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This dissertation investigates the effect of grain boundaries (GBs) in polycrystalline
graphene on the tensile fracture behavior and thermal conductivity of the graphene sheets.
Current techniques to fabricate large-scale graphene intrinsically introduce defects, e.g.,
GBs, resulting in polycrystalline graphene sheets. Though GBs in graphene are expected
to affect the mechanical properties of graphene, mechanistic understanding and
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The fracture process of polycrystalline graphene sheets under uniaxial tension was studied
using molecular dynamics (MD) simulations to determine how GBs affects the ultimate
strength and critical failure strain of the graphene. We also study the flow of heat through

polycrystalline graphene to determine the effect of GBs on the thermal conductivity of

graphene. A comprehensive study including 24 GB misorientation angles ranging from



2.1° to 54.3° and the whole range of loading angle (i.e., that between a GB and in-plane
tensile loading direction, ranging from 0° to 90°) was carried out to quantitatively
determine the effect of GBs. Stress-strain data were generated from the MD simulations
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quantitatively determined through systematic simulations. The quantitative findings from
this dissertation could potentially bridge the knowledge gap toward a better understanding
of defects and their effects on two-dimensional materials, and also shed light on possible

defect control and engineering to achieve desirable properties of graphene in applications.
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Chapter 1: Introduction
The main purpose of this dissertation is to investigate the effect of grain boundaries (GBs)
in polycrystalline graphene on the tensile fracture behavior and thermal conductivity of the
graphene sheets. Ever since graphene was first isolated in its free standing state by
mechanical exfoliation [1], there has been a significant amount of research conducted on
the material because it was predicted to have an array of remarkable properties, many of
which are shown to be the best material properties that have been measured experimentally.
For instance it is one of the stiffest (Young’s Modulus 1 TPa), strongest (Failure Strength
130 GPa) [2], can be stretched elastically 20%, more than any crystal [3], most thermally
conductive (thermal conductivity 5300 W/mK) [4], most electrically conductive (carrier
mobility 20,000 cm?/Vs) [5, 6], and very transparent (97.4% optical transmittance) [7].
One of the reasons that graphene has such remarkable properties is that it is one of the few
materials that can be classified as being two dimensional. This is because it is composed
of carbon atoms arranged in a hexagonal pattern that are bonded to form a sheet that is only

one atom thick as shown in Figure 1.

e
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Figure 1. Atomic structure of a graphene sheet.



Pristine graphene can be produced by mechanically exfoliating the sheets from graphite,
which is made of graphene layers that are bonded together by van der Walls bonds.
However this method is not capable of producing the scale or quantity of sheets that are
needed for many practical applications like touch or flexible screens. Chemical vapor
deposition (CVD) is one method that is being developed to produce graphene that can be
as long as several inches [7]. However the CVD method used to produce these sheets
creates GBs in the material, which can degrade the properties of polycrystalline graphene
[8-11]. One of them is the ultimate failure strength. For pristine graphene the ultimate
failure strength can be as high as 130 GPa. Depending on the loading angle and GB
misorientation angle this value can remain very close to the pristine failure strength [10,
11], or can be reduced to 35 GPa [9] when a GB is present. Therefore it is important to

understand how defects like GBs affect the properties of graphene.

The rest of the dissertation is organized as follows. Chapter 1 provides details of the
discovery and fabrication of graphene. Chapter 2 starts with an overview of previous
studies from the literature on the tensile response of graphene, which is followed by a
detailed description of a comprehensive study of the effect of GBs on the tensile failure of
polycrystalline graphene; Chapter 3 follows a similar structure but focuses on the effect of
GBs on the thermal response of polycrystalline graphene. Chapter 4 concludes the

dissertation with a summary of scientific contributions, and suggestions for future work.

1.1 Exfoliated pristine monolayer graphene
In 2004, a group of researchers from the University of Manchester reported in Science [1]

that they were able to produce freestanding graphene, which is a single sheet of covalently



bonded carbon atoms only one atom thick. This was done by mechanical exfoliation
(repeated peeling) of small mesas of highly oriented pyrolytic graphite. Many researchers
were already familiar with the composition, structure, and properties of graphene from
calculations performed earlier. However, it was believed the material could not exist in a
freestanding state due to thermal instability. This was the first time that graphene was
actually produced and its remarkable properties proven. For instance it was shown that it
had exceptional electrical properties with a room-temperature mobility of 10,000 cm?/Vs.
Figure 2 below shows an Atomic force microscope (AFM) image of multilayer and single
layer exfoliated graphene using the method adopted in [1] and the schematic used to
measure its electronic properties. This work led to an explosion in research on graphene

and won the researchers from [1] a Nobel Prize in Physics in 2010.

In 2008, another paper [2] was published where elastic properties and intrinsic strength of
graphene were experimentally measured. Graphene was deposited on top of a Si substrate
with circular wells and an indenter was used to measure these properties. It was found that
graphene has a Young’s modulus of 1.0 TPa, and intrinsic strength of 130 GPa, establishing
graphene as the strongest material ever measured. Figure 3 shows the experimental setup
adopted for the measurement of these properties and images of the graphene sheet after it

was torn by the indenter.
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Figure 2. Exfoliated graphene sheets. (A) Photograph of a large multilayer graphene
flake with thickness ~3 nm on top of an oxidized Si wafer. (B) Atomic force
microscope (AFM) image of 2 pm by 2 pm area of this flake near its edge. Colors:
dark brown, SiO2 surface; orange, 3 nm height above the SiO2 surface. (C) AFM
image of single-layer graphene. Colors: dark brown, SiO2 surface; brown-red (central
area), 0.8 nm height; yellow-brown (bottom left), 1.2 nm; orange (top left), 2.5 nm.
(D) Scanning electron microscope (SEM) image of one of the experimental devices
used to measure its electronic properties. (E) Schematic view of this device in (D) [1].



Figure 3. Images of suspended graphene sheets used to measure its mechanical
properties with an indentor. (A) SEM of a large graphene flake covering an array of
circular holes 1 mm and 1.5 mm in diameter. Area | shows a hole partially covered
by graphene, area 11 is fully covered, and area 111 is fractured from indentation. Scale
bar, 3 mm. (B) AFM image of one membrane, 1.5 mm in diameter. The solid line is a
height profile along the dashed line. The step height at the edge of the membrane is
about 2.5 nm. (C) Schematic of nanoindentation on the suspended graphene sheet.
(D) AFM image of a fractured sheet [2].

1.2 Defects in large graphene sheets grown by CVD

The process of mechanically exfoliating graphene from graphite is easy to do but it is not
a method that is capable of producing graphene in the quantity or scale that is necessary
for many practical purposes. One of the widely used methods to overcome this is CVD
where graphene is grown on top of some metal foil, usually copper or nickel [12]. A
consequence of the CVD method is that it also produces grain boundaries in the sheets

5



because each grain in the metallic foil can act as a nucleation site for grains of graphene
[12]. Graphene can grow over these grains [13] as shown in Figure 4, but when graphene
grains grow they eventually touch to form GBs [14] as shown in Figure 5. Figure 5 also
includes an image from a Raman microscope used to analyze the sheet. The high intensity
areas of the image indicate defects in graphene and shows the highest intensity along the
GB between the two grains and also near the middle of the grains where the grains begin

to grow.

Figure 4. SEM images of graphene grains. The different colors within the graphene
grains represents different grains of the Cu substrate, indicating that the graphene
can grow continuously across Cu crystal grain boundaries [13].
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Figure 5. a)-c) Growth process of graphene grains grown by CVD forming GBs. d)
Raman microscope intensity map of the ‘D’ bands for two graphene grains with a
single GB. The high intensity is an indication of defects in graphene [14].

Once grown the graphene can easily be transferred to different substrates. Figure 6 shows
a 30” graphene sheet that was grown by CVD and transferred to a polyethylene

terephthalate (PET) substrate using a roll to roll process [7].

The GBs in graphene are usually made of pairs of pentagon and heptagon rings in the
graphene lattice and follow a serpentine path. Figure 7 shows an atomic resolution scanning
transmission electron microscope (STEM) image of a GB in graphene grown by CVD with

the defect rings outlined for clarity [8].



Figure 6. 30 graphene sheet grown by CVD and transferred to a PET substrate using
a roll to roll process. The 1t and 2" labels indicate two sheets of single layer graphene
were transferred onto the PET substrate [7].

Figure 7. STEM image of the atomic configuration of a GB c) Two grains of graphene
(bottom left, top right) forming a GB d), The image from ¢ with the defects outlined
as pentagons (blue), heptagons (red) and distorted hexagons (green) forming the GB.
(scale bars 5A) [8].

Atomic force microscopy (AFM) images of a graphene sheet with a GB before and after
an indentation measurement are shown in Figure 8. The image shows that the sheet is torn

along the GB after indentation.



Figure 8. AFM image of a GB before and after an indentation measurement a)
Indentation starts at the center of the grain as shown by the arrow. B) The sheet is
torn along grain boundaries after indentation. (scale bars 200nm) [8].

The results of the indentation measurements show that failure occurs at loads of 100 nN
[8], which is an order of magnitude lower than typical fracture loads of 1.7 uN reported for
exfoliated pristine graphene. The carrier mobility of the sheets with GBs were also reduced
to around 7,300 cm2/Vs [8] as compared to reported values of 20,000 cm2/Vs for

exfoliated pristine graphene.

Another image of a GB in graphene that tears along the GB from an indentation
measurement is shown in Figure 9. From the indentation measurements that were
performed on this sheet the estimated breaking strength was 35 GPa [9]. This is
significantly lower than the breaking strength of pristine sheets of 130 GPa [2]. These
studies show that there is a high probability that failure will occur along a GB as a result
of tension in the sheet. Therefore it was shown that GBs in graphene reduce the properties
of its otherwise pristine form and it is important to understand more about how these effects

take place so they can be controlled.



Figure 9. AFM image of a GB before and after an indentation measurement done
near a GB indicated by the circle. The arrow indicates the image on the right is the
image after indentation. The graphene sheet tears along the GB (scale bars 150nm)

[9].
b

Figure 10. AFM images of defective graphene with nanopores (a) AFM image of a
graphene sheet covering a hole to be used in an indentation test. (b) High resolution
AFM images of suspended graphene sheet before and (c) after oxygen plasma
exposure of 55 s. The plasma treatment produces nanopores that are several nm in
size (the dark spots in the image represent the nanopores). Scale bars (a) 1 um, (b,c)
100 nm. [15].
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Figure 10 shows a sheet of defective graphene covering a well in a substrate. As opposed
to GBs the defects in these sheets are sp3-type, in which an oxygen atom binds to the
graphene and vacancy-type defects. The sheets of graphene are originally pristine
exfoliated sheets that were transferred to the substrate and subsequently exposed to a
tabletop oxygen plasma etcher to create the defects. After exposure the defects are all
initially sp3-type and then after a longer exposure time they transition to vacancy-type
defects. Results of the indentation tests [15] show the sp®-type defects only reduce the
failure strength of graphene by 14% as compared to pristine graphene, but after the defects

transition to vacancy-type the failure strength of the sheets are significantly reduced.
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Figure 11. Nanomechanical testing of fracture of graphene with an initial crack. (a)
SEM image showing the microdevice used to test the sheets. Movement of the
nanoindenter tip (shown by the white arrow) was converted to pure tension of the
specimen on the sample stage by the inclined beams. Inset is the magnified image of
the boxed region showing graphene across the gap of the sample. (b,c) SEM images
showing graphene before and after tensile testing, respectively. The scale bar in (b)
and itsinset are 5 mm and 500 nm, respectively. (d) Stress-strain curves of the cracked
graphene samples (crack lengths for #3 is 1036 nm and #5 is 2512 nm) [16].

Figure 11 shows a sheet of graphene grown by CVD, and therefore contains GBs. In
addition to the GBs an initial crack was introduced to the sheet by focused ion beam cutting.
The results in Figure 11 show that the failure strength of these sheets with initial cracks are

only around 2.5 GPa. This shows that cracks have a tendency to reduce the failure strength
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of graphene much more than GBs alone, since results of failure strength of graphene with

only GBs were found to be around 35 GPa [9].

Figure 12. (A) False-color Dark-field-TEM image of a suspended graphene film over
a hole before indentation. The arrow indicates the indentation point. (B) Bright-field-
TEM image after indentation. Black dashed lines indicate GBs. (C) Enlarged image
of the red-dashed area of (B). Scale bars, 1 um; (C) 200 nm [10].

Figure 12 shows a polycrystalline sheet of graphene with multiple GBs used in a
nanoindentation test. Previous measurements [8, 9] using CVD graphene with GBs show
that the failure strength is reduced to around 35 GPa. This is only a fraction of the value
reported for pristine graphene of around 130 GPa [2]. If postprocessing steps avoid damage
or rippling found in previous studies [8, 9] its strength is only slightly reduced despite the
existence of GBs. The reported failure strength for these CVD polycrystalline sheets are
around 103 GPa [10]. For the same study [10] the failure strength of graphene sheets with

a single asymmetric GB showed a range of failure strength from 95 to 100 GPa.

13



Figure 13. Composite false color dark field-TEM images of bicrystal graphene used
to determine its failure strength (e) Graphene before fracture. (f) The same sheet after
fracture measurement. Scale bars are 500 nm. [11].

Figure 13 shows images of bicrystal graphene with a single GB used to experimentally
determine its failure strength. In these experiments [11] it was found that the GBs reduced
the failure strength of graphene as well. In addition to this they also determined that an
increase in the GB misorientation angle led to an increase in failure strength. As the GB
misorientation angle increased from 0° to 30° the failure strength increased from 53-94

GPa.
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Chapter 2: Effect of GBs on tensile failure behavior of graphene
Existing studies suggest that GBs in graphene can have significant effects on the tensile
failure strength of graphene [8-11]. However, mechanistic understanding and quantitative
determination of such effects are still far from mature. This chapter analyzes the effect of
GBs in graphene on its failure strength and critical failure strain. Representative failure
modes of polycrystalline graphene as a function of GB misorientation angle and tensile

loading direction are also investigated.

2.1 Overview

The purpose of this section is to present an overview of the previous studies of the tensile
response of graphene sheets containing various types of defects, such as GBs, which can
be made from a periodic arrangement of disclination dipoles as shown in Figure 14. These
disclination dipoles can be considered as defects in the pristine graphene and are made
from one pentagon and one heptagon ring of carbon atoms. The angles indicated represent
the GB misorientation angle and is the total mismatch angle between the left and right
grains. The top row of GB structures in Figure 14 are defined by defects made of repeating
pentagon and heptagon rings separated by hexagon rings. For various studies this type of
GB has been classified as either zigzag oriented for the top row and armchair oriented for

the bottom row or just the opposite.
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Figure 14. Atomic structures of GBs in graphene used to analyze its failure strength
and critical strain. The angles between the two grains are A) 5.5° B) 13.2° C) 21.7° D)
15.8° E) 21.4° F) 28.7° [12].

The bottom row of GB structures is made from the same defects but there are two connected
and are at a diagonal to each other. These structures are considered twin or symmetric GBs
since the left and right grains are rotated the same amount relative to one another.
Asymmetric GBs occur when the left and right hand grains are rotated different amounts
relative to one another. Identification of critical bonds located at the top of the disclination
dipoles was determined from [12]. The initial strain in these bonds is caused by the
deformed graphene structure from the disclination dipoles and determines the failure
strength of the sheets. It was found that the higher the initial strain in the critical bonds the
lower the strength. It was also determined that as the defect density of the GB increased
the failure strength increased. This is shown in Figure 15 where the defect density is related

to the GB misorientation angle and when it increases so does the failure strength.
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Figure 15. The stress-strain curves for zigzag and armchair oriented GBs. This study
shows failure strength of graphene increases with the defect density [12].

This was in contrast to the predictions from fracture mechanics methods, which modeled
the defects as cracks and predicted a lower strength for a higher defect density. This is
shown in Figure 16 where the dimensionless stress-intensity factor, K;/(oVa), decreases
as the normalized crack-spacing gets higher. It is assumed that if K; exceeds K;. (the
experimentally measured fracture toughness for a given material), then crack propagation

will occur.

Fracture mechanics was unable to predict the trends from MD simulations because the

influence of strained atomic bonds was absent from the model.

It was later found that it is not just the density of defects that affects the failure strength of
the sheets. The arrangement of the defects also impacts the failure strength. This was shown
by analyzing GBs with clusters of disclination dipoles [17]. The GBs analyzed are shown

in Figure 17 and shows the defect density increasing with the GB misorientation angle.
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Figure 16. Dimensionless stress-intensity factor versus normalized crack-spacing
indicating a lower strength for higher defect density, which is in contrast to results
shown in Figure 15 [12].

(b) (d) (e) 63
a, =5.1°. b, 6=9.5% ¢, 6=13.2°, d, 6=16.4° e, 6=17.9°, and f. 6=21.8°.

Figure 17. Atomic structure of six GBs showing defect density increases with GB
misorientation angle [17].

In contrast to the previous study the results show that the failure strength does not always

increase with the defect density as shown in Figure 18. For the armchair GBs the 16.4° and
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17.9° GB misorientation angle have higher defect density but lower failure strength than
the 13.2° GB misorientation angle. Therefore, the arrangement of the defects, not just the

defect density, determines the failure strength of graphene.

120y
Pristine-zigzag

Pristine-armchair
1000 <

&
S 80|
=
& —P— Armchair
[<8] .
= 60 F —— Zigzag

40 ¢

0 10 20 30

Tilt angle (°)
Figure 18. Failure strength vs. GB misorientation angle (Tilt angle) showing the 16.4°
and 17.9° GB misorientation angles have lower failure strength than the 13.2° GB
misorientation angle. Therefore, the arrangement of the defects, not just the defect

density, determines the failure strength. The two isolated points are the strengths of
pristine graphene stretching in the zigzag and armchair directions, respectively [17].

Figure 19 shows the initial stress field in graphene as a result of the defects and that the
highest stress is at the top of the dipoles. The stress field around each defect influences the
initial stress in the other bonds. Therefore the arrangement of the defects is important. Like
previous studies it was also found that bond breaking normally starts at the top of the
disclination dipoles, where these bonds are subjected to the highest initial tensile stress [12,
17-19]. For experimental cases [20] the strain field surrounding each dislocation has a two
lobed structure similar to the shape of the stress field obtained from the MD results shown

in Figure 19.
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Figure 19. Defects forming GBs and the stress fields in graphene from MD
simulations. a) A disclination dipole formed from a pentagon and heptagon ring. b),
d), f), h), Normal stress contours as a result of the defects from a), c¢), e) and @),
respectively [17].

These previous MD studies gave results for the failure strength of polycrystalline graphene
that are slightly higher than the results obtained from experiments. A theoretical model was
proposed which describes the formation of cracks at GBs containing partial (non-
topological) disclinations as shown in Figure 20. A partial disclination is defined as the

point where the GB misorientation changes in a step-like manner.
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Figure 20. A partial disclination at a GB in graphene, which is defined as the point
where the GB misorientation changes in a step-like manner and is located by the red
triangle where the periodicity, |, of the defects changes. (a) A GB in graphene without
cracks. (b) A GB in graphene containing a nanocrack [21].

In reality GBs in graphene are not like the ones that are structurally perfect in MD
simulations. In this model fracture occurs where there is a change in the periodicity, [, of
the defects along the GBs. The model gives an explanation for why the experimental data
for the fracture of polycrystalline graphene are at comparatively low levels of stress (35
GPa) as compared with the results of computer simulations with structurally perfect,
periodic GB (50-100GPa) [21, 22]. Figure 18 confirms the model since it shows the failure
strength is lower for the armchair GBs when the periodicity of the single disclination

dipoles is broken by clusters for the 16.4° and 17.9° GB misorientation angles.

Other types of GBs structures have also been analyzed. Figure 21 shows two special cases
where the GB misorientation angle is either 0° or 60°. These two atomic configurations are

usually referred to as line defects (LDs) as opposed to GBs.
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Figure 21. GBs with a 0° and 60° misorientation angle [23].

Figure 22 shows GBs where the left grain is held fixed in the armchair or zigzag orientation

while the right grain is rotated.
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Figure 22. Atomic structures of a) matched-zigzag GBs where the left grain is held
fixed in the zigzag direction and the orientation of the right grain is chosen to give
several different GB misorientation angles: 4.7°, 10.9°, 14.7°, 19.1°, and 27.5° and b)
matched-armchair GBs where the boundary of the left grain is along the armchair
direction and the orientation of the right grain is chosen to give several different GB
misorientation angles: 6.6°, 14.7°, 19.1°, 23.4°, and 27.5° [24].

MD results for the fracture of polycrystalline graphene with different grain shapes and sizes
are shown in Figure 23. The results show a 50% reduction of the strength of the material
and that it is independent of the grain size, d. However there was a clear size dependency
for the failure strain as a function of the grain size which shows an increase in critical strain

as the grain size decreased [22].
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Figure 23. Stress-strain curves for polycrystalline graphene for different grain shapes
and sizes, d. The size of the grains is determined as an average diameter for a grain
assumed to be circular as indicated in d) [22].

Hexagonally shaped single crystal grains have been grown as shown in Figure 5. Figure 24

shows a polycrystalline sheet that could be created from these hexagonal grains.
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Figure 24. (a) Atomistic model for polycrystalline graphene where hexagonal grains
of graphene are stitched together. (b) Stress-strain curves for polycrystalline
graphene with hexagonal grains with different sizes, L, under uniaxial tension [25].
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Figure 25. (a) Stress concentration factor for the polycrystalline sheet with hexagonal
grains and (b) stress buildup from a semi-infinite GB with length L in a graphene
sheet, fitted into the logarithm scaling law. The inset shows a stress map from the top
view [25].

The sheets were made of hexagonal grains that were fit together to form idealized GBs
made of only pentagon and heptagon rings. The study found that failure strength scales
logarithmically with its grain size. As the grain size increases there is more stress buildup
in the critical bonds in the heptagons where bond breaking starts, which leads to a smaller
failure strength [25]. This is in contrast to the independence of failure strength on grain
size for arbitrary shaped grains from the previous study [22], which however did not consist
of idealized GBs and also included large voids. These two studies for arbitrary shaped [22]
and hexagonal shaped [25] grains however both show that the critical strain increases as
the grain size decreases. These studies on sheets with different grain arrangements and

sizes give insight into how GBs effect the failure strength of graphene.
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Figure 26. Experimental results of tears in graphene crossing the GB. (a) TEM image
of graphene tear crossing, not following, a GB. Blue dotted lines represent tear lines
in the zigzag direction. The red and yellow dotted lines represent tear lines in the
armchair direction. (b) Another TEM image of a graphene tear crossing a GB and a
fold in graphene [26].

Figure 26 shows experimental results of tears in graphene with GBs. Once the initial failure
of the critical bond occurs the crack that is created will usually follow a certain direction
through the lattice. The behavior of tears from these experimental results shown in Figure
26 surprisingly do not follow but cross the GB [26]. Figure 27 shows that the lowest energy
(or work of fracture) is mainly along the armchair or zigzag direction and therefore the

preferred tear direction.
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Figure 27. Theoretical simulations for preferred tear directions showing the
direction-dependent energetics of cracks. At a given orientation of local strain with
respect to graphene lattice, given by the angle y, the lowest-energy curve represents
the stable crack direction. The inset shows possible crack paths. The shortest paths
normal to the applied strain (green) is favorable only in a narrow range of y, so that
armchair and zigzag-edged tears should be observed most of the time [26].

The shortest paths normal to the applied strain (green) is favorable only in a narrow range
of applied strain direction, y, so that armchair and zigzag-edged tears should be observed
mostly. Hence, if the sheet were to break along the GB it would expose an energetically
unfavorable edge. In the experimental results the tears always started at points away from
the GB and then crossed them. However, it was suggested that if the tears started along the
GBs and the applied stress normal to the GBs then fracture would continue along the GB

[26] like the previous two studies [8, 9] from above have shown.
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It was found that GB with high thermodynamic stability (low formation energy) were
nearly as strong as pristine graphene [27, 28]. Thermodynamic stability of a GB can be

measured in terms of the formation energy per unit length by the following equation

Eform = (EGB — N X Egr)/ZL (1)
where E¢p stands for the energy of the entire GB supercell, E,, is the energy per carbon
atom of the pristine graphene, N is the number of carbon atoms in the GB supercell, L
stands for the periodic length of the boundary, and factor 2 accounts for two boundaries in

one supercell. Figure 28 shows an example of a supercell used in the calculation.

Figure 28. Example of a supercell used to calculate the thermodynamic stability of
graphene with GBs [27].

Other studies using MD simulations for polycrystalline sheets show that cracks initiate at
points where grain boundaries meet (triple junctions) and fail at strengths of 46 GPa[22],
which is close to the failure strength in experiments of 35 GPa. These junctions are likely
to occur in large polycrystalline sheets where GBs made of very long linear arrangements
of dislocation dipoles are unlikely to exist without running into one another. This is another
explanation [21] for the comparatively low failure strength of experimental results as

compared to the MD simulations where only idealized twin GBs exist [12, 17].
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Other types of defects can exist in graphene as a result of processing that effect its
mechanical properties besides GBs. Irradiation of graphene with electrons or ions can
generate point defects due to the ballistic ejection of carbon atoms. Chemical reactions of
carbon atoms in a graphene with other species can also lead to defects [29]. Figure 29

shows point vacancies, bivacancies, and Stone-Wales defects in graphene.

(b) Bivacancy

Figure 29. Atomic structure of point vacancy, bivacancy, and Stone-Wales defects
used to determine the effect of these defects on the tensile response of graphene [14].

MD simulations on these defects showed a sharp decline of around 20% in the failure
strength and strain at failure of graphene for only 0.25% concentration of these types of
defects [30]. Another study [31] confirmed this reduction in failure strength for various

vacancy concentrations as shown in Figure 30.
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Figure 30. Stress-strain response of pristine (0%) and irradiated graphene with
vacancy defects subjected to uniaxial tensile strain along the (a) armchair and (b)
zigzag directions. The initial vacancy concentrations expressed as percentages of
lattice sites are indicated in the figure. With the exception of the defect-free case, all
stress-strain curves were determined by averaging over ten initial configurations and
initial conditions [31].

With increasing vacancy concentration there is a monotonic decrease in the tensile strength
of graphene, saturating at about 30GPa. Increased ductility of the damaged graphene sheets

is also clearly shown from the monotonic increase in failure strains. Using irradiation can
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therefore be used to increase the ductility of graphene if so desired. While these defects
appreciably degrade the strength of pristine graphene the damaged samples still exhibit
tensile strengths of 30 GPa, which is significantly higher than typical engineering materials

[31].
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Figure 31. Atomic structure of a rectangular and circular vacancy used to determine
the effect of these defects on the tensile response of graphene [32].

A rectangular and circular vacancy is shown in Figure 31. The Young's modulus of a
graphene sheet with rectangular vacancy can be increased by reducing the size of the
vacancy edge a or b in Figure 31. When the length of edge a of a rectangular vacancy

equals the diameter of a circular vacancy (R=a), their fracture strength are similar. Also,
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with the increase of the edge length a or b in the rectangular vacancy the crack tip exhibits

an increase in its radius and is blunted which leads to a higher fracture strength [32].

Figure 32. Flaw insensitive fracture of polycrystalline graphene. The image shows
fracture occurs away from a large hole in the middle of the sheet [33].

Figure 32 shows an image of polycrystalline graphene where the fracture occurs away from
a large hole in the middle of the sheet. While it was shown that GBs substantially weaken
the strength of graphene, polycrystalline graphene render the material less sensitive to
structural flaws when they are less than some characteristic length so that there exists no
stress concentration near the flaw [33]. The key finding is that the crack nucleation and

coalescence are not always induced by the larger hole or notch in the system.
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Figure 33. Flaw insensitive fracture of polycrystalline graphene. (a) initial atomic
configuration containing a circular hole of 5 nm.. (b) the onset of crack (c) Stress
concentration at the hole root (d) The snapshot of graphene after failure [34].

120 GPa 140 GPa

The effect of some defects that are smaller than the grain size of polycrystalline have been
investigated [34]. Figure 33 shows a sheet of polycrystalline graphene where the defect is
a hole and the diameter is smaller than the average grain size of the sheet. For this case a

GB intersects the notch but this GB is parallel to the loading direction. It can be seen that

-120GPa 140GPa

failure of the sheet occurs away from the hole.

Figure 34. Flaw sensitive fracture of polycrystalline graphene. (a) initial atomic
configuration of polycrystalline graphene sample containing a circular notch of 5 nm
(b) the onset of crack (c) stress concentration at the hole root (d) the snapshot of
graphene after failure [34].

Figure 34 shows another instance where the hole is smaller than the average grain size. In
this case the GB intersects the hole again, but this time is perpendicular to the loading

direction. It is shown that now failure occurs at the hole. When the notch size is smaller
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than the grain size the failure depends on notch location and whether an overlapping GB is

perpendicular to the loading direction.

£=0.0372 £¢=0.0428

-120 GPa 140 GPa

Figure 35. Snapshots of the failure process for polycrystalline graphene containing a
circular hole of 20 nm [34].

For the fracture shown in Figure 35 a large notch will cause a notch-sensitive failure
because the overlapping stress concentration zone cannot be avoided. When the notch
diameter is larger than the average grain size, the failure is generally notch-sensitive. If the
stress concentration zone of the notch is within the grain interior failure is notch in-

sensitive and the failure initiates at the weakest GB elsewhere.

33



1 1 } i —
120 = (b) —m—1k -
—8— 300K
- = 600K f -
900K
) N = == | 200K =
o —— | 500K
{i —p— | 800K ;
7 60 -
=
73] -
30 ® |
m
1 | 1 ]
0 15 30 45

Strain (%)

Figure 36. Temperature dependence of fracture obtained from the stress—strain
curves of pristine graphene with uniaxial tension along the armchair direction at
different temperatures from 1 K to 1800 K [35].

It is also important to mention that the parameters used in the MD simulations have an
effect on the results. Figure 36 shows the temperature dependence on the fracture of
graphene. As the temperature increases the fracture stress and strain decreases for graphene
[35]. It was also shown that the tensile strength can be reduced by using a lower strain rate

in the MD simulations [36].
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Figure 37. Transformation of a Stone-Wales defect into two separate dislocations by
using electrons from a TEM beam [37].

Knowing why defects move through the lattice and having a way of controlling the
arrangement of these defects to control the properties of graphene has been studied [20,
37]. Figure 37 shows the manipulation of a defect in graphene using a transmission electron
microscope (TEM). The TEM was used to create two defects from the Stone-Wales defect
then translate the defects in different directions. This could be used to create specific

patterns of defects or GBs in graphene to control its properties.
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Figure 38. MD simulation of brittle fracture for a polycrystalline graphene sheet with
a pre-crack (a-c) Snapshots of crack growth process with an initial crack length 2a,=
10nm (d) corresponding stress-strain curve [38].

Fracture mechanics was unable to predict the relationship between defect density and
failure strength for graphene sheets that contain a single GB [12]. However, the
applicability of Griffith theory was shown to apply to polycrystalline graphene sheets to

predict brittle fracture [38]. The Griffith criterion to determine whether or not brittle

fracture occurs can be determined using Eqg. (2).

0o/ = /% @

where o, is the critical stress, 2a, is the crack length, y is the surface energy, and E is

Young’s Modulus. The theory of brittle fracture is applicable to graphene if the pairs o,
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and a, give a constant product of ac\/a_o. Results of the product from MD simulations and
experiments on polycrystalline sheets [40] indicated that the product could be considered
a constant. Therefore the classic Griffith theory of brittle fracture applies to polycrystalline

graphene.

2.2 GB misorientation angle and loading angle

Analysis of graphene with twin GBs has been investigated for their effect on failure
strength and critical strain. The loading angles considered previously were only
perpendicular or parallel to the loading direction. In reality large graphene with many
grains will have GBs dispersed throughout in various directions. Therefore it is important
to have an understanding of the effect of different loading angles. This analysis looks at
the effect of different loading angles ranging from 0-90°. Figure 39 shows how the GB

misorientation angle and loading angle are defined.

Ny

GB Misorientation Angle, 0 Loading Angle, ¢

Figure 39. Definition of a) GB misorientation angle, 6, and the b) loading angle, ¢.
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2.3 Structure of a twin GB

Figure 40 shows a GB composed of arrays of disclination dipoles made from pentagon
and heptagon rings embedded in graphene. The 24 GB structures analyzed were
made of different configurations of pentagon or heptagon rings along the GB. Each
GB is in an idealized atomic configuration that would result from two grains being in
their given orientation relative to one another. These structures are similar to
previous studies that have been conducted on GBs in graphene [12, 17, 27, 39-41]. The
GBs are divided into three main categories. The armchair (AC) GBs have a GB
misorientation angle in the range of 2.1° to 21.8°, transition GBs range from 23.3° to
30.2°, and zigzag (ZZ) GBs range from 32.2° to 54.3°. The AC GBs are divided into
three categories based on whether the GB is made of 1 (1dp), 2 (2dp), or 3 (3dp)
disclination dipole clusters.

29.4°  30.0° . 42.1° 44.8° 46.8°
. 8o (3

Figure 40. Atomic structure of a) armchair GBs ranging from 2.1°-21.8°, b) transition
GBs 23.3°-30.2°, and c) zigzag GBs 32.2°-54.3°.

2.4 MD simulation method

Matlab was used to generate the atomic configuration of the GB structures in two
dimensions. The Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS)
was used for the MD analysis. First an energy minimization was performed, which also
allowed the structure to buckle in the third dimension to find the lowest energy state of the
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sheets. From there an assigned displacement was incrementally applied to one end of the
sheet while the other end was held in place until fracture occurred. The adaptive
intermolecular reactive bond order (AIREBO) potential was used to model the interaction
of the carbon atoms and their bond breaking and formation[42]. In order to overcome
unreasonably high tensile forces when the carbon—carbon bond length is greater than 1.7
A, the onset of the covalent interaction cutoff distance was increased to 1.92 A, so that the
carbon-carbon bond interactions more closely resemble what is observed in physical
experiments[12, 17, 39]. The size of the graphene sheets were 120x120 A2. Non-periodic
boundary conditions (BC’s) were used on all sides. A Berendsen thermostat with an NVE
integration scheme was used in the simulations and the temperature was set at 300 K. The
time step used was 0.001ps. Tensile strain was applied to one edge with a strain rate of

0.0005/picoseconds.

2.5 MD stress and strain
In order to calculate the stress-strain curves of the sheets during deformation, the stress on

each individual carbon atom was first calculated using the following equation[12]

1|1 -
0l = qa [z M Vi + BZ: Tasfap 3)
=1n

where i and j denote the indices in the Cartesian coordinate system, o and f are the atomic
indices, m* and v® are the mass and velocity of atom «, respectively, r, and f, 4 are the
distance and force between atoms a and £, respectively, and Q¢ is the atomic volume of
atom a. The first term is the Kinetic energy contribution and the second term is the pairwise

energy contribution. The atomic volume is defined as
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(4)
where [ is the original length of the sheet, w, is the original width, t is the thickness and
is assumed to be the interlayer spacing of graphene in graphite and is 3.35A, and N is the
total number of atoms. The stress on each atom was computed every 200 time steps and
then the average stress over the entire sheet was used in order to obtain a spatial average.
The strain was obtained from the following equation

l_lo

0

strain =

()
where [ is the current length of the deformed sheet and [, is the original. Stress-strain curves
and snapshots of the fracture modes generated from the MD output are shown in Figure

41. The highest point on the curve was used to determine the failure strength of the sheet.

For some sheets fracture occurred in a slow process and strings or monatomic carbon
chains (MACC, or carbyne) formed and would weakly hold the sheet together. The

formation of these strings have been shown to appear in other studies as well [43].
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Figure 41. a) Stress vs. strain plots for various graphene sheets. Snapshots of the
fracture process for the b) intragranular fracture mode (inset), c) intergranular
fracture mode, and d) transition fracture mode.

To determine the critical strain in such cases it was assumed that the critical strain could
not be larger than the corresponding strain at a point having a strength of less than 50% of

the maximum strength as indicated from the stress strain plot. This was done since the sheet
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may not completely fracture, but would remain intact with very large voids, resulting in

large strains when the actual failure should be assumed to occur well beforehand.

2.6 Tensile effect from GB misorientation angle and loading angle

To obtain a good estimate of the critical strain and failure strength of the graphene sheets
10 different atomic configurations were simulated for each of the 24 GB misorientation
angles and each of the 12 loading angles. An average of the simulations was used for both
values. Figure 42 shows the failure strength versus loading angle for all 24 GB

misorientation angles.

For the AC GBs shown in Figure 42a the lowest strength always occurs near the 25°
loading angle. This is because the first bond that breaks is at the top of the disclination
dipole and has the highest stress initially before any tension is applied and at this loading
angle the bond is almost parallel to the loading angle. Figure 43 shows this bond and its

orientation to the loading angle.

The GB structures in Figure 40 shows that the disclination dipoles in the transition GBs do
not follow any pattern as they do in the AC and ZZ GBs. Therefore there is no trend in the

failure strength of these GBs as shown in Figure 42b.
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Figure 42. Failure strength vs. loading angle for the a) armchair GBs, b) transition
GBs, ¢) zigzag GBs, and d) pristine sheets.
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Figure 43. Snapshots of the critical bond breaking in the heptagon ring at the top of
the disclination dipole for a) and b) ¢ = 0° loading angle, and c¢) and d) ¢ = 25° loading
angle. The red line in a) and c) indicate the critical bond which is the bond that breaks
first.

For the ZZ GBs the lowest strength is always near the 0° loading angle. This is because the
bond with the highest stress initially is also at the top of the disclication dipole cluster and
at this loading angle is almost parallel to the loading angle as shown in Figure 44a. Figure
44 shows that when the loading angle is at 50° the critical bond shifts from the top of the
disclination dipole to the right since this bond is now the more parallel to the loading angle
than the previous critical bond. Figure 42c shows that there is a local minimum in the

failure strength near the 50° loading angle when this shift occurs.
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g) stress before fracture, h) broken critical bond for the ¢ = 50° loading angle.
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Fracture was shown to initiate at the top of the disclination dipoles where the highest stress
occurs and would continue in one of three modes. They were classified as intragranular,
occurring within the grain; transitional, occurring partly within the GBs and the grain; and
intergranular, occurring within the GBs. Figure 45 shows a map indicating which of these

fracture modes occurred for all GBs that were analyzed.

GB Misorientation Angle, 6
2.1° 55° 6.6° 8.6° 9.4° 11.6°13.2° 16.4° 17.9° 21.8° 23.3° 24.4° 26° 27.8° 29.4° 30° 30.2° 32.2° 38.2° 42.1° 44.8° 46.8° 50.5° 54.3°

Transition GB's

Loading Angle, ¢
&DOO\I@U‘!-&&Q)NNHO
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Intragranular Transitional Intergranular

Figure 45. GB fracture mode map in the space of GB misorientation angle, 6, and
loading angle, ¢. Blue region is for intragranular, occurring within the grain; green
is transitional, occurring partly within the GB and the grain; and red is intergranular,
occurring within the GB.
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All of the fracture modes are intergranular for the 0° loading angle. As the loading angle
increases the fracture mode changes to a transitional mode and after 40° all fracture modes
occur as intragranular cracking. The fracture mode is mainly transitional cracking for the
GB misorientation angles that have a high defect density up to the 40° loading angle. This
is because it is easy for the cracks that initiate from the defects along the GBs to connect
with each other so that fracture propogates along the GBs. This trend is broken however
when the zigzag or armchair direction of the lattice of one of the grains approaches a
perpendicular alignment with the loading direction. When this occurs it is easy for the crack
to propagate along this direction which prevents the cracks from connecting and
propagating along the GB and therefore intragranular cracking occurs. For example, for
the 30° loading angle and the 42.1° GB misorientation angle the fracture mode is
intragranular, but for the same loading angle and 44.8° GB misorientation angle the fracture
mode is transitional even though the 44.8° GB misorientation angle has a lower defect

density.
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Figure 46. Two different failure types of graphene with GBs (a) and (b) The direction
of crack propagation is parallel to the GB (c) and (d) The cracks grow away from the
GB. The cracks, pentagons, and heptagons are colored in green, red, and blue,
respectively. The red dashed lines represent the torn edges [44].
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Figure 46 shows that there can be two types of failure for graphene sheets that contain GB.
The type of failure was determined by the arrangement of the defects along the GB. Once
initiated cracks grow along the direction perpendicular to the atomic bond with maximum
tensile traction. When the defects along the GB follow a periodic arrangement the crack
propagates along the GB. However, when the defects follow an irregular or random
arrangement the cracks tend to propagate through the grains. Therefore the arrangement of

the defects can have an impact on the type of failure mode.

Figure 47 shows a contour plot of the failure strength and critical strain for all GB
misorientation angles and loading angles that were analyzed. Both plots follow the same
trend that the failure strength and critical strain increase with the loading angle. The local
minimum regions where the critical bond becomes parallel to the loading angle can be

identified near the 25° loading angle for the AC GBs and 50° loading angle for the ZZ GBs.

Figure 45 shows that the fracture mode for the lower loading angles are either transitional
or intergranular. This mode of fracture leads to lower failure strengths, since the cracks
easily join and propogate more quickly along the GBs. The MD results in Figure 47
confirms this since higher loading angles have higher failure strengths than the lower

loading angles.
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Figure 47. Contour plots of a) failure strength (GPa), and b) critical strain for the

sheets of graphene with GBs for the range of all loading angles and GB misorientation
angles that were analyzed.
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2.7 Continuum theory of tensile response

Failure strength of graphene is dependent on the GB misorientation angle [12, 17, 24, 39]
and loading angle and can be explained well by continuum mechanics. The following will
show how the stress field around each disclination dipole in these GBs influences the

failure strength.

Previous studies [18] have shown that failure is caused by the breaking of the critical bonds
with the highest initial stress in the heptagon rings shown in red in Figure 43 and Figure
44. The breaking of these bonds is the point at which the failure strength of graphene is
assumed to occur. Figure 48 shows a disclination dipole and its stress field for the x

component.

Figure 48. Atomic structure of a disclination dipole and its stress field for the x
component [17].

The stress field for the x component is given by the following equation [24, 45]

_E Ta b -y)? —yp)?
e = 12 [ln <E) * (14)? - (r5)? ©
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where  E is  Young’s  Modulus, and  7,={(x —x4)2 + (y — ya)?,

rp=y (x — x5)2 + (y — yg)2. Figure 49 shows a grain boundary made of a series of

periodic disclination dipoles.
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Figure 49. AC GB made of a series of periodic disclination dipoles. The points A and
B indicate the location of the dipole that will have its stress field added into the initial
stress calculations for the critical bond that is labeled by points C and D. St is the
initial stress added to the critical bond from the dipole containing points A and B, and
n is the normal vector defining the direction of the critical bond.

All three in plane stress components for one of the disclination dipoles for the GBs shown

in Figure 49 are given by the following equations [24, 45].

i A NAY
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where E is  Young’s  Modulus, and 7} =J(x —x) + (v -y

rh =\/(x — x,"g)2 +(y - y,g)z. The 2D Cauchy stress tensor is

o =

i la};x a};yl (10)
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The normal vector, n, defining the direction of the critical bond is

(11)

Ny
n=y

ny

The initial tensile stress in the critical bond of the single dipole at i = 0 shown in Figure

49 is given as

St=(ct-n)-n (12)

The direction n of this critical bond is from point C to D and the stress is calculated at point

C. The failure strength of graphene composed of a periodic array of these defects is given

by the following equation

i:iOO
O = 0p — Z St (13)
i=+1

where o, is a fitting parameter and is assumed to be the failure strength of the single

disclination dipole at i = 0 in an otherwise pristine graphene sheet and Zizif’ St is the
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superposition of the initial stress contributions from all of the other disclination dipoles in
the GB to the critical bond excluding the initial stress from disclination dipole ati = 0. The
initial stress from the dipole at i = 0 is excluded since this stress is assumed to be captured
by the fitting parameter 6,. To determine the failure strength for the AC GBs the stress
components in Egs. (7), (8), and (9) are used with Eq. (13). To determine the failure
strength of a ZZ GBs, as shown in Figure 50, the same method is used except new stress
components are needed. The ZZ GBs are composed of a series of periodic defect clusters

that are composed of two disclination dipoles as shown in Figure 50.

T—» X

Figure 50. ZZ GB made of a series of periodic disclination dipole clusters. The points
Al, B1l, A2 and B2 indicate the location of the dipole cluster that will have its stress
field added into the initial stress calculations for the critical bond that is labeled by
points C and D. St is the initial stress added to the critical bond from the dipole
containing points Al, B1, A2 and B2, and n is the normal vector defining the direction
of the critical bond.
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Therefore the same equations for the stress components from the AC GBs are used except
that there are two dipoles in each cluster and they are at an angle to one another. These ZZ

GBs stress components are given by

[ . i \2 ; 7 - ; o 2 ; -
O_};x _E In <rj11) n (Y_J’A1) . (y_yBl)z +E n <7’A;2> n (y J’Az) _ (y—yBZ)Z (14)
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where r,il:\/(x - x,fu)z + (y - y,ciu)zl rz:;l:\/(x - xliﬂ)z + (y - yl:é’l)z' and
o= (e = x4a)” + (0 = v 1= e = x2)’ + O = )’

The failure strength of graphene with a ZZ GBs is calculated using the stress components

in Egs. (14), (15), (16), and Eq. (13) where o, is now a different fitting parameter and is
assumed to be the failure strength of a defect cluster made of the two disclination dipoles
ati = 0 in Figure 50 and Zizif St is the sum of the initial stress contributions from all of

the other disclination dipoles in the GB to the critical bond excluding the initial stress from

the defect cluster at i = 0.

The analysis done here is similar to the study shown in Figure 17. The main difference is
that the previous study only included the x component of the stress field in the calculations
while this study included all three in plane stress components and the resultant stress was
calculated along the direction of the critical bonds. Figure 51 shows a comparison of the

calculations using all components (solid lines and triangles) to using only the x component
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(dotted lines and squares). The results show that there is a significant difference between

the two calculations.
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Figure 52. Comparison of all GB calculations with MD results from this paper for the

0° loading angle.
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Although the calculated and MD simulation results match well in Figure 17, a comparison
using the MD simulation results for this dissertation show a better fit for the AC and ZZ

GBs using Eq. (13), which is shown in Figure 52.

Figure 53 shows results of GB calculations using Eq. (13) compared with results from the
MD simulations for the 0° and 25° loading angle. The graphs in Figure 53 shows that the
GB calculations and MD simulation results match well. For the AC GBs for the 0° loading
angle the point where the stress is evaluated to determine the ultimate failure strength is
point C in Figure 49, the normal vector, n, is from point C to D, and the fitting parameter
0, =94 GPa. For the AC GBs for the 25° loading angle the fitting parameter o, will change
since the defect at i = 0 is now at a different orientation relative to the tension in the sheet
and is o, = 68 GPa, and the point where the stress is evaluated is now point D in Figure
49. n is evaluated along the same bond except the direction is now rotated 25°. For the AC
GBs the 2dp and 3dp GBs have lower failure strengths than the 1dp GBs. This is because
the stress contributions from all the disclination dipoles do not contribute as much
compressive stress to reduce the initial tension in the critical bond because of their
arrangement along the GB. In the calculations no additional variables need to be accounted
for when analyzing the 1dp, 2dp, or 3dp AC GBs since the arrangement and location of all
of the dipoles are taken into account in the calculations for the stress components in Egs.
(7), (8), and (9). For the ZZ GBs for the 0° loading angle the point where the stress is
evaluated to determine the ultimate failure strength is point D in Figure 50, the fitting
parameter o, = 51 GPa, and the normal vector, n, is from point C to D in Figure 50. For
the ZZ GBs for the 25° loading angle the fitting parameter o, will again change and is o,

= 93 GPa, and the point where the stress is evaluated is still point D in Figure 50, but the
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normal vector is from point D to E in Figure 50, since this is now the bond that is most
parallel to the loading direction and is the first to break. For other loading angles the GB
calculations and MD simulations results also matched well when using different fitting
parameters, o,, and by evaluating the stress at points where the highest initial stress occurs

and using a normal vector along the direction of the critical bond.

2.8 MD modeling of failure

The analysis of the graphene sheets in sections 2.2-2.7 dealt with sheets that consisted of a
single GB which divided the sheet into only two grains. The fracture analysis done in
section 2.8 deals with polycrystalline graphene sheets consisting of multiple GBs and

multiple grains.

2.8.1 GB construction

The steps involved in creating polycrystalline graphene used for this analysis proceeds as
follows. First a sheet of pristine graphene is generated and its orientation is assigned an
arbitrary angle. The sheet is then cut by deleting atoms that are within a given distance
along some predetermined GB line. This process is then repeated for each grain in the

sheet. Figure 54 shows three grains that are separated by three GBs up to this point.
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Figure 54. Three grains at arbitrary GB misorientation angles that are used to stitch
From here the distance of all the atoms near the boundary of Grain 1 to the atoms near the

together a polycrystalline sheet for use in the MD analysis.

is smaller than

d, between two atoms

boundary of Grain 2 are evaluated. If the distance

the atom from Grain 1 is deleted. This same

some assigned value, for example 1.1A

is repeated for Grain 1 to Grain 3 and so on. From here the atom coordinates are

process

used in LAMMPS and an energy minimization is performed so that the atomic bonds
between all of the atoms are in their most stable form for the polycrystalline graphene sheet.
Figure 55 shows the atomic configuration of a sheet of graphene consisting of three grains

before and after energy minimization.
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Figure 55. Atomic configuration of a polycrystalline sheet a) before and b) after
energy minimiza
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Figure 56 shows graphene where the GBs form a triple junction.

Angle 0
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Angle 0
The junction of GBs is where failure is most likely to occur in a polycrystalline sheet and

Figure 56. Triple junction analysis a) atomic configuration of graphene with a triple
confirmed by previous studies [25, 46]. This effect is enhanced for larger grains [25]. The

junction, b) Stress-Strain results for triple junction at different angles, 6.



results in Figure 56 show an increase in failure strength and critical strain as the angle 6
increases, which is expected. The results for the failure strength and critical strain converge
to a value of around 95 GPa and 0.15, respectively, as the angle increases. In this study
only the angle of the triple junction was controlled and the orientation of each individual
grain was at an arbitrary angle. Therefore each of the GBs in the sheets had arbitrary GB
misorientation angles. Figure 57 shows the fracture process for a case where it starts at the
triple junction and then continues along the bottom GB. The fracture usually starts at the

intersection of GBs, but can also occur along the edges or at points along single GBs.

Figure 57. Three snapshots of the usual fracture process of a triple junction showing
that fracture starts at the junction.
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2.8.3 Different grain size and shapes

b)

72.0 0.104
< . 0.102 ¢
a_ 70.0 * -
o 650 ~ . ' 04100
5 > 0.098 * -
8,66.0 9 0.096 o
D 640 4 T 0.094

= *
£ 600 28 o~
=t 0.088 .
'S 58.0 0.086
L 4 6 8 10 4 6 8 10
Grain Size D (nm) Grain Size D (nm)

Figure 58. a) Atomic structure of a graphene sheet with an overall size of 30 nm X 20
nm with arbitrary shaped grains, b) Stress-Strain results for arbitrary shaped grain
sheets with different size grains, D.
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The fracture of polycrystalline graphene with arbitrary grain shapes and sizes was
analyzed. An example of the atomic structure of one of these sheets and the failure strength
and critical strain for different grain sizes is shown in Figure 58. These arbitrary grains
shapes were generated by using a built in Voronoi algorithm in Matlab. The algorithm
generates a given number of points at random locations within a specified area and then
each point is connected to its nearest neighbor to form an edge of a grain. The average
grain size was determined by dividing the area of the sheet by the number of grains that
are generated. This results in an average area per grain. Assuming each grain was square,
the length of a side was used as the average grain size. These fracture results are similar to
the results of the study [22] on polycrystalline sheets with arbitrary grain shapes discussed
in the overview. For both studies the failure strength of these sheets are independent of the
grain size. However only one simulation for each point was used for the graph in Figure
58 for the failure strength vs. grain size since the sheets were large and the simulation time
was very long. In addition to this each sheet used a completely different grain pattern and
only the average grain size for the sheet was used when plotting the results for the failure
strength of each sheet. These are a couple of reasons for the wide variation in failure
strength vs. grain size and no trend was found. Again for both studies there was a size
dependence for the failure strain as a function of the grain size which showed an increase
in critical strain as the grain size decreased. The main difference between these sheets and
the sheets from the study [22] in the overview is the way the grains were stitched together.

Large voids and very wide grain boundaries were generated in [22] as shown in Figure 59.
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Figure 59. Atomic structure for polycrystalline graphene with periodic BC’s. a) top
view b) side view of a 20 nm X 20 nm graphene sheet with four grains, as marked by
the numbered shaded areas. Lines indicate the orientations of the graphene lattice

within each grain [22].
For the analysis done for this dissertation there were still voids but the sheets were

generated in a way so that the grain boundaries were not as wide, which is what has been
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shown by most grain boundaries from experimental results from the literature. However

the results of the two studies were similar.
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Figure 60. a) Atomic structure of a graphene sheet with an overall size of 30 nm X 20
nm with hexagonal grains, b) Stress-Strain results for hexagonal grain sheets with
different size grains, D.
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Figure 60 shows the results of failure strength and critical strain for graphene made of
hexagonal grains. These results show a slight increase in failure strength with the grain
size. There is no clear trend for the critical strain shown in Figure 60. For the previous
study [25] shown in the overview on polycrystalline sheets with hexagonal grains it was
also found that as the grain size increased there was a smaller failure strength. This is in
contrast to the independence of failure strength on grain size for arbitrary shaped grains
from this dissertation and the previous study [22], which however did not consist of

idealized GBs and also included large voids.

Figure 61. Atomic structure of polycrystalline graphene sheets. a) top view b) side
view of a periodic 50nm x 50nm polycrystalline graphene sheet with an average grain
size of 10nm consisting of 25 grains; c) top view d) side view of a periodic 20nm x
20nm polycrystalline graphene sheet with an average grain size of 1 nm including 400
grains [47].
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The trend of increasing failure strength with increasing grain size was also determined from
a previous study [47] that looked at arbitrary shaped grains with sizes ranging from 1-
10nm. The atomic structure of the sheets from [47] are shown in Figure 61. This is in
contrast to the independence of failure strength on grain size for arbitrary shaped grains
done for this dissertation and the previous one [22] from the overview. However in [47] it
was found that larger strain occurs for smaller grain sizes, which is in agreement with

results from Figure 58 and the study [22] from the overview for arbitrary shaped grains.
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Figure 62. Deformation process of a polycrystalline graphene sheet with arbitrary
grain shapes and an average grain size of 10 nm. (£ and &; represent current strain
and failure strain, respectively). (b) Inset shows pre-existing cracks at the GBs. (c)
The coalescence of existing cracks at one of the GBs. This leads to a large drop in
stress-strain curve and the point where ultimate failure strength is defined [47].
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Figure 62 show the fracture process for the arbitrary shaped grains that were analyzed in
[47]. The fracture process shows that monoatomic chains develop as a result of the applied
load. The ultimate failure strength is determined when existing cracks in the GBs begin to
coalesce and the monoatomic bonds begin to break. A steep drop in the stress-strain curve
as observed at this point. The results from the sheets with other grain sizes showed that for
smaller grain sizes the ultimate failure strength of the sheets were reduced. An increase in
the defect concentration with smaller grain sizes makes it more probable for the cracks to

coalesce and leads to a lower ultimate failure strength.

It was shown that the critical strain increases as the grain size decreases for most studies
that were investigated. One reason for this is that smaller grains lead to a more
homogeneous structure which allows it to flow more uniformly during loading conditions.
However there was no clear relationship on the failure strength of polycrystalline graphene
with different grain shapes and sizes. One of the explanations for this is that the process of
failure for these sheets are hard to predict when there are many grain boundaries. The
failure process usually starts at a junction where the grain boundaries meet as shown in

Figure 63, but this is not always the case.
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Figure 63. Four Fracture snapshots of the fracture of graphene with arbitrary shaped
grains where the failure process starts inside the sheet at a point where the grain
boundaries meet.

Figure 64. Four Fracture snapshots of the fracture of graphene with arbitrary shaped
grains where the failure process starts at the edge of the sheet.
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Sometimes the failure may start at the edge of the sheet as shown in Figure 64, or even at
some point within a single grain boundary. These studies on sheets with different grain
arrangements and sizes give insight into the complexities of how GBs effect the failure

strength of graphene.

2.9 Conclusion

It was shown that GBs in graphene can significantly reduce its mechanical properties such
as ultimate failure strength and critical strain. MD simulations for pristine graphene showed
its ultimate failure strength can be as high as 130 GPa. When GBs are present this value
will be reduced to 40-105 GPa depending on the GB misorientation angle and loading
angle. These MD results are in good agreement with experimental results [8-11] where the
failure strength of polycrystalline graphene with multiple GBs and single GBs were
reported to be close to the failure strength of pristine graphene [10, 11] or as low as 35 GPa
[9]. In experiments it was also determined that an increase in the GB misorientation angle
led to an increase in failure strength. As the GB misorientation angle increased from 0° to
30° the failure strength increased from 53-94 GPa [11]. This is also in agreement with MD
results where an increase in the GB misorientation angle for the AC GBs from 0° to 30°
led to a similar increase in failure strength. Cracks tend to form at the tops of the
disclination dipoles where the initial stress in the critical bond is the highest. The
arrangement of these defects along the GB has a significant effect on how much initial
stress is in these critical bonds. The breaking of these critical bonds is the point at which
the failure strength of graphene occurs. Many studies done before looked at varying the
GB misorientation angle, but by also varying the loading angle it was determined there
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were critical loading angles that have a significant effect on the ultimate failure strength of
graphene. These loading angles are at orientations where one of the critical bonds in the
top of the disclination dipoles become parallel to the applied tensile load. This occurs at
the 25° loading angle where all of the AC GBs have their lowest failure strength and the 0°

loading angle for the ZZ GBs.

A continuum model was developed to approximate the failure strength of graphene
containing GBs with different loading angles. It was shown that the models results matched
well with the results obtained from the MD simulations and were an improvement on
calculations done previously [17] to predict the failure strength of graphene. This analysis
could help to improve the failure strength of polycrystalline graphene by controlling the

defect arrangement through irradiation for applications like flexible electronics.

For the MD fracture analysis it was shown that the fracture in graphene with GBs usual
first starts at triple junctions. For the analysis done on triple junctions it was shown that as
the angle 0 increases the failure strength and strain are also increased. Therefore devices
that require higher failure strength and strain should try to use patterns of GBs where the
angle 0 of all the triple junctions are as high as they can be. One example would be a sheet

that contained just square regions made from GBs.

Most studies showed an increase in critical strain as the grain size decreased. An
explanation for this is smaller grains lead to a more homogeneous structure which allows

it to flow more uniformly during loading conditions.

For the MD fracture analysis for the sheets with multiple grains and different grain shapes

and sizes it was shown that there can be significant differences in the failure strength. One
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explanation for this is the BC’s that are used. The MD analysis used for this dissertation
used non-periodic BC’s while another study [47] used periodic BC’s. When using non-
periodic BC’s the top and bottom edges of the sheets are free. These edges are mostly along
energetically unfavorable directions, since it was shown [26] that graphene tends to tear
along either the AC or ZZ directions. This is a possible explanation for some of the variance
in results and stability issues for some of the simulations where they would end with errors.
Another explanation is that while the fracture usually starts at the junction of the GBs, for
large sheets with multiple GBs it was shown that the fracture can also start at other locations
like the edge of the sheet or points within a single GB. The way that LAMMPS performs
the MD calculations may also be a reason for the difference in results. In some cases it was
found that two MD simulations with the exact same inputs would not always produce the
same type of fracture. This may be because LAMMPS assigns the initial velocities of the

atoms in a random way.
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Chapter 3: Effect of GBs on thermal behavior of graphene
Graphene is known to have one of the highest thermal conductivities of any material. For
suspended single layer graphene the room temperature thermal conductivity was measured
as 5300W/mK using Raman microscopy [4]. The thermal conductivity of single layer
graphene supported on silicon dioxide is still as high as about 600W/mK [48] near room
temperature, exceeding those of metals such as Cu. Heat removal has become an important
issue owing to higher levels of dissipated power density and speed of electronic circuits
[49]. Therefore it is important to understand more about the heat transport in graphene
since it could be used to improve devices that need a way to dissipate heat in the best

possible way.

3.1 Overview

This section contains an overview of the previous studies from the literature that have been
conducted on the thermal properties of graphene with GBs. One note to mention is the large
differences in published results have been obtained for the thermal conductivities of
graphene using MD. This can be attributed to the different potentials, sheet sizes, boundary

conditions, defects in sheets, etc.
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Figure 65. Normalized thermal conductivity of graphene as a function of various
defect concentrations [30].

Figure 65 shows the effect of various defects concentrations on the thermal conductivity
of graphene. Concentration is defined by the ratio of removed (in point vacancy and
bivacancy defects) or rotated (in Stone-Wales defects) atoms to the total number of
available atoms in a defect free graphene structure. The results show an exponential trend
in the reduction of graphene thermal conductivity as the defect concentration increases
[30]. The thermal conductivity was found to increase slightly in another study [50] for
increasing temperatures and for higher defect densities there was less variation in thermal

conductivity as the temperatures varied.
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Figure 66 shows the thermal conductivity of graphene sheets of different lengths as a
function of GB misorientation angle. The results show thermal conductivity increases with
the length, but there is a weak dependence on thermal conductivity for the three different

GB misorientation angles that were analyzed.
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Figure 67. (a) Thermal conductivity, k, of polycrystalline graphene as a function of

grain size, L (b) Predicted , normalized by « for pristine graphene (red dashed line
is data taken from Serov et al. 2013) [52].
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Figure 67 shows the thermal conductivity increases with the grain size for polycrystalline
sheets with hexagonal grains. Based on the study, which included the grain size and
fraction of graphene that was considered a GB region, the thermal conductivity of
polycrystalline graphene converges to 720 W/mK as the grain size increases to a few
microns [52], which is close to the thermal conductivity of pristine graphene supported on

a substrate.
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Figure 68. Length and width dependence of graphene sheets on thermal conductivity
[53].

Figure 68 displays the dependence of thermal conductivity from length and ribbon width
of graphene nano-ribbons (GNRs.) When the ribbon length is smaller than the phonon
mean free path, 775 nm in graphene, Umklapp (phonon-phonon) scattering among phonons
is negligible, and the collision of phonons at the edge dominates the scattering, which
reduces the thermal conductivity. The shorter the ribbons are the stronger the edge
scattering is and therefore the thermal conductivity is reduced. For narrower GNRs, the
boundary scattering at the long edges are dominant, which also leads to a reduction in
thermal conductivity. In Figure 68 it can be seen that the thermal conductivity increases

with the width at first to a width of about 15 nm and then decreases. The boundary
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scattering will be weakened with increasing ribbon width. However, the increased number
of phonons and the smaller energy separation between phonon modes increase the
probability of Umklapp scattering for wider GNRs. These two mechanisms compete to
determine the thermal conductivity [53]. However another study [54] indicated that the

thermal conductivity always continues to increase with the width.

The width of the graphene sheet is not important when using periodic BC’s. For example
one study [54] chose 5.2 nm for the width. Additional simulations with double width
produced the same thermal conductivity. Thus, the variation of width with periodic BC’s
does not change the thermal conductivity of graphene and 5.2 nm is large enough to model

infinitely wide graphene.
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Figure 69. Thermal conductivities (k) of graphene at room temperature as a function
of the length L of graphene with widths of 1.7nm (black filled circles) and 17nm (green
filled squares). The (green) solid line indicates the ballistic thermal transport limit
and the (green) dot-dashed line is the macroscopic thermal conductivity[55]. The
experimental data given are indicated by the (red) cross symbols. The length-
dependent thermal conductivities obtained from a high-order heat transport equation
are plotted by the (blue) dashed line [55].

Figure 69 shows another study of the length dependence of graphene on thermal
conductivity. The thermal conductivities are also found to increase with the length and
finally converge at 16 um to a value of 3200 W/mK [55]. This is significantly lower than
values shown in Figure 68 at lengths of only around 27 nm and is an example of some of
the large discrepancies in results for thermal conductivity for graphene using MD in the

literature.
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The number of layers of graphene and whether or not it is suspended or supported on a
substrate also has an effect on its thermal conductivity. The thermal conductivity of
supported single layer graphene (SLG) is much lower than suspended SLG, and is almost
independent of the length. In contrast to the decrease in the thermal conductivity from inter
layer interaction in suspended few layer graphene (FLG), the thermal conductivity of

supported FLG is found to increase with the layer thickness [56].

It was shown there is no significant change in thermal conductivity of curling and twisted
GNRs due to the superior flexibility of graphene [57]. However if there is a sharp bend in

the sheet as shown in Figure 70 a reduction in the thermal conductivity occurs [58].
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Figure 70. A sharp right-angle bend in a GNR has been shown to effect its thermal
conductivity [58].
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Figure 71. Temperature profiles of ideal suspended (black square) and real suspended
(red circle, 3 layer heat bath refers to one graphene sheet and one substrate above
and one below) single-layer GNRs [59].

As shown in Figure 71 when there is a graphene-substrate interaction at the ends of the
sheet in the MD simulation, used to simulate a sheet suspended at its ends, there is a
temperature jump at the ends of the sheet, which leads to a reduction in heat flux and
thermal conductivity [59]. Therefore heat flux along real suspended SLG is only 40% of

ideal suspended SLG where there is no substrate interaction.
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Figure 72. Thermal conductivity, G’’, vs. temperature for pristine GNR with different

chiralities defined by the lattice vectors (1,4), (1,7) and (1,10), (the solid green line is
for graphene with periodic boundary conditions and is not considered a GNR) [60].

GNRs with different chiralities can also effect thermal conductivity. Figure 72 shows the
thermal conductivity vs. temperature of GNRs with different chiralties (the solid green line
is for graphene with periodic boundary conditions and is not considered a GNR). Reduction
of phonon transmission and therefore thermal conductivity is not due to the edge roughness
scattering, but due to the reduction in number of modes, because phonon transmission
showed linear dependence on sample width [60]. However, the thermal conductivity does

not depend on chirality for sheets with periodic boundary conditions.
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Figure 73. Phonon transmission of graphene supported on a substrate with periodic
boundary conditions. (a) Computed dispersion relation for phonon energy he vs.
wave vector g. L, T, and Z correspond to longitudinal, transverse, and out-of-plane
phonon displacements. A and O labels are for acoustic and optical phonons,
respectively. (b) Transmission function (i.e., number of modes per width) across
pristine graphene with different chiralities. Individual chiralities are not labeled
because all display the same transmission spectrum. The subset of out-of-plane ZA
and ZO modes are shown separately. (c) Transmission across different GBs (g-4, 9-7,
g-10), revealing that transmission depends on the GB structure. LD has the worst
transmission [60].

Figure 73 shows results of the phonon transmission function (number of modes per width)
for graphene supported on substrates that contain GBs and LDs. Higher phonon
transmission correlates to higher thermal conductivity. Graphene with different GB
misorientation angles have almost identical phonon transmission but the LDs exhibits the
lowest. The main contribution to the thermal conductivity comes from the TA and LA
modes because the ZA modes are suppressed by substrate scattering. This is in contrast to
suspended graphene where the ZA modes were shown to dominate the thermal transport

[61].
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To understand the dependence of thermal conductivity in suspended and supported
graphene a spectral energy density (SED) analysis [56, 62] for phonons in graphene can be
conducted. It is a useful tool to extract phonon information from MD simulations, which
can capture the full anharmonicity of the atomic interactions. A previous theoretical study
has suggested that thermal conductivity of graphene is most influenced by the contributions
from the flexural ZA, or out of plane, phonons [61]. A SED analysis of a suspended and
supported graphene sheet is shown in Figure 74 for the ZA phonons. For suspended SLG,
Figure 74(a) shows only one distinct and narrow peak shows up. The inset zooms in to
show the low frequency ZA peaks. For the supported graphene with different layer
numbers, the ZA phonon shifts to the right and the peaks are broadened. Figure 74(b) shows
more than two orders of magnitude reduction in SED intensity for the supported sheets.
This reduction in SED intensity for supported graphene is in correlation with the reduction

in thermal conductivity for graphene supported by substrates.
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Figure 74. SED analysis for ZA phonons for suspended and supported graphene. (a)
Normalized SED for suspended SLG (dashed line) and supported graphene with
different number of layers (solid lines). Inset is for the low frequency ZA peaks. (b)
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Figure 75. Phonon dispersion relations of a 21.78° GB misorientation angle in

graphene for different applied shear strains [63].
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The phonon dispersion relations of a 21.78° GB for different shear strains from 0.0 to 0.2
is shown in Figure 75. As the applied shear strain is increased, the velocities of the LA and
TA branches are decreased. The phonon velocities of pristine graphene from MD
simulations were v;, = 23.1 and vy, = 15.4 km/s for LA and TA modes, respectively.
These values are in close agreements to the experimental values of v, , = 24.0 and vy, =
14.0 km/s. The phonon velocities of the 21.78° GB are 19.5 and 13.3 km/s for the LA and
TA modes under zero strain, which are smaller than those of the pristine graphene due to
the existence of the GBs. It is also known the graphene with GBs reduce its thermal
conductivity. Therefore a reduction in the phonon velocity as a result of the shear strain
correlates to a reduction in thermal conductivity. The LA and TA modes equally contribute
to the decrease of the thermal conductivity, because the phonon velocities of the LA and

TA modes are reduced by 33.5% and 31.8% at e = 0.2, respectively.

3.2 MD simulation method

This section provides details of the MD simulation method that was used to analyze
graphene for this dissertation. Non-equilibrium MD (NEMD) simulations using LAMMPS
were used for studying the heat transport behavior of graphene sheets. In this method two
regions at opposite ends of a sheet are held at different temperatures. By holding the two
regions at different temperatures the energy added to the hot region should equal the energy
subtracted from the cold region and be proportional to the heat flux moving between the
regions [64]. An atomic model for MD simulations on the thermal conductivity of graphene

is shown in Figure 76.
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Figure 76. Atomic model for the calculation of the thermal conductivity in graphene.
The black atoms at the ends are fixed in their positons. The red region is determined
to have a hotter temperature then the blue region. The green arrow indicates the
direction of heat flux, J,, through the sheet.

The atoms in black are held fixed in their positions. To update the positions and velocities
of these atoms each time step in LAMMPS an NVT ensemble was used in the time
integration. An NVE ensemble was used for the rest of the atoms. NVT or NVE refers to
a constant number of particles, velocity, temperature, or energy. The original Brenner and
Tersoff inter-atomic potentials were shown to have poor agreement with experimental
data on the dispersion curve of in-plane graphite and a newly optimized Tersoff and

Brenner potentiall [65] was developed and was used in these calculations.
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NEMD can be performed using the fixed flux or fixed temperature methods. For the fixed
flux method a constant heat flux is assigned to the red region and extracted from the blue
region and the resulting temperature gradient, j—z , Is measured after reaching steady state.
For the fixed temperature method the temperatures of two regions are assigned and held
fixed with the red region being hotter than the blue region and then the heat flow is
measured after reaching steady state. The fixed temperature method was used for this

analysis. The thermal conductivity is then calculated using the one dimensional form of the

Fourier law

Jx
k = —W (17)

dx
where J, is the heat flux in the x direction, and Z—Z is the temperature gradient in the sheet.
The cross sectional area that the heat flux flows through is A = w - h as shown in Figure
77, where w is the width of the sheet and h is the thickness and was taken as 3.4A, which

is equal to the interlayer spacing in graphite.
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Figure 77. Image showing the cross sectional area that the heat flux flows through. h
is the interlayer spacing in graphite.
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Figure 78 shows the evolution of the cumulative energy over time, which is given by the

following equation [55]

E() = (Ex(0) — Eo(D)/2 (18)

where E;, (t) is the cumulative energy supplied to the hot region and E.(t) is the cumulative
energy extracted from the cold region. E(t) is the average cumulative energy per width of

the sheet.
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Figure 78. Cumulative energy that flows along the heat transport direction in
graphene as a function of time. After reaching the steady state, the constant energy
per time flows as shown by the linearly fit (red dashed) line and begins here at around
10ps.

After reaching steady state, which is around 10 ps in Figure 78, the cumulative energy

linearly increases and the heat flux can be calculated from

o= (5) 10w 1) 4

where w is the width of the sheet and h is the thickness. The calculated thermal
conductivities of graphene using the fixed temperature or fixed flux method were 2360 and

2350 W/mK [54], which are very close. It is important to note that the gradient used in the
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calculations is obtained from points in the interior of the sheet as opposed to using the fixed
temperatures at the two ends and the total length of the sheet to calculate the gradient, since
the resistance of the sheet will cause the interior gradient to be different. Figure 79 shows
a typical temperature profile of a graphene sheet from a MD analysis where it is apparent
that the interior gradient is different from the gradient that would be obtained using the

temperature at the very ends of the sheet.

330

320 4

310 4

300 H

20() 4

Temperature / K

280 A

l?{: 3 ¥ . L] L L] L ] - ] -
O 5 10 15 20 25 30

Position/nm

Figure 79. Typical steady state temperature profile for a graphene sheet. The inset
shown is the temperature contour map [66].

To calculate the temperature gradient, Z—Z, the temperature profile is needed. This is

determined by dividing the sheet of graphene into equally spaced slabs along its length.
After achieving steady state, J, = constant, the temperature profile of the system can be

determined by computing the temperature of each slab using the following equation[67]
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where Ng;,;, 1S the number of atoms in the slab, Tg;,;, IS the temperature of the slab, and k,,

is the Boltzmann’s constant. The brackets indicate the average over time.
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Figure 80. Graphene sheet with two GBs with GB misorientation angle of 21.7°. The
cold slabs on either end of the sheet and the hot slab in the middle are shown using
green and red colors, respectively. The bottom figure shows a temperature profile
with a distinct temperature jump at the two grain boundaries [68].

Figure 80 shows another method of measuring the thermal transport in graphene which is
the boundary conductance (Kapitza conductance) G, of the grain boundary and is given by

the following equation

G = —J/AT 1)

This is another method of analyzing the thermal transport of graphene sheets with GB.
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3.3 Thermal effect from GB misorientation angle and loading angle

Just as the stress-strain and fracture behavior of graphene with different GB misorientation
angles and loading angles were studied, the effect of varying these angles on the thermal

conductivity was investigated.
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Figure 81. Plot of two temperature gradients for a sheet of graphene with a GB a)
Atomic structure of graphene with a GB at a 45° loading angle b) Temperature profile
for the graphene sheet in a) shown by the black line. The red line is temperature
gradient fit to the data from the graphene region to the right and left of the GB. The
green line is the temperature gradient fit to the region containing the GB.
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Figure 81 shows the temperature profile for a sheet of graphene with a GB at a 45° loading
angle. The temperature profile shown is for the entire width of the sheet and shows two
different gradients indicated by the red and green lines. However, only one gradient can be
used for the calculation of thermal conductivity. Therefore a linear fit of the temperature

gradient of the entire sheet (excluding the very ends) was used instead.

Figure 82 shows another example of a temperature profile from a sheet of graphene with a
GB. The points from this profile were then input to Matlab and a linear fit algorithm was
used to get a best fit for all the points to get the temperature gradiant as shown by the red

line.
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Figure 82. Plot of one temperature gradient for a sheet of graphene containing a GB.
All points from the temperature profile were used to get a best fit to be used as the
temperature gradient (red line) using a linear fit algorithm in Matlab.
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This is in contrast to a previous study [51] that calculated the thermal conductivity of
graphene that contained a GB using the gradient of only a pristine portion of the sheet as

shown in Figure 83.
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Figure 83. Temperature profile of a sheet of graphene and temperature gradients
obtained from points in the pristine regions only [51].

Since the difference in temperature near one end of the sheet to the temperature near the
other end of the sheet would be of interest in devices that use graphene like electronics the

former method of calculating the gradient was used.

Figure 84 shows MD results for thermal conductivity vs. loading angle of the GB within

graphene.
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Figure 84. Thermal Conductivity vs. Loading Angle (error bars indicate standard
deviation). Thermal conductivity increases with the loading angle as an overall trend.
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From these figures it is shown that the overall trend is for the thermal conductivity to
increase with the loading angle. One of the reasons for this that when the loading angle is
at 0° the graphene sheet is in a series resistance with the sheet being divided into a left and
right hand region. This can also be considered to be two short and wide graphene sheets
connected along their width as shown in Figure 85. When the loading angle is at 90° the
sheet is in a parallel resistance where the sheet is divided into a top and bottom region. This
can also be considered to be two long and narrow sheets connected along their length as
shown in Figure 86. It was shown how the thermal conductivity of graphene was dependent
on both the length and width of the sheet from previous studies [53]. Since the thermal
conductivities of graphene with higher loading angles are higher it is clear that the length

of the sheet has a greater effect on the thermal conductivity as opposed to its width.
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Figure 85. Graphene in series resistance from a GB.
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Figure 86. Graphene in parallel resistance from a GB.

From the results in Figure 84 it can be seen that the thermal conductivity saturates at around
the 50° loading angle. Figure 87 shows that at this loading angle the sheet transitions from

a series resistance to a parallel resistance.
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Figure 87. Graphene with a 50° loading angle. At this angle the graphene sheet is in
between a series resistance and a parallel resistance and is where the thermal
conductivity of the sheet starts to saturate as the loading angle is increased.
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Figure 88. Fluctuation in the thermal conductivity vs. loading angle curves can be
influenced by the number of defects in the sheets a) curve shows the thermal
conductivity decreases as the loading angle is increased from 30° to 40° b) sheets show
that for the 2.1° GB misorientation angle the number of defects increases from 3 to 4
as the loading angle is increased from 30° to 40°.

The trend for the curves in Figure 84 shows an increase in thermal conductivity with
loading angle. However there is not a monotonic increase. One of the reasons for the
fluctuation is that as the loading angle increases a longer portion of GB is included in the
sheet and more defects are present. Figure 88 shows the curve for the thermal conductivity
vs. loading angle for the 2.1° GB misorientation angle. The curve shows that as the loading
angle increases from 30° to 40° the thermal conductivity is reduced. The reason that the
thermal conductivity is reduced in this situation is that one more defect is included in the
sheet. For the 30° degree loading angle there are only three defects along the GB. At the
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40° degree loading angle the same three defects are present but there is also another one

included at the top of the sheet for a total of four defects.
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Figure 89. Thermal conductivity vs. misorientation angle for all loading angles. The
graph shows the range of GB misorientation angles where the defect density is highest
(~20°-30°) the thermal conductivity is lowest. This indicates that a GB with high
defect density will reduce the thermal conductivity.

Thermal Conductivity (W/mK)

Figure 89 shows the thermal conductivity of graphene vs. GB misorientation angle. The
dependence of defect density of GBs on the misorientation angle can be seen from the GBs
structures shown in Figure 40. For the 0-60° range of misorientation angles analyzed in

Figure 40 it is clear that the defect density is highest for the inner portion of this range.
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Figure 89 shows the thermal conductivity is lowest when defect density is highest since the
thermal conductivity is lowest for the same range of misorientation angles that have the
highest defect density. A previous study [69] shown in Figure 91 also noticed this trend for
the AC GBs and determined that a higher defect density results in more phonon-GB
scattering which reduces the thermal conductivity. Figure 89 shows that while the GB
misorientation angle increases for the ZZ GBs the thermal conductivity increases. Since
the ZZ GBs defect density decreases with the GB misorientation angle this confirms the

hypothesis from [69] of the effect of the defect density on thermal conductivity.
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Figure 90. Thermal conductivity vs. misorientation angle for individual loading
angles. For the higher loading angles the where the loading angle is parallel to the
thermal transport direction the thermal conductivity does not drop as much
compared to the lower loading angles. This indicates there is much less phonon-GB
scattering.

Figure 90 shows the thermal conductivity vs. misorientation angle for each individual

loading angle. It can be seen here that the thermal conductivity does not drop as much for
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the higher loading angles. For the higher loading angles the thermal transport does not have

to directly go through the GB and there is not as much phonon-GB scattering.
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Figure 91. The thermal conductivity for the AC GBs (Chiral angle shown is half the
value of the GB misorientation angle). The thermal conductivity is reduced as the GB
misorientation angle increases except for the last point. The red and blue symbols
represent the pristine GNRs and GNRs with GBs, respectively. Data points with the
same chiral angles means that they have the same edge roughness. The difference of
thermal conductivity is derived from the GB’s effects for these points [69].

Figure 92 shows the results of the thermal conductivity vs. GB misorientation angle

(labeled as chiral angle, which is half the value of the GB misorientation angle). The results
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show the same trend in thermal conductivity for the AC GBs as shown in Figure 89 in that
the thermal conductivity decreases with the GB misoriention angle and hence defect
density. The last point however for a chiral angle of 10.89° the thermal conductivity
increases while the defect density increases. One reason for this is shown in Figure 92. For
all of the sheets with GBs the sheets buckles out of plane as a result of the stress induced
from the GBs except for the one with a chiral angle of 10.89°. Therefore, the buckling of
the graphene sheet along with the defect density has an influence on thermal

conductivity.
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Figure 92. The top and side views of the GNRs with different GB misorientation

angles 0. (a) and (f) show no out of plane buckling,

of plane in the Z direction [69].

(e) show the sheet buckling out

(b)-

3.4 Conclusion

for how the thermal conductivity is dependent

The results obtained from the MD analysis

on the GBs loading angle can be beneficial in designing devices used in electronics. The

conductivity was higher. A

results showed that for higher loading angles the thermal

identified at 50° where the resistance of the graphene sheet

critical loading angle was

transitions from a series resistance to a parallel resistance and the thermal conductivity
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saturates to its highest value. It was also shown that GBs with high defect density will
reduce the thermal conductivity more than GBs with low defect density, but that this trend
is decreased as the loading angle increases. These results can be useful when designing
devices that needed to use a material like graphene that need a high thermal conductivity

to effectively dissipate heat that is generated during its operation.
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Chapter 4: Summary and future work

4.1  Summary of major findings

It was found that the GB misorientation angle and loading angle have a significant effect
on graphene’s mechanical properties. Previous studies have considered various GB
misorientation angles. By also analyzing various loading angles it was determined there
were two critical loading angles that have a significant effect on the ultimate failure
strength of graphene. These loading angles are orientated so that one of the critical bonds
in the top of the disclination dipoles becomes parallel to the applied tensile load. When this
occurs the ultimate failure strength is greatly reduced, since the full tensile load is applied
directly along the bond. This occurs at the 25° loading angle where all of the AC GBs have

their lowest failure strength and the 0° loading angle for the ZZ GBs.

A detailed analysis of how fracture of graphene with GBs occurs was also conducted. It
was shown that bond breaking normally starts at the top of the disclination dipoles. These
bonds are subjected to the highest initial tensile stress. The arrangement of these defects
along the GB has a significant effect on how much initial stress is in these critical bonds.
The breaking of these critical bonds are the points at which the ultimate failure strength of
the graphene sheets occur. It was also found that as the loading angle of the GB is rotated
the critical bond will normally switch to a bond that is near the top of a disclination dipole

and most parallel to the loading direction.

A continuum model was developed to approximate this ultimate failure strength of
graphene sheets containing GBs with different loading angles. It was shown that the

continuum models results matched well with the results obtained from the MD simulations.
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It was shown that the fracture process of polycrystalline sheets with multiple grains and
GBs will start to fracture at points where GBs intersect. This is not always the case though
and it was shown that the fracture can first start at points along the edge or within a single

GB.

The same set of GB misorientation angles and loading angles were also used to analyze the
effect they had on the thermal transport in graphene. It was shown that GBs with high
defect density reduces the thermal conductivity more than GBs with low defect density.
This trend is decreased however as the loading angle increases since the thermal transport

does not have to directly go through the GB resulting in less phonon-GB scattering.

4.2 Scientific contributions

This results of the effect of the GB misorientation angle and loading angle on the failure
strength and strain of polycrystalline graphene can be useful to improve the theory of two
dimensional materials. For example it was shown that by using all stress components and
a resultant stress vector along the direction of the critical bond an improvement was made

on the prediction of the failure strength of graphene with GBs from previous studies.

Two critical loading angles were identified by analyzing both a range of GB misorientation
angles and loading angles. These critical loading angles occur where the ultimate failure

strength of the graphene sheets are greatly reduced.

It was shown from previous studies that the arrangement of defects in graphene can be
manipulated by using electron beam irradiation. If a better understanding of how the
arrangement of these defect takes place and easier methods of controlling their arrangement

is developed the results obtained from above can be used to design patterns in graphene
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that improve the mechanical properties of graphene that are superior to polycrystalline

graphene with arbitrary GB misorientation angles and loading angles.

The findings from the fracture analysis led to an understanding for the discrepancy of the
results from this dissertation and previous studies on the failure strength and critical strain

of polycrystalline graphene.

The results for the thermal analysis confirmed the analysis from a previous study [69] of
the effect of the defect density of GBs on the thermal conductivity of graphene. The study
[69] stated the defect density of the GBs will reduce the thermal conductivity of graphene
when the defect density is highest. It was shown in this dissertation the same is true for a

different range of GB misorientation angles, therefore confirming their hypothesis.

These findings could potentially help in the implementation of graphene in many

applications like flexible electronics, thin film solar cells, nanoresonators, etc.

4.3  Future work

For the analysis of the failure of triple junctions done here only the angle between the top
two grains was controlled. More analysis could be done on the failure of triple junctions
by also controlling the orientation of each individual grain so that each GB could have a

controlled GB misorientation angle as well.

New algorithms to generate polycrystalline sheets could be developed, which could be used

to control the GB misorientation angle and loading angle of all of the GBs within
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polycrystalline graphene. This could be used to generate other grain patterns besides the

arbitrary shaped and hexagonal grain sheets that were analyzed.

The largest graphene sheets analyzed for this dissertation were around 30 X 20nm. Larger
sheets of graphene could be analyzed. These sheets would more closely model some of the
experimental results that were mentioned in this paper that showed edges of around 200nm
[8, 9]. Limitations due to the amount of time required to run simulations, time to move
data, and space needed to store the data, etc. currently make it cost prohibitive to analyze

sheets that were much larger than the ones that were analyzed here.

Thermal analysis has been done on polycrystalline sheets that are similar to the ones done
for this dissertation. The same type of thermal analysis could be done on sheets with other
well-defined grain patterns to see if they can produce sheets with higher thermal

conductivities.
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