the second hypothesis, we show

using molecular simulations, that layers with edge defects, upon interacting with

the moving wedge, can also form scrolls. In reality, both these factors could simul-

taneously cause scrolls to form. Opportunities exist in fine-tuning this wedge-based

mechanical exfoliation process to synthesize CNS for use in potential applications.
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Section 5.1 presents relevant literature reports of carbon nanoscrolls. The next

section describes the experimental observations of scroll formation. The following

section presents molecular dynamic investigations to support the two hypotheses.

5.1 Background of Carbon Nanoscrolls

Carbon nanostructures in various forms such as graphene sheets, carbon nanotubes

(CNT), and more recently carbon nanoscrolls (CNS), have been proposed for use

in the development of nano-structured devices due to their unique properties [180].

The structure of CNS is somewhat similar to a multi-walled CNT, but with a spi-

rally rolled up geometry and open edges at the ends. In contrast a CNT has closed

edges that while providing rigidity to its structure can be undesirable since changes

to its internal diameter are difficult to induce as required in several applications.

The diameter of CNS can be changed by intercalation making them suitable for use

in nano-mechanical devices [181]. By changing the diameter CNS gain incredible

amount of volume nearly six times more than the starting material graphite [56].

Also CNS display high carrier mobility, mechanical strength comparable to graphene

and CNT [181]. Its ability to be chemically doped and capability for hydrogen stor-

age [182] make CNS viable for use as energy storage super capacitors and batteries.

Other potential applications of CNS include tunable water and ion channels as well

as tunable gene and drug-delivery systems [183]. These potential applications can

be realized only if CNS can be fabricated effectively.

Many methods for fabricating CNS have been proposed with literature. One method

reported earlier makes use of an arc discharge [184]. When a dc arc is stuck be-

tween a graphite electrode and a carbon block [185] CNS have been observed in the

graphite whiskers formed. These graphite whiskers are observed to be in the form of
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concentric tubes, much like rolled up sheet of graphite layers, spanning the length of

the whisker. Carbon nanoscrolls have been also reported to form in high energy ball

milling process used to make natural graphite powders in an argon atmosphere [4].

Besides these methods, several chemical routes have also been proposed. Production

of CNS is reported using a potassium-based [186] and acceptor-type [187] intercala-

tion compound. In an independent study [56], a similar chemical method has been

used to produce scrolls however only upon sonication; the role of sonication remains

to be clarified. In a different chemical process [181], controlled addition of isopropyl

alcohol droplets is used to control scrolling of graphene monolayers; the monolayers

are obtained using the scotch-tape method of mechanical exfoliation.

Conditions that facilitate scroll formation have also been investigated using molecu-

lar simulations. A molecular dynamic (MD) simulation study reported that substrate-

supported scrolling of a graphene monolayer is initiated when a CNT is placed on

one end of the monolayer [180]; the CNT is reported to reduce the energy barrier

needed to form an overlap leading to scroll formation. In another study, water nan-

odroplets have been used to guide folding and scrolling of graphene sheets [188].

The formation of CNS from its planar structure must be accompanied by an en-

ergy assisted process [189]. In summary, while many techniques have been proposed

so for CNS synthesis, the experimental techniques attempted thus far display poor

reproducibility due to lack of ability to fine-tune the process. Also several of the

simulation based techniques proposed are yet to be verified experimentally. Thus,

there is a need to continue investigation on alternative methods of CNS synthesis

that is controllable and tunable.

Here, we report scroll formation observed in our previously reported technique of

WBME and attempt to explain its formation. This is a controlled technique of

mechanical exfoliation from highly ordered pyrolytic graphite using a wedge. As
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Figure 5.1: Experimental set-up of wedge based mechanical exfoliation (a) Schematic
diagram showing the wedge positioned with respect to the HOPG specimen to induce
cleaving (b) Experimental set up where the HOPG and wedge are placed on high
precision slides for positioning and movement to cause cleaving

explained in chapter 3.2, initially, HOPG is prepared by trimming and embedded in

an epoxy medium which is used to hold it in an ultramicrotome. This technique is

chemical-free with only a water-bath being used to collect the cleaved layers. Some of

the experiments conducted by varying controlled parameters resulted in observation

of some interesting edge structures such as scrolls. Conditions that leads to such

scroll formation during the wedge interaction with the HOPG is the main focus

of this study. We present two hypotheses for scroll formation, both of which are

based on experimental evidence. Molecular simulations show how scrolls can be

form under such conditions proposed in the hypothesis. The molecular simulation

results provide a fundamental understanding of CNS formation and the findings

may guide to tune the experimental conditions for better quality and controllability

in the production of CNS.
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Figure 5.2: Experimentally observed nanoscrolls formation in layers synthesized
using wedge-based mechanical exfoliation. Different forms of scrolls are evident:
sheets with scrolls on two edges (a); fully rolled up sheets (b, f ); stack of sheets
rolled together with axial sliding of the roll creating a conical shape (c, d, e).

5.2 Experimental Observations of Scroll Forma-

tion

The cleaved layers were collected and examined using Transmission Electron Mi-

croscopy (TEM). The TEM images revealed that various forms of nanostructures

are present in the collected samples, such as flat, folded, and scrolled structures. In

this study, the focus is on the nanoscrolls. Several sample TEM images of scrolled

structure are shown in fig.5.2. Various sizes of nanoscrolls are observed and the

measured scroll diameters ranging from 30 to 120 nm. Nanoscrolls appear in differ-

ent forms such as graphene sheets partially rolled up on their two edges (fig.5.2a),

completely rolled sheets (fig.5.2b & f), and several sheets stacked and rolled together

with some rolls partially slid out axially (fig.5.2c, d & e).
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CNS Formation Hypothesis

The scroll formation was investigated in several directions as indicated in the table

5.1. The effect of rake angle was investigated with a sharper wedge as indicated in

fig.5.3a. The negative rake angle of -17.5 degrees with unfolded layers did not form

any scrolls. The same no scroll formation was observed even after starting with a

partial fold at the same negative rake angle as in fig.5.3b. The similar result was

noticed when the rake angle changed to the positive rake (50 degrees) and it reported

in the dissertation under section 4.3 (figure 4.5 and 4.6). The effects of wedge radii

and the wedge positions were discussed in the section 4.5 and the findings revealed

that these factors did not cause the scroll formation. Angled wedge and the speed of

the wedge provide the same results. Hence, we present two conditions under which

scrolls can form: one, due to presence of pre-existing folds on the layer edges and

two, due to the presence of certain type of defects in the edges. When the moving

wedge interacts with the layer edges both these factors can trigger scroll formation.

Our first hypothesis attributes pre-existing folds on the edges of the HOPG layers as

a source of scroll formation. This hypothesis follows naturally from our observations

of side walls of the HOPG. The side walls of the HOPG sample, where the wedge

will penetrate into, after peeling using a scotch tape to remove any attached dust

particles shows presence of folds/curls on the free surface layer edges (fig.5.4a). Such

folds, upon interacting with the penetration wedge, may further develop into various

shapes of scrolls due to the continuous energy supplied by the moving edge. This is

much like folding a carpet or sheet of paperyou start with a fold and supply energy

to roll it up.

Our second hypothesis is based on reports that graphene layers with stresses on their

edges induced by the presence of defects causes the spontaneous curvature on the

edges [125]. Such edges upon interacting with the moving wedge could lead to scroll
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Table 5.1: Effects of various factors on scroll formation
Factor Range Results
Rake angle (Degree) -17.5 <rake angle <50 No scroll formation
Angled wedge (Degree) 6 <Angle<15 No scroll formation
Wedge Radius(A0) Sharper (2.45) No scroll formation

Larger (11.60) No scroll formation
Wedge Position (A0) 0<DOI<15.6 No scroll formation
Wedge speed (m/s) 50 , 100, 500 No scroll formation

formation. The basis of our speculation that such edge defects are indeed present in

our sample is based on another earlier study [190], that reported presence of edge

defects on a graphene sheet upon creating a hole using electron beam irradiation

in a TEM. This study reveals specific defective structures such as pentagons and

heptagons formation when a graphene sheet is subjected to edge damage leading

to reconstruction of edges. During our HOPG sample preparation process, we trim

the HOPG with a sharp cutting edge (fig.5.4b) to facilitate embedding in an epoxy.

Further trimming is carried out to remove the embedded medium around the HOPG

material. The trimming process by its very nature damages the graphene layer and

can hence generate defective edges (fig.5.4b).

We performed molecular simulations to investigate whether these two hypotheses

can lead to scroll formation. The discussion starts with the hypothesis of previously

existing curls on the edges of the HOPG layers rolling up due to the action of the

moving penetrating wedge. Then, we present a study on the second hypothesis on

the defective edges that curl to form scrolls.

The molecular dynamic simulation model used to test the hypothesis comprises of

two major components; the material and the wedge. The HOPG is modeled as

layered graphene sheets. We use Large-scale Atomic/Molecular Massively Parallel

Simulator (LAMMPS) package [109] with Adaptive Intermolecular Reactive Empir-

ical Bond Order (AIREBO) potential [157] to simulate the long and short range of
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Figure 5.3: (a) Investigation of scroll formation with rake angle -17.5 0. (a) Simu-
lation starts with unfolded sheets and resulted only a folding layer. (b) Under the
same conditions, the simulation started with a partially curved layer and resulted
again, only a folding layer. (c) The effect of the angled wedge positioned at 15 0 with
respect to the properly aligned wedge; continuing the cleaving with a such wedge
(radius -2.45 A0) resulted only a folded layer as similar to earlier

carbon atom bonds. This potential includes the van der Waal interactions to cap-

ture the inter layer binding energy. The material, HOPG, consists of a set of fixed

and free atoms. The fixed atoms are used to mimic the boundary, which are at the

bottom and the left end of HOPG and free unconstrained atoms are used to model

the rest of the HOPG structure. The Lennard Jones (LJ) potential is used to rep-

resent the interactions between wedge and the material with selected cut off values.

The diamond wedge is modeled with an included angle of 35 0 and wedge radius of

2.4 A0. The exfoliation process is performed in the x-direction on the (001) surface

of the HOPG block by moving the wedge towards the HOPG block with a constant

speed. The wedge is considered as a rigid body during the entire simulation. Sim-
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Figure 5.4: Hypotheses for scroll formation ;(a) Pre-existing folds hypothesis; view
of the scotched tape peeled side-surface of the HOPG sample indicate presence of
folds/curls or distorted sections before exfoliation; wedge interacts with such folds
may wind newly exfoliated layers around the pre-existing folds, (b) Defective edge
hypothesis; the HOPG trimming process defective edges on a planar graphene sheet.
This can trigger scrolls to form when energy is supplied by the moving wedge which
also releasing layers.

ulations are conducted at a constant temperature of 300 K to mimic experimental

temperature conditions. In our previous work, we showed that few layers of flat

graphene can be exfoliated from the HOPG without defects or pre-existing scrolls.

Here, simulations are conducted to study under what conditions scrolls can form in

exfoliated graphene layers. In one model, the HOPG layers are built as defect free

structures with pre-existing folds and in the second model, we introduce defects on

layer edges to explore the process of scroll formation.

1. Scroll Formation Using Previously Existing folds on Layer Edges

We start our simulations with various pre-defined folds as shown in fig.5.5a-c. First

two folded structures (a) and (b) do not have any overlapping segments. These

folded structures are built by folding a planar graphene (defect free) sheet. The
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Figure 5.5: Molecular layered structure with pre-existing initial scrolls/folds and a
rigid wedge. (a) and (b) structure starts with a predefined fold of various geometries
on the edge. This kind of structure does not form nanoscrolls; instead, they unwind
completely and produce either flat or folded structure. (c) Complete pre-defined
scroll as in results in scrolled layers sliding out and forming a conical shape similar
to experimental observations.

wedge is positioned in front and below the pre-folded HOPG layer. The distance

from the HOPG top surface to the lowest atom at the bottom of the wedge (cleaving

depth) is set to 2 A0. The cleaving depth determines the number of layers that

will exfoliate from the bulk HOPG. Simulations are carried out at 300 K fixed

temperature with a time interval of 1 femto-second and wedge penetration speed of

1 A0/ps. The initial shape of the fold is found to be important in scroll formation.

With a pre-existing fold without an overlapping section, as shown in fig.5.5a and

b, wedge penetration causes complete unwinding of the pre-existing fold. When

the pre-existing fold is designed with an overlapping section as in fig.5.5c, These

simulation results do not indicate any forms of carbon nanoscrolls. The overlapped

structure in fig.5.5c results such geometries of carbon nanoscrolls. An involute

configuration with an inner radius of 1.28 A0. Then during simulation it reaches a

equilibrium state maintaining the scrolled structure.
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Before the wedge penetrates into HOPG, the system is allowed to minimize for

its equilibrium structure and this causes the initial flods to partially unwind and

the gap between the scrolled layers reaches value of about 3.4 A0. As the wedge

moves towards the HOPG block the layers cleave continuously and scroll around

the predefined fold. The inner diameter of the equilibrated scroll is about 20 A0,

in good agreement with stable CNS diameters reported [189]. During the initial

simulation process, imperfect scrolls are observed. These are caused by the large

initial scroll diameter as well as mechanical stresses imposed by the high wedge

speeds. Atomic relaxation during attainment of equilibrium results in perfect scrolls.

As further scrolling proceeds, the conical form of scrolls are also observed due to

the non-uniform relative sliding in the scroll (fig.5.5c) similar to the experimental

observations shown in fig.5.2. However, with a small diameter of initial fold sliding

is not observed and leads to formation of perfect scrolls.

Increasing the cleaving depth produces multilayered nano-scrolls (fig.5.6a) and the

cleaved layers wind around the initial equilibrated CNS. The initial single scroll

is enough to continue the scrolling of multilayer scrolls due to the van der Waals

interaction between the scroll and the exfoliated cleaved layers. From fig.5.6a, we

can also find that bond formation occurs occasionally between the scrolls/layers

caused by active edge atoms due to the wedge impact during engagement. If the

initial fold diameter is much larger than 20 A0, the scroll is unstable and forms

a folded structure with continuation of relative sliding of the layers as the wedge

moves (fig.5.6b). Hence, the geometry of the initial fold plays an important role in

determining the nature of the CNS finally obtained.

In our previous studies, we observed that the relative wedge position with respective

to the HOPG (depth of cleaving) plays an important role in layer cleaving. In

the current study, we also observed that the wedge position plays an important
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Figure 5.6: Effect of the initial fold; (a) Scrolling at a larger cleaving depth (8.8 A0)
generates multi-layer scrolls (b) Starting with a higher initial fold radius results in
equilibrating to a different scroll shape with additional cleaved layers rolling up on
to this same shape.

role in controlling the structure of the scroll. We conducted simulations at several

wedge positions and the different scrolled structures formed are illustrated in fig.5.7.

Initially when the wedge is kept at cleaving depth of 2 A0 below the reference surface

it found that cleaving action continued with the removal of an additional layer

(besides the already scrolled up initial layer) as shown in fig.5.7b. This is because,

before the start of wedge penetration the system energy is minimized and during

this process the layer adjacent to the pre-formed fold forms a partial scroll due to

van der Waals interaction. Further wedge penetration causes the additional layer to

continuously scroll on the pre-existing folds as shown in fig.5.7b. When the wedge

is placed above the HOPG layers (i.e negative depth of cut) as indicated in fig.5.7c,

only the layer with the pre-existing fold continuous to scroll. No other layers are

cleaved under this condition.

2. Scroll Formation due to Defects on the Layer Edges

As discussed earlier, there is a possibility for defects to occur on the HOPG sample
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Figure 5.7: Effect of wedge position on scroll formation; (a) Illustrating wedge
position at two different cleaving depths, (b) Scroll formation at a cleaving depth
of 2 A0 - wedge is seen to cleave and scroll up additional layers, c) Scroll formation
at a cleaving depth of 2 A0 above the HOPG top layer; the wedge cleaves only the
initial folded layer and no additional layers are cleaved.

during the trimming process. The effect of the edge defects (fig.5.8) on the mor-

phologies have been studied and the resulting edge stress quantified for various types

of edges [44,125,190]. The nature of edge stress can be either tensile or compressive

and especially pentagon-hexagon (5-6) type edge defects can lead due to large edge

stress resulting in curling [191]. We first study the influence of this type of edge

defects on a free standing graphene sheet by introducing 5-6 defects on the armchair

edge of the graphene sheet and then relaxing the structure to its minimum energy

state. Due to the tensile stress caused by 5-6 edges, the flat graphene transforms to

a curved/scrolled shape at the equilibrium state. The stages of spontaneous curling

are shown in fig.5.9. The sheet starts to crumple and then form a S shape at 75 ps,

and continuously changes its shape and finally forms a completely scrolled structure.

The potential energy (fig.5.9) indicates the 5-6 edge graphene sheet is energetically

unfavorable and it will come to a stable state by scrolling. Some of these observa-

tions have been noticed in the experimentally cleaved layers, specially the S shaped

rolling, reported in the literature. We now study the effects of inducing such type

of defects on mechanical exfoliation caused by the wedge.
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Figure 5.8: Graphene sheets with defect edge structures; Top raw indicate the (a)
zigzag edges reconstructed with pentagon & heptagon (5-7), (b) Armchair edges
reconstructed with pentagon& hexagon (5-6) structures, respectively. (Bottom)
Reconstructed structures observed in recent experiments [125]

Defective edges are introduced to the top layer of the HOPG stack. The 5-6 recon-

structed structure is introduced to the first (top) layer and other layers are defect

free (fig.5.10). Initially the entire structure exhibits a flat shape including the de-

fective edge layer due to van der Waals interaction between the adjacent layers.

Once the wedge engages, the top layer initially bends (fig.5.10a-1, 10-b1 and 10c-

1) and transforms to a scrolled shape (fig.5.10a-2, 10b-2 and 10c-2). Initially the

cleaved layer can bend either away or towards the HOPG depending on the initial

impact as well as the penetration depth of wedge. Once the layer bends away from

the HOPG then complete scrolling of layers is observed as the wedge moves inside

HOPG (fig.5.10a, 10b). However, if it bends towards the HOPG then the top layer

initially folds and then forms a scroll with a large diameter as shown in fig.5.10c-1

and c-2. The staring position of the wedge is seen to affect scroll formation; with

single scroll formed when the wedge start closer and multilayer scroll fold when the

wedge stats further away. In the absence of any defects in the top layer, the cleaved

layers do not fold or scroll and remain flat as reported previously.

During the simulation process, the force acting on the wedge is captured as shown
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Figure 5.9: Variation of potential energy and development of scroll formation after
inducing 5-6 defects on the armchair edge of a free standing graphene sheet ; A
planar sheet rolls into an S shape after 75 ps, starts forming CNS after 100 ps and
the fully wrapped CNS forms after 135 ps.

in fig.5.11. The horizontal forces acting on the wedge, called as cleaving forces,

are responsible for scrolling the layers. In pre-existing scrolling without any defects

at its edges (fig.5.11), the cleaving force profile shows that there is a significant

initial peak during the wedge engagement at the time of initial scroll formation.

Once cleaving starts and scrolling proceeds, the cutting force reduces reaching a low

steady state value. The energy required for this process must be just enough able to

break the weak van der Waal forces between the layers on HOPG. The low steady

state scrolling force value could also be due to the self-induced scrolling nature of

process requiring very little energy for further scrolling. In defect induced scrolling

(fig.5.11), lower magnitude of initial scrolling is observed. Spontaneous curvature

due to the defective edge structure may reduce the initial effort that required for

scrolling.
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Figure 5.10: Effect of 5-6 type of defects during the exfoliation process; (a-1 ) and
(a-2) starting with clean separation and single layer scrolling (DOI at 2A0), (b-1)
and (b-2) starting with a bent layer and ending with multilayer scrolling (DOI at 2
A0), (c-1) and (c-2) starting with clean multilayer and ending up with multi layer
scrolled structure (DOI at 8.8 A0).

We noted that from the literature theoretical models that deal with scrolling or

unscrolling of CNS under certain conditions. For example, one of the cited papers

[192], presents a model where the inner radius is held fixed (equal to that of a

CNT placed inside). Even though the scrolling we presented happens at slightly

different conditions (e.g. larger radius scroll with less bending without presence of

any CNT, with presence of edge defects etc.) we performed a theoretical analysis

using presented model [192] to compare the effects of our cleaving with and without

scrolling. The model in [192] predicts a scrolling energy release of 0.06-0.08 nN/nm.
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Figure 5.11: Comparison of cleaving force at cleaving depths of insertions at 2A0

in pre-existing fold with and without any defect structures; larger initial peak and
lower steady state value indicate the effect of initial wedge engagement and self-
induced scrolling nature of process. Defect induced structures display a less force
at wedge-material interface.

This translates to a driving force of about 0.472 nN (0.295 eV/A0) for our 5.9 nm

wide sheet. With scrolling releasing energy the force/energy needed for our cleaving

should be less than without scrolling. We had earlier reported in the dissertation

that the theoretical force needed for our cleaving (without any scrolling) is about 0.8

eV/A0 for our 5.9 nm wide sheet based on overcoming van der Waals interactions

between the sheets. Hence, with scrolling, the cleaving force needed is 0.8 0.295

eV/A0 = 0.5 eV/A0. We can see from our force profile plots (fig.5.11 in our thesis)

that the steady state forces reach a value close to this; dynamic effects do create

some spikes in the force profile, but overall the average forces reach this value.

We analyze the potential energy during the formation of carbon nanoscrolls both

with pre-existing folds and with defective edges (fig.5.12). A positive slope indicates

that a constant energy is required to exfoliate the graphene layer from HOPG and in
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Figure 5.12: Comparison of without (pre-defined) and with defect scrolling; (a)
and (b) indicate the variation of potential energy against the displacement, initial
section showed the stick slip type of variation and fitted liner curve in enlarge potion
indicate a increasing and decreasing pattern

the presence of pre-existing fold the exfoliated graphene itself transforms to complete

scrolls due to van der Waals interaction. A negative slope in energy indicates that a

small perturbation or initial force is required to break the van der Waals interaction

and then the 5-6 edge layer transforms to a scrolled structure for its most stable

state. By increasing the depth of cut, both (with initial fold and edge defects)

structures need a constant external force to exfoliate and then the exfoliated layers

transform to multi layered scrolled structures. In both cases, a positive slope in

potential energy is observed due to exfoliation of multiple-layers and the associated

bending is an energy intensive process during scrolling.

The simulation studies show opportunities that are available to control the CNS for-

mation by manipulating several factors. These include: introducing folds of various

dimensions, controlling wedge starting position horizontally and vertically, control-

ling the nature and the type of defects, introducing defects in several layers above

and below the wedge. We acknowledge that not all factors can be well controlled,

but speculate here that some of them are. For example, selective electron beam

irradiation could be performed to introduce layer edge defects at several layers prior
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to wedge exfoliation. The introduction of layer defects, not just in the top layer,

leads to interesting scrolling of the layers as the wedge penetrates (these simulation

results are not shown here). Controlling of the wedge position is easily achieved by

precisely controlling the positioning stages. Introduction of folds of certain selective

dimension can perhaps be undertaken if we better understand the effect of mechan-

ical trimming on the layer edges; a special pre-processing step could then introduce

such folds prior to wedge based exfoliation. Hence, controlling a set of factors can

lead to many interesting carbon nanoscroll structures.

5.3 Summary

In summary, we report the formation of carbon nanoscrolls experimentally when

exfoliating HOPG mechanically using a sharp moving wedge. Scrolls were observed

in various forms and two hypotheses are presented for this scroll formation. The

first is based on the hypothesis that pre-existing folds in layer edges cause the

CNS to be formed when the wedge penetrates. The second is based on the fact

that stressed edges, caused by the defects, can induce scroll formation. Molecular

dynamic simulations with pre-existing folds show that the initial fold structure and

wedge position (cleaving depth) are important parameters in the formation of CNS.

The force profiles indicate that, compared to initial wedge engagement, a smaller

cleaving force is required to continue exfoliation and scroll formation. The potential

energy profiles indicate that the formation of single scroll is an energy intensive

process only in the case of pre-existing scrolled structure. With defective edges,

the process requires smaller energy to exfoliate and then the defective edged layer

spontaneously forms scrolls. The wedge based mechanical exfoliation method shows

a promising way to produce carbon nanoscrolls for future device applications.



Chapter 6

INDENTATION OF HOPG

PARALLEL TO BASAL PLANE

From our experimental and simulation studies we identified that wedge-material

engagement is important for layer structures to form in the WBME process. In

order to understand this better we undertook micro-nano indentations of highly

ordered pyrolytic graphite parallel to the basal plane. The indentation process

allows us to control the depth and load leading to an understanding of the various

stages of layer separation and edge structure formation. Such control is not possible

within the setup used for WBME.

Section 6.1 eleborates further on the motivation for this particular study. It is

followed by a description of the experimental setup used. Section 6.3 presents and

discusses the results. Here particular attention is given to the various shapes of load-

displacement curves seen and associated structural changes. The following section

presents the Raman spectroscopic data at the indented locations.
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Figure 6.1: Schematic diagrams of (a) Cleaving few layers of graphene using a wedge,
(b) Indentation normal to the basal plane, (c) Indentation parallel to the basal plane
in graphite

6.1 Motivation

In nano-scale machining (fig.6.1a), there are many challenges for real-time process

monitoring. It is also difficult to freeze the process in between to observe closely

which may be possible do at the meso-macro scale (e.g. quick-stop devices have

been used in meso-micro scale cutting). The ultra-microtome setup we reported

earlier is not amenable to controlled stopping of the wedge or use of quick-stops.

Therefore, we propose initiating process understanding through alternative means.

Indentation is one alternative method available to study the machining induced

deformation. This study can provide some fundamental insight to overcome the

above mentioned issues in micro and nanoscale machining.

Indentation uses a sharp tool to penetrate the material under controlled conditions.

Understanding material deformation behavior under indentation induced loads has

been used in diverse applications such as acquiring elastic modulus, hardness, frac-

ture toughness [193] especially in thin films [63], and assessing the residual stresses in
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Figure 6.2: a) Plan strain wedge indentation [196], (b) Etched cross section through
the center of a conical indentation in mild steel showing deformation of texture lines.
Note that the texture lines are not cut by the tip of the indenter. (c) Etched cross
section of a machining quick-stop specimen involving sliding of the chip over the
rake face. Note that the flow lines are cut by the cutting edge of the tool [197]

.

welding [194]. There are reported attempts to utilize indentations to test the quality

of particularly residual stresses on the machined subsurface through experimental

and numerical investigations [195].

The WBME process is essentially a very high-rake angle orthogonal nano-machining

process. The interaction of the wedge with the material can be studied in the more

controlled environment of micro/nano indentation. Several discussions on indenta-

tion and its relation to machining have been reported [196–198] in the literature.

Some of these discussions elaborate on the machining and relate it to the tech-

nique of hardness measurements, appropriate load values used in machining, and

the relevance of hardness in multi-point machining [198]. Besides these literature

also reports similarities between the machining and the indentation. In both in-

dentation and machining, a tool is pressed against the material. As highlighted

by Madhavan [197], some researchers identified the machining process as an asym-

metric indentation. As emphasized in the same report, the shear-plane model is

much easier to investigate in machining than the wedge indentation. However, the

earlier model becomes inadequate and more complicated when examining the de-

tails of the machining process. A wedge type of indenter (fig.6.2a) has been used
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to study plastic deformation occurring in metal cutting; particularly determination

of the correlation between wedge indentation and incipient chip formation has been

reported [196]. The comparison of flow line patterns using these two techniques has

reported and shown in fig.6.2b and c. Atomistic analyses are also reported under

certain conditions to compare these two processes in terms of physical phenomena.

Similar comparison of indentation and machining under oblique impact also provides

the conclusion that indentation can be treated as a special case of machining [199].

Atomistic analyses are also reported under certain conditions to compare these two

processes in terms of physical phenomena. A molecular simulation is performed

to understand the properties of subsurface deformed layers in nanocutting process

with the aid of nanoindentation test [200]. Another work [201] uses indentation to

explain the material removal mechanism on brittle material machining. Komanduri

et. al [79] considers that indentation sliding can used to simulate the ultrapresion

machining, grinding or abrasion process with the use of a blunt wedge. They also re-

ports that the indentation process is a useful method to explain the material removal

phenomena observed in nanomachining. The process of indentation is equivalent to

the machining with a negative rake angle due to its high included angle. This is

particularly applicable to nano-scale machining due to the size of the edge radius

and the depth of cut. Another study reported the use of indentation to evaluate

residual stresses induced during high speed milling [202]. Hence this is sufficient

evidence to support the study of machining via indentation process. As a result, we

adopted micro-nano indentation of HOPG in study the wedge-graphite interactions

that happen in WBME.

Leading to this study, we investigate the existing literature more carefully on car-

bon related indentations. A large numbers of experimental and simulation studies

are reported in graphite [203]. These studies investigate various forms of carbon

including single layer of graphene [159, 204, 205]. Indentation studies of graphite,
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Figure 6.3: Indented positions on the HOPG surface parallel to the basal plane

especially Highly Ordered Pyrolytic Graphite (HOPG), has been reported in the lit-

erature [150]; however such indentations are carried out normal to the basal graphite

plane (fig.6.1b) and this approach is not related to the tool penetrations caused by

tool motion parallel to the basal plane. HOPG is highly ordered along its c-axis

and widely used in many research purposes. In this study, we focus on indenta-

tions parallel to the basal plane (fig.6.1c); this is more similar to the impact of the

wedge and the material engagement during cleaving of the graphitic thin films. As

reported earlier, the initial wedge position and material engagement is critical to

the nature of the layers obtained. We expect this indentation study to strengthen

our understanding of the wedge-graphene interaction.

6.2 Experimental Setup

Indentation experiments are carried out using two indentation systems. The first

series of indentations are carried out on a Matzusawa micro hardness tester. The

second sets of experiments are conducted on a Nanointender XP with a Berkovich
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diamond indenter (65.30) at room temperature. The allowable drift rate is 0.05

nm/s. The Poissons ratio of HOPG is set as 0.25 [206]. First, the HOPG sample

(EMS-434-AB ZYB ) surface to be indented is cleaned by peeling the surface several

times with an adhesive tape. During the indentation, the HOPG sample is held using

a strong adhesive tape and other props to ensure the layers are oriented in the vertical

direction as shown in fig.6.1c. Indentations are then carried out at several locations

targeting positions at the center (bulk) and also close to the edge (fig.6.3). Both

depth controlled indentation and load controlled indentations have been carried

out. We study the load-displacement curves and observe the resulting indented

deformations closely using field emission scanning electron microscopy (FESEM).

6.3 Results and Discussion

We start our discussion first by presenting results of indentation trials using the

micro-hardness tester. Then, we discuss the results of depth and load controlled

indentations. Indenter induced damage in the sample surfaces using the micro hard-

ness tester is shown in fig.6.4. The load applied during the indentation is 1kgf. We

choose this arbitrary value to observe the damages on the surface. The micrographs

show heavy distortions on the sample and evidence of brittle fracture on the subsur-

face. Micrometer sized layers are fractured and seen in various shapes and forms.

Extensive damage around the indent area is evident and there is no clear trend in

the crack paths. The cracks look like scallops which have been reported in brittle

material machining [87]. This shows the damages possible to the layers during the

initial wedge and material impact. In certain locations, cracks are seen to propagate

between stacks of layers. This observation is also very similar to machining with a

blunt wedge where material separates around the wedge radius.
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Figure 6.4: FE-SEM images of micro indentation parallel to the basal plane with a
micro hardness tester; (a) Surface area under after indenter, (b) Scallop type of crack
propagation, (c) Crack propagated cracks near the edge , (d),(e), and (f) Enlarged
image of delaminated graphene layers
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Use of the nano-indenter provides better process control that is unavailable in our

WBME process. Using the Nanoindentation Xp machine, first we performed the

depth control indentation. The wedge indenter tested in this experiment (Berkovich

indenter) is geometrically different from the simple extruded triangle wedge that we

used in our machining experiments. Nevertheless, these indentation observations

can reveal some useful insights about the wedge and material engagement. Our

exfoliation length of the HOPG samples is in the range of few hundred microme-

ters. Therefore, in this study we focus on relatively larger depths of indentations.

A single indentation is shown in fig.6.5a; it shows an open loop hysteresis curve.

The nonlinear loading curve is noticed with pop in and pop out events. During

such events there is no change in the load but indenter continued to penetrates

through the material [207]. General believe is the elastic-plastic transition is hap-

pening in this regions due to various reasons. Multiple examples are demonstrated,

for instance, to track the phase transformation during such events with silicon using

temperature variations [208] and electrical measurements [209]. A study on gallium

arsenide reports a similar pop-in events due to the pressure induced phase trans-

formation [210]. Studies on single gold crystals [210] as well as platinum [211] also

demonstrate similar events.

We performed two sets of indentations at depths of 2 and 100 µm. At the lower

depth of indentation, we observed that the moving indenter did not create signif-

icant damage to the surface. The load experienced by the indenter varies with

target position with magnitudes in the range of 0-6 mN. This variation may possi-

bly due to the nature of the HOPG layers at the indented location. In chapter 3,

through the scanning electron microscopy images, we identified pre-existing defects

on the HOPG. Among the defects, kinks and discontinuous layers were prominent.

If the indentation happened at the locations one can expect the load to be different

compared with other locations.
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Figure 6.5: Load vs Displacement profiles (a) Single indentation, (b) Load vs dis-
placement comparison at point 1, 2 & 3. Point 1 & 2 are in the middle of the
surface and point 3 close to the edge of the samples. The load is held for a 10s
period between loading and unloading

The larger depth indentations show two distinct types of load-displacement curves

(fig.6.5b). From the several indentations that we performed on the surface, we chose

three key indentations for discussion based on the shape of the profiles. The con-

trol of accurate indent placement is hampered by the low resolution of the in-built

microscope of the nano-indenter (10X). Two indentations points denoted as 1 and 2

indicated in fig.6.5b are in the middle of the sample and display two different load-

displacement profiles. The mention curve at point 1 has a monotonically increasing

loading curve followed by a sudden vertical unloading. At point 2, a smooth contin-
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Figure 6.6: Indentation Marks on the surface signifies the depth control; (a) Point
1, (b) Point 2, (c) Point3

uous load-unload curve, without any significant events such as pop-ins and pip-outs,

is observed. For these two selected cases, differences in loading rates are observed.

A close observation shows that the loading curve at point 1 as having different gra-

dients. These curves reveal vital information related to energy absorption or energy

release [212].

In one of the profiles, a vertical unloading curve is observed (as circled A-fig.6.5),

indicating that there is no elastic recovery. The possible reason for this is fracture of

the layers as they deform plastically. There is also a short horizontal segment in the

unloading curve (circled-B). These events seen to be occurring at higher loads and

correlate to presence of defects and change in crystallographic orientations [212].

These pop out events may also be due to activation of pre-existing dislocations; this

is highly possible in graphite. We report details of pre-existing defects in chapter 3.

Pop-outs provide evidence that these locations are critical and may provide useful

insights about material behavior.

In the other load-displacement profile (at point 2), smooth continuous loading and

unloading curves are observed. The indented locations are closely observed in an

FESEM (fig.6.6). The indentation marks point 1 shows some open cracks along the

side. But the indentation at point 2 did not result in any cracks in the vicinity
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Figure 6.7: Load vs. Displacement curves at various loading conditions (a) 5 mN
(b) 50 mN, (c) 300 mN, and (d) 500 mN

of indented location (fig.6.6b). Indentation at point 3 is carried out very close to

the edge and the crack marks are clearly visible (fig.6.6c). The cracks thus seen to

explain the difference in the two shapes of load-displacement profiles. The maximum

load seen in the load-displacement curve is 700 mN.

In the next set of experiments, we conducted indentations by controlling the load.

Here the purpose is to see what kind of damages happen to the layers under a

specified load. The force measurements of our mechanical exfoliation indicate that

the magnitude of the initial wedge material engagement generates forces around 300-

500 mN, after which it reduces to a value of around 50 mN. Hence, we performed

the indentation at a load of 5, 50, 300 and 500 mN. Figure 6.7 provides the load vs.

displacement curves at these loads. Open hysteresis loops are observed at all the

loads. It provides evidence of some form of irreversible structural damage on the
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surface. Figure 6.7a shows 5 mN indentation load. Indentations were carried out

at different locations at 5mN display the same trends of the load vs displacement

curves were more similar. However, different loading curves were observed. This

may be due to variation on the surface; In chapter 3, we presented the surface

condition of the side surface of the HOPG. The indent marks were very difficult to

obseve. Figure 6.7b presents data for 50 mN indentation load. It indicate smooth

lopen loop loading and unloading curve. The indent marks were barely visible.

Gradual increment of the loads to 300 and 500 mN results in a sharp peak at the

end of loading before unloading commences. These deviations are entirely different

compared with indentation normal to the HOPG surface. The max displacement at

the peak load is changes with location with very little difference between 300 & 500

mN.

The surface after indentations indicate that at lower loads we can hardly observe any

layer damages. However, at higher load it is possible to obseve them with certain

distinctions. Figure 6.8a to f indicate surface damage at selected locations. The

respective load vs. displacement curves are shown placements a shown in fig.6.7a-d.

We selected these points out of a large number of indents; indented points (fig.6.8a,b)

were selected close to the edge. The location at fig.6.8c is in the middle of the sample.

Figure 6.8b shows an instance that bunches of layers are detaching form its bulk due

to the indenter force. Fig.6.8d and e shows another two different locations under the

indenter. Figure 6.8e shows cracks (circled) underneath the indenter. The enlarged

image of fig.6.8f clearly indicates crushed layers and pillar types of layers.

The cracked surfaces are also closely observed to see the nature of the cracks and the

distortions to the layers. In HOPG, the interactions between layers occur via weak

van der Waals forces. Therefore, the indented forces may easily crack through the

layers. In fig.6.9, it is noticed that the crack propagates between a bunch of layers
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Figure 6.8: Indentation Marks on the surface under load control; (a) Indents close
to edge, (b) Torn edge (500 mN), (c) Indented middle location ,(d) Less fractured
surface (300 mN),(e) Fractured surface(300 mN), and (f) Crushed and standing
distorted layers (500 mN)under the indenter

(fig.6.9a). A relative shearing of the layers is also observed. The thickness of the

cracked layers are in the micro-meter range. There are a number of kinks (fig.6.9c

and e) that are also observed. A number of voids are also seen between the layers.

As reported in the literature kinks are formed due to dislocation movements [150].

These kinks are intact to see them in a bunch. Kinks have been reported in the

literature [150,213] during indentation perpendicular to the basal plane. From these

observations, it is thus possible for kinks to form by indenting parallel to the basal

plane. Kinking is also observed during the WBME process and as reported in earlier

chapter 3.

We conducted multiple indentations at the same place and the observed load vs.

displacement curve as shown in fig.6.10. This was undertaken at two loads of 200

and 500 mN. Out of a number of indents, we have selected two different locations for

discussion. At 200mN, a gradually increasing systematic pattern of the hysteresis

loops, were observed as in fig.6.10a. At 500 mN two different types of load vs.
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Figure 6.9: Effects of the indentation at high loads (load is 500 mN at locations at
point 3-close to edge); (a) Bunch of breaking layers, (b) and (d) Distorted layers,
(c) Bunch of kinks, (e) Separated kinks(f) Partially crack propagation

displacement curves are observed as in fig.6.10b. A similar indentation study [150]

(normal to the basal plane) reported kink bands and proposed an explanation based

on a kinking-based model. Another indentation study [214] with HOPG (normal to

basal plane) is reported where fracture morphology was studied.

6.3.1 Raman Observations

We performed Raman spectroscopy analysis at the indented location to understand

structural variation, defects etc. The peak positions in the Raman spectra and their
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Figure 6.10: Load vs. displacement with multiple (5 times) indents at same location
with (a) 200 mN and (b) 500 mN loads

widths indicate vital information. In graphite, several significant peaks are reported

at 1360 cm−1 and 1580 cm−1 that relate to the defects and in-plane vibration re-

spectively [215]. The Raman spectra are shown in fig.6.11. Data is collected on both

free and indented surfaces. Two sets of readings were collected at each measure-

ment. Both single indents and multiple (5) times under the load of 500 mN were

examined. The full spectrum of data is shown in fig.6.11a. The enlarged sections of

1500-1800 and 2400-2600 are shown in fig.6.11b and c respectively. Compensation

for basement deviations is applied to the data. The several key peaks observed are

closely analyzed. At 1582 cm−1, a peak is seen at, all three conditions and the

multiple indenter location recorded the highest intensity magnitude. Several other

peaks are observed close to the earlier peak at the multiple indent location. These

shifts are observed at 1660, 1700, 1754 cm−1. Broader, but almost identical peaks

are observed at all three conditions at 2690 cm−1. The first question arises as to

what cause the several neighboring peaks at the multiple indent location.

The nature of these indentations, parallel to the basal plane, provides a unique per-

spective into layer interactions and damages seen in graphite, hitherto unreported.

As explained earlier indentations are popularly performed perpendicular to the basal
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Figure 6.11: Raman peak variation; (a) Full spectrum of data, (b) Enlarge Raman
shift spectrum between 1500-1800, and (c) Enlarge Raman shift spectrum between
2400- 2800

plane. From this point of view, this study and results are valuable. We do note

that the observations seen in the nature of layer separation and damage could be

accentuated due to the nature of the indenter geometry used. Using a thin micro-

tomy type of diamond wedge may show similar damages but to a lesser degree as the

wedge proceeds with the indentation. The results shown here have to be cautiously

interpreted in order to understand and correlate to our wedge based mechanical ex-

foliation. This study is still open to address the questions of exactly what structural

changes take place during ’pop-in’ and ’pop-outs’ and how the Raman data correlate
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with these structural changes, etc.

6.4 Summary

We performed micro-nano indentation on HOPG parallel to the basal plane by con-

trolling the load and the depth. Two different load-displacements curves were ob-

served. Breaking of layers causes a sharp vertical line in the load-displacement curve

during unloading. It is the major source of difference in the load-displacement pro-

files. ’Pop-in’ and ’pop-out’ events are observed during both loading and unloading

process. Close observation of the cracked surface shows heavy damages to the layers.

Heavily crumpled kinks are also observed with large separation gaps. Preliminary

Raman microscopic analysis suggests that structural changes have occured.



Chapter 7

CONCLUSION AND FUTURE

WORK

This chapter outlining the main conclusions of the thesis and suggests related areas

for further exploration.

7.1 Main Conclusions

This thesis study has demonstrated the capability of the wedge-based mechanical

exfoliation technique to produce few layers of graphene from the highly ordered

pyrolytic graphite. The main observations and conclusions are summarized below.

1. The quality of the exfoliated layers produced:

• The area of the exfoliate layers is much larger than that reported using other

mechanical methods such as a scotch tape method.

• The color spectrum obtained from the optical microscope indicates that the
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thickness of few layers of graphene varies from a few nanometers to tens of

nanometers.

• The measured ID/IG ratios of WBME layers are comparable with Cu foil grown

CVD and the scotch tape peeled graphene reported in the literature.

• The application of ultrasonic oscillations along the tool edge is seen to signif-

icantly reduce the ID/IG ratios observed from the Raman spectrum. Hence,

the applied oscillations may have the potential to reduce defects in exfoliated

layers.

• Detailed microscopic studies at various magnifications using SEM and TEM

show the presence of flat, folded, sheared and rolled few layers of graphene.

Two types of kink (peak cap and step shape) bands are also observed in the

exfoliated layers.

2. Folding, separation and shearing of graphene layers in WBME

• The molecular simulations conducted with LAMMPS show that the separa-

tion, folding and shearing of graphene layers can be expected depending on

cleaving conditions as seen in the experiments.

• The simulation study with a shaper wedge revealed that the placement of

the wedge is critical in controlling the shearing, folding and bending layers.

Unfolded layers are found when the selected wedge is placed at less than one

third of the inter-layer distance while the separation with folding occurs at

wedge placement beyond this limit.
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• Shearing of graphene layers is observed during wedge exit as the wedge ap-

proaches the end face of the HOPG material. Shearing is seen to be affected

both by the speed and depth of insertion.

• The simulation result also shows that the wedge radius or wedge bluntness

has a significant effect on layer initiation modes. Exfoliation with a large

blunt wedge causes the layers to undergo buckling; larger the radius more

the buckling effect. The buckled layer then suddenly unbuckles and releases

over the wedge face over the blunt wedge. A critical DOI of 1.6 A0 is seen

necessary for a single layer to be separated; hence with accurate positioning

and an atomically flat HOPG surface it is possible to mechanically cleave a

single layer. The critical DOI value is seen to be independent of wedge radius.

Forces and specific energy calculations also show the strong effect of wedge

radius in the process.

3. Scroll formation

• The experimentally observed, rolled structures are identified as carbon nano-

scrolls (CNS) and observed in various forms such as sheets with scrolls on two

edges, fully rolled up sheets, and stack of sheets rolled together with axial

sliding of the roll, creating a conical shape.

• The thorough investigations on the change of rake angle (-17.50 to 50 0), the

wedge radii (2.45, 5.46 A0 and 11.6 A0), the wedge position (0-15.6 A0) and

the alignment (0 and 15 0), and the wedge speed (50, 100 and 500 m/s) during

the molecular simulations did not cause any scrolls as we observed in the

experiments. Hence, two hypotheses are presented for scroll formation and

tested with molecular simulations.
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• The first is based on the hypothesis that pre-existing folds in layer edges cause

CNS to be formed when the wedge penetrates.

• The second is based on the fact that stressed edges, caused by the defects, can

induce scroll formation.

• Molecular dynamic simulations with pre-existing folds show that the initial

fold structure and wedge position (cleaving depth) are important parameters

in the formation of CNS.

• The force profiles indicate that, compared to initial wedge engagement, a

smaller cleaving force required to continue exfoliation and scroll formation.

The potential energy profiles indicate that the formation of single scroll is an

energy intensive process only in the case of pre-existing scrolled structure.

• With defective edges, the process requires smaller energy to exfoliate and then

the defective edged layer spontaneously forms scrolls.

4. Nature of wedge material engagement

• Indentation study is performed on HOPG parallel to the basal plane by con-

trolling the load and the depth to further understand the wedge-material en-

gagement. Two different load-displacements curves were observed. Breaking

of layers causes a sharp vertical drop in the load-displacement curve during

unloading. It is the major source of difference in the load-displacement pro-

files. Pop-in and pop-out events are observed during loading and unloading

processes. A close observation of the cracked surface showed heavy damages

to the layers. Heavily crumpled kinks are also observed with large separation

gaps.
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• Experimentally measured sectioning forces indicate the presence of a signifi-

cantly larger spike during initial wedge - material engagement and several other

intermittent peaks during wedge penetration. The microscopic analysis of the

as-received HOPG (prior to sectioning) showed the presence of discontinuous

layers and kink bands even prior to sectioning.

• The force spike seen in experiments is strongly correlated with structural de-

fects such as discontinuous layers and confirmed using molecular simulations.

Simulations indicate a similar trend of the required forces to cause cleaving

consist of two stages of initial layers and subsequent smaller spike indicat-

ing that initial wedge engagement requires a larger force than the continued

cleaving of the layers.

• From the experiments, the average cleaving and vertical unified forces of the

wedge material interface are calculated as 20 and 2.9 N/mm x102 respectively.

The extrapolated forces from the simulations that matches with the experi-

mental conditions with a blunt wedge provide the values for the same forces

as 1.3 and 0.32 N/mm x102 respectively. The value is one order of magnitude

difference. The absence of the friction and any material imperfections in the

simulation model cases such differences.

• The calculated constant cleaving force (from simulation) converges approxi-

mately to 1 eV/A0 and matches well with calculated theoretical force value

of 0.8 eV/A0 required to break the van der Waals bonds in the cleaved region

assuming a constant specific energy

5. Recommendations based on the molecular simulation study are sum-

marized on the factors that affect for the nature of the exfoliation and

the scroll formation in table 7.1 and 7.2 respectively.
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Table 7.1: Factors affecting the nature of the exfoliation-
though molecular simulations

Controlling
Factor

Wedge Range Type of FLG layers pro-
duced

Wedge Position
and Wedge Ra-
dius

Sharp 1/3 <DOI <1 Folded layers

Blunt 0 <DOI <15.6
A0

Folded layers; minimum
DOI of 1.6 A0 needed to
form layer

Sharp and
Blunt

DOI <3 A0 Significantly larger specific
energy

Rake Angle sharp -17.5 to 50 0 Folded and unfoldedlayers
but no scroll formation

Mechanical
damages prior
to exfoliation

Edge
defects

Edge defects
with / without
defects

Scroll formation

Pre-initial
scrolls
due to
mechanical
damage

Scroll formation

This thesis proposed and tested, via experiments and simulations, a novel technique

to mechanically exfoliate graphene layers from graphite. The novelty lies in taking a

different approach of exfoliating by inserting a wedge from within the layers rather

than peeling from outside as in other approaches reported in the literature. This

method provides enhanced controllability and repeatability in mechanical exfolia-

tion. The proposed and explored technique of exfoliation is essentially a high-rake

Table 7.2: Effects of various factors on scroll formation
Factor Range Results
Rake angle (Degree) -17.5 <Rake angle <50 No scroll formation
Angled wedge (Degree) 6 <Angle<15 No scroll formation
Wedge Radius(A0) Sharper (2.45) No scroll formation

Larger (11.60) No scroll formation
Wedge Position (A0) 0<DOI<15.6 No scroll formation
Wedge speed (m/s) 50 , 100, 500 No scroll formation
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angle machining process. The main scientific contribution of this work lies in explor-

ing the idea of machining or cleaving layered materials using very thin sharp cutting

tools. The interaction of the advancing cutting tool with the layers and how this

leads to separation, buckling, and folding of layers is of important scientific interest,

as a general theory can be developed and extended to other layered material such as

mica, MoS2 and others. The scientific contribution of this study is further enhanced

via indentation studies of such layers along the layer plane direction. Such studies

have not been undertaken before and provide valuable insights into the interaction

of the tool with the layers both while in bulk and after separation from the bulk.

7.2 Future Work

The findings from the thesis offer sufficient scope for further study. The following

work can be conducted in the future to extend the understanding of wedge-based

mechanical exfoliation.

• Temperature assisted exfoliation

Exfoliation can be assisted with a temperature treatment to the HOPG spec-

imen. High temperature treatment may further weaken inter layer binding

and it may hence be possible to cleave with reduced effort and reduce induced

damages. Cryo-temperature exfoliation may also be attempted and it can

perhaps control the damages that can happen to the cleaved layers.

• Investigations of application of ultra-sonic oscillation

Preliminary study reveals that application of oscillation to the exfoliation sys-

tem has a potential of reducing the defects. Application of such oscillations

to other materials, is reported in the literature to result in smoothening of
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Figure 7.1: Preparation of micro-pillar specimen; (a) expected protrude pillars, (b)
Use of micro-pillars in wedge based mechanical exfoliation technique

the separated layers. Therefore, application of oscillation is another possible

future direction to be taken to improve the wedge-based exfoliation technique.

• Processing the HOPG specimen

The HOPG specimen can be patterned before the exfoliation process. It pro-

vides opportunity to cleave various sizes of nano-ribbons as indicated in fig.7.1.

• In-situ observation of the cleaving process

Monitoring the process online provides a better understanding of the process.

This may be possible by designing a customized setup and mounting it inside

a scanning electron microscope.

• Use of wedge type of indenter

Indentation process can be carried out with a customized indenter with geom-

etry is very close to the wedge used in the wedge based mechanical exfoliation.

• Extend this exfoliation process to other 2-D materials

This technique can be extend to separate other layered materials such as mica,
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molybdenum disulphide, etc. Such mechanical separation may yield interest-

ing edge structures and material properties.
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Appendix

A sample molecular dynamics code:

The code is written with LAMMPS. The customized metal unit system is used.

The atom coordinates are read through the external file. The system temperature

is kept fixed at 300K. The AIREBO, potential function is used with appreciate cut

off marks.

units metal

echo both

dimension 3

atom-style atomic

boundary p s s

pair-style hybrid airebo 3.4 1 1 lj/cut 3.4

read-data SysDef3-D5.0.dat

mass * 12.0

group bottom type 1

group thermostat type 2

group newtonion type 3

group wedge type 4

group mobile union thermostat newtonion
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pair-coeff * * airebo ./CH.airebo C C C NULL

pair-coeff * 4 lj/cut 0.00284 3.4 3.4

communicate multi

neighbor 2.0 bin

neigh-modify every 100 delay 0 check yes

neigh-modify exclude type 4 4

neigh-modify exclude type 1 4

neigh-modify exclude type 2 4

fix 1 wedge rigid single

fix 2 mobile nve

compute new mobile temp

compute force2 mobile group/group wedge

velocity mobile create 300.0 4928459 dist gaussian units box

fix 3 bottom setforce 0.0 0.0 0.0

fix 5 wedge setforce 0.0 0.0 0.0

fix 6 mobile temp/rescale 1 300 300 0.01 1.0

fix 7 mobile store/force

velocity wedge set -1 0 0 sum yes units box

compute force-1 mobile reduce sum f-7[1] f-7[2] f-7[3]

fix 8 mobile store/state xu yu zu

compute dis mobile displace/atom

thermo 100

thermo-style custom step temp etotal pe press vol f5[1] f5[2] f5[3]

thermo−modify temp new

dump 1 all custom 1000 SysDef3D5.0.atom id type x y z

dump−modify 1 sort id

timestep 0.001
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run50000

Wedge oscillation command

fix 1 wedge move wiggle 0.0 20.0 0.0 25000000.0 units box

variable V equal -5.0

variable x equal vdisplace(0.0,V )

fix 2 wedge move variable vx NULL NULL vV NULL NULL
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