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Nano-additives are important and integral in a vast range of practical applications,
especially for enhancing the mechanical properties of composite materials.

The

development of cost-effective methods to fabricate high-quality nanocomposite materials
at high yield is essential. In this work, graphene flakes are delaminated from graphite
particles loaded in a high-viscosity liquid polymer solution using a concentric-cylinder
shear device. Using poly (methyl methacrylate) (PMMA) as the polymer, with 1%wt
graphite loading, shearing for 6 hours leads to the formation of a graphene-reinforced
polymer matrix composite (r-PMCs) when subsequently solidified.

Here, PMMA

dissolved in acetone at four different concentrations, i.e., 0.4, 0.5, 0.6, and 0.7 g/ml, is
studied. Among the four different cases, during the exfoliation process, the polymer
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solution from the 0.7 g/ml concentration exhibits a more pronounced non-Newtonian fluid
behavior (i.e., significant shear thinning) and gives the best exfoliation performance.
Furthermore, high PMMA/acetone concentration corresponds to high mixture viscosity,
which at a high-speed rate (2500 RPM), results in very-high shear stress, increasing the
total number of mechanically-exfoliated flakes produced within the PMCs. The liquidphase UV-Visible spectra analysis shows that 0.225 mg/ml of graphene is created in the
G-PMMA during the process at 0.7 g/ml polymer/acetone concentration. The solution is
then heat injection molded into a sample at 200°C prior to mechanical testing. The
resulting graphene-reinforced PMC exhibits a maximum enhancement of elastic modulus
(E) and hardness (H) of about 31% and 28.6% respectively.

Additionally, Raman

spectroscopy reveals the critical 2D peak to D peak intensity (I2D/IG) ratio to be about 0.92,
which correlates to bilayer graphene flakes (n=2). The I2D/IG ratio dramatically changes
from 0.45 to 0.92, as the polymer/acetone solution concentration varies from 0.4 to 0.7
g/ml, demonstrating the dependence of the degree of exfoliation on solution viscosity.

The effect of shear exfoliation time (i.e., 2, 6, and 12 hours) on the production of
graphene in the liquid phase of the PMMA/acetone solution is evaluated. The Raman
spectra show that the number of graphene layers (n ≤ 2) reduces with increasing processing
time, with the I2D/IG ratio reaching a maximum of about 1.2 after 12 hours.
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Using the same conditions (i.e., PMMA/acetone concentration 0.7 g/ml and
processing time 6 hrs), few-layer graphene (G) and hexagonal boron nitride (h-BN)
nanoflakes are investigated in terms of their production through exfoliation, along with the
properties of the resulting polymer matrix containing them. The process produces both
single layer and few-layer 2D nanoflakes, which immediately bond to the surrounding
polymer without any external contamination. With pure PMMA as reference, mechanical
characterizations, including nanoindentation testing (multi-load testing) and nano-dynamic
mechanical analysis (nanoDMA), are conducted on the reinforced polymer matrix
nanocomposites. As expected, the H and E of reinforced PMMA increase markedly with
the 2D nano additives, in conjunction with heat treatment at 200°C. The results show that
there are maximum increases of E and H by 32% and 31%, respectively, for the graphenereinforced PMMA nanocomposite, whereas the increases are 27.1% and 24.8% for h-BNreinforced PMMA nanocomposite. The surface morphology and interfacing of the nanoadditives with the polymer matrix are investigated by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM), showing one to four layers of either
graphene or h-BN flakes with excellent interfacing between the matrix and the nanoflakes.
Raman spectroscopy is used to assess the number of layers and the dispersion of the 2D
flakes in the matrix, via the distributions of peak positions and intensities as a function of
wavenumber. The h-BN peak or E2g mode appears at 1367 cm-1 in h-BN-PMMA after
exfoliation, with a shift of 2 cm-1 (1365 cm-1 for bulk h-BN). As in the previous study for
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G-PMMA, the average I2D/IG ratio increases notably to 0.92 at a polymer/acetone
concentration 0.7 g/ml. This average value indicates bilayer graphene flakes, with many
monolayer graphene flakes (n=1) present also according to TEM imaging.

Finally, microfibers are fabricated by electrospinning the processed PMMA/acetone
solution with graphene nanoplatelets for reinforcement. G-PMMA fiber mats with good
dispersion of 2D-graphene flakes in the polymer matrix (according to TEM imaging) are
produced in the diameter size range from 3 to 6 µm. Nanoindentation testing is performed
on the reinforced fiber, as well as the pure polymer fiber for reference.

The

nanoindentation technique reveals that the mechanical properties of individual graphenereinforced PMMA microfibers are enhanced (with elastic modulus by 19% and hardness
by 17.2%) as compared to those of pure PMMA microfiber produced in the same manner.
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Preface
The bulk of this dissertation focuses on novel reinforced-PMC processing by exfoliation
of graphene and h-BN by high shear in a polymer solution, along with nanoscale
characterization of the final product. Much of the content in Chapters 4, 5, 6, and 7 is from
papers that are to be submitted for publication shortly [1-3] with permission from the
coauthors to utilize the work in this dissertation. Additionally, other chapters contain
similar or identical wording to that in the papers referenced below.
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Chapter One
1

Introduction

Polymeric materials have affected almost every aspect of modern life. Polymer products
are extremely widespread; for example they are used in furniture, clothes, household
utensils, cosmetic surgery, 3D printing, automobiles, and so on. The polymer matrix
performance could be improved by mixing or incorporating various fillers to form polymer
matrix composites (PMCs). Polymer matrix nanocomposites are solids consisting of two
or more phase-separated materials aligned together within the matrix structure, where one
or more dispersed phase(s) is/are in nanoscale(s); and a polymeric matrix is the main phase.
The polymeric matrix is most likely the weaker link in that structure; thus the dispersed
phase provides a significant improvement in the mechanical, electrical, and thermal
properties [1-5]. In nanotechnology, nanocomposites based on polymer/nanoadditives are
becoming very interesting multifunctional nanomaterials, providing superb mechanical
and electrical properties, even at low nanofiller content [6, 7]. Nowadays, polymer-based
composites form nearly half the weight of Boeing’s 787 Dreamliner airplane [8]. Thus,
the development of cost-effective methods for fabricating high-quality reinforced polymer
matrix composites (PMCs) at high yield has become increasingly essential for many
applications.

Generally, polymer-based nanocomposites consist of various fillers such as (1D
nano-fibers, 2D nano-plates, and 3D nano-particles) bound together by a polymer matrix
structure. Two-dimensional nano-plates (nanofillers), such as graphene, hexagonal boron
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nitride, and molybdenum disulfide, possess unique characteristics that are conducive in a
plethora of applications [9]. Recently, studies in scientific research have found that
polymers reinforced by 2D nanomaterials present a unique combination of properties such
as excellent thermal, electrical, mechanical properties, even at low nanoparticle content
[10]. Furthermore, 2D nanomaterials are lightweight because of their lower density as
compared to other materials; thus, they have the capacity to be integrated within a polymer
without a significant increase in the weight or density of the polymer nanocomposite. This
feature is essential for various applications such as in aerospace industries which require
very low weight and exceptionally high performance.

1.1

Motivation

In recent years, polymer matrix nanocomposites (PMCs) have been widely used in many
fields where other materials and metals were previously employed because of unparalleled
levels of characteristics (e.g., high tensile strength, stiffness, lightweight, high fracture
toughness, corrosion resistance, and low cost). Such superb properties with lightweight
PMCs are the basis of their usefulness in the aircraft industry, aerospace industry,
aeronautical industry, and automotive industry, as well as being incredibly useful for
structures that utilize lightweight yet strong materials [11]. Furthermore, an increase of
global demand for new polymeric materials that can be produced with high quality at large
quantity and reduced production costs, has led to the suggestion of various manufacturing
processes characterized by high producing performance [12].

Advances in scientific research have observed that inclusions of 2D-nanofillers (e.g.,
graphene, h-BN, etc.) in the reinforced polymer matrix present a significant increase in the
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mechanical properties [13]. The 2D-nanofillers provide desirable properties unavailable
in the polymer matrix or the filler material alone. Moreover, the uniform dispersion of
nanofillers in a polymer matrix as well as a strong link between them are required to
achieve high performance of reinforced polymer nanocomposites.

Using different

polymers, the in-situ polymerization and high shear for exfolication occur simultaneously,
resulting in high filler dispersion and reinforcement of the matrix. The resuls may be
attributed to increasing the polymer chains that grow in the presence of the 2D-nanofillers,
which is convenient for low and high concentration of additives [10, 14].Various
techniques for the preparation of 2D materials have been developed over the last ten years,
such as mechanical, thermal exfoliation, and chemical vapor deposition [15]. Thus, an
effective technique that can exfoliate 2D materials and reinforce polymers simultaneously
would be a tremendously breakthrough. The liquid phase exfoliation (LPE) method is
probably the most common method for extracting mono-layer and few-layer flakes from
graphitic materials [16]. In this study, a variation of it is used as the main process to peel
off the 2D materials in a liquid phase polymer, while simultaneously reinforcing the
polymer matrix. Thus, the major aim of this research is developing a novel exfoliation
method and observing the fluid dynamic (rheology) behavior during the process. To
complete the study, the final product is tested via nanoscale characterization techniques to
understand the quality of the new materials, assess the manufacturing capability, and
optimize the production.
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1.2

Research Aims

Reducing processing time, increasing cost-efficiency, enhancing quality, and fostering
scalability are major objectives for recent studies. Thus, the goal of this research is to
explore a novel exfoliation method for producing 2D nanomaterials directly from their
natural resources, and then using nanoscale characterizations to evaluate them. This
processing method innately produces polymer nanocomposites at high levels of matrix
reinforcement, given molecular interactions at the nanoscale between nanofiller and
polymer. This research also examines the effects of post heat treatment on the mechanical
properties of the formed G-PMC samples. Finally, electrospinning of the reinforced
nanocomposite materials into fibers are investigated.

1.3

Research Approach

In this work, the approach for in-situ liquid phase exfoliation (LPE) of graphene and/or
hexagonal boron nitride (2D nanofiller) and matrix reinforcement consists of four main
parts as depicted in Figure 1. 1. The results from the nanoscale-characterizations help
direct the project, and a number of different parameters are investigated for the polymer
nanocomposite. This parametric study of in-situ liquid phase exfoliation (LPE) and
nanoscale characterization provides the opportunity to understand the exfoliation
mechanisms of 2D nanofiller and the influence of this additive on the PMMA matrix.
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Collect Information
and
Design A Novel Setup for
Mechanical Liquid Phase
Exfoliation (LPE)

Experimental Study Parameters
Application
Electrospun Graphene Poly(methyl
methacrylate)
Nanocomposite Fibers

•

Exfoliation at different
polymer concentration

•

Exfoliation Time

•

Temperature effect

•

Exfoliation h-BN and
reinforced polymer

Characterizations

Characterizations
•
•
•
•

Raman
spectroscopy
Scanning electron
microscopy
Transmission
electron microscopy
Nanoindentation

•
•
•
•

•
•
•
•
•

Raman spectroscopy
X-ray diffraction
Scanning electron
microscopy
Transmission electron
microscopy
UV-Vis spectroscopy
Scanning Helium Ion
Microscopy
Nanoindentation
Nanoindentation mapping
Dynamic Mechanical
Analysis (nanoDMA)

Figure 1. 1 scheme of the general approach used in this study
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1.4

Dissertation Outline

Chapter 1 gives an introduction and background to the study and provides a research
summary with an explanation of the motivation behind the work. The approach is
presented in a flow chart. Chapter 2 gives a literature review of 2D nano-additives,
specifically graphene and hexagonal boron nitride, along with the nanocomposite polymers
and their applications.

Chapter 3 identifies the general project tools, including

experimental setups and characterization instruments (nanoscale-characterizations
facilities), which are employed in this study. Chapter 4 presents the processing of
graphene-reinforced polymer matrix nanocomposites by in-situ mechanical shear
exfoliation of graphite in a PMMA/acetone solution. Several parameters are investigated
in this chapter, such as polymer/solvent concentration and post heat treatment of the
samples. The exfoliation efficiency and mechanical properties of the final G-PMMA
nanocomposites are correlated to the examined parameters. Chapter 5 discusses the
fabrication, structure analysis, and mechanical properties of the graphene and hexagonal
boron nitride nanosheet reinforced poly (methyl methacrylate) polymer nanocomposites.
Chapter 6 describes the exfoliation of graphene in the water-based poly(vinylpyrrolidone)
solution. Chapter 7 details the manufacturing and characterization of graphene-reinforced
electrospun poly(methyl methacrylate) nanocomposite fibers.
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Chapter Two
2
2.1

Literature Review and Background

Graphene Background

Graphene consists of crystalline carbon atoms aligned in a two-dimensional layer of sp2.
The carbon atoms are tightly bundled into a hexagonal honeycomb crystal lattice (Figure
2. 1) with a distance between carbon-carbon bond about 0.142 nm [17]. Graphene is the
foundation of graphite and other graphitic materials of different dimensions. Thus, it can
bring together into 3D multi-layers as in graphite and diamond structures, rolled into 1D
carbon nanotubes, or enfolded into 0D fullerenes (see Figure 2. 1) [18].

Experimental and theoretical studies of graphene have been performed at a
remarkably increasing rate since the beginning of the 21st century, which can be noted by
the rise of annual publications (Figure 2. 2) [19]. In 1961 and for the first time, Boehm
and co-workers are succeeded to separate and then characterized the monolayers graphene
flakes by using X-ray diffraction and TEM [20]. In 2004, Andre and Konstantin reported
a producing of large quantities of graphene flakes in the lab [21, 22]. The method they
used by detaching graphene layers from graphite onto paper via a graphite pencil and then
picking the graphite up using sticky tape until graphene was found [17]. Andre and
Konstantin granted the Nobel Prize in Physics in 2010 for their work [23].
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Figure 2. 1 Graphene is 2-D structural forming of carbon atoms. It can be rolled into
0D fullerene, folded into 1D nanotubes, or agglomerated together into 3D graphite,
adapted from [18].

Figure 2. 2 Publications on Graphene from 2000 to 2016, adapted from [19].
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2.1.1

Graphene Properties

Graphene has many exciting and desirable properties, such as a high electrical
conductivity, which makes it an ideal material that can be utilized in many novel electronic
applications.

Graphene also exhibits interesting thermal, mechanical, and optical

properties, as illustrated in Table 2. 1. Monolayer graphene flake is classified as excellent
transparent material with a capacity to scale up the light absorption per each new layer
added. The amount of white light absorbed per layer of graphene added is about 2.3% [24],
and the reflectance is less than 0.1% in the visible region [25]. Graphene layers possess a
relatively high broadband transmission level with high optical absorbance for each
graphene sheet, which is essential for transparent conductive electrodes. Additionally,
fully transparent sheets of graphene may be only observed at single and double layers as a
result of Pauli blocking [26, 27]. The thermal conductivity of monolayer graphene flakes
at room temperature is around 3,000-5,000 W m-1 K-1 [28], dropping to 600 W m-1 K-1 when
it is stuck to another material substrate. The drop is caused by hindered phonon movement
in the region where the graphene interfaces with a substrate, which causes dissipation of
phonons in that region. This aspect is different from plain graphene sheets, in which the
paths that the phonons take are continuous and without a barrier. Even at this drop in the
thermal conductivity, graphene is still more thermally conductive than copper, i.e., ~400
Wm-1K-1 [29, 30].

A monolayer of carbon atoms in 2D hexagonal lattice or called Graphene is
considered to be one of the harder and stronger materials known, even harder than diamond
and 200 times stronger than steel [31-33]. A monolayer graphene sheet possesses a high
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Young’s modulus of ≥1.0 Tpa, giving it the ability to carry stresses up to 42 Nm-1 [34].
The unique properties of graphene platelets have attracted considerable interest from
researchers who want to use it to reinforce a wide range of thermoset and thermoplastic
polymers [35]. The graphene nanoflake reinforced polymer has increased intrinsic strength
and elastic modulus to enhance the performance of bulk polymer composites, which is
currently used in several applications in modern life.

Table 2. 1 Some of the superb properties of graphene [36].

2.1.2

Some basic properties

Graphene

Young’s modulus

~1100 GPa

Fracture strength

125 GPa

Thermal Conductivity

~5000 W m−1 K−1

Mobility of charge carrier

2 × 105 cm2 V−1 s−1

Specific Surface area

2630 m2 g−1

Graphene Preparation and Manufacture

In recent years, different strategies have been suggested for the producing and synthesis of
graphene. Graphene can be obtained from one of two specific synthesis approaches, i.e.,
the “top down” approach and “bottom up” approach, which are shown in Figure 2. 3. The
“top-down” synthesis method involves extracting a monolayer or few-layers from pre-
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existing 3D graphite crystals, whereas the “bottom-up” processing refers to self-assembly
via small molecules of carbon into graphene. The “top-down” and “bottom-up” process
have been broadly utilized over recent years to fabricate graphene and are classified as
following: liquid and mechanical exfoliation [37], chemical or plasma exfoliation [38],
and chemical synthesis [39] are “top-down” methods, while thermal and chemical vapor
deposition (CVD) are “bottom-up” methods [40] (as shown in Figure 2. 3). Also, some
additional new synthesis methods are capable of fabricating different layers of graphene
(single-layer graphene and few-layer graphene), such as microwave synthesis [41] and
mechanical cleavage via using AFM tips [16].

Figure 2. 3 a process flow chart of graphene synthesis, adapted from [16].
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2.1.2.1 Micromechanical Exfoliation

The mechanical exfoliation process is the first observed method to produce graphene flakes
from its natural resource. It is described as a “top-down” approach method because it is
carried out by supplying a longitudinal and transverse force on top of the materials’ surface
structure. The natural structure of graphite consists of many single-layer graphene flakes
stick together via relatively weak forces is called van der Waals force. In the 3D-graphite
structure, the interlayer spacing and bond energy between the graphene single layers are
about 3.34 Å and 2 eV/nm2, respectively, requiring an external force of about 300 nN/lm2
to peel off one single-layer graphene from its natural structure in the 3D graphite [16, 42].
Several micromechanical exfoliation methods can be used to exfoliate graphite into
graphene, such as adhesive tape [43] and sonication [44], etc.

In the micromechanical exfoliation process, graphene platelets are detached from a
natural structure of graphite using adhesive tape as in Figure 2. 4. Once the initial peeling
is done, the result is a multiple-layer graphene stack on the tape. It is then repeatedly peeled
so that the multiple layers will exfoliate into much smaller layer graphene. Afterwards, the
tape is stuck to a substrate, and the adhesive is dissolved by acetone, or another solvent, in
order for the tape to be removed. Finally, one more peeling step via using new tape is
performed so that the graphene sheets can be collected [45].
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Figure 2. 4 Micromechanical exfoliation of graphene using scotch or adhesive tape
from highly oriented pyrolytic graphite (HOPG) [17, 43].
2.1.2.2 Liquid Phase Exfoliation

Liquid phase exfoliation (LPE) is classified as a top-down process method, which can
perform excellent exfoliation of graphitic materials into a 2D few-layers or a monolayers
flake, and these flakes are defect-free at relatively high concentration. Therefore, LPE can
be a practical method compared to most of the other techniques; and LPE process of
graphene flakes is expected to become an essential method in the near future. The
preparation of graphene nanosheets by this approach involves the peeling of natural
graphite particles via sonication or high-shear mixing in the organic solvents [46-51].

LPE of graphite was first observed by Coleman et al. [52] using sonication in Nmethylpyrrolidone. In LPE via sonication technique, the graphene flakes are obtained from
the dispersion of natural graphite in aqueous solutions or another organic solvent, such as
dimethylformamide (DMF) and N-methylpyrrolidone (NMP), etc., which is then followed
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by centrifuging to remove aggregated particles, as illustrated in schematic diagram of Figure
2. 5.

One advantage of the liquid exfoliation process via sonication is that the preparation
of graphene flakes is generally easy, while the disadvantage of this method is a very low
graphene concentration of about 0.01 mg mL-1, which can be increased up to 1.2 mg mL−1
and 4 wt % of monolayers by using drastically longer sonication times of about 460 hours
[37, 53] (see Table 2. 2). Another disadvantage of the sonication method is the need for
expensive solvents, which could hinder the ability to use this method in commercial
applications [37, 46]. The largest produced quantity of monolayers graphene that has been
reported is about 29% from sonication of graphite particles in the organic solvents [54].

Figure 2. 5 Schematic shows the experimental liquid phase exfoliation process via
sonication with snapshots of centrifugate after exfoliation, adapted from [55].
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Table 2. 2 Demonstrates the influence of processing time and exfoliation medium
(solvent) on the graphene concentration by using sonication method, adapted from [46].

Other studies have come up with several recommendations to scale up the exfoliation
techniques in the liquids and achieve high exfoliation performances of graphene. Some
ideas include: prolonging the processing time (see Table 2. 2 and Table 2. 3), increasing
the initial graphite concentration, mixing-up with polymers and surfactants, using solvent
exchange methods, enhancing cavitation and collision effects, and supplying high shear
force mixing in term of fluid events which is known by high shear exfoliation methods,
(see Figure 2. 6 and Figure 2. 7) [37, 56-58].
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Table 2. 3 Shows the effect of processing time and exfoliation medium on the graphene
concentration by using a high-shear exfoliation method, adapted from [46].

Recent developments in liquid-phase exfoliation techniques predict that the high
shear method could substitute sonication in the near future because of its ability to peel
graphite into graphene flakes effectively with high quality and large quantities (see Figure
2. 7) [59]. It was found that the effective cleavage of graphene sheets occurs when the
local shear rate exceeds 104 s-1 during the LPE process [46, 60], which could be improved
by enhancing the liquid viscosity or increasing the mixing speed and processing time [61,
62] (see Table 2. 3).

Figure 2. 6 The exfoliation mechanism for graphene production by shearing, collision,
and cavitation, adapted from [63].
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Figure 2. 7 Schematic a high shear mixer of the exfoliation graphite with PVP or SC
solution. The graphene-polymer mixture was then centrifuged to extract unexfoliated
graphite particles, adapted from [64].
In 2014, Coleman and co-authors presented important breakthroughs in evolving
exfoliation techniques via high shearing of natural graphite particles in organic solvents
[47], which was a substantial advancement in shear exfoliation for producing graphene
flakes. The study illustrated that high-shearing of graphite particles in suitable solvents
could lead to high-concentration dispersions of graphene nanoplatelets (see Figure 2. 8)
[46, 60].

LPE via high shear mixing is an advantageous method which can open new
opportunities to produce graphene at a significant yield rate and low-cost. Such a method
can prepare graphene flakes with minor-defects, and dispersed in various liquids at high
quality and large quantity. The produced graphene could be evaluated using different
characterizations methods, such as TEM, SEM, Raman spectroscopy, UV-vis-IR
absorption spectroscopy, and atomic force microscopy (AFM), etc. [47].
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Figure 2. 8 (a) A liquid-phase peeling of graphene in a beaker (b, c) mixing head rotor
and stator. (d) Graphene flakes are collected in the bottles after produced by high
shearing with N-methylpyrrolidone (NMP), adapted from [47].
2.2

Hexagonal Boron Nitride

Boron nitride (BN) is an inorganic layered material with a hexagonal crystalline lattice,
similar to graphite’s carbonic networks. It is also commonly known as 'White Graphite.'
Structurally, the hexagonal boron nitride (h-BN) is very much like to a graphene sheet
patterns, possessing 2D-bonded layers (two-dimensional materials), as shown in Figure 2.
9, which consists of boron (B) and nitrogen atoms (N) arranged together in honeycomb
crystals patterns, making the h-BN structure extremely robust with highly stable and
isoelectronic [65]. In many applications, h-BN is selected as an alternative substance to
graphene because of its unique properties and significant affinity with carbon, making it
important in many applications and industries where carbon cannot be used.
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(A)

Figure 2. 9 h-BN-Structure. (A) Stereogram. (B) The 2D floor plan, adapted from [66].
2.2.1

Properties and Applications

Monolayer hexagonal boron nitride has superb properties such as high Young's modulus
(~0.865TPa) and fracture strength (~70.5GPa) [9]. Studies show that theoretically,
monolayer h-BN possess a specific surface area of about 2,600 m2/g, which leads to
excellent performance in the interfacing and interactions between BN and polymer
matrix chains, by forming several bonds in the BN-based polymeric nanocomposites.
[67]. According to Ouyang [68], hexagonal boron nitride- nanoribbons have thermal
conductivities from 1700 to 2000 W/(m·K), which is relatively similar to the
experimentally-measured values of graphene sheets. Theoretical studies have pointed out
that the zigzag edge h-BN-nanoribbons possess thermal conductivity about 20% more than
armchair edged h-BN-nanoribbons, which can be employed as the main components in
devices that require excellent heat characteristics [68].

Atomically thin films of

hexagonal boron nitride have demonstrated better oxidation resistance behavior in
comparison to that of graphene layers. Li and coworkers [69] concluded that the oxidation
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temperature of single-layer hexagonal boron nitride nanoplates is 700°C and can withstand
up to 850°C in the atmosphere, while bilayer and few-layer hexagonal boron nitride
nanoplates have even higher oxidation temperatures. Moreover, the 2D-h-BN sheets have
a slightly larger thermal stability or heat resistance of about 1000°C in the atmosphere and
1400°C in vacuum [69]. Investigations in the electronic and dielectric properties reveal
that the 2D-hBN is considered electrically insulating substances because the nitrogen (N)
atoms tend to be surrounded by pi-electrons in the molecular structure, which form
electronegativity differences between the N - B pair atoms [65, 70-73].

h-BN is an

excellent electrical insulator and thermal conductor with a large bandgap of about 5.97eV
and high optical transparency, thus h-BN sheets could be utilized as a tunnel barrier for
various devices [74].

The technological applications of h-BN sheets have been broadly categorized
according to usage, ranging from metallurgy sector to photo-electricity, semiconductors,
catalysts, and even cosmetic products [66]. Currently, BN components are used in
industrial fields such as automotive, device (e.g., in oxygen sensors as a seal), and coatings
(because of high chemical stability). Also, h-BN in its powdered form can be utilized as a
core material for thermal management of electronic devices [75]. By using LPE methods,
h-BN, graphene, and other 2D layered materials can be employed to reinforce polymers
(e.g., including polyvinylchloride (PVC), PMMA, PVP., etc.). The results in the current
and previous studies demonstrate that such reinforcement enhances the tensile strength and
Young's modulus to 3 GPa and 240 MPa, respectively.

This augmentation of key

properties is due to the nanolayer alignment, uniform dispersion, and strain induced
delamination [76, 77].
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2.3

Polymer Matrix Nanocomposites Background

Nowadays, one of the hottest research areas in the field of nanotechnology is the
development of polymeric materials, especially the polymer matrix nanocomposites. In
the beginning of the 20th century, Baekeland started the study of composites materials by
reinforcing clay by thermosetting a resin called Bakelite [78, 79]. The earliest academic
studies of exfoliated and reinforced nanocomposite polymer by silicate nanofillers were
performed by Carter in the 1950s [80]. However, the industrial development of polymeric
nanocomposite materials only began forty years later, after the Toyota Motor Corporation
reported a significant increase in the mechanical properties of reinforced Nylon-6 matrix
by using montmorillonite (Mt) as a filler [2].

Historically, polymer matrix nanocomposites were efficiently prepared by adding
different nanoscale fillers such as, nano-fibers, nano-plates, and nano-particles (Figure 2.
10) into the polymer matrix structure to enhance their physical and chemical properties
[30]. Among the various types of nanocomposites, carbon-reinforced polymer matrix
composites (C-PMCs) have already attracted considerable attention from researchers.
Polymers have been reinforced by carbon nanotubes (CNT’s) and carbon nanofiber (CF’s).
Graphitic reinforced polymer matrix composites have shown a substantial enhancement in
desired polymer properties. The unique specific characteristics (e.g., high strength and
stiffness, light weightiness, and excellent electrical and thermal conductivities) make
polymer matrix composites the key building/functional materials in many fields [81].
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2D-nanofiller

1D-nanofiller

0D-nanofiller

Figure 2. 10 schematic diagrams showing some shapes for materials particles used in
reinforced polymers matrix, adapted from [82, 83].

2.3.1

Polymer Matrix Nanocomposite Synthesis Methods

Polymer nanocomposites could be prepared by using either chemical-approach or
mechanical-approach of depositing and bonding nanofillers substances in a bulk polymer
matrix. Excellent dispersion and interaction between the nanofillers and the matrix are the
most essential requirement for a polymer matrix-based compound to achieve maximum
reinforcement. Uniform dispersion and good compatibility of nanofillers in the polymeric
matrix are considered one of the most important issues when creating a reinforced polymer
nanocomposite. There are some physical parameters necessary to form a nanocomposite
polymer, such as low agglomeration energy, suitable melting viscosity or liquid phase
viscosity of the polymer, and high shear stress during the process. Different types of
preparation methods are reported for the fabrication of polymer nanocomposites, the most
common methods being [10, 84]:

i) intercalation method, ii) in-situ intercalative

polymerization technique, iii) melt blending, iv) direct mixing of polymer matrix with
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fillers (see Figure 2. 11), v) template process , vi) polymerization process, and vii) sol-gel
method, solution casting [85].

Figure 2. 11 Diagram shows the preparation steps of polymer composites by direct
mixing of polymer solution with the fillers, adapted from [86].
The recent studies of polymer matrix nanocomposite structures highlight their
preparation method and research developments. These studies provide an opportunity to
understand the reinforcement mechanism and predict the required properties for a
nanocomposite matrix based on the nanofiller types (e.g. graphene, CNT, h-BN, and Clay
nanoparticles ..etc.) [1, 87]. A most realistic description of nanocomposite structure has
been suggested by Alexandre and co-authors [88], which classifies the nanocomposite
polymers into three main types based on the natural properties of the components (i.e.,
fillers, solvent, and matrix) and the synthesis methods (see Figure 2. 12). By using the
silicate layers as a filler, the first type of composite polymer has the same properties of
traditional microcomposites (Figure 2. 12a), which is obtained when the matrix chains
cannot intercalate between the nanofiller sheets; thus, the phase separated composite is
induced. The intercalation is occurred between the matrix and fillers, as given in Figure 2.
12b, when the polymer chains intercalating with the silicate sheets and then arrange in a
multi-layer form with matrix chains. The nanocomposite polymer, as shown in Figure 2.
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12c, is obtained when the fillers are completely exfoliated and dispersed in the matrix,
leading to significantly improved nanocomposite performance [88].

Incorporation of various nanoadditives such as graphene sheets, silicate layers,
carbon nanotubes, nanofibers and silica nanoparticles into the polymer matrix have been
shown to improve notably the mechanical, thermal, and barrier characteristics of the
composite, along with clear enhancements in adhesion, rheological properties, and
processing behavior in that new product. [89].

Figure 2. 12 sketch show three types of composite polymer consisting of intercalation
of polymer chains with the nanofillers (silicate layers) (a) traditional phase separated
process (microcomposites) (b) the intercalated process of nanocomposite (c) the
exfoliated process of nanocomposite polymer, adapted from [88].
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2.3.2

Polymer Matrix Nanocomposite Applications

The discovery of polymer nanocomposites attracts considerable interest throughout all
sectors of industry and polymer science technology, owing to their unique mechanical,
electrical, and thermal properties [90]. Nowadays, polymer nanocomposites are commonly
used in almost all industrial fields with a wide range of applications, such as packaging,
environmental remediation, energy saving, radiation absorption, sensors manufacturing,
transportation resources, defense manufacturing, information devices, novel catalysts,
and cosmetic products, etc. [91] (see Figure 2. 13).

Figure 2. 13 Application fields of polymer matrix nanocomposite, adapted from [91].
Polymer nanocomposites are used in storage energy applications, such as lithium-ion
batteries (see Figure 2. 14), which enhance the battery cell performances via increasing
voltage, capacity, and lifetime expectancy, as well as having low toxicity and higher rates
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of performance [91-93]. Another usage of nanocomposites in the storage energy field is
electrochemical capacitors, which are characterized by high storage capacity and provide
high amounts of energy as well as prolongs lifetimes. This capacitor has attracted the
attention of scientists and recent studies for developing and scaling up for future use in
electric vehicles, aerospace applications (drones), and electronic devices [94].

Figure 2. 14 show the influence of nanofillers in nanocomposite polymer
electrolytes on the pathways system of lithium-ion conduction, which used to
develop of next-generation safe lithium-ion batteries, (a) nanoparticles, (b) random
nanowires (NWs), (c) aligned nanowires. The lithium-ion conduction of the NWsnanocomposites exibited higher performance and faster conduction system than
nanoparticles- nanocomposites, (d) The surface area of nanoparticles and NWs work
as an booster way for Li-ion conduction, adapted from [95].
One of the more promising applications is energy saving by using polymer
nanocomposites to reduce fossil fuel consumption and help to decrease environmental
pollution. Particularly, the lightweight feature of polymer nanocomposites has contributed
to reducing fuel consumption significantly via using it in manufacture various parts of
vehicles, airplanes, etc. Additionally, approximately 30-40% of primary energy utilized
by buildings go towards heating, cooling, ventilation, and lighting. Therefore, polymer
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nanocomposites can offer a high-efficiency insulation and environmental protection in
sustainable construction or green building application [91, 96]. Smart windows (solar
smart glass ) are an innovative strategy that are effective in controlling the exchange of
energy between the exterior and interior of buildings, through the use of windowpanes with
solar heat control properties [97, 98](see Figure 2. 15). The energy-saving applications
also lead to an improved economy by reducing the energy consumptions [99]. Polymer
nanocomposites can also be used for chemical pollution absorption, solid sorbents, and
filters of the separation systems [91, 100].

Figure 2. 15 shows using polymer nanocomposites (polymer/glass plate) in building
for saving energy. The luminescent materials in the nanocomposites work as a solar
concentrator and absorb the incident radiation or sunlight and reemit the absorbed light
at a longer wavelength, adapted from [101].
Polymer nanocomposites can also be used to protect materials and metals against
oxidation, corrosion, and wear. There has been a heightened interest in using polymeric
nanocomposites products for metallic corrosion protection via coating or painting [102].
Different organic paints using polymer nanocomposites, such as polyvinyl butyral, acrylic

28

polymers, water-based latex, vinyl, alkyd resins, epoxy resins and polyurethanes, strontium
chromate, are frequently used to curtail corrosion of mechanical substrates. It is well
known that paint can create a barrier closing the passage of water and oxygen, which
maximizes the resistance of the ion transfer at the metallic surface and thus restricts the
flow of electrons from the metal surface to the outside oxidizing environments or materials
[103, 104]. Polymer nanocomposites in paintings or coatings can thus lead to enhanced
barrier blocking properties and increase the lifetime of the organic paints [105].
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Chapter Three
3
3.1

Experimental Setup and Analytical Instruments

High Shear and Reinforced Polymer Setup

A schematic of the high shear setup is exhibited in Figure 3. 1, possessing a design similar
to the shear rotational rheometer (concentric cylinder) with the ability to generate high
shear stress. However, in the present study, the high shear events setup consists of two
coaxial cylinders, with a solid inner cylinder/spindle and a hollow outer cylinder as the
container. The outer cylinder is supported by and connected to a fixed torque gauge
(Ametek digital torque gauge). Our setup is designed to generate a high shear rate in the
small gap between the two concentric cylinders to effectively exfoliate high quality 2D
materials in the liquid phase. If a liquid polymer is used, then a reinforced polymer matrix
composite can be simultaneously obtained after the exfoliation process. Also, the chamber
is sealed by a special cover, designed to prevent the evaporation of solvent or loss of
material, while keeping under pressure. The setup has been calibrated for rheological
capability using N1000 standard oil purchased from SCP SCIENCE.

Here, graphite and/or BN is employed to produce a nanocomposite polymer by
exfoliating the bulk additive by rotating the inner cylinder at constant speed for 6 hrs. For
example, PMMA/acetone/graphite mixture is injected into the 6.5 mL gap between the
inner spindle and the container. The shearing chamber is maintained at 25°C by a water
chiller during the whole process. Also, the torque gauge is zeroed upon water circulation
to eliminate its effect on the torque reading, prior to operating the shearing process. By
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changing the PMMA/acetone concentration of the solution, the effects of viscosity on the
graphite peeling efficiency can be assessed, and the properties of the resulting reinforcedPMCs can be tuned.

Computer

Mixing Chamber

Motor

(a)

Temperature
sensor

RPM Laser
sensor
Chiller

Torque
sensor

(b)

Spindle

Water outlet

Outer cylinder
Or
Water inlet

Figure 3. 1 Schematic diagram of the experimental setup (a) high shear setup (b) Zoom in
of two concentric cylinders mixing chamber.

31

3.2

Electrospinning Fiber Setup

The electrospinning setup, as shown in Figure 3. 2, consists of three parts: (1) a 10 ml
syringe attached to a syringe pump to eject the polymer solution at a fixed flow rate via
spinneret needle with blunt flat tip [1.27 mm outer diameter(OD) 0.83 mm internal
diameter (ID)]; (2) a ground electrode of aluminum substrate utilized as a fiber mat polarity
collector; and (3) a high voltage power supply 12 kV (Glassman high voltage, Inc.)
establishing an electric field between the spinneret needle and electrode substrate
(separated by a gap of 15 cm).

Figure 3. 2 A typical schematic illustration electrospinning setup of fabrication of
graphene-reinforced fibers
In the following research, the graphene reinforced PMMA nanocomposite, produced
by our novel LPE method, is diluted by acetone to a PMMA/acetone concertation of 0.35
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g/ml at ambient temperature with adequate stirring for 3 hours, and then loaded into the
syringe that holds the polymeric solution mixture for electrospinning. The polymer
solution is ejected towards the fiber collector substrate at a constant and controllable flow
rate (0.04 mL/min) by the syringe pump. High voltage 12kV is applied to the needle at
room temperature 25±1 °C and 40 ±1% RH. This process leads to the formation of a
continuous individual solid fiber.

3.3

Characterization Techniques

Equipment used to characterize the reinforced polymer nanocomposite and its nanofillers
are summarized in Table 3. 1.

Table 3. 1 List of characterization techniques.

3.3.1

Technique

Equipment

Raman spectroscopy

Renishaw 1000, laser excitation 633 nm

Scanning electron microscopy

Zeiss Sigma 8100

Transmission electron microscopy
UV-Vis spectroscopy
X-ray diffraction
Scanning Helium Ion Microscopy
Nanoindentation
Dynamic Mechanical Analysis
(nanoDMA)

JEOL 2010F
Thermo evolution 300
PANalytical X-ray diffraction
Carl Zeiss ORION PLUS microscope
NanoTest Vantage-Micromaterials, UK
Hysitron, UTi-750, USA

Raman Spectroscopy

Raman (Figure 3. 3) is a spectroscopic technique and is commonly used to characterize the
molecular structure of the materials via vibrational, rotational, and translational modes.
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According to this technique, many carbon systems and other related materials (e.g.,
graphite, high and low sp3 amorphous carbon, metallic materials and semiconducting
single-walled nanotubes etc.) can be analyzed from the relation between the Raman
frequency shift vs. intensity ( see Figure 3. 4) [106, 107].

Herein, Raman spectra is measured by a Renishaw Raman microscope 1000 using a
633 nm He-Ne laser as excitation source. The laser spot size is between 1-2 µm, with light
collected by a 50X lens magnification. The Raman shifts cover the spectral range from
500-3200 cm-1 for graphene fillers with the polymer and from 1200-1420 cm-1 for h-BN
fillers. An average of 20 scans is used for spectral analysis for each sample. The sample
for Raman is prepared by casting and compressing small amounts of as-obtained polymer
matrix nanocomposites between two ITO coated glass slides to obtain a 1 mm flat thin
layer, and then letting it dry in s fume hood for 48 hours.

Figure 3. 3 Schematic diagram of Raman spectra equipment (Renishaw RM 1000) [108].
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Figure 3. 4 Raman spectroscopy analysis of different carbon systems (reproduced from
[109]).
3.3.2

UV-Vis Spectroscopy

The UV-visible absorption spectroscopy is performed by a thermo evolution 300 UV-Vis
spectrophotometer (Figure 3. 5). The UV-Vis samples are prepared from the same molded
specimens. Each sample’s diffuse reflectance is measured by using the Praying Diffuse
Reflectance Accessory. Pure PMMA is also analyzed as the control group. Each sample
is placed in the micro-sample cup and inserted into the accessory. Incident light, ranging
from 200 nm to 600 nm in wavelength, is aimed at the catalyst bed, and the percent
reflectance is recorded. By transforming the diffuse reflectance data into Kubelka-Munk
units (KMU), the samples’ patterns of absorbance can be obtained.
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Figure 3. 5 Image of UV-Visible spectroscopy.

3.3.3

In-situ Shear Rheology Test

Rheological behavior of the graphite exfoliation and formation of the polymer
nanocomposites during processing is assessed, as the interfacing of the liquid polymer
matrix and the suspension particles evolve. To understand the fundamental mechanisms
and optimize the fabrication process, it is important to know the rheological properties
and the structural transformation of composite material during processing, which may
experience heterophase viscoelastic behavior [110].

The torque involved during the exfoliation process of the graphite/PMMA is
measured by a torque gauge which is connected to the outer cylinder. All the results are
collected at a constant temperature of 25oC. Three steps are used to measure the torque.

1- Determine torque (shear stress) before graphite exfoliation by changing rotating
velocity (shear strain rate) (0-1000) RPM.
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2- Determine torque with time at constant speed 2500 RPM for 2hr during exfoliation
process.
3- Determine torque (shear stress) after graphite exfoliation (step2) by changing
rotating velocity (shear strain rate) (0-1000) RPM.
The shear rate and shear stress of the small gap between two concentric cylinders as shown
in Figure 3. 6, can be calculated by using the following equations [111, 112].

𝑺𝒉𝒆𝒂𝒓 𝒔𝒕𝒓𝒆𝒔𝒔

𝑺𝒉𝒆𝒂𝒓 𝒓𝒂𝒕𝒆

𝜏=

T
2Ri2 L

2 𝜔1 𝑅𝑜2 𝑅𝑖2
𝛾̇ = 2
𝑅 ( 𝑅𝑜2 − 𝑅𝑖2 )

(3.1)

(3.2)

For small gap approximation:
𝑅 ≅ 𝑅𝑜 ≅ 𝑅𝑖

𝑺𝒉𝒆𝒂𝒓 𝒓𝒂𝒕𝒆

𝛾̇ =

2  R  rpm
, , , , , , , , , , , , , ∆𝑅 = 𝑅𝑜 − 𝑅𝑖
R  60

Where: -

Ri = radius of the spindle, m

Ro= radius of the stationary cylinder, m

T= Torque, N.m

ω1 = Inner cylinder rotates (angular velocity)

(3.3)
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R=the radius at which shear rate is being measured ( 𝑅 =

Ro + Ri
)
2

ω1

Ri

Ro

ω2 = 0
Figure 3. 6 Schematic of Concentric cylinders demonstrating the rotating inner
cylinder and stationary outer cylinder with rotating directions.

3.3.4

Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM), Topcon JOEL 2010F (Figure 3. 7), is used at
200 keV with SAED to observe the morphology and crystal structure of the exfoliated
graphene and h-BN in the PMMA matrix structure. The TEM samples are prepared by
milling of molded of nanocomposites sample by using silica abrasive pads to obtain a fine
powder. The small amount of powder is suspended in isopropanol and ultrasonicated for
5 minutes to achieve high dispersion. Then, the drops of this suspension are placed on the
3mm ultrathin copper grid and are dried overnight to be ready for TEM testing.
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Figure 3. 7 Schematic diagram of Scanning Transmission Electron Microscope
(reproduced from [113]).

3.3.5

Scanning Electron Microscopy (SEM)

A Zeiss Sigma Field Emission (Figure 3. 8) scanning electron microscopy (SEM) is used
with an acceleration voltage of 5 kV, inlens or SE2, to assess the surface morphology and
dispersion of graphene in PMMA and to see the interactions of graphene particles with the
sample’s inner structure. The samples of SEM are prepared by fracture of the molded
specimens. Then, mounted vertically on the aluminum studs and coating by gold to
thickness 5 nm via using sputter coater. Those samples are placed under vacuum for 24 hrs
prior to observation.
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Figure 3. 8 Schematic diagram of scanning electron microscope (reproduced from
[114]).
3.3.6

Scanning Helium Ion Microscopy (HIM)

Helium ion microscopy, as shown in the Figure 3. 9, is conducted using a Carl Zeiss
ORION PLUS microscope to visualize the overlapping of graphene flakes within the
polymer matrix composite and to give the high-resolution images for exfoliated graphene
flakes. HIM samples are prepared by using the same PMMA/graphene powder that is used
with TEM test. The HIM sample is prepared by grinding the PMMA/graphene into fine
powder. Then, the small amount of powder is sonicated in isopropanol for 5 minutes to
achieve high dispersion. Finally, the drops of this suspension are placed on the 3mm
ultrathin copper grid and dried overnight to be ready for HIM test.
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Figure 3. 9 Schematic diagram of the scanning helium ion microscope (reproduced
from [115]).
3.3.7

Nanoindentation Test

Nanoindentation testing requires the use of a diamond tipped indenter whose properties are
well known. This tip is indented into a sample of unknown properties, with a set load,
which gives a certain maximum depth. By analyzing the relation between the depth and
load, the mechanical properties of the material can be calculated. Multiple indents can be
done to analyze the various properties that may occur over a large surface in the material.

For the nanoindentation observations of unreinforced PMMA as reference and
PMMA/graphene or h-BN nanocomposites, the processing materials are cast into
cylindrical pellets (thickness = 1.5 mm and diameter = 10 mm) by hot injection at 200 ºC
into a cylindrical mold. These circular films are polished by a NANO 2000T polisher with
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a polishing cloth disc to make sure that the specimen’s faces are flat. They are then affixed
onto aluminum stubs with a thin layer of glue. The nanoindentation experiment is
performed using a NanoTest Vantage (Micromaterials, UK) equipped with a Berkovich tip
(three-sided pyramidal diamond indenter) (see Figure 3. 10). Due to the sensitivity of the
mechanical properties (i.e., elastic modulus, hardness) to the tip geometry, the tip contact
area function is calibrated by using a standard fused quartz specimen before taking
measurements. The different indentation effective parameters, such as loading, unloading
rates, and holding time at maximum load, are determined with available literature data of
Oliver [116]. Herein, indentation tests are performed at a force control, ranging from 0.1
to 10 mN, as well as at a holding time and unloading time of 30 seconds. Results are then
picked from depths of 140 to 1350 nm. A matrix of eighty indentations are made at
different locations for each sample, and the average values of the nanomechanical
properties are carried out by using the Oliver–Pharr method [116]. The contact area A(hc )
for Berkovich type-nanoindenter tip, where hc is the contact depth, is defined in Equation
3.4 [116].

ℎ𝑐 = ℎ𝑚𝑎𝑥 − 𝜀

𝑃𝑚𝑎𝑥
𝑆

(3.4)

Reduced modulus (Er) is calculated as in equation 3.5.

𝐸𝑟 =

𝑆√𝜋
2𝛽√𝐴

(3.5)

Reduced modulus (Er) is related to Young's modulus for sample (Es) and the nanoindeter
tip (Es), and we can determine it as in the equation 3.6 [116].
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(1 − 𝜈𝑠2 ) (1 − 𝜈𝑖2 )
1
=
+
𝐸𝑟
𝐸𝑠
𝐸𝑖

(3.6)

The Indentation hardness measurements ( H ) are performed depending on the equation 3.7
[116].

𝐻=

(𝑃𝑚𝑎𝑥 )
𝐴(ℎ𝑐 )

(3.7)

where Pmax is the maximum load supply by indenter, hmax the maximum penetration
depth, S the elastic contact stiffness of the unloading curve, and ε the geometric constant
as ∼0.75. β is a constant that depends on the indentation probe geometry and the projected
contact area A. νs is the Poisson's ratio of the sample ∼ 0.35 for the PMMA. Ei and νi are
the Young's modulus and the Poisson's ratio of the Berkovich-nanoindenter tip most often
considered for diamond. Thus, the experimental values for the probe tip are Ei=1141 GPa
and νi=0.07.
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a

b

Figure 3. 10 (a) schematic of the indentation cross section on the surface (reproduced
from [116]); and nanoindentation Vantage test explain (b) the Berkovich tip in the
touching with a PMMA sample surface.
3.3.8

Viscoelastic Characterization - Dynamic Nanoindentation

Nanoindentation-dynamic mechanical analysis (nanoDMA) technique is utilized for
characterizing the viscoelastic properties of soft materials as a function of frequency. It
supplies an oscillatory load during an indentation on the material surface, and records the
phase shift for the total indentation displacement and load to calculate the materials’
dynamic properties [117]. The results of nanoDMA measurements, such as storage
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modulus (E′ ), loss modulus (E″), and the loss tangent (tan δ), are considered to be major
parts in identifying the viscoelastic behavior of soft materials. The storage modulus (E′) is
often related to the stiffness (k) and associated with Young’s modulus (E), which is also
relative to the energy stored of a viscoelastic material during a loading cycle. However,
the loss modulus is often related to internal friction and propensity to lose energy, which is
sensitive to various aspects such as structual morphology, relaxation of material structure,
molecular motions, and other structural properties [118, 119]. The loss tangent or damping
factor is indicated by the damping capabilities of a viscoelastic material. Moreover, higher
loss tangent means a higher damping coefficient (C), leading to higher performance for
viscoelastic materials, which corresponds to a more effective absorption and dispersal of
energy [120, 121]. The specific values for storage and loss modulus can be determined as
given in Equations (3.8),(3.9), and (3.10). These equations demonstrate that the damping
coefficient of materials can be defined as a ratio of the out-of-phase counterpart to the inphase stiffness for the storage modulus. Thus loss tangent is often represented as the ratio
of the loss modulus to the storage modulus (E″/E′) [122].

𝐸′ =

𝑘 √𝜋
2√𝐴

𝑡𝑎𝑛𝛿 =

𝐸 ′′ =

𝐶𝜔
𝑘

𝜔𝐶 √𝜋
2√𝐴

(3.8)

(3.9)

(3.10)

In this project, dynamic nanoindentation analysis is performed using the Hysitron,
nanoindentation, USA (Figure 3. 11) with analysis using the nanoDMA theoretical
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equations. Testing is done by applying a quasi-static load of 100 µN and an oscillatory or
dynamic load of 3 µN with a sampling frequency range of 10-160 Hz. One hundred
nanoDMA indentations are made at different points on the specimen's surface, and the
average values are picked for each sample. In this study, storage modulus, loss modulus,
and loss tangent of PMMA and its composites are tested at room temperature 25±1°C. The
samples for nanoDMA are prepared the same way as the nanoindentation test samples.

Figure 3. 11 Image of Hysitron, nanoindentation, used here for nanoDMA analysis.
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Chapter Four
4

Processing of Graphene Reinforced Polymer Matrix Nanocomposites by
In-situ Mechanical Shear Exfoliation of Graphite
4.1

Introduction

Polymer matrix composites have been used in various fields [81, 123, 124], especially as
key building/functional materials for diverse applications such as electrical/electronics
industry, biomedical engineering, household utensils, 3D printing, automobiles, and
aerospace (e.g., polymer-based composites form nearly half the weight of Boeing’s 787
Dreamliner airplane [125-127]). More recently, polymer matrix nanocomposites have
been successfully obtained by incorporating nanoscale additives, such as nanofibers,
nanoplates, and nanospheres, into the polymer matrix structure to enhance the overall
physical and chemical properties [2-5]. Among the various nanocomposites, carbonreinforced polymer matrix composites (C-PMCs) stand out, attracting significant research
interests. For example, carbon nanotubes (CNTs) and carbon nanofiber (CFs) have already
been used to reinforce polymers. Accompanied by the development in graphene research,
studies have found that graphene-reinforced polymers matrix composites (G-PMCs) can
lead to substantial improvement of the desired polymer’s performance [13].

Bulk cleavage of graphite through exfoliation, namely mechanical, thermal, and
electrochemical, can produce graphene with high quality, at large quantity and low cost
[37]. The mechanical method peels graphite flakes by overcoming the van der Waals
attraction between adjacent graphene layers. In general, both normal and shear forces are
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involved in the mechanical exfoliation of graphite into graphene, irrespective of whether
processing involves sonication, spinning, mixing, or ball-milling [37]. Sonication of
graphite in organic solvents yields graphene flakes with low defect content [128], but
acceptable graphene concentration is small, typically ~0.01 mg mL-1) [37]. Graphene
nanoflakes have also been produced in a high-shear rotor, using a solvent, surfactant, or
liquid-polymer dispersant [129, 130].

Many methods have been devised for processing G-PMCs, as discussed in recent
review articles [5, 127, 131]. However, the challenge of scaling the technology for general
industrial use has not yet been resolved. Even so, kilogram quantities of G-PMCs are being
produced and tested for a broad range of potential applications [2, 132]. Because of their
unique characteristics (i.e., high strength and stiffness, low density, excellent electrical and
thermal conductivity), G-PMCs are attractive candidates for commercialization. For
example, a recently developed integrated high-shear mixing/injection molding process is
versatile, scalable, and cost-effective [133, 134].

In this work, a process to fabricate G-PMC composites is described, wherein highpurity grapheite is shear-exfoliated into graphene flakes that are bonded directly to the
polymer matrix (without any external or handling contamination), thus yielding enhanced
mechanical properties. The setup involves high-shear only strain events between two
concentric cylinders where graphite is added to a liquid-phase polymer (PMMA/acetone).
Such mechanical exfoliation of graphite in a solvated polymer appears to be an effective
means to produce large quantities of G-PMCs at relatively low cost. Moreover, the
experimental setup is fundamentally conducive for investigating the mechanisms involved,
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including the effect of liquid polymer viscosity on the exfoliation efficiency, along with
the coupled effects of graphite/graphene loading on the rheological behavior (e.g.,
viscoelastic) of the solution during processing [135]. After drying, the structure and
morphology of the as-obtained G-PMCs are studied by transmission electron microscopy
(TEM), scanning electron microscopy (SEM), and helium ion microscopy (HIM). The
mechanical properties are characterized by nano-indentation.

4.2
4.2.1

Experimental Methods
Materials and Preparation

The poly(methyl methacrylate) (PMMA) powder and acetone use in this work are both
purchased from Fisher Scientific. Synthetic graphite powder with an average flakes size
of 8-20 µm (TC 301 High Purity) was supplied by Asbury Carbons Inc. NJ.
First, the graphite powder is dried in an oven at 150ºC for 8 hours, and the PMMA is
dried by a vacuum drier for 8 hours. The PMMA powder is loaded by 1wt% of graphite
powder; then dissolved in acetone forming the liquid phase PMMA solution for varying
PMMA/acetone concentrations, i.e., 0.4, 0.5, 0.6, and 0.7 g/ml, respectively. Finally, the
graphite/PMMA/acetone solution is sonicated for 60 minutes in a low power sonication
bath to achieve high dispersion of graphite in the polymer solution forming a homogenous
mixture, where all the PMMA powder is fully dissolved in the acetone.
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4.2.2

Exfoliation Process

A schematic showing the sequence of steps involved in the shear-exfoliation process is
presented in Figure 4. 1. Well-crystallized graphite particles (8-20µm) at 1wt% loading
are ultrasonically dispersed in a PMMA/acetone solution, and subjected to shear
exfoliation in a simple rotor (concentric cylinders) device. The inner shaft of the device
rotates at constant angular speed while the outer cylinder is held stationary. During
processing, a high-shear rate imparted to the graphite-added PMMA/acetone solution
serves to exfoliate efficiently and disperse the graphite particles, resulting in a uniform
distribution of graphene nanoflakes. The effect of liquid-solution viscosity on exfoliation
efficiency is investigated using different polymer/acetone solution concentrations (i.e., 0.4,
0.5, 0.6, and 0.7 g/ml), with fixed graphite loading (1wt%). Structure and morphology of
as-processed G-PMCs are examined by analytical-electron microscopy techniques.
Hardness is measured using Vickers and Nano-indentation techniques.

The shearing device, Figure 4. 1, consists of a solid inner shaft and a co-axial hollow
outer cylinder. The outer cylinder is connected to a sensitive digital torque gauge and fixed
with respect to the rotating inner cylinder. Such an arrangement generates a high-shear
rate within the small gap, corresponding to a volume of 6.5 mL, between shaft and cylinder,
thus facilitating graphite exfoliation into graphene. A cover plate is used to prevent acetone
evaporation, keep the solution under pressure, and prevent the solution from migrating out
of the gap. In a typical experiment, the shaft is rotated at 2500 rpm for 6 hours, with the
liquid phase maintained at 25ºC by active water cooling. Thus, the influence of changes
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in liquid-phase viscosity on graphite-exfoliation efficiency can be determined, while also
tailoring the mechanical properties of the resulting G-PMC.

Figure 4. 1 Schematic of the shear-exfoliation processing of graphite in the
PMMA/acetone solution.

After drying, the final solid G-PMC (in comparison with pure PMMA processed in
the same manner) is characterized by various techniques. Raman spectra is measured using
a Renishaw Raman microscope with 633nm HeNe laser.

UV-visible absorption

spectroscopy is performed using a Thermo Evolution 300 UV-Vis spectrophotometer, with
diffuse reflectance measured using the Praying Diffuse Reflectance Accessory.

By

transforming the diffuse reflectance data in Kubelka-Munk units (KMU), the pattern of
absorbance can be obtained. Nano-indentation is conducted on polished samples to
determine mechanical properties, using a NanoTest Vantage-micromaterials indenter
equipped with a Berkovich tip (three-sided pyramidal diamond indenter).

The morphologies of graphene-reinforced PMMA composites are investigated by
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and
helium ion microscopy (HIM). Scanning electron microscopy (A Zeiss Sigma) is used
with an acceleration voltage of 5 kV and in-lens to reveal the surface morphology,
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dispersion, and interaction of graphene flakes within the PMMA matrix. JOEL 2010F
Transmission electron microscopy is used at 200 kV with selected area electron diffraction
(SAED) to observe the morphology and crystal structure of the G-PMCs, giving a detailed
analysis of the exfoliated graphene flakes. Scanning helium ion microscopy, which does
not induce charging in the carbon nanostructures, is conducted using a Carl Zeiss ORION
PLUS microscope to reveal the overlapping of graphene flakes within the PMC and
produce high resolution images for exfoliated graphene flakes.

4.3
4.3.1

Results and Discussion
Characterization of Graphite

An SEM image and Raman spectra of as-received graphite powder are shown in Figure 4.
2 (a) and (b), respectively. Graphite particle size is 8-20 μm, and surface area is ∼6.0 m²/g.
Raman G and 2D peaks are located at 1573 and 2701 cm−1, respectively, along with a small
D peak at 1352 cm-1. The I2D/IG ratio of 0.4 corresponds to graphite [136]. The D peak
indicates the defect level and degree of G disorder in the powder particles. The edges of
graphite particles are observed during Raman analysis as defects because the laser spot
includes them. The D peak, therefore, appears even when the graphite particles are perfect
and free of defects [136].
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(b)

Figure 4. 2 Graphite characterization. (a) SEM image, (b) Raman spectra.

4.3.2

Characterization of Exfoliated Graphene Reinforced PMMA
Nanocomposites

4.3.2.1 Raman Spectroscopy

The Raman spectra of G-PMMA samples produced by exfoliating graphite particles at high
shear in varying concentrations of PMMA/acetone solution are shown in Figure 4. 3. The
plot elucidates the effects of solution viscosity (based on polymer-acetone concentration)
on the mechanical cleavage of graphite into graphene. Typically, the I2D/IG intensity ratios,
along with the G and 2D peak positions, have been used to evaluate the number of graphene
layers [137].
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Figure 4. 3 Raman spectrum (green) Raman spectra of G-PMC at concentration 0.4
g/ml is multilayer graphene, (pink) Raman spectra of G-PMC at concentration 0.5 g/ml
is few-layers graphene, (blue) Raman spectra of G-PMC at concentration 0.6 g/ml fewlayers, (red) Raman spectra of G-PMC at concentration 0.7 g/ml is bilayer graphene.

Figure 4. 4 I2D/IG for samples with different concentrations of polymer/acetone
(viscosity).
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The I2D/IG ratio increases notably with increasing polymer/acetone concentration,
which corresponds to higher solution viscosity and thus higher shearing, as shown in Figure
4. 4. The ratio reaches 0.92 at a polymer/solvent concentration of 0.7 g/ml, which
correlates to bilayer graphene flakes [138]. Figure 4. 3 shows that the positions of G and
2D bands are red-shifted slightly with increasing polymer/solvent concentrations to be
1579, 1581, 1582, 1584 for G band and 1673, 1674, 1672, and 1671 for 2D band at 0.4g/ml,
0.5g/ml, 0.6g/ml, and 0.7g/ml polymer/solvent concentrations, respectively. As seen, the
G and 2D peak positions are maximally shifted (i.e., 11 cm−1 and ∼ 30 cm−1, respectively)
at the polymer/solvent concentration of 0.7 g/ml, as compared to those of bulk graphite, as
presented in Figure 4. 2 b. The D and D' bands are associated with defects and disordered
structures of graphene [139]. Here, the D, D' intensity, and ID/IG ratio increase noticeably
with decreasing polymer/solvent concentration (corresponding to lower solution viscosity).
This Raman result could then be attributed to the edge/basal defects [137], along with
average distance between those defects LD [140]. The result also implies smaller particle
size of the graphene flakes.

Figure 4. 3 shows that the PMMA peak intensities decrease with increasing
polymer/acetone concentration, corresponding to the graphene achieving higher
exfoliation and dispersion in the polymer matrix. As a result, the Raman graphene bands
(G, D, and 2D) become more easily observed with better graphene dispersion in the PMC.
4.3.2.2 Solid Phase UV-Visible Analysis of π to π* Transition

To analyze the solid-phase UV-Visible Spectra of the graphene/graphite in the PMMA
matrix, 0.022 mL μ-samples are loaded into an Evolution 300 UV-Vis spectrometer
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(ThermoFisher) equipped with a Praying Mantis Diffuse Reflectance Accessory (Harrick
Scientific). The absolute diffuse reflectance (R∞) is measured, with a Spectralon® disk as
a reference. The absolute reflectance measured across the range of 200 nm to 600 nm is
converted to Kubelka-Munk units,𝐹(𝑅∞ ) = 𝐾𝑀𝑈 =

(1−𝑅∞ )2
2𝑅∞

, which is analogous to

absorbance for diffusely reflected samples.

Figure 4. 5 Kubelka-Munk units of solid-phase UV-Visible Spectroscopy of pure
PMMA (black), and graphene/graphite in PMMA samples: 0.4 g/ml (green), 0.5 g/ml
(pink), 0.6 g/ml (blue), and 0.7 g/ml (red).
As shown in the Figure 4. 5, pure PMMA, along with the other graphite-loaded
samples which also contain PMMA, display an absorbance peak at approximately 220 nm.
This peak corresponds to the energy difference between the HOMO and LUMO of PMMA,
i.e., 5.6 eV [141]. The graphite containing samples also exhibit signals with maxima
varying from 282 nm to 296 nm, which may be attributed to the π-π* transitions in the
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carbon-carbon double bonds [142]. The redshift in the peak position has been previously
reported to correspond to the region of the aromatic system [143]. As the grams of PMMA
per ml of acetone concentration increases, a shift in the peak can be seen, as the 0.4 g/ml,
0.5 g/ml, 0.6 g/ml, and 0.7 g/ml samples have peak maxima at 282 nm, 287 nm, 290 nm,
and 298 nm respectively. In additional to the redshift, the intensity of the peaks also grow.
Both the increases in intensities and redshift of the peaks indicate the production of
graphene from graphite, resulting in increase of the surface area of the aromatic system by
shearing 3-D graphite into 2-D graphene. To determine better the amount of graphene
produced, liquid phase UV-visible spectroscopy is conducted.

4.3.2.3 Graphene Quantification via Liquid Phase UV-Visible Spectroscopy

The amount of graphene produced from shearing graphite in the samples can be determined
by analyzing the liquid-phase UV-Visible spectra of the graphene/graphite-PMMA
composite suspended in acetone. For the suspensions, 0.014 g of each sample is suspended
in 3.2 ml of acetone and sonicated for 10 minutes in order to produce 5 solutions, each with
0.003 g/ml of sample to acetone. The UV-Visible spectra %transmittance for each sample
is measured across the range of 600 nm to 750 nm using an Evolution 300 UV-Vis
Spectrometer (ThermoFisher).

The percent absorbance, %AGraphene, of each sample at 660 nm is used to determine
the concentration of graphene in the sample. Since the graphene in each sample is produced
via exfoliation of graphite in a PMMA mixture, it is pertinent to account for the absorbance
of the graphite/PMMA sample that experiences no exfoliation from each of the exfoliated
samples. Accordingly, the background from the graphite and PMMA is subtracted, leaving
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only the absorbance from graphene, i.e., %A

Graphene

= [%A

Sample

- %A

No Exfoliation]

[128,

143, 144].

The concentrations of graphene dispersions are determined using the Beer-Lambert
law (A = αCl ), where l is a path length, C the concentration, and α the absorbance
coefficient of graphene, which is taken to be α= 6600 ml g-1 m-1, as used in Coleman’s
work [128]. As seen in the Figure 4. 6 and Table 4. 1, higher concentration of polymer to
acetone corresponds to higher viscosity, producing more exfoliated graphene.

Figure 4. 6 Effect of polymer/acetone concentration ratio (viscosity) on the graphene
quantification.
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Table 4. 1 Graphene concentration, graphite conversion, and the total mass of graphene in
the synthesized sample.
Sample

Graphene in
Exfoliated
sample (mg)

No Exfoliation
0.4 (g/ml)
0.5 (g/ml)
0.6 (g/ml)
0.7 (g/ml)

0.00
0.45
1.66
10.93
36.21

Graphene
concentration in
Exfoliation sample
(mg/ml)
0.000
0.005
0.022
0.140
0.225

% Graphite
Conversion

0.0%
1%
3%
22%
72%

The mass of graphene in the measured sample was calculated by multiplying the
concentration of graphene obtained from the Beer-Lambert law by the volume of acetone
used in the suspension.

The mg of graphite in the measured sample was calculated by taking 1% of the mass
of sample (graphite was 1% of each sample prior to exfoliation).

Graphite conversion is measured as in the next relation
𝑚𝑔𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒 − ∆𝑚𝑔𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒
𝑚𝑔𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒 − (𝑚𝑔𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒 − 𝑚𝑔𝐺𝑟𝑎𝑝ℎ𝑒𝑛𝑒 )
=
𝑚𝑔𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒
𝑚𝑔𝐺𝑟𝑎𝑝ℎ𝑖𝑡𝑒

Mass of graphene in the final synthesized sample was calculated by multiplying the
conversion by the starting amount of graphite (50 mg). Percent of graphene in the final
sample was calculated by dividing the mass of graphene in the final sample by the mass of
the starting sample (5000 mg).
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4.3.2.4 Nano-indentation Measurement

To obtain the mechanical properties, neat PMMA and graphene-reinforced-PMMA
samples are tested by nanoindentation. The indentation tests are performed with a fixed
maximum force of 5 mN, holding time of 30 s, and loading and unloading time of 30 s.
The tip during the unloading period is held at 10% of the maximum load for 60 seconds
for thermal drift correction. Eighty indentations are made at different points for each
sample, and the average values of the nanomechanical properties are calculated by using
the Oliver–Pharr method [116].

Figure 4. 7 shows load-penetration depth curves of neat PMMA, with and without
processing in our shearing device, and graphene-reinforced PMMA processed by
exfoliating graphite in different polymer/acetone concentrations (i.e., 0.4, 0.5, 0.6, and 0.7
g/ml). The overall behaviors of the samples are typical of soft materials with little elastic
recovery compared to plastic deformation of the surface under the indenter [145].
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Figure 4. 7 Load–penetration depth curves of exfoliated graphite reinforced PMMA
nanocomposites.
Table 4. 2 Summary of mechanical properties of exfoliated graphite reinforced PMMA
nanocomposites.
Sample

E (GPa)
3.96+/-0.052

Hardness
(GPa)
0.206+/-0.005

Max. Depth
(nm)
1173.05+/-12.33

Contact Depth
(nm)
1043.66+/-12.96

PMMA
PMMA
Processing
0.4 g/ml

4.595+/-0.051

0.226+/-0.0041

1140.64+/-09.97

1010.60+/-10.20

4.678+/-0.120

0.235+/-0.0054

1118.79+/-12.56

987.07+/-12.05

0.5 g/ml

4.897+/-0.106

0.241+/-0.0066

1098.16+/-13.61

970.50+/-13.80

0.6 g/ml

5.034+/-0.083

0.251+/-0.0078

1077.40+/-15.54

950.92+/-16.04

0.7 g/ml

5.193+/-0.086

0.265+/-0.0088

1035.86+/-14.66

910.04+/-15.65

The hardness, H, and elastic modulus, E, for each sample are analyzed using the
Oliver–Pharr method [116]; and the results are listed in Table 4. 2. The properties of the
exfoliated-graphene-reinforced

PMMA

increase

markedly

with

PMMA/acetone
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concentration during shearing. The values of neat PMMA processed under the same
conditions but with no graphite loading are also given. Increases of E and H are 31% and
28.6%, respectively, under processing at the high-viscosity PMMA/acetone concentration
of 0.7 g/ml. Neat PMMA processed at 200°C, but without graphite loading, has increases
of 13% and 17.2% of E and H, respectively. The maximum penetration depths (Table 4.
2) are observed to decrease with increasing polymer/acetone concentration.

The large surface area of graphene nanoparticles could be the reason behind the
improved E and H because of the increased interaction between the nanoparticles and the
polymer matrix chains [146, 147]. In amorphous polymers, plastic deformation can result
from nucleation and diffusion of shear bands. In unreinforced polymers, the shear bands
diffuse without constraint, with no barriers to their movement. On the other hand, in
reinforced polymer nanocomposites, the graphene can serve as obstacles to the motion of
shear bands, causing the enhancements in hardness and elastic modulus [148].
Furthermore, wrinkled graphene sheets, as shown in Figure 4. 14 (a-b) and Figure 4. 15 (cd), have regions that possess a nanoscale surface roughness of 0.4–0.5 nm. These regions
may work as preferential nucleation sites for polymer growth of crystalline phases or shortrange order [149]. Thus, the nanoscale surface roughness of wrinkled graphene sheets can
increase adhesion and mechanical interlocking of graphene with the polymer chains [150],
which can enhance the overall mechanical properties.
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4.3.2.5 Nanoindentation Mapping and Thermal Effect on The Mechanical
Properties

Nanoindentation tests are performed to evaluate the local near-surface mechanical
properties of the graphene-reinforced polymer matrix composites. Reduced modulus and
hardness surface mappings are conducted using a pendulum-based nanoindentation
platform system (Nanotest Vantage indenter, UK) with a Berkovich tip (three-sided
pyramidal diamond indenter). Due to the sensitivity of the mechanical properties to the tip
geometry, the tip contact area function is calibrated by using a standard fused quartz
specimen before measurement. The surface mechanical property behavior is determined
by a nanoindentation grid (8x15) indent array with ± 20 μm pitch mapping distribution on
the top of the polished surface for G-PMMA, processed neat PMMA, and unprocessed neat
PMMA. The spacing between individual indents is set in such a way as to illustrate the
effect of graphene dispersion and processing method on mechanical behavior. The test
settings for each sample are: 5 mN maximum indentation load with 30s holding time,
loading and unloading time of 30 s, and holding the tip during unloading period at 10% of
the maximum load for 60s for thermal drift correction. The Oliver and Pharr method is
used as a standard procedure to determine the hardness and elasticity from the
nanoindentation data [116]. The data are shown in Figure 4. 8 and Figure 4. 9. All of the
measurements are collected under controlled environment with temperature and humidity
at 25 ± 1 °C and 40 ± 1% RH, respectively.
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To uncover the effects of graphene and experimental processing on the mechanical
behavior near the surface of graphene-reinforced PMMA, a series of indentation tests are
carried out under a constant load. The results are presented in Figure 4. 8 and Figure 4. 9.

Relative to the polymer matrix, the graphene flakes themselves have larger reduced
modulus and hardness. The variation in local mechanical properties along the surface of
the specimens, as the nanoindenters encounters graphene flakes versus polymer matrix is
evident. Figure 4. 8 and Figure 4. 9 show the hardness and reduced modulus increase by
nearly 9.7% and 16%, respectively, when neat PMMA is simply processed at hightemperature (200°C) injection. The mechanical properties may be enhanced because of
polymer crystallinity [151] and/or thermo-residual stresses during the molding process,
which is strongly related to the thermal manufacturing process of the glassy polymers
[152], but the x-ray diffraction test of Figure 4. 10 demonstrates that, the PMMA and GPMMA are amorphous under all the conditions (heat injection and unheated).
Additionally, during thermal treatment ,which is associated with the manufacturing
process, mechanical properties may be enhanced from stabilization of C–H bonds and
methyl groups, crosslinking between the unadulterated graphene flakes with dangling
bonds and surrounding polymer, modification of polymer chain structure in the matrix, and
modifications in the side group of the polymer [153]. The mechanical properties of
processed PMMA (under heat injection) vary from 5.23 GPa to 5.44 GPa in reduced
modulus and from 0.23 GPa to 0.249 GPa in hardness. However, processed G-PMMA
(under heat injection) vary from 5.5 GPa to 6.1 GPa in reduced modulus and from 0.24
GPa to 0.31 GPa in hardness. In future work, it is worth etching the samples with acetone
while spinning to remove the effects of polishing, and then doing a nanoscratch test. The
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Fourier-transform-filtered plot of the amplitude versus time should give an assessment of
the graphene number concentration which can be compared to the UV-Vis-based
concentration measurements.

While PMMA is amorphous (see Figure 4. 10), the mechanical properties of the
polymer composites can correlate strongly with polymer morphology and fillers, especially
if these fillers, such as graphene flakes, induce crystallization in the polymer matrix [151].
Also, the disparity in thermal expansion coefficient between the polymer matrix and
graphene flakes can result in thermo-residual stresses from the manufacturing process,
leading to mismatch deformation between the graphene flakes and the polymer matrix
[154]. The degree of alignment of molecular chains are essential for enhancing the
properties of polymeric materials. Polymer molecules are usually randomly twisted; and
during the manufacturing process, they line up parallel to the flow direction. The polymer
can achieve higher mechanical properties if the molecules become aligned parallel to the
applied load.[155]. A polymer is usually very hard when its molecular chains are oriented
parallel to or along the molecular backbone structure. However if the orientation of the
molecules chains are randomly oriented, the inter-chain bonds become very weak; and the
polymers display lower mechanical properties as in amorphous polymers, [156, 157]. All
of these effects can contribute to the augmentation of mechanical properties.
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Figure 4. 8 Local hardness maps of G-PMMA and processed neat PMMA (both
processed at 0.7 g/ml polymer concentration and then heat injected into mold at 200°C)
and unprocessed neat PMMA. Test conditions: ± 20 μm displacement amplitude for
each indentation step, 5 mN normal load.

Figure 4. 9 Local reduced modulus of G-PMMA and processed PMMA (both
processed at 0.7 g/ml polymer concentration and then heat injected into mold at 200ºC)
and unprocessed neat PMMA. Test conditions: ± 20 μm displacement amplitude for
each indentation step, 5 mN normal load.
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4.3.2.6 X-ray Diffraction Test

The X-ray curves, as presented in Figure 4. 10, show that samples of a pure PMMA and
G-PMMA nanocomposite that have been heat injected (extruded) or just unheated and
untreated have an amorphous nature that decreases when diffraction angle (2θ) increase.
The curves of pure PMMA and G-PMMA nanocomposites show the wide peaks at
diffraction angle 13.1°. These wide peaks indicate the polymer’s amorphous nature, which
appearing at that diffraction angle (13.1°) also corresponds to the diffraction pattern of
[111]. The wide diffraction peaks in the X-ray spectrum curves suggest that the possibility
of the existence of crystallites is rare. Thus, amorphousness seems to be the dominant
nature, which is recognizable from the absence of any prominent peaks or high-intensity
narrow peaks of all the PMMA samples even at 200 °C injection (extrusion) temperature.
However, there exists the possibility that graphene flakes can heterogeneously crystalize
the polymer under certain annealing conditions to produce a nanocrystalline structure,
which will be explored in future work.
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Figure 4. 10 The XRD pattern for PMMA and G-PMMA nanocomposite at heat
injection and unheated; show large peak at 2θ is 13.1 indicates its amorphous nature of
PMMA.
4.3.2.7 In-Situ Rheology Test

The rheology aspects of the exfoliation process are investigated.

Specifically, four

different concentrations of PMMA/acetone (0.4, 0.5, 0.6, and 0.7) g/ml with 1% wt.
graphene/graphite are examined for their shear stress versus shear strain rate
characteristics, as given in Figure 4. 11, along with their torque versus time response, as
shown in Figure 4. 12. Figure 4. 11 reveals that the PMMA/acetone with graphene/graphite
slurry exhibits a more pronounced non-Newtonian behavior at higher PMMA/acetone
concentrations, e.g., 0.7 g/ml (shear thinning behavior), when compared with that at lower
concentrations, i.e., 0.4, 0.5 and 0.6 g/ml. Shear thinning is a common behavior in some
composites reinforced with nanofillers such as nanofibers, nanoclays, and silica [3].
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Figure 4. 11 Shear stress vs. shear rate, before and after 6 hours of exfoliation or
processing.

Figure 4. 12 Torque vs. Time behavior during exfoliation for 2hrs at constant speed
2500 RPM. Data was taken in 10min intervals, so resolution for 0.7 g/ml case will
need to be investigated at increased time resolution to account better for oscillating
behavior.

69

Figure 4. 11 divulges that the increase in shear stress with shear rate is significant at
0.7 g/ml, as compared to that at other polymer/solvent concentrations. Moreover, the
difference in shear stress for a given shear rate is quite noticeable before and after
exfoliation, at the high polymer/solvent concentrations. The interaction of the nanofiller
with the polymer matrix leads to increase in the shear viscosity, which becomes even more
significant when starting with a higher viscosity polymer solution [3]. In concordance, as
the number density of graphene nanoparticles increases during the exfoliation process of
graphite, the shear stress and viscosity of the polymer matrix nanocomposite increases, as
a result of the growing number of polymer/graphene interfaces [158]. Notably, the increase
in shear stress with shear rate is modest at lower polymer/solvent concentrations (low
viscosity). Gallege et al. [159] found that graphene sheets did not cause a significant
increase in the viscosity of the system compared to other nanofillers, such as MWCNT.

Figure 4. 12 shows that the torque needed to maintain a constant rotation rate at 2500
RPM increases with polymer/solution concentration. At the 0.7 g/ml polymer/solvent
concentration, the oscillations or fluctuations in the torque manifest after 30 minutes of
processing time, likely because of the growing number density of graphene nanoflakes
from exfoliation of graphite in the polymer matrix. Einstein’s theory [160] states that for
a fixed volume fraction of spherical particles, the effective viscosity should remain the
same for low loading in the dilute limit. However, in our case, as the graphite particles are
sheared into fewer and fewer layers down to monolayer graphene, the aspect ratio changes
significantly, affecting the effective viscosity. The oscillatory torque is likely due to
viscoelastic behavior of the composite system. Note that the data were taken in Fig. 4.12
is only at 10 min intervals, and higher time resolution is needed in future work to
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characterize better the phenomenon. With increasing graphene number density in the
polymer solution, the fluid becomes more non-Newtonian, with signification interaction
between the nanofiller and the polymer solution [161, 162]. Although the effective
viscosity versus shear rate reveals shear thinning for all cases, the effective viscosity is near
the practical processing limit for the 0.7mg/ml PMMA/acetone case, for the temperature
condition investigated. Additionally, the composite system exhibits solid-like behavior
and may have a 3D network structure at a uniform dispersion and low filler loading [163,
164].

4.3.2.8 SEM, TEM, and HIM Analysis

Of our cases tested, the best mechanical properties and performance are observed for the
samples processed with higher polymer/solvent concentrations, namely 0.7 g/ml. Again,
higher concentrations result in unstable torque needed to maintain a constant rotation rate
(at 2500 RPM), and will be examined in future studies. Nonetheless, SEM, TEM, and HIM
are conducted on the corresponding G-PMCs.

The SEM images of Figure 4. 13(a-b) show the morphology of graphene-reinforced
PMMA nanocomposites. The surface of a fractured sample reveals good interfacing and
adhesion of graphene with the polymer matrix. Separation and interfacing of graphene
sheets with the polymer matrix are visible on the composite fracture surface as shown in
Figure 4. 13a (indicated in the circle). Figure 4. 13b displays the excellent interfacing and
adherence of the graphene flakes with the polymer. Also, Figure 4. 13b shows a bundle of
polymer chains sticking out on top of a graphene-flake surface. Although the bundle looks
like fibers (as indicated by the arrow after the break of G-PMMA sample for SEM test),
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they are actually textured (likely aligned) PMMA that has broken off.

The higher

magnification images of Figure 4. 13(c-d) clearly show the interfacing of exfoliated
graphene flakes with the polymer matrix (indicated by the arrows). Also, as in Figure 4.
13(e-f), the SEM images reveal a uniform dispersion of graphene in the polymer matrix,
without any agglomeration of graphite on the fractured surface.

TEM investigations further evince the morphology of graphene sheets and the
interfacing of graphene with the polymer matrix. Figure 4. 14(a-b) shows typical lowmagnification TEM images of few-layer graphene flakes (n ≤ 4) stacked together in
wrinkled and folded shapes. For example, in Figure 4. 14a, the scrolled bottom and top
edges of graphene are observed, with a strongly folded region in the middle. SAED
patterns (insets of Figure 4. 14(a-b)) confirm typical diffraction rings for graphene. Figure
4. 14c displays a folded graphene sheet covered by very thin layer of amorphous polymer
matrix. In Figure 4. 14d, high-resolution TEM image (HRTEM) of a graphene flake near
its edge, corresponding to the circular region in Figure 4. 14c, shows 2 to 4 layers as
indicated by the arrow [165]. The SAED pattern (inset of Figure 4. 14c) exhibits the typical
diffraction rings of graphene. Interestingly, in Figure 4. 14e, a monolayer of graphene
flake is found and indicated by the arrow. The SAED pattern (inset of Figure 4. 14c)
exhibits typical reflection rings of monolayer graphene [37], with d-spacings of 0.345 nm,
0.207 nm, and 0.122 nm. Figure 4. 14f presents the HRTEM imaging of the circled region
of Figure 4. 14c, which clearly divulges the featured honeycomb structure.

HIM imaging analysis further determines the morphology and interfacing of
graphene with the polymer matrix. The morphology of the graphene reinforced polymer
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is presented in Figure 4. 15a, which shows graphene flakes embedded within the PMMA
polymer matrix. Figure 4. 15b shows the high magnification image of the circled region
depicted in Figure 4. 15a, clearly indicating the folded layers of graphene sheet.
Furthermore, Figure 4. 15c and Figure 4. 15d show wrinkled graphene flakes adhered to
and folded with amorphous PMMA, as indicated by the arrow.
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Figure 4. 13 SEM micrographs of G-PMMA prepared at 0.7 g/ml (a,b) surface
morphology, (c,d) higher magnification shows the interfacing of graphene flakes with
PMMA matrix, (e,f) uniform dispersion of graphene in the polymer matrix.
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Figure 4. 14 TEM images (a, b) Multilayers graphene and SAED pattern, (c, d) few
layers’ graphene covered by PMMA and SAED pattern, (e) single-layer graphene flake
and SAED pattern, (f) atomic resolution high magnification hexagonal honeycomb
lattice.
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Figure 4. 15 HIM images of exfoliated graphite reinforced PMMA nanocomposites
prepared at 0.7 g/ml (a) surface morphology, scale bar = 1 µm (b) High magnification
image of graphene layers, scale bar = 100 nm (c,d) wrinkling graphene flakes
adhesion with amorphous PMMA, scale bar = 100 nm.
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4.4

Effect of Time on The Exfoliation of Graphene and Reinforced Polymer
Nanocomposites.

The influence of processing time on the shearing of graphite into graphene flakes in the
liquid-phase PMMA/acetone solution is investigated and characterized via Raman
spectroscopy. The processing time for exfoliation into graphene between two concentric
cylinders are studied at 2, 6, and 12 hours, while keeping the other conditions constant (i.e.,
2500 RPM, 0.7 g/ml, and 25°C). The Raman spectra, as shown in Figure 4. 16 clearly
illustrated the influence of time on the number of graphene layers for the exfoliated flakes.
After 12 hours of shearing, the I2D/IG ratio of the flakes exhibits gradual increasing up to
1.22, which is considered to be bilayer and monolayer graphene. The Raman shift position
of the 2D peak corroborates the I2D/IG results where the peak moves from 2701cm−1 of
graphite to 2665 cm-1 of graphene.

Figure 4. 16 Raman spectra of G-PMMA composites (red) Raman spectra at 12 hrs
shearing (blue) Raman spectra at 6hrs shearing, (yellow) Raman spectra at 2hrs
shearing, and (black) Raman spectra of graphite.
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4.5

Summary

An effective method is needed to fabricate the next generation of high-performance
graphene-reinforced polymer matrix composites (G-PMCs). In this work, a versatile and
fundamental process is described to produce high-quality G-PMMA composites via in-situ
shear exfoliation of well-crystallized graphite particles in highly-viscous liquid
PMMA/acetone solutions between two concentric cylinders (one of them rotating). After
drying, observations by SEM, TEM, and HIM show uniform distributions of well-bonded
graphene nanoflakes in a PMMA matrix (without external/handling contamination), which
enhances stiffness and strength via a load-transfer mechanism. So far, best properties, such
as elastic modulus (5.193 G Pa) and hardness (0.265 GPa), are achieved at 0.7 g/ml of
acetone/PMMA concentration (the upper bound tested) during processing for 1%wt
starting graphite loading. Characterization of structure, morphology, and properties of this
new class of nanostructured composites reveal interesting trends. The nanoindentation test
evaluates the near-surface mechanical properties of the individual components (graphene
flakes and polymer matrix) for the reinforced nanocomposites. The results show noticeable
improvement in the mechanical properties of G-PMMA in modulus (31%) and hardness
(28.6%). Nonetheless, it is worth noting that the mechanical properties increased in heattreated and extruded neat PMMA by approximately 16% and 9.7% in modulus and
hardness, respectively, likely because of alignment of the polymer chains, with respect to
unprocessed neat PMMA.

Also, the duration of exfoliation influences on the final

graphene flakes is evaluated, demonstrating enhancing in I2D/IG ratio gradually up to 1.22
(1- and 2-layer graphene) for 12 hours shearing.
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Chapter Five
5

Fabrication, Structural and Mechanical Characterization of Graphene
and h-BN Nanoflakes Reinforced Poly (methyl methacrylate)
Nanocomposites
5.1

Introduction

Polymer nanocomposites (PNCs) are a combination of strong reinforcing phases and
nanofillers (e.g., three-dimensional nanospheres, two-dimensional nanoplatelets, and onedimensional nanofibers) bound together by a polymer or copolymer matrix [166, 167].
Nanofillers enhance the mechanical and functional performance of matrices providing
tailorable properties unavailable in polymer matrices or filler materials alone, such as high
strength and stiffness, and improved electrical and thermal conductivities [168], The
nanocomposites’ performance is directly related to the uniform dispersion of the nanofillers
in the polymer matrices, and several methods have been proposed in order to identify and
employ optimal conditions leading to high yield PNC processing. In-situ polymerization
and high shear can accommodate a large range of nanofiller concentrations to reinforce
different polymer matrices while providing superb filler dispersion and exceptional
nanocomposite material properties [10, 14].

Two-dimensional (2-D) layered nanofillers, such as graphene, h-BN, and
molybdenum disulfide (MoS2) nanoplates, are very effective in enriching material matrices
with many unique properties useful for a wide range of nanotechnology applications, such
as nanocomposite materials, nanoelectromechanical systems, and sensing [9]. Literature
reported values of the mechanical properties of high-quality monolayer graphene include
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1.0 TPa for Young's modulus of and 130 GPa for fracture strength of [139], while the
corresponding values for h-BN are 0.865 TPa and 70.5 GPa [9], respectively. These
nanofillers could improve the performances of a polymer’s matrix, due to the nano-size
effect, the large specific surface area, and the reliable interfaces between the polymer
chains and the nanofiller. Graphene or h-BN-based nanofillers may also affect the
viscoelastic behavior of a polymeric nanocomposite matrix and necessitate viscoelastic
response studies of the investigated PNC.

Viscoelasticity is examined using standard dynamic nanoindentation (nanoDMA),
during which a controlled sinusoidal load (stress) is applied to the specimen and the
resulting sinusoidal displacement (strain) is measured. The depth indentation mechanism
of this technique is modeled based on the linear elasticity mechanism of Sneddon [169].
This unique technique is considered the most effective method for the study of viscoelastic
behaviors of various classes of polymers and nanocomposites. Under cyclic loading,
nanoDMA can illustrate the time-dependent deformation recovery within a loading cycle.
The viscoelastic behavior plays a critical role in assessing quality control and predicting
the lifetime of materials [170, 171], so it is crucial to test this behavior reliably. For
example, polymer coatings, like those found on solar panels and medical devices, need to
be studied by DMA nanoindentation to understand the transition between viscous and
elastic properties. The behavior of polymers is greatly affected by time and temperature,
which can alter the long-term functionality of a device. The results acquired here will be
used to understand the life cycle of the polymer coating better.
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In this study, a series of graphene-PMMA and h-BN-PMMA nanocomposites are
prepared by in-situ high shear and polymerization with a nanofiller content of 1 wt.%.
During the high-shear mixing process, the outer layers of nanofiller are detached from their
bodies as a result of the shear force generated during the exfoliation process. The structure
and mechanical properties (i.e., elastic modulus, hardness, storage modulus, loss modulus,
and loss tangent) of graphene-PMMA and h-BN-PMMA nanocomposites are
experimentally evaluated according to the features of nanostructures and the alignment of
molecular chains under stress.

5.2

Materials

Polymethylmethacrylate (PMMA) (–CH2C-(CH3))CO2CH3)–) purchased from Fisher
Scientific is mixed with a solvent to prepare a polymer solution that is utilized as the
working fluid. Synthetic graphite (TC 301 High Purity) and bulk hexagonal boron nitride
(BTBN5009) powders with an average flake size of 8-10 µm are supplied by Asbury
Carbons Inc., New Jersey. The SEM images of both synthetic graphite and bulk hBN
powders are shown in Figure 5.1.
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Figure 5.1 SEM images of filler particles: (a) synthetic graphite powder with an average
particle size of 8-10 µm (b) h-BN powder with an average particle size of 8-10 µm.
5.3

Experimental Procedure

The high shear setup consists of two coaxial cylinders (gap volume capacity of 6.5 mL), as
shown in Figure 5. 2. It is designed to generate a high shear rate in that small gap between
two concentric cylinders, which is used to exfoliate the graphite and h-BN powder in the
liquid phase polymer.

The outer container chamber connects to fast stream water

circulating chiller to remove the heat generated and keep the temperature of the mixture
inside the inner vessel constant at 25 oC. The exfoliated nanocomposite polymer is
prepared as follows: (1) the graphite and h-BN powders are dried in an oven at 150 oC for
8 hours, and the PMMA powder is dried under a vacuum for 8 hours, (2) the PMMA
powder is mixed with 1 wt% graphite or h-BN and dissolved in the acetone at a
PMMA/acetone concentration of 0.7 g/ml, (3) the mixture is sonicated in a container for
one hour in the low load sonication bath to make a uniform solution. Afterwards, the
mixture is injected into the gap between the cylinders of the device and then closed tightly
by a special cover which is designed to prevent evaporation of acetone and escape of
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mixture while keeping it under pressure. The inner cylinder rotates at a constant velocity
of 2,500 RPM, providing high shear exfoliation stress for six hours during the whole
process. Then, the nanocomposite polymer mixture is taken out from the container and left
to dry in the fume hood for 48 hours. Subsequently, the mechanical properties and DMA
nanoindentation are characterized by nanoindentation using a NanoTest Vantage system
from Micromaterials, UK, and aTbi-750 nanoindenter from Hysitron, USA.

Figure 5. 2 Schematic of the shear-exfoliation processing of graphite and bulk hBN in
the PMMA/acetone solution.
5.4
5.4.1

Results and Discussion
Raman Spectroscopy

The Raman spectra of polymer composites are well investigated, as shown in Figure 5. 3,
and almost all of the Raman-active peaks are assigned, confirming the existence of
graphene and h-BN in the polymer matrix. The Raman shift is set to cover the spectral
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range from 500-3200 cm-1 and 1200-1420 cm-1, for graphene and h-BN respectively.. The
Raman-active regularity peaks for neat PMMA are observed at ∼602, ∼812, ∼966, ∼990,
∼1450, ∼1730, ∼2844, ∼2954, and ∼3002 cm-1. For the G-PMMA composite, there are
three distinguished peaks at ∼1351, ∼1584, and ∼2671 cm−1, representing the D, G, and
2D bands of graphene, which are the emissions generated during the oscillation of carbon
atoms in the graphene lattice [172]. For the h-BN-PMMA composite, there is one single
band (E2g) peak at ∼1367 cm-1, which corresponds to bilayer and few-layer h-BN flakes
[173]. Moreover, the number of layers for graphene and h-BN flakes can be determined
from the intensity, shape, and position of those peaks. It is interesting to observe the
intensity ratio I2D/IG of 0.92 for graphene within the G-PMMA composite in Figure 5. 3
and Figure 5. 4, which indicates the existence of bilayer and few-layer graphene [138, 174].
Additionally, the comparison between the graphite and graphene after six hours of
exfoliation, as shown in Figure 5. 4, exhibits a red-shift in the 2D band of ∼28 cm-1; this
band has a shape characteristic indicating bi-layer graphene [137]. Figure 5. 5 shows the
Raman spectra of h-BN before exfoliation, displaying a characteristic peak of 1365 cm-1
for bulk h-BN. The scanned laser spots of Raman on the h-BN-PMMA surface is shown
in Figure 5. 5. However, we have found that the h-BN peak or E2g mode appears at 1367
cm-1 in h-BN-PMMA after exfoliation, with a red-shift of ∼2 cm-1 (note that the Raman
shift is 1365 cm-1 for bulk h-BN). Also, the peak intensity becomes weaker for h-BN after
exfoliation, corresponding to a decrease of h-BN layers [173, 175]. The full-width at halfmaximum (FWHM) of the E2g peak is used to determine h-BN sheets; and it is 12 cm-1 for
h-BN-PMMA after exfoliation (while it is 9 cm-1 for bulk h-BN).
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Figure 5. 3 Raman spectra of PMMA composites. (red) Raman spectra of G-PMMA
denoting D, G, and 2D peaks with band intensities of ∼1351, ∼1584, and ∼2671 cm−1
respectively; (blue) Raman spectra of h-BN-PMMA with a peak at 1367 cm-1
indicating bilayer and few layers of h-BN; (black) Raman spectra of PMMA
(reference). The curves are normalized to the intensity of the G peak (1584 cm−1).

Figure 5. 4 Raman spectra at 633nm of (red) exfoliated graphene with PMMA and
(black) synthetic graphite powder before exfoliation. The 2D peak of graphene is
shifted backwards ∼ 28 cm-1 while the intensity ratio I2D/IG increased. The curves are
normalized to the intensity of the G peak (1584 cm−1).
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Figure 5. 5 Raman spectra at 633nm of (red) exfoliated h-BN with PMMA and (purple)
bulk h-BN powder before exfoliation. The h-BN exfoliated peak is shifted forwards of
∼ 2 cm-1 while the intensity decreased. The curves were normalized to the intensity of
pure BN peak (1365 cm−1).
5.4.2

Morphological Investigation

The mechanical properties of reinforced PMMA-composites depend on the constitutive
and interfacial composition, as well as on the geometry, volume fraction, and dispersion
of fillers in the composite matrix. SEM and TEM imaging enables the morphological
characterization and recognition of the different phases, i.e., h-BN, G, present in the
PMMA composites at the micro and nanoscales.

The morphologies on the cutting surface of the reinforced G-PMMA and h-BNPMMA composites and dispersion of fillers characterized by SEM are presented in Figure
5. 6. Figure 5. 6(a−b) illustrate G-PMMA with excellent interfacing and adhesion of Gflakes with the PMMA matrix (indicated by the arrows), and Figure 5. 6c demonstrates hBN flakes embedding the PMMA matrix of the h-BN-PMMA composite; as noted, this
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flake consists of a few layers of h-BN sheets (arrows indicate individual layers). Also, the
morphologies on the fracture surface of bulk h-BN-PMMA and exfoliated h-BN-PMMA
composites after the acetone evaporations are investigated in Figure 5. 6(d-e). The SEM
image in Figure 5. 6d clearly shows the incompatibility of the components (fillers and
matrix) with weakness in the cross-linked and interfacial bonding between them. The
exfoliated h-BN-PMMA composites in Figure 5. 6e exhibit completely different
morphology, presumably due to the effect of the exfoliated h-BN nanosheets improving
resistance to crack initiation and propagation, as well as the cross-linking enhancement
between the h-BN and PMMA, which might lead to improvement of the mechanical
properties [176].
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Figure 5. 6 SEM images of fracture surfaces: (a) Graphene flakes in PMMA matrix
composite; (b) Interfacing of graphene with PMMA matrix; (c) h-BN layers in the
PMMA composite; (d) the unexfoliated h-BN-PMMA composite; (e) the exfoliated hBN-PMMA composite.
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Typical TEM images of the G-PMMA and h-BN-PMMA composites are observed in
Figure 5. 7. As shown in Figure 5. 7(a-b), graphene exhibits a thin, transparent, layer-like
structure with few layers (n ≤ 4), that has a typical folding nature (indicated by the arrows)
and is stacked together in a wrinkled and folded shape. Figure 5. 7b shows a graphene
sheet surface which has proper interfacing and adhesion with amorphous PMMA matrix,
Figure 5. 7(c-d) denotes that the h-BN nanosheets are a few-layers thick, and Figure 5. 7d
demonstrates excellent h-BN interfacing with the PMMA matrix. Also, the selected area
electron diffraction (SAED) pattern (Figure 5. 7(a-b) inset) demonstrates typical reflective
rings of few-layer h-BN. However, the TEM results reveal that the number of exfoliated
h-BN flakes in the h-BN-PMMA composite is less than that of exfoliated graphene flakes
in the G-PMMA composite.
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200 nm

50 nm

Figure 5. 7 Representative TEM images of exfoliated, h-BN nanosheets prepared via
high shear between two concentric cylinders at 2500 RPM (a-b) graphene nanoflakes in
bond with PMMA matrix (c-d) h-BN nanoflakes in bond with PMMA matrix.
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5.4.3

Mechanical Properties-Nanoindentation Test

In amorphous polymers, the plastic deformation occurs as a result of nucleation and
diffusion of shear bands. Therefore, in the unreinforced polymer, the shear band diffusion
ensues without constraints, so there are no barriers in their movement’s way. On the other
hand, in reinforced polymer nanocomposites, the nanofillers work as obstacles to the
motion of shear bands, which cause the enhancement in the hardness and elastic modulus
[148].

Young's modulus E and hardness H of the PMMA/graphene or h-BN nanocomposites
as a function of graphene or h-BN flake containment are shown in Figure 5. 8 and Figure
5. 9, respectively. Each point on the graph is the average of eight nanoindentations of the
displacement range of (140–1350) nm [177]. It should be pointed out that in Figure 5. 8,
the elastic modulus E of the polymer-based 2D materials for each sample have been
analyzed by using the Oliver–Pharr method [116]. The curves show that there is a clear
decrease in the modulus and hardness of the materials as the displacement depth increases,
until the values reach a plateau, as expected for soft compliant polymers [177]. As
expected, the H and E of reinforced PMMA increase markedly by using 2D nanomaterials.
As seen in Figure 5. 8 and Figure 5. 9, graphene exhibits superior performance to h-BN
nanofillers as a PMMA reinforcing phase. The performed nanoindentations illustrate that
the pure PMMA Young’s modulus and hardness are measured as EPMMA = 4.02 GPa and HPMMA
= 0.205 GPa, while the average graphene reinforced PMMA values are EG-PMMA = 5.31 GPa and
HG-PMMA = 0.270 and the respective values of h-BN reinforced PMMa are Eh-BN-PMMA = 5.11 GPa
and Hh-BN-PMMA = 0.256 GPa, as listed in Table 5. 1. Summarily, the maximum increase of
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E and H are 32% and 31%, respectively, for graphene reinforced PMMA nanocomposite,
whereas they are 27.1% and 24.8%, for h-BN reinforced PMMA nanocomposite.

Figure 5. 8 Nanoindentation results for Young's modulus vs. indentation depth as a
function of the 2D reinforcing phase (graphene and h-BN) in PMMA. The
nanoindentations are performed under load controll conditions and each point is the
average of 8 individual nanoindents at the same load and at different positions on the
specimen.
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Figure 5. 9 Nanoindentation results for hardness vs. indentation depth as a function of
the 2D reinforcing phase (graphene and h-BN) in PMMA. The nanoindentations are
performed under load control conditions and each point is the average of 8 individual
nanoindents at the same load and at different positions on the specimen.
The presented method suggests that 2D nanosheets with intrinsically high strength
are well dispersed in the polymer matrix, resulting in a high contact area and strong
interfacial adhesion with PMMA chains, which consequently enhances the bonding with
the folded and wrinkled graphene sheets, as seen in the inset of Figure 5. 7a (indicated by
the arrows). Moreover, the wrinkled sheets have regions that exhibit nanoscale surface
roughness of (0.4 –0.5) nm [148]. These rough regions may work as preferential nucleation
sites and can increase the growth of polymer crystalline phases when wrinkled graphene
flakes are dispersed in the polymer matrix [178]. Thus, the nanoscale surface roughness
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of the wrinkled sheets increases the adhesion and mechanical interlocking of nanofillers
with the polymer chains [179], which likely enhances the mechanical properties.

Table 5. 1 Summary of mechanical properties of PMMA composites.
Sample

5.4.4

Young's modulus

Hardness

(GPa)

(GPa)

PMMA

4.020 +/- 0.145

0.205+/- 0.007

h-BN-PMMA

5.112 +/- 0.134

0.256+/-0.013

G-PMMA

5.311 +/- 0.132

0.270+/-0.009

Dynamic Mechanical Analysis (nanoDMA)

The dynamic viscoelastic properties of the two PMMA-nanocomposites and pure PMMA
have been observed using the nanoDMA technique or dynamic nanoindentation
(nanoDMA) method.

Typically, the storage and loss modulus for pure PMMA gradually becomes more
significant with increasing frequency [180]. The response of the storage modulus as a
function of frequency indicates that the storage modulus increases with the addition of hBN and graphene nanoadditives and with increased frequency for the three PMMA
nanocomposites tested, as shown in Figure 5. 10. The G-PMMA nanocomposite exhibits
slightly higher E′ (29.2%) than that of the h-BN-PMMA nanocomposite (18%), which is
likely due to the lower concentration of exfoliated h-BN nanosheets in the polymer matrix
than the concertation of graphene nanoflakes.
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The more dominant behavior of the storage modulus increase associated to the
frequency indicates a strain rate sensitivity of the polymeric composite. The latter appears
to be related to the increased loading of the PMMA with graphene flakes as the rate of
exfoliation increases at higher strain rates, i.e., higher frequencies. In addition, the pure
PMMA viscoelastic behavior is intrinsically related to the relaxation time required for the
polymeric chains to entangle. At lower frequencies the entanglement is loose as more
relaxation time is afforded. At higher frequencies the relaxation time significantly shortens
resulting in increased polymer chain entanglement and higher storage modulus for the pure
PMMA and the associated nanocomposites [181, 182]. Similar behavior is reported by
Tripathi et al. (2015)[183] and by Du et al. (2004)[184]. Du’s group [185] argues the
existence of a rheological percolation threshold at 0.5% RGO in PMMA that reinforces the
PMMA-RGO interaction while restraining the motion of the polymer chains. It is suggested
that similar behavior is exhibited by the graphene and h-BN nanoadditives in the PMMA
nanocomposites, which enhances the storage modulus.
Another possible mechanism of the enhancement of the nanocomposites’ mechanical
properties [139] may be attributed to molecular level the interaction of the polymer matrix
and the nanoadditives leading to better adhesion of the polymer chains to the filler surface,
restricting the mobility of molecules and increasing the storage modulus [186]. The
polymer chains intercalate with the nanosheets, and at the same time the chain molecules
make a crosslink and interaction with the fillers, so, the load is transferred to both chains
and nanofiller sheets which enhances the storage modulus.
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Figure 5. 10 Storage modulus of nanocomposites polymer (red) of G-PMMA, yellow
of h-BN-PMMA and (black) of pure PMMA.

The loss modulus at a frequency range (10-160 Hz) is plotted in Figure 5. 11, where
a progressive increase of the loss modulus in the frequency range of 100Hz to 160 Hz is
observed. As seen, both graphene and h-BN fillers enhance the E″ of PMMA compared its
unreinforced values. The h-BN-PMMA nanocomposite loss modulus, E″, average value
increases by 62.9% while the G-PMMA nanocomposite E″ increases by 33.2%, both when
compared to the pure PMMA respective value. As discussed in Chapter 4 with comparison
with ch5, the size of the h-BN multilayer flakes in the PMMA matrix is larger than that of
the graphene monolayer (see Figure 4. 14(e-f)). That larger surface area of each h-BN
flake or large size may cause increased friction with the matrix thus dissipating more
energy and resulting in higher h-BN-PMMA loss modulus than that of the G-PMMA, (see
Figure 5. 11).
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It is noteworthy that as the frequency increases the spread of the storage (E’) and loss
(E”) moduli values, at the specific frequency, also increases. This increase in the loss
modulus is possibly caused by the intercalation of the polymer chains with the nanosheets,
while simultaneously the molecular chains crosslink with the fillers. The load is transferred
to both the chains and nanofiller sheets, which enhances the internal friction which
subsequently enhances the loss modulus [187].

Figure 5. 11 Loss modulus of nanocomposites polymer (red) of G-PMMA, yellow of hBN-PMMA and (black) of pure PMMA.

During the production of the graphene and h-BN nanocomposites, the increase of the
internal friction values due to the flakes existence and the stiffening of the molecular
polymer chains may result to a decrease in the loss tangent or damping factor (tan δ) with
frequency increase, demonstrated by Figure 5. 12. Loss tangent is commonly used to
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characterize its damping ability, which means higher tan δ value indicates good damping
performance of the structure as is also evident in 𝑡𝑎𝑛𝛿 = 𝐶 𝜔⁄𝑘 , where C is the damping
coefficient,  is the frequency, and k is the stiffness of the of viscoelastic material which
is associated with Young’s modulus. The values of the loss tangent are not sensitive to the
graphene content and fluctuate around the polynomial fitting curve [188], while it is
sensitive to h-BN nanofillers content in the polymer matrix. Also, the experimental results
exhibit that the h-BN-PMMA nanocomposite achieves a higher loss tangent (41%), while
the G-PMMA nanocomposite is lower (3.67%). The significant increase of the damping
factor (tan δ) of h-BN-PMMA may be attributed to the increase in the rate of energy loss
(loss modulus, see Figure 5. 11). This also may be possible due to the relative decrease in
storage modulus with the h-BN filler content (see Figure 5. 10). Also, the enhancement of
storage modulus in the polymer composites via adding fillers could reduce the moveable
in molecule chains inside the matrix. The damping factor of G-PMMA illustrates a
different behavior compared with h-BN-PMMA. The significant increase in storage
modulus combined with the decrease in the loss modulus of G-PMMA may cancel each
other out, thus leading to no change in the damping factor.[187].

The error bar of Figure 5. 10, 11, and 12 illustrate that the viscoelastic behavior for
the h-BN-PMMA nanocomposite has a significant variation in its performance that is
frequency-dependent . All the quantitive results of viscoelastic behavior (storage and loss
modulus, and loss tangent) have been included in Table 5. 2.
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Figure 5. 12 Loss tangent (tan δ) of nanocomposites polymer (red) of G-PMMA,
yellow of h-BN-PMMA and (black) of pure PMMA.

Table 5. 2 Mechanical proporties of PMMA nanocomposites evaluated by nano_DMA
Sample

Ave storage

Ave loss

Ave loss tangent

modulus (Pa)

modulus (Pa)

PMMA

14.225+/-1.831

0.63+/-0.210

0.045+/-0.018

h-BN-PMMA

16.868+/-3.391

1.03+/-0.415

0.063+/-0.022

G-PMMA

18.380+/-2.856

0.847+/-0.352

0.047+/-0.019
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5.5

Summary

In this study, graphene (G) and hexagonal boron nitride (h-BN) nanosheets reinforcing
poly(methyl methacrylate) (PMMA) composites are successfully produced by a novel insitu high shear method, where graphene and hBN micro powders are exfoliated to
nanoscale sheets in liquid phase PMMA. During the shearing process, freshly exfoliated
nanosheets immediately bond to the polymer matrix without any further possible
contaminations leading to the formation of strong bonds between the nanosheets flakes and
matrix, which cannot be achieved by traditional powder mixing approached. Mechanical
characterizations of G-reinforced PMMA and h-BN-reinforced PMMA composites are
performed by using nanoindentation tests (strength and stiffness) and dynamic mechanical
analysis (DMA). The results show promising performance property enhancement for both
G-reinforced PMMA and h-BN-reinforced PMMA composites by comparing with the
results of pure PMMA polymer. The morphology, interface, and structure of the nanosheets
with the PMMA polymer matrix are investigated using a scanning electron microscope
(SEM), transmission electron microscope (TEM), and Raman spectroscopy, respectively.
This novel polymer reinforcement method demonstrates a versatile way to produce a broad
range of 2D nanosheet reinforced polymer nanocomposites, together with improved
physical and chemical characteristics.
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Chapter Six
6

Exfoliation of Graphene in Water-Based Poly(vinylpyrrolidone)
Solution

6.1 Introduction

Poly(vinylpyrrolidone), PVP, is a synthetic water-soluble polymer that has a wellconnected structure with the monomer N-vinylpyrrolidone as a long chain. This polymer
of non-toxic nature has excellent biocompatibility and is widely used in various technical
applications [189]. Because of its brittleness, it is blended with other polymeric materials
or nanofillers, such as graphene, CNT, and clay, to form a nanocomposite material with
improved and excellent properties [190]. The exceptional features of nanocomposite
materials needed to achieve two fundamental conditions are: (i) excellent dispersion of
nanofillers in the polymer matrix, and (ii) strong interaction of nanofillers with molecular
polymers chains [190].

In this work, graphene-PVP nanocomposites are prepared by in-situ high shear
exfoliation in a polymer, with a filler content of 1wt.% graphene. During the continuous
high-shear process, the outer sheets of graphite platelets are detached from their bodies as
a result of the shear force generated by the inner rotating cylinder of the device. The
structures and mechanical properties (i.e., elastic modulus, hardness, morphology, and
chemical composition) of graphene-PVP nanocomposites are experimentally evaluated
according to the features of micro and nanostructure properties.
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6.2

Materials

Poly(vinylpyrrolidone), PVP was purchased from Sigma Aldrich. It is dissolved in DIwater to prepare a water-based polymer solution that is utilized as a working fluid. Asbury
Carbons Inc. New Jersey supplied synthetic graphite (TC 301 High Purity) with an average
flake size of 8-20 µm (see Figure 6. 1), which is exfoliated by our device into graphene
flakes.

Figure 6. 1 SEM image of graphite particles.
6.3 Experimental Procedures

The rotating high shear setup and manufacturing process, as shown in Figure 6. 2 has been
presented previously in chapter 3 at Figure 3. 1; consists of two coaxial cylinders (volume
capacity 6.5 mL), designed to generate a high shear stress in the small gap between the two
concentric cylinders, which is then used to exfoliate the graphite particles in the liquidphase polymer. The outer container chamber is connected to fast stream water circulating

102

chiller to remove the heat generation and keep the temperature of the mixture inside the
inner vessel constant at 25oC. The exfoliated-nanocomposite polymer is prepared as
follows; the PVP powder is mixed with 1wt% graphite and then dissolved in the water at
two different concentrations of 0.4 g/ml and 0.6 g/ml. Then the mixture is sonicated for
one hour in the low-load sonication bath to make a uniform solution. The mixture is fully
injected into the gap between the cylinders of the mixer and then closed tightly by a special
cover (vapor trap), which is designed to prevent evaporation of water and to prevent
mixture migration out of the device while keeping it under pressure. The inner cylinder
rotates at constant velocity of 2500 RPM and can provide high shear stress for exfoliation
for 6 hours during the whole process. Finally, the nanocomposite polymer mixture is taken
out from the container and left under the vacuum for a week.

Figure 6. 2 Schematic of the shear-exfoliation processing of graphite in the
PVP/WATER solution.
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6.4 Raman Spectroscopy

Raman spectra of polymer composites are well investigated, and almost all the Ramanactive peaks are assigned, confirming the existence of graphene in the polymer matrix, as
shown in Figure 6. 3. Notably, the I2D/IG ratio increases from 0.4 of graphite to 0.65 of
graphene in G-PVP, where graphene is peeled off of graphite at a polymer concentration
of 0.6 g/ml water. Also, the 2D peak of graphene moves from ∼ 2701 cm-1 of graphite to
∼2657.87 cm−1 of few-layer graphene [191]. Preliminary results of Raman spectrometry
have revealed good concentrations of graphene flakes in the polymer matrix, after six hours
of processing.

Figure 6. 3 Raman spectra of PVP composites (red) Raman spectra of G-PVP at
concentration 0.6 g/ml in the water, indicated D, G, and 2D bands intensity (∼1333,
∼1584, and ∼2657.87 cm−1) is few layers graphene, (blue) Raman spectra of G-PVP at
concentration 0.4 g/ml in the water has a 2D peak at 2664.81 cm-1 as a multilayer
graphene, (black) Raman spectra of PVP as a reference (green) synthetic graphite as a
reference.
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Moreover, Figure 6. 3 demonstrates an increase in the Raman intensity of two
separate disorder peaks: D (1333 cm-1) and D´ (1618 cm-1). The disorder D peaks and G
peaks are used to find the average defect ratio from intensity ratio ID/IG, which can then be
utilized to determine the degree of disorder in the graphene layers [137].

The

ID/IG integrated ratio determines how high the quality of the graphene is. The exfoliation
of graphite in the water base solution of PVP (0.4 g/ml and 0.6 g/ml) leads to an increase
in the disorder D peaks and is then used to find the ID/IG ratio increase from 0.1 up to 1.05
at 0.4 g/ml and from 0.1 to 0.93 at 0.6 g/ml.

Additionally, the ID/IG ratio from Figure 6. 3 can be used to evaluate the crystallite
size (La) and average defect distance LD by using Equation 6.1 and Equation 6.2 [192]. For
the determination of La and LD from the ID/IG ratio must know the Raman laser energy Elaser
value, which is here about (Elaser =1.95eV) for the laser wavelength (λlaser = 633 nm). From
Table 6. 1 the graphene is considered to be in the nanocrystalline graphite size as displayed
by intensity ratios ID/IG, which confirms a reduction in the crystallite size after exfoliation
[193]. The flake size of graphene might be able to be assessed from the average defect
distance LD because the Raman laser spot detects the flake edges as defects; thus, LD may
be able to be correlated with the average distance between graphene flakes, if each flake is
single crystalline. Much more analysis and study is needed, but, the assessment can allow
us to study morphology, structural, and mechanical properties of the graphene-PVP
nanocomposite.

𝐿𝑎 =

560
𝐼𝐷 −1
×
(
)
4
𝐼𝐺
𝐸𝑙𝑎𝑠𝑒𝑟

(6.1)
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𝐿𝐷 2 (𝑛𝑚2 ) = (2.4 × 10−9 )𝜆4𝑙𝑎𝑠𝑒𝑟 ( )
𝐼𝐺

(6.2)

Table 6. 1 crystallite size of graphene.
Parameters Samples

ID/IG ratio

La (nm)

LD (nm)

Graphite

0.1

387.30

107.49

G-PVP prepared

1.05

36.88

33.17

0.93

41.64

35.24

at 0.4 g/ml
G-PVP prepared
at 0.6 g/ml

6.5 Nanoindentation Test

In amorphous polymers, plastic deformation occurs as a result of nucleation and diffusion
of shear bonds. Therefore, in unreinforced polymers, the shear bands diffuse without
constraint, with no barriers in the way of their movements. On the other hand, in reinforced
polymer nanocomposites, the nanofillers act as obstacles to the motion of shear bands,
which causes the enhancement in the hardness and elastic modulus.

Reduced modulus Er and hardness H of the graphene-reinforced PVP shown in Table
6. 2 . The values of each sample are collected by averaging the values from eight
indentations at a constant force of 4 mN. The elastic modulus E of polymer fiber-based
2D materials for each sample is analyzed using the Oliver–Pharr method [116]. As
expected, the H and Er of reinforced PVP increase markedly with the inclusion of 2D
nanomaterials into the matrix. Additionally, using graphene to reinforce PVP leads to
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enhanced mechanical properties of the electrospun fiber of non-toxic nature, as shown in
Figure 6. 4. The results illustrate the increasing of reduced modulus Er and hardness H by
about 11% and 10.8% respectively, through reinforcement of the PVP matrix with
graphene nanoflakes.

Analyses suggest that 2D nanoflakes with intrinsically high strength are well
dispersed in the polymer matrix, perhaps presenting high contact areas and strong
interfacial adhesion with polymer chains. Moreover, the polymer chains look more
reactive or adhesive with the folding and wrinkling of the graphene sheets. The existence
of graphene wrinkles may lead to and/or enhance the nanoscale surface roughness, which
would likely increase mechanical interlocking and adhesion with the polymer matrix chains
[179, 194].

Table 6. 2 Summary of mechanical properties of PVP composites.
Samples

Reduce Modulus (GPa)

Hardness (GPa)

Pure PVP

4.8382+/-0.1092

0.1843+/-0.0052

G-PVP 0.6 g/ml

5.3732+/- 0.1127

0.2043+/-0.0071
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Figure 6. 4 Load–penetration depth curves of exfoliated graphite reinforced PVP
nanocomposites and pure PVP.
6.6 Summary

In-situ high-shear graphite exfoliation in a water-soluble polymerization is employed to
prepare a G-PVP nanocomposite. In this work, Poly(vinylpyrrolidone), PVP is reinforced
by exfoliating 1wt.% graphite under high shear stress into graphene nanoflakes in an
aqueous polymer solution. The results of Raman spectroscopy clearly shows the influence
of high shear stress on the number of graphene layers in the produced flakes. Notably, the
I2D/IG ratio of the filler increases gradually from 0.4 of graphite to 0.65 of graphene in the
as-produced G-PVP, as graphene is peeled off at a polymer/DI-water concentration 0.6
g/ml. Nanoindentation tests conducted using a pendulum-based nanoindentation platform
system (Nanotest Vantage indenter, UK) evaluates the near-surface mechanical properties
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of the individual components (i.e., graphene flakes and polymer matrix) of the reinforced
nanocomposites. The results show noticeable improvement in the mechanical properties
of reduced modulus from 4.838 GPa to 5.373 GPa and hardness from 0.1843 GPa to 0.2043
GPa.
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Chapter Seven
7

Manufacturing and Characterization of Graphene-Reinforced
Electrospun Poly(methyl methacrylate) Nanocomposite Fibers

7.1

Introduction

Polymer matrix nanocomposites are defined as solid materials consisting of two or more
phase-separated materials aligned together within the matrix structure, where one or more
dispersed phases is/are nanoscale within the main polymeric phase. The dispersed phase
delivers significant improvement to the mechanical, electrical, and thermal properties of
the polymer matrix [1]. Nanoadditive/polymer-based composites have received much
attention as multifunctional nanomaterials because their superb mechanical and electrical
properties, even with low nanofiller concentration [6, 7]. The exploration of carbon-based
nanostructured additives like two-dimensional (2D-layered) graphene nanosheets have
attracted researcher’s attention in recent years because of their remarkable properties, such
as 1.0 TPa, Young’s modulus and 130 GPa strength, high thermal conductivity about
5000 W m−1K−1, significant intrinsic mobility of 2 × 105 cm2V−1s−1, high specific surface
area about 2630 m2g−1, and high electrical conductivity [139].

A number of different techniques for the preparation of 2D nanomaterials have been
developed over the last decade, such as mechanical and thermal exfoliation, gas-phase
nucleation, and chemical vapor deposition [15]. Mechanical liquid-phase exfoliation
(LPE) is an excellent method which extracts single- and few-layer graphene flakes from
graphitic starting materials [16].

Thus, in order to create uniform polymer-matrix
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nanocomposites with high dispersions of graphene nanosheets, a novel application of LPE
is developed here to peel off the 2D materials with high shear in a liquid-phase polymer,
which will later form the 2D-nanofiller-reinforced-PMC.

Application-wise, polymer processing technology can be utilized for forming,
molding, or replication of polymer composites, enabling cheaper manufacturing of new
components and devices [7]. Electrospinning techniques have been extensively used in
previous years as a versatile method for producing continuous polymer fibers at diameters
ranging from several micrometers down to tens of nanometers [195, 196]. Electrospinning
is an efficient method performed to produce fibrous structures using either polymer melts
or polymer solutions, for applications that include textiles, sensing, drug delivery systems,
wound dressings, filter membranes, and tissue engineering scaffolds [197].

The

mechanism of the electrospun fiber fabrication process depends on the critical value of the
electric field strength overcoming the surface tension of the liquid polymer drop, leading
to the extraction of electrically charged liquid jets of polymer solutions [198]. The
electrospun polymeric fibers are formed under the influence of two types of non-contact or
electrostatic forces: electrostatic repulsion of two surface charges and the Coulombic
attraction force applied by the external electric field along the straight line, joining the two
charges [199].

Because of these electrostatic forces, the polymer droplet deforms into a conical
shape, commonly referred to as the Taylor cone [200]. When the electric field intensity
reaches a certain critical value, the electrostatic interaction will increase and exceed the
surface tension of the polymer droplet; thus, the charged liquid is ejected from the tip of
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the Taylor cone towards the collector substrate to collect the charged fibers mat [201]. The
liquid jet travels away from the spinneret or nozzle; and during this process, it elongates
and the solvent evaporates, forming a flat non-woven mat on the collector as is typical
of polymer fibers. Fiber diameter, controlled morphology, and formation in space can be
prepared by a precise setting of the processing parameters such as solution concentration,
injection pressure, solution flow rate, and voltage supply. etc. [199, 202].

Electrospun fibers based on polymer/nanoadditive composites are becoming
attractive multifunctional nanomaterials due to the combination of the superb mechanical
and electronic properties of filler and the confinement-enhanced additives alignment within
the fiber structure, which could significantly improve the fibers mechanical properties,
along with the electrical and thermal performance. Thus, the microfiber mats based on
PMMA solution with graphene nanoplatelets are prepared using the electrospinning
technique as an application to reinforce fiber with 2D nanosheets such as graphene.

In this work, we report the manufacturing and performance characterization of fibers
obtained by the electrospinning of reinforced nanocomposite PMMA with acetone. GPMMA electrospun fiber has been produced and evaluated according to its morphology,
structure, and chemical composition. The effects of graphene on the nanocomposite fibers
mats, such as microstructural morphology, concentration dispersion of graphene
nanoplatelets, and mechanical performance are determined respectively using scanning
electron microscopy (SEM), transmission electron microscopy (TEM), Raman
spectroscopy, and nanoindentation testing. The results show excellent dispersion of
nanoflakes in a polymer matrix within a nice G-PMMA fiber mat, along with enhanced
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mechanical performance of electrospun polymer fiber, as compared to the unreinforced
PMMA fiber.

7.2

Experimental Section

The G-PMMA has higher strength and stiffness than does pure PMMA and can be used in
various applications, such a manufacturing a reinforced G-PMMA fiber. The first step in
involves mechanical exfoliation to obtain graphene by peeling off graphite in the liquidphase of a PMMA/acetone solution.

Liquid-phase exfoliation (LPE) has attracted

considerable attention as a cost-effective, efficient, and versatile method that has the
potential for large-scale production of defect-free graphene. Here, a modified LPE method
is applied using two concentric cylinders: a stationary outer cylinder and an inner cylinder
rotating at high rates. The high rotation rate creates high shear rate to exfoliate the graphite
into graphene nanosheets, which leads to the formation of novel high-quality G-PMMAs.

The next step is to dilute the exfoliated graphene PMMA/acetone solution with more
acetone to prepare it for electrospinning of solid G-PMMA fibers. The fiber will be shaped
and dragged to the other side by supplying a high electric field on the mixture
(graphene/PMMA/acetone).

Consequently, the mechanical properties, morphology,

structure, and structural density have been observed by nanoindentation (Hysitron
nanoindentation, USA), Raman spectroscopy, scanning electron microscopy (SEM), and
transmission electron microscopy (TEM).
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7.2.1

Materials Preparation

Polymethylmethacrylate (PMMA) and acetone, purchased from Fisher Scientific, are
utilized to prepare the working fluid. Asbury Carbons Inc., New Jersey supplies synthetic
graphite (TC 301 High Purity) with an average flake size of 8-20 µm. The graphite
particles are exfoliated into graphene nanoplatelets (see Figure 7. 2) by using a novel
liquid-phase exfoliation method (LPE), whose setup is described in Figure 7. 1. The
polymer/acetone solution at a concentration of 0.7 g/ml with 1% wt graphite is injected inbetween two concentric cylinders of a device that is run for six hours to achieve exfoliated
high-quality graphene. This uniform PMMA/acetone solution with graphene is used to
produce graphene-reinforced-PMMA nano- and microfibers.

Our setup is designed to generate high shear stress in the small gap between two
concentric cylinders (with the inner one rotating and the outer one fixed) to exfoliate
effectively bulk materials into high-quality 2D materials in a liquid phase. If a liquid-phase
polymer is used, then a nanoflake-reinforced polymer matrix composite can be
concurrently fabricated upon drying after the exfoliation process. This setup has been used
to exfoliate starting microscale fillers of graphite or h-BN in a liquid phase of
PMMA/acetone solution into nanoscale fillers.
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Figure 7. 1 Schematic of the shear-exfoliation processing of graphite in the
PMMA/acetone solution.

Figure 7. 2 Show a graphene flakes after producing by LPE method.
7.2.2

Electrospinning Processing

The electrospinning setup, as shown in Figure 7. 3, typically consists of three parts: (1) a
10 ml syringe that holds the polymer solution with a needle (blunt flat tip) as the spinneret
[1.27 mm outer diameter(OD) 0.83 mm internal diameter (ID)] is connected to syringe
pump to control the polymer solution flow rate; (2) a ground electrode substrate (i.e.,
aluminum foil) is used as a fiber polarity collector; and (3) a high voltage source (Glassman
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high voltage, Inc.) is supplied between the spinneret needle and substrate (separated by a
gap of 15 cm).

Figure 7. 3 A typical schematic illustration electrospinning setup of fabrication of
graphene-reinforced fibers.

In this work, the graphene-reinforced PMMA solution that is produced from our
novel method is diluted by acetone to PMMA/acetone concertation of 0.35 g/ml at ambient
temperature and stirred for 3 hours. It is then filled into a syringe and ejected toward the
fiber collector substrate at a constant and controlled flow rate (e.g., 0.04 mL/min) by a
syringe pump. A high voltage source 12 kV at room temperature 25 ±1°C and 40 ± 2 %
RH is supplied to the needle tip of the syringe.

This process leads to formation

continuously of a solid fiber mat, as shown in Figure 7. 4.
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a

b

Figure 7. 4 Photograph of an electrospun fibers mat made of (a)Pure PMMA (b)
PMMA/graphene nanocomposites.

7.2.3

Characterization and Measurements

7.2.3.1 Mechanical Properties

The nanoindentation tests of neat PMMA as a reference and graphene-reinforced PMMA
electrospun fibers are conducted. First, the individual fiber (diameter size = 6 µm) is tied
and mounted on top of a polishing Aluminum stub (see Figure 7. 5); and then the fiber is
glued at both of its edges to ensure it is secure. The nanoindentation experiment is
conducted using Hysitron nanoindentation, USA, equipped with a Berkovich tip (threesided pyramidal diamond indenter). Because of the sensitivity of the mechanical properties
(e.g., reduced modulus, hardness) to the tip geometry, the tip contact area function is
calibrated using a standard fused quartz specimen before measurements and are calculated
accordingly for the present cases.
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In amorphous glassy polymers, plastic deformation happens as a result of nucleation
and diffusion of shear bands [203]. Therefore, in the unreinforced polymer fiber, shear
band diffusion occurs without constraint with no barriers in their pathways. On the other
hand, in reinforced polymer nanocomposite fibers, the nanofillers serve as obstacles to the
motion of the shear bands, resulting in enhancements in hardness and elastic modulus.
Young’s modulus E and hardness H of the graphene-reinforced PMMA fiber as a
without and with graphene inclusion are given in Table 1. The listed values of each sample
are determined by averaging the collected measurements from eight indentations at a
constant force of 300 µN. The Young’s modulus E of the graphene-reinforced polymer
fibers are analyzed using the Oliver–Pharr method [116]. As shown in Figure 7. 6,
graphene addition produces augmentation in the mechanical properties of the PMMA
electrospun fibers by about 19 % and 17.2% of E and H, respectively.

The graphene nanosheets with intrinsically high strengths are well dispersed in the
polymer matrix, resulting in high contact areas and strong interfacial adhesion with PMMA
chains. Folded and wrinkled graphene sheets seem more effective, as seen from the inset
of Figure 7. 9 (TEM images). Moreover, the wrinkled sheets have a region where the
wrinkled structures possess nanoscale surface roughness of 0.4 –0.5 nm. These rough
regions in the wrinkled graphene may work as nucleation sites in the matrix, which
encourage the growing polymer chains to form new crosslinks [179, 194].
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Figure 7. 5 Sketches of the electrospinning fiber mounted to the aluminum stub for
nanoindentation test.

Figure 7. 6 Nanoindentation load-displacement curves of electrospun PMMA fiber at a
constant load of 300 µN.
Table 7. 1 Summary of mechanical properties of electrospun nanocomposite fiber.

Sample

Young’s modulus (GPa)

Hardness (GPa)

PMMA fiber

1.7413+/- 0.3300

0.0995 +/- 0.0207

G-PMMA fiber

2.1080+/- 0.4038

0.1167 +/-0.0278
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7.2.3.2 Raman Spectroscopy

Raman spectroscopy is conducted using a Renishaw Raman microscope 1000 using a 633
nm Helium-Neon laser with a focused spot size of 1-2 µm and collection lens of 50X
magnification. The Raman shift range from 500 to 3200 cm-1 is examined, corresponding
to that of the graphene/PMMA nanocomposite. The spectral analysis averages over 20
scans for each sample. Prior to electrospinning, the sample for Raman testing is prepared
by casting a small amount of graphene-reinforced polymer matrix nanocomposites between
two ITO coated glass slides to obtain a 1-mm flat thin layer and then letting it dry for 48
hours.

Comparison of the Raman spectra between graphene-reinforced PMMA and neat
PMMA can be seen in Figure 7. 7. From this plot, the effects of adding graphene
nanosheets to the PMC can be discerned from the shape of the Raman spectra. Typically,
the G, D, and 2D bands of graphene are included together with the PMMA bands in the GPMMA spectra (Figure 7. 7), while they are missing in the spectra of neat PMMA. Here,
the I2D/IG intensity ratio and G, 2D peak position are used to determine the number of
graphene layers [137]. The Raman-active regular peaks for neat PMMA are found at ∼602,
∼812, ∼966, ∼990, ∼1450, ∼1730, ∼2844, ∼2954, and ∼3002 cm-1. The three more
distinguished peaks of G-PMMA nanocomposite are the D, G, and 2D bands of graphene
at ∼1333, ∼1584, and ∼2671 cm−1, respectively, which are represented by the signals
generated during the vibration of carbon atoms from the graphene lattice [172]. The
intensity ratio I2D/IG ∼ 0.92 (Figure 7. 7) of graphene in the PMMA matrix is indicative of
bi-layer and few-layer graphene embedded in the polymer matrix [138, 174]. Also, in
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Figure 7. 7, the comparison of graphite and graphene Raman curves reveal redshifting in
the 2D peak of about ∼ 28 cm-1, which is also characteristic of mono-layer and bi-layer
graphene [137].

Figure 7. 7 Raman spectra of PMMA nanocomposites (red) Raman spectra of
Graphene-PMMA indicated D, G, and 2D bands intensity (∼1351, ∼1584, and ∼2671
cm−1) is bilayer and few layers graphene, (black) Raman spectra of PMMA as a
reference.

7.2.3.3 Scanning Electron Microscopy (SEM)

The SEM is a powerful investigative technique, which is used to provide extensive
analysis possibilities with high-resolution images of a sample's surface
topography. SEM (Zeiss Sigma 8100) is used to observe the average diameter of the
electrospun fibers and their morphology. The SEM samples of G-PMMA fiber mat are
prepared by coating them with a thin layer of gold (5 nm) to avoid the charging effect
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[204]. Applying this technique to analyze G-PMMA electrospun fibers has created a
powerful method to completely characterize not only the fiber’s diameter, but also its
morphology and orientation.

Figure 7. 8 clearly shows that all of the samples are in the continuous single fiber shape
and randomly oriented. The SEM images in Figure 7. 8 display the typical morphology of
reinforced G-PMMA electrospun fiber when using acetone as a solvent with PMMA.
Higher magnification reveals the wrinkling of fibers without any bead formation on the
fiber structure, while beads were observed to appear on the electrospun PMMA fiber (see
Figure 7. 8b). The beads on the electrospun polymer fibers disappear with adding of
graphene nanoflakes into the polymer solution before electrospinning process [205, 206].
Possible reasons for this effect may be due to increase of the electrospun fluid effective
viscosity or increased polymer solution conductivity with graphene content [207].

The wrinkled surface topographies of electrospun polymer fibers may appear as a
result of buckling instabilities during processing [208]. From the high magnification SEM
images, the fiber diameter is determined to range from 3-6 µm.
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a

b

Figure 7. 8 SEM images of (a) electrospun graphene-PMMA nanocomposite fiber at
different magnification, and (b) electrospun pure PMMA fiber.
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7.2.3.4 Transmission Electron Microscopy
Transmission Electron Microscopy (TEM) can be used to achieve understanding and
characterization of the internal composition, interfacing, and nanofillers dispersion in the
polymer matrix [209]. Along with SEM, TEM can corroborate the morphologies of the
polymer nanocomposites.

The morphologies of the G-PMMA electrospun fiber and distribution of nanoadditives within it are visualized by TEM images (Figure 7. 9). The diameter of the fiber
is determined to be around 3 µm as exhibited in Figure 7. 9a. Figure 7. 9(b−c) evince
proper interfacing and dispersion of graphene flakes in the G-PMMA fiber (as indicated
by the arrows), while also clearly exhibiting the graphene flakes embedded in the polymer
matrix. The high magnification image (Figure 7. 9c) shows the graphene surfaces having
excellent interfacing and adhesion with the amorphous PMMA matrix. Therefore, the
enhanced mechanical properties demonstrated in the nanoindentation tests are reasonably
verified. The number of layers in the graphene flakes can be determined by high-resolution
TEM images, as shown in Figure 7. 9e, indicating thin few-layer (n ≤ 4) graphene flakes.
On the other hand, the shear stress between the graphene layers during the exfoliation
process has a strong influence on wrinkle- and ripple-formation of graphene flakes, which
is observed in Figure 7. 9f and Figure 7. 9c (as circled).
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500 nm

a

b

c

d

200 nm

Figure 7. 9 TEM images (a) electrospun nanocomposite fiber, (b) few layers’
graphene covered by PMMA (c,d) uniform dispersion of graphene flakes in the
fibers, (e,f) high magnification of graphene flakes in the fiber.
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7.3

Summary

Nanofillers are an important and integral part in many nanotechnological applications,
especially for enhancing the mechanical properties of the polymer matrix composite. In
this work, graphene is exfoliated to nanoscale sheets in the liquid phase of a
PMMA/acetone solution, which is then electrospun into nanocomposite fibers. However,
the mechanical characterizations, including nanoindentation tests (i.e., to determine
modulus and hardness) of the reinforced fiber, with neat polymer fiber as a reference, are
performed using the nanoindentation technique (Hysitron, nanoindentation). The surface
morphology and interfacing of the nanofillers with the polymer matrix are investigated
with scanning electron microscopy (SEM) and transmission electron microscope (TEM).
Additionally, Raman spectroscopy is utilized to determine the number of dispersion flakes
in the matrix via knowing the dispersion of peak positions and intensities with wavenumber
shift. The analysis indicates good dispersion of nanoflakes within the polymer matrix,
resulting in overall uniform improvement in the mechanical properties. The graphenereinforced PMMA electrospun fibers have enhanced mechanical properties of 19% and
17.2% in E and H, respectively.
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Chapter Eight
8
8.1

Conclusion and Future work

Conclusion

By using high shear-induced exfoliation of graphite within a liquid-phase polymer, highquality graphene-reinforced polymer nanocomposites can be directly produced. Moreover,
our novel technique not only exfoliates the graphite, but also allows unadulteratedbonding/adhesion of the peeled-off graphene with the polymer, as well as uniform
dispersion of graphene flakes in the polymer matrix without noticeable aggregation. The
exfoliation efficiency is found to increase rapidly with increasing solution viscosity, which,
for our examined cases, corresponds to a PMMA/acetone concentration of 0.7 g/ml. The
results of the final nanocomposite show significantly improved mechanical properties,
including elastic modulus and hardness, especially at the polymer/solution concentration
e.g. 0.7 g/ml, with post-heat treatment at 200°C. The rheological behavior during the
exfoliation process in the polymer solution suggests the fluid entering the non-Newtonian
regime, with coupled interaction between the nanofiller and the polymer solution. When
the graphene loading of the polymer solution increases to a critical value, the composite
system exhibits solid-like behavior (viscoelastic behavior). Our novel exfoliation method
may be used for other 2D materials, such as hexagonal boron nitride (h-BN) or
molybdenum disulfide (MoS2) to produce other reinforced polymer nanocomposites with
unique properties.
This research investigates and contrastes the effects of two different nanofillers (i.e.,
graphene and h-BN) on the morphology, structure, and mechanical properties of the as-
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obtained reinforced polymer nanocomposites, along with study of the viscoelastic behavior
during processing, which gives insight into the final nanocomposite augmented properties.
For best results in the range studied, the graphene-PMMA and h-BN-PMMA samples are
fabricated under the processing conditions 0.7 g/ml and then post heat treated at 200°C.
The resulting nanocomposite displays excellent dispersion and interfacing of graphene and
h-BN nanofiller within the polymer matrix. Interestingly, graphene exhibits more folding
and wrinkling than does h-BN after the exfoliation process. Moreover, the graphenereinforced PMMA possesses slightly higher enhanced mechanical properties (i.e., in E and
H) than does the h-BN reinforced PMMA, perhaps reflected in the different viscoelastic
behaviors during processing. The nano-dynamic mechanical analysis tests (nanoDMA)
makes evident that the storage modulus increases significantly with increasing grapheneflake concentration, which may be attributed to strong links/bonding between the graphene
flakes and PMMA matrix. In contrast, h-BN-reinforced PMMA nanocomposites achieve
a maximum increase in the loss modulus in comparison to that of the G-PMMA
nanocomposite. In contrast, h-BN-reinforced PMMA nanocomposites achieve a maximum
increase in the loss modulus in comparison to that of the G-PMMA nanocomposite. Also,
the results show that the h-BN nanofiller achieves a higher loss tangent or damping factor
(41%), while the G-PMMA nanocomposite achieves a lower loss tangent (3.67%). This
increase of the damping factor (tan δ) when using h-BN is due to the increase in the rate of
energy loss (loss modulus). Adding fillers to the matrix could reduce the movement in
molecule chains inside the matrix, thus increasing the internal friction, which results in an
increase of energy loss and damping factor in the end [187].
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As an extension of the novel exfoliation process and polymer reinforcement to waterbased polymers, graphene reinforced polyvinylpyrrolidone (G-PVP) is produced through
high shear treatment of graphite particles at 0.4 and 0.6 g/ml of polymer/water
concentrations.

The characterization by Raman spectroscopy demonstrates high

concentrations and dispersion of graphene sheets in the polymer matrix after six hours of
processing, which is shown by the increasing of the I2D/IG ratio from 0.4 to 0.65. The
mechanical properties exhibit clear improvement in the elastic modulus and hardness.

The processing time influence on the high-shear exfoliation performance is
investigated, revealing increasing amount of monolayer graphene flakes produced in the
polymer matrix with increasing shear application duration up to 12 hours. The Raman
spectra of the G-PMMA samples display increase of the I2D/IG ratio gradually up to 1.22,
with increasing processing duration.

As an application-motivated study, the nanocomposite polymer is electrospun into a
graphene-reinforced PMMA fiber mat, and the mechanical and structure-property
attributes of the fibers are assessed.

The characterizations demonstrate that shear

exfoliation of graphene in the liquid PMMA solution can achieve high dispersion of
graphene in the polymer matrix, which can be retained in their processing into fibers, as
observed from the TEM images. The mechanical properties of the fibers, as determined
from nanoindentation tests, demonstrated significant improvement with graphene addition,
i.e., by 19% and 17.2% for E and H, respectively.
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8.2

Future Work

Although many topics related to reinforcing polymers using a novel exfoliation methods
for 2D materials in the polymer liquid phase have been covered in this research, with the
discussion of some parameters that may affect the exfoliation performance, there are still
many suggestions or challenges that should be carried out for further improvement of the
exfoliation processes and the manufacturing of nanocomposites.
The first suggestion is to improve the exfoliation performance by scaling up the novel
high-shear apparatus design via increasing the polymer viscosity and heat treatment of the
composite at the same time. This can happen by adding a hot stage into the setup, and then
mixing the polymer at melting temperature with the fillers, which could achieve a high
processing viscosity, resulting in high exfoliation and reinforcement performance.
Additives are an important parameter that can be studied towards achieving a superior
nanocomposite polymer matrix. One can try mixing graphene and h-BN or MoSO2
together to form a new hybrid structure of nanofillers whereby graphene/h-BN structures
are stacked together. Currently, the experimental studies have achieved very limited
success in producing such hybrid structures [210].
Another project, developing an electrospun method for producing antimicrobial
electrospun biopolymer nanofiber mats via mixing of graphene oxide (GO) with silver
nanoparticles (Ag) [211] in the Poly (vinyl pyrrolidone) (PVP) solution.
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