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ABSTRACT 
 
The emergence of graphene and other related 2-dimensional materials like hexagonal 
boron nitride (hBN) and molybdenum disulfide etc., have boosted the polymer 
nanocomposites (PNCs) particularly with their mechanical & electrical properties. In this 
work, mechanical and electrical properties of both liquid exfoliated hBN and graphene 
nanosheets (GNS) are evaluated in polyvinyl chloride (PVC), polyvinyl alcohol (PVA) 
and thermoplastic polyurethane (TPU). The effects of filler aspect ratio, alignment, and 
dispersion have particularly been focused. It is found that the misalignment of hBN and 
GNS inside polymer matrices yields relatively low levels of reinforcement. A post 
treatment technique of uniaxial drawing helped to align the nanosheets inside polymers. 
In case of hBN-PVC composites, the modulus reinforcement levels of dY/dVf ~800±200 
GPa was achieved with the 300% drawing, matching the theoretically predicted values. A 
considerable increase in the Young's modulus and strength with maximum values ×~3 
higher than the neat polymer is achieved at 0.001 Vf hBN. Such an enhancement in the 
mechanical properties is superior to any other hBN-PNCs reported in literature. The level 
of increase in the mechanical characteristics could not be explained solely on the basis of 
strain induced alignment of hBN nanosheets inside PVC using Halpin-Tsai theory. A 
hypothetical claim of strain induced exfoliation of hBN inside composites validated the 
level of reinforcement. The claim of strain induced exfoliation was particularly looked 
upon in GNS-PVA composites via X-ray diffraction measurements. Drawing 200% 
enticed the GNS to align along the composite films, both maximum Young's modulus and 
maximum strength are ~×4 and ~×2 higher respectively than that of neat polymer at 
0.0002~0.0006 Vf GNS. Drawing 0.006 Vf GNS-PVA composites to 200%~350% strains 
fully oriented and exfoliated the GNS inside polymer. 
Study of electrical properties in GNS-TPU composites revealed percolation threshold of 
0.0055 Vf GNS; with 3 orders of magnitude rise in electrical conductivity. The dielectric 
spectroscopy for same filler fraction values indicated that improved dispersion of high 
aspect ratio (~1272) GNS instigated the enhancement in dielectric constant (ε~5 times), 
dielectric tangent loss (tanδ~4 times) and AC conductivity (σAC~10-1000 order) for 100 
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Hz at room temperature. The increase in dielectric characteristic parameters were more 
pronounced at elevated temperature-473 K (ε~105, tanδ~90 and σAC~25 S/m at 100 kHz). 
While further rise in GNS loading 0.19 Vf indicated rise in electrical properties (ε~107, 
tanδ~103& σAC~105) at room temperature & 25 kHz. The DC conductivity~53 S/m at 0.19 
Vf GNS and stiff, strong yet tough nature was enough to test these composites for EMI 
shielding and strain sensing applications. A ~14 dB shielding effectiveness in the 
frequency range 6~12 GHz for 0.12 Vf GNS-TPU thin films (0.35~0.50 mm) was 
observed. The same GNS-TPU composite was then utilized successfully for the health 
monitoring of composites under stress. 
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1 
AIMS AND SCOPE 
 
Polymeric Nanocomposites (PNCs) are mainly classified as three types based on the 
configuration of fillers: nanoparticles reinforced PNCs, nanorods reinforced PNCs and 
nanoplatelets reinforced PNCs. Though it has been shown that rod like nano fillers e.g., 
CNTs can reinforce polymer matrices however their cost of production and scalability is 
a major obstacle in its wide range commercial applications [1-2]. On the other hand, 
nanoplatelets or 2-dimensionsional (2D) nanosheets looks more promising for the 
mechanical and electrical properties enhancement mainly due to scalability, cost 
effectiveness accompanied with quite high aspect ratio and surface area available for 
interaction with polymer [3-5]. The layered clay materials have been utilized for many 
years with a considerable success but due to their intrinsic characteristics, the 
nanoplateletes reinforced PNCs have not achieved the desired results. Recently large scale 
production of graphene and hexagonal boron nitride (hBN) in liquid phase has been 
demonstrated by Coleman group [5]. The versatile nature of properties, graphene possess, 
makes it a go to material for various applications. Generally, it holds the best ever 
achieved mechanical characteristics with the Young’s modulus in the range of 1 TPa and 
ultimate tensile strength around 130 GPa [3]. The electrical properties are no less amazing 
with very high carrier mobility and electrical conductivity [6]. Hexagonal boron nitride 
(hBN), on the other hand is an electrically insulating material owing to its electronic 
structure [7]. As an analogue material to graphene due to structural similarities, hBN can 
also be used as reinforcement in PNCs.  Here in this work I have fabricated PNCs based 
on hBN, graphene nanosheets (GNS) and characterised them for mechanical properties as 
well as electrical properties. One of the challenge with the graphene and hBN based PNCs, 
is the production method, which can provide defect free, high aspect ratio, least expensive 
and relatively large quantities of both types of nanosheets. Homogeneous dispersion of 
these nanosheets in a polymer matrix to form PNCs is another challenge. Liquid phase 
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exfoliation can be utilized for both these hurdles and has been used for the present work. 
Graphene & hBN nanosheets are prepared in the form of dispersions and further mixed 
with polymer solutions by opting for a suitable solvent. The main objective of this work 
is to find novel methods of fabricating highly reinforced composite using graphene and 
hBN. Effect of graphene in thermoplastic elastomers on electrical conductivity and 
dielectric characteristics of composites has also been studied.   
As a first leg of this work, various factors affecting mechanical reinforcement of liquid 
phase exfoliated hBN & graphene-PNCs formed via solution casting were studied. Based 
on the knowledge gained, a post treatment technique of uniaxial drawing was adopted for 
2D nanosheets-PNCs to enhance the mechanical characteristics. A new phenomenon of 
strain-induced exfoliation of 2D nanosheets in the dry composites is hypothesized. The 
polymers used for this portion of work are polyvinyl chloride (PVC) and polyvinyl alcohol 
(PVA). The work carried out here can open new vistas for the utilization in various 
applications like gas barrier properties and food packaging plastic materials. Other 2D 
materials can be subjected to the above mentioned study for new insight into 2D 
nanosheets-PNCs as well.  
The next part of the work is particularly related to the exploration of graphene’s 
electrically conducting nature inside thermoplastic polyurethane (TPU) along with the 
mechanical characteristics. Various volume fraction graphene-TPU composites were 
made to measure their electrical properties. Composites were analysed using basic 
experimentally derived percolation and dielectric spectroscopic models [8-9]. Composite 
with high graphene loading (up to 0.12 Vf) were then put under test for electromagnetic 
interference shielding measurements. As these graphene-TPU composites are conducting 
and elastomeric in nature, they can act as strain sensor. Therefore, strain sensing ability 
of the composites was also measured. This type of sensor can be used for structural health 
monitoring of composites. The work carried here gives an insight in to the 2D nanosheets-
polymer composites for understanding the filler-matrix interactions and further their use 
in applications. 
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2 
MATERIALS: INTRODUCTION AND BACKGROUND 
 
2.1 Nanocomposites 
Materials development for various applications has been the focus for a long time. The 
various ages named after materials like stone age, bronze age, iron age and steel age etc., 
provides the evidence of materials development & utilization. In recent past (19th and 20th 
centuries), the industrial revolution i.e., steel and subsequent plastic age i.e., polymers 
have driven the world for understanding and applications of various materials [1]. 
Composite materials have been used since ancient times with straw-mud bricks supposed 
to be the earliest composites. Of late the focus has been shifted to the synergistic effects 
of the materials combinations and their role in various areas. A system comprising two or 
more different materials, possessing distinctive properties, is termed as composite 
material. Composite materials have been explored by transforming the constituent 
materials unique properties to be embedded in one system to enhance their scope of 
utilization. The rise of nanoscience & nanotechnology has added another dimension to 
the materials understanding and development. At nano scale materials exhibit unique 
properties not achievable at microscale [1]. The combination of materials with at least one 
of the constituent material possessing one dimension below 100 nm is termed as 
nanocomposite. Nanocomposites present a diverse scope both in academics as well as in 
industrial applications [2]. The development of nanoscale materials and finding ways to 
combine them with other materials for a particular property enhancement is the basic 
theme behind nanocomposites fabrication. Similar to the categorization of conventional 
composites, nanocomposites can also be classified as metal matrix nanocomposites, 
ceramic matrix nanocomposites and polymer matrix nanocomposites. This classification 
is mainly done on the basis of matrix phase while the other main constituent i.e., filler 
phase can be any material having dimensions below 100 nm. Here, in this study, the focus 
remains on the polymer nanocomposites (PNCs). PNCs have been explored extensively 
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since last 30 years. Last decade has seen an exponential increase in articles, patents and 
funding support for R&D at governments’ level in this area. Plastics or polymers are most 
commonly used substances on earth in areas like products packaging, transport carriages, 
buildings, sports goods, smart coatings etc. mainly due to their light weight and ease of 
processing. The demand for such materials is increasing day by day. The addition of nano 
scale materials in small amount effectively enhances the properties and applications of 
the polymers. The ultimate properties of PNCs are driven mainly by the intrinsic 
characteristics of nano filler, polymer matrix and their interfacial region [3]. 
Dimensionality is one parameter which defines the character of the material efficiently 
along with the other well-known parameters of composition of atoms and their 
arrangement [4]. Many physical and chemical properties are sensitive to the surfaces of 
the filler materials used. Nanoscale provides high surface to volume ratio as compared to 
the microscale fillers. Another aspect of the nanoscale materials in terms of surface area 
is their different dimensional configurations. A crystal structure may have various 
dimensionalities; 0D (nanoparticles and nanodots), 1D (nanotubes and nanowires), 2D 
(nanosheets) and 3D (nanocubes), as shown in Fig. 2.1 [5-6]. 
 

 
 
Fig. 2.1: Allotropes of carbon in various dimensional configurations (0D, 1D, 2D, 3D). 
[6]. 
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The surface area per unit volume is inversely proportional to the diameter (0D & 1D) and 
thickness (2D & 3D) of nanomaterials. Further division of PNCs is based on the geometry 
and dimensions of the nano scale fillers i.e., nanoparticles reinforced PNCs, nanorods 
reinforced PNCs and nanoplatelets reinforced PNCs [1]. While the nanoparticles 
reinforced PNCs have been used for many applications; it was the one dimensional carbon 
nanotubes (CNTs) which revolutionized the PNCs. A lot of work has been done in 
enhancing the mechanical and electrical properties of PNCs taking advantage of the high 
aspect ratio and electrical conductivity of CNTs [7]. The main hurdle with CNTs to be 
utilized in PNCs is its difficult processing with high costs. The discovery of graphene has 
opened new ways for the nanoplatelets reinforced PNCs [8]. Even though graphite and 
layered clay have long been used for nanoplatelets reinforced PNCs, the excellent set of 
mechanical, thermal and electrical properties possessed by graphene are hard to find in 
any other material except CNTs. The exfoliation of low-cost graphite in liquids to give 
large amount of few layers and monolayer graphene has also facilitated the PNCs field 
involving graphene [9-10]. Graphene has opened up new avenues and revived the 
underrated class of 'Layered materials or 2D materials'. 2D Materials have expanded from 
graphene to include its analogues hexagonal boron nitride (BN) also termed as white 
graphene; transition metal dichalcogenides (TMDs) such as MoS2 and WSe2, layered 
transition metal oxides such as MnO2 and TiTaO5 and many other fascinating structures 
like GaS, silicene, germanane and Bi2Te3. 2D materials present a diverse and exciting 
nature of properties like activating band gaps, catalysis, EMI shielding, conductive inks 
together with the fundamental material properties like electrical, thermal and mechanical 
characteristics [11]. 

The work presented here is concerned with the nanoplatelets reinforced PNCs, dispersing 
graphene and hexagonal boron nitride nanosheets in different polymers. The mechanical 
and electrical properties have been studied, analysed and enhanced by following various 
pre & post treatment mechanisms. Different applications have also been suggested for 
these 2D nanosheets-polymer composites. The brief introduction to the two main 
constituents of PNCs utilized for this work (a) nano filler and (b) polymer system is first 
highlighted. 
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2.2 Graphene 
Carbon is one of the most abundant materials found in universe and its natural allotropes 
graphite & diamond posse’s unique properties. These properties are the high thermal & 
electrical conductivity along with the lubricating characteristics for graphite and hardness 
for diamond [12-13]. Graphite is derived from a Greek word 'graphein' which means 'to 
write'. With the probable invention of pencil in year 1565 [14], every word written by 
using pencil has the graphite layers made up of graphene. 'Graphene' is the one atomic 
thick, single layer of graphite [15]. It has only been isolated from bulk graphite in 2004 
although predicted both theoretically and experimentally throughout the 20th century. The 
timeline presented below gives a very good historic background of graphene [16-17]. 

 
Fig. 2.2: Timeline of certain historical events related to graphene prediction and existence 
[17]. 
 

Graphite oxide preparation by Intercalation and exfoliation of graphite by Schafhaeutl-1840

Various experiments w.r.t. oxidation mechanisms were performed related to the intercalation of graphite and preparation of graphite oxide. 1859-1958 

Preparation of reduced graphene oxide (rGO) by Boehm and coworkers- 1962

Presence of monolayer graphite, predicted by May, Morgan and Somorjai obtained LEED patterns produced by small molecules absorbed onto Platinum (100). 1968-1969

Preparation of monolayer graphite by various techniques of segregation and sublimation. 1970-1975
Boehm termed the single layer of graphite as graphene -1986

IUPAC definition of graphene as ' the term should be used only when the reactions, structural relations or other properties of individual layer of graphite are discussed-1997 

Few layer graphene lamellae were produced by micromechenical exfoliation of graphite-1999
Isolation of single layer of graphite (graphene)-2004
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2.2.1. Structure 
Graphene is a single planar sheet of carbon atoms, arranged in a hexagonal structure. Each 
atom forms in-plane covalent bond (σ-bonds) with its three nearest neighbouring atoms. 
Carbon atom possessing four valence electrons leave behind one electron to form a π-
bond, perpendicular to the plane of hexagonal lattice. The in-plane covalent bonds (σ-
bonds) provide graphene the mechanical and thermal characteristics equivalent to 
diamond. The π-bond contributes to delocalized electron gas, which ultimately enhances 
the electrical conductivity of graphene [18-19]. The nearest in-plane distance between the 
carbon atoms is ~0.142 nm. Graphene (2D) is the building block of all carbon materials 
as it can be stacked over each other to form graphite (3D), rolling over the graphene gives 
carbon nano tubes (1D) while wrapping it up forms the buckyball (0D). Graphite structure 
is shown below formed by no. of graphene layers held together by weak van der Walls   

 
Fig. 2.3: Hexagonal crystal structure of tri-layer graphene showing the nature of bonding, 
bond length and inter-layer distance [21]. 
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forces. The inter-layer spacing for adjacent graphene layers is ~0.34 nm. The weak van 
der Walls forces have been the cause of graphite being splitting up into graphene layers 
by various means starting with the Nobel Prize winning method of mechanical cleavage 
in 2004 [20]. Before the scotch tape peel-up of graphene in 2004, it was theoretically 
predicted that graphene is thermodynamically unstable and cannot exist. Thermal 
fluctuations occur at finite temperatures in low dimensional crystal lattices [4]. The atoms 
will be displaced to the level of interatomic distances, barring the existence of such 
structures. However, the graphene discovery, followed by other 2D materials like single 
layer boron nitride exhibited that one atomic thick crystal lattices can exist. It has been 
found though that free standing and supported graphene sheets structure possess some 
ripples. The schematic diagram (Fig. 2.4) shows these ripples. Theoretical scientists claim 
of these ripples in the graphene structure to be 3-dimensional [4, 22]. 
 

 
 

Fig. 2.4: The artist’s impression of the graphene ripples [22] 
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2.2.2. Properties and Applications 
Graphene is termed as 'wonder material' due to a long list of varying range of properties 
possessed by it. The combination of its excellent mechanical, electrical, optical and 
thermal properties is hard to find in any other single material [23]. The excellence of 
graphene in mechanical characteristics was first verified in 2008 by AFM nano-
indentation method. The ultimate tensile strength was found to be ~130 GPa and stiffness 
around 1 TPa [24]. This confirms graphene as strongest material known to man with its 
strength 200 times more than steel. Graphene holds high elasticity without fracture as it 
can sustain ~20% threshold strain, the property which no other material possesses [24]. 
These revelations made graphene a forerunner to be employed as reinforcing filler 
especially in polymer composites and other strain induced applications. The electronic 
properties of graphene are itself quite promising. Graphene’s zero-band gap semi 
conducting nature, quantum-Hall effect at room temperature, tunable band gap, ambipolar 
field effect and extremely high carrier mobility (~20,0000 cm2/Vs at room temperature), 
all arising due to its electronic band structure. These characteristics can be of great use in 
areas like cell devices, various sensing technologies and flexible electronics. Its high 
electrical conductivity (~104-108 S/cm) can be utilized for conductive polymer 
composites. Besides these extraordinary mechanical and electrical characteristics, a single 
layer suspended graphene owns a thermal conductivity in the range 3000-5000 Wm-1K-1 

while for amorphous silica supported graphene it lowers down to ~600 Wm-1K-1 still 2 
times higher than copper and 50 times higher than silicon. The measured white light 
absorbance is ~2.3% for a single layer suspended graphene with a reflectance <0.1%. 
These promising characteristics can be applied in the field of optoelectronics and 
transparent conductive electrodes applications [25]. The various graphene applications in 
the field of composites, energy, sensors, high speed electronics etc. are presented in Fig. 
2.5. 
 
2.3 Boron Nitride 
Boron nitride (BN) is the synthetic compound made up of Group-III boron and Group-V 
nitrogen. Boron nitride was first synthesized and reported by W.H. Balmain in 1842 [27]. 
It bears a resemblance to elemental carbon structures as it shares the same total no. of  
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Fig. 2.5: Graphene applications in various fields [26]. 
 
electrons between the adjacent boron and nitrogen atoms.  The two main allotropes of BN 
are hexagonal (h) BN and cubic (c) BN analogous in structure to graphite and diamond 
respectively [28]. Both the hBN and cBN have the boron and nitrogen atoms as building 
block but arranged differently. Here I will focus on hBN whose monolayer is also termed 
as white graphene. After the discovery of graphene, monolayers of hBN along with other 
layered materials like MoS2 followed which possess a different set of exotic properties. 
 

2.3.1. Structure 
Hexagonal boron nitride (hBN) has a honeycomb lattice arrangement in which each boron 
atom is covalently bonded to three nitrogen atoms and vice versa as shown (Fig. 2.6). By 
look of Fig. 2.6 it is evident that its the same diagram as was for graphite with a C-C 
atoms being replaced with B-N atoms. The in-plane BN bond lengths are also equivalent 
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Fig. 2.6: Hexagonal crystal structure of tri-layer hBN showing the nature of bonding, bond 
length and inter-layer distance [29]. 
 
to graphite, which is ~0.145 nm. The layered structure of hBN is similar to layered 
structure of graphite. The weak Van der Walls forces hold together the layers of hBN. 
The distance between planes is around 0.33 nm. The stacking of hBN planes is a bit 
different from graphite planes as in hBN, boron and nitrogen atoms are on top of each 
other (AA’ staking) while in graphite the planes are arranged in a way that only half the 
carbon atoms have neighbouring carbon atoms directly above or below (AB Bernal 
stacking) [30]. 
 



13  

2.3.2. Properties and Applications 
Besides the structural similarity between single layer hBN and graphene, the electronic 
properties are quite distinct. Single layer h-BN owns insulator properties due to the strong 
difference in electronegativity between boron and nitrogen atoms with a wide band gap 
of ~5-6 eV. Hexagonal boron nitride has been utilized as a thin insulator and gate 
dielectric material between the graphene layers due to its wide band gap. It also holds 
promise to be used as substrate for graphene [31]. Along with the electrical insulating 
nature, hBN nanosheets possess excellent thermal conductivity in the range 300-2000 
Wm-1K-1. Both these properties of hBN nanosheets (electrical insulation and thermal 
conductivity) can be utilized for the better thermal management in high power electronics 
[32]. As far as the mechanical characteristics of hBN are concerned, there has been fewer 
reports present in the literature related to the polymer composites with hBN as 
reinforcement. There is no experimental work performed on the single layer hBN 
mechanical characteristics, but the in-plane stability of the hBN structure makes it a good 
candidate to be utilized as reinforcement. Theoretical studies confirm this with the 
predicted values of modulus around 750 GPa and ultimate tensile strength in the range of 
85 GPa [33-34]. These properties can be utilized to reinforce polymer nanocomposites. 
Table 2.1 presents a comparasion for some basic properties of graphene nano sheets 
(GNS), boron nitride nano sheets (BNNS), carbon nano tubes (CNTs) and boron nitride 
nano tubes (BNNT). 
The above mentioned mechanical and electrical characteristics of boron nitride and 
graphene are of utmost importance related to this thesis. Both graphene and boron nitride 
2D nanosheets are dispersed in various polymers for their evaluation and possible 
promised applications. For that to happen; a method is required to acquire large scale 
exfoliation of high quality graphene and boron nitride. 
 
2.4 Production Methods for Graphene and Boron Nitride 
The production of large scale-defect free graphene and other 2D materials like hBN is a 
challenge faced by scientific fraternity. The cost effectiveness and ease of production 
process are other related factors. There are number of lab scales fabrication methods used 
for the production of graphene as shown in the schematic diagram (Fig. 2.7 (a-i)) [26].  
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Table 2.1: Comparison between properties of graphene nano sheets (GNS), boron nitride 
nano sheets (BNNS), carbon nano tubes (CNTs) and boron nitride nano tubes (BNNT) 
[32-37] 

Properties GNS BNNS CNTs BNNT 
Physical 
/Structural 
properties 

Color Black White Black White 
Lattice 
Structure 

Hexagonal Hexagonal   

Bonding Covalent  Covalent with 
ionic 
component 

Covalent  Covalent with 
ionic 
component 

Electronic Structure Zero-gap 
semimetal 
with a 
tiny overlap 
between the 
valence & 
conduction 
band 

5.0–6.0 eV 
band gap, 
independent of 
chirality 

Metallic or 
semiconducting, 
dependent on 
chirality 

5.0–6.0 eV 
band gap, 
independent of 
chirality 

Mechanical 
Properties 

Young’s 
Modulus 
(GPa) 

1000 750 ~1000 900 

Strength 
(GPa) 

130 85 
102 

11-63 33 

 
Few of these lab scales methods set the benchmark for industrial scale production. The 
common production methods for both graphene and hBN out of these mentioned 
production techniques are micromechanical cleavage (Fig. 2.7 (a)), liquid phase 
exfoliation (LPE-Fig. 2.7 (d)) and chemical vapour deposition (CVD-Fig. 2.7 (g)). 
The micromechanical cleavage or 'scotch tape peel off' method can produce a very large 
aspect ratio graphene and hBN. The lateral dimensions of single layers for 2D materials 
is up to 1~2 mm with micromechanical cleavage [38-39]. In this method an adhesive tape 
is utilized to obtain thin graphitic layers from bulk graphite. By repeatedly peeling off 
graphitic layers, it ultimately results in single layers of graphite (graphene) as the van der 
walls forces are overcome between the last two graphite layers. The advantage of this  



15  

 
 
Fig. 2.7: Schematic diagram of the main experimental setups for graphene production [26] 
 
exfoliation method is the fabrication of high quality single layer graphene without any 
damage to the lattice structure. The same method can be used for production of single 
layers hBN. The micromechanical cleavage can be efficiently used for the new insights 
into graphene and hBN research and device concepts. The main drawback with 
micromechanical cleavage is its inability for large scale production of 2D nanosheets. 
CVD is another method capable of producing high quality graphene and hBN. In this 
method carbon containing gas (methane) for graphene and borazine for hBN are 
decomposed in the presence of a process gas. The gas is effectively used to catalyse a 
reaction with the substrate at elevated temperature. Copper and nickel are used as 
substrates for methane and borazine, respectively. The temperature range for graphene is 
~1000 oC while for hBN it is ~600 oC. CVD is a very proficient method, particularly for 
graphene monolayer coverage in the range of centimetres to few inches by using roll to 
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roll production and wet chemical doping [40-41]. But CVD cannot be utilized to produce 
graphene and hBN for composites fabrication due to its limited yield as it is dependent on 
the substrate size [42]. 
Liquid phase exfoliation is most suitable technique to be employed for various 
applications especially composites fabrication. Exfoliation of layered 
compounds/materials is not a recent thing, in-fact it dates back to the several centuries. A 
relative modern history of layered materials exfoliation or de-lamination can be traced 
back to 1824. Thomas H. Webb first utilized thermal exfoliation to transform a mineral 
into a valuable product ‘vermiculite’, named as due to its similarity to worm after 
exfoliation. Recently the challenges faced with large scale production of graphene turned 
the attention towards the exfoliation techniques especially liquid phase exfoliation [9-10]. 
 

2.4.1. Liquid Phase Exfoliation 
Setting graphene isolation from graphite as benchmark, the first single layer graphene 
obtained via liquid phase exfoliation was in 2005 involving the oxidization of graphite. 
In 2006, monolayer graphite oxide nanosheets were produced by utilizing liquid phase 
exfoliation, which are now known as graphene oxide nanosheets. Graphene oxide is 
electrically insulating which can be processed into electrically conducting via reduction 
[43-44]. Liquid phase exfoliation of pristine nanomaterials was performed in 
dichlorobenzene (2005) to produce nano graphite but no monolayer graphene was 
observed [45]. Three years later, Coleman group was able to attain pristine monolayer 
graphene by liquid phase exfoliation. It has also been utilized to exfoliate various other 
2D nanosheet like hBN, MoS2, WS2 etc., by making use of various solvents, aqueous 
surfactant systems and polymer stabilized systems [9, 46-52]. This method holds potential 
for both mechanical and electrical applications. Liquid phase exfoliated graphene and 
hBN have been successfully employed for reinforcement purposes [53-54]. This method 
has also been able to provide high quality-defect free graphene for electronic devices like 
transparent electrodes in liquid crystal display (LCD) [55]. 
Liquid phase exfoliation is all about providing an excitation by utilizing various forms of 
energy in the presence of a suitable solvent. Here in this work, sound energy via 
ultrasonication has been utilized for excitations of the 2D nanomaterials. The ultrasonic 
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energy helps to disengage the weak van der Waals forces between the successive layers 
of graphite and hBN in a presence of a liquid media which can be a chemical solvent, 
aqueous surfactant or polymer stabilized solution. Liquid phase exfoliation mainly 
consists of two stages: 

(1) Dispersion and Ultrasonication  
(2) Ultracentrifugation and Vacuum filtration  

 
2.4.1.1. Dispersion and Ultrasonication 

The foremost requirement for liquid phase exfoliation is to form dispersion in a suitable 
solvent. The ideal solvent would be one which can balance the inter-sheet attractive forces 
after exfoliation to avoid aggregation of exfoliated material. To understand the choice of 
best solvent for materials dispersion, thermodynamics and energetics of the system needs 
to be understood [46, 49, 56]. The mixing of two chemical entities will cause a change in 
the entropy and enthalpy of the system. Entropy is the measure of the disorder in a system 
while enthalpy is total energy of the thermodynamic system. For energetically favourable 
mixing of nanomaterial with a solvent, following relationship holds at constant 
temperature 
∆G =  ∆H − T∆S            ∴ ∆G ≤ 0    (2.1) 
With mixing of chemicals, the disorder of the system is increased so the ∆S   is positive. 
For 2D nanosheets, ∆S  is very small thus ∆H  becomes vital. Stable exfoliation of 
2D nanosheets from bulk material requires ∆H  being very small. In the pioneering 
work of liquid phase exfoliation of pristine graphene, Coleman group has derived an 
approximation to relate the enthalpy of mixing with the surface energy of a 2D nanosheet 
[57]. The energy required for exfoliation per unit volume of mixture, Vmix, is shown below  
∆ ≈ δ − δ ) V       (2.2) 
Where Tsheet is the thickness of 2D nanosheet, δ is the square root of surface energies for 
respective phases and Vf is the volume fraction of 2D nanosheets in the mixture. 
Equation (2.2), based on the balance between the surface energies of both solute and 
solvent, describes the energy required to prevail over van der Waals forces for peeling off 
two successive sheets apart. It is evident from the above mentioned equation (2.2) that 
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using a solvent which matches in surface energy with the 2D filler material will be able 
to form a mixture with most favourable conditions and minimal energy cost. Surface 
tension is the indicating parameter for selection of the solvent phase. Hilderband solubility 
parameters can also be used for choosing a solvent for improved dispersions [26]. It has 
been found that solvents with surface tension~40 mJ/m2 are the best to disperse graphene 
and hBN as they are able to minimize the interfacial tension between graphene/hBN and 
solvent. These solvents are N-Methyl-2-pyrrolidone (NMP), Dimethylformamide (DMF), 
Benzyl benzoate, gamma-Butyrolactone (GBL), etc. [26]. The possible disadvantages for 
the NMP and DMF can be their high boiling point and toxicity. But for the composite 
fabrication these disadvantages can be overlooked. High interfacial tension between 
solvents and 2D materials would allow the exfoliated flakes to adhere again and the 
dispersion would be poor. Surface tension of water is ~72 mJ/m2 which is high for 
graphene and hBN and cannot exfoliate them on its own. The addition of surfactants and 
polymers, however, makes water useful for graphene and hBN exfoliation [51-52, 58-60]. 
Here for most part of this work, NMP has been as solvent for the exfoliation of both hBN 
& graphene. Polymer solution (Polyvinyl alcohol /water) has also been utilized for the 
exfoliation of graphene to enhance mechanical properties of composites. 
After choosing the solvent, ultrasonication is utilized to provide sonic energy to the 2D 
materials-solvent dispersion placed in a water bath. Sonic tip is directly placed into the 
dispersion container. The pressure fluctuations (developed due to sonic energy of 
frequency >15 kHz) inside the dispersion cause the formation of cavities, its growth and 
finally collapse (Fig. 2.8.) due to the propagation of shock waves. The mechanism of these 
acoustic cavities and the mannerism of their collapse play a vital role in the exfoliation of 
2D materials. The disintegration of cavities, near the surfaces of the material larger in 
size, forms micro jets. These micro jets provide sufficient energy required to overcome 
the van der Waals forces between the successive layers of 2D materials. The high speed 
microjets peel apart the stacked layers to few layers and even single layers are formed. In 
some cases these cavities simply rebound from the material surface without collapse, 
forming a spherical nature and the associated shock waves are speeded up causing more 
erosion in the 2D materials. Apart from the cavities formation and their ultimate effect, 
another factor occurring inside is the inter-particle collision of 2D material. It also 
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Fig. 2.8: Schematic illustration of the formation, growth and implosive collapse of bubbles 
with high intensity ultrasonication in a liquid [60]. 
 
generates varied nature shock waves with high speeds. All these phenomena occurring 
inside produce exfoliated 2D material with a range of dimensions and morphologies. 
Schematic diagram below (Fig. 2.9) shows the exfoliation of 2D nanosheets with 
sonication. It is evident that a suitable solvent will be able to hold the suspended exfoliated 
nanosheets as compared to the poor solvent which cannot keep away the exfoliated sheets 
from aggregation [9]. 
 
 

 
 
Fig. 2.9: Liquid phase exfoliation schematic diagram for sonication assisted exfoliation. 
It shows the importance of solvent selection [9]. 
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2.4.1.2.  Ultracentrifugation and Vacuum Filtration 
Ultracentrifugation is used to select a range of same dimension and attain completely 
exfoliated 2D nanosheets [50]. It depends on various parameters like centrifugation speed, 
solvent used, and solute. At constant centrifugation speed, the dense flakes will stick to 
the bottom of container while the lighter flakes will float out to the top. Based on this 
principle, it has been reported that various sized 2D nanosheets can be separated by 
changing the centrifugation speed. In this process, the exfoliated dispersion of 2D material 
is centrifuged at higher speeds to take the supernatant out. The sediment left behind is 
again mixed in the same solvent and centrifuged at relatively lower speeds to again collect 
the supernatant. It is well known that higher is centrifugation speed smaller is the flake 
size of exfoliated 2D nanosheets. Schematic diagram (Fig. 2.10) below shows 
ultracentrifugation with successively lower rates to avail a size separated 2D nanosheets. 
 

 
Fig. 2.10: Schematic diagram for the separation of different sizes of 2D nanosheets via 
ultracentrifugation [50]. 
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All the supernatants gained at various centrifugation speeds are then filtered out to remove 
the solvent. Vacuum filtration is performed on these dispersions for this purpose. As far 
as the mechanical and electrical properties are concerned, the effectiveness of both 
graphene and hBN is driven by three factors; nanosheet dimensions, nanosheet thickness 
i.e., the number of layers and the overall quality of the crystal lattice [61-65]. Liquid phase 
exfoliation technique used for present work is capable of producing nanosheets mostly in 
the range of 3-7 layers with the control on selecting a uniform sized, defect free nanosheets 
[9-10]. 
 
2.5 Polymers 
One of the major class of materials, Polymer is comprised of hundreds to thousands 
molecules forming large macromolecules, arranged in a chain. The repeating structure of 
these macromolecules is termed as 'monomer' derived from a Greek word 'mono-meros' 
meaning one part. The long chains and molecular weight of these macromolecules are 
responsible for the unique properties polymers possess [65-67]. Most commonly carbon 
and sometimes oxygen atoms form the backbone of polymer bonding covalently with 
other atoms. Based on the configuration of the macromolecular chains, polymers structure 
can be categorized as linear, branched and cross-linked. The number of 'mer' units in one 
polymer and how they are joined defines this categorization. If the polymer has only one 
'mer' unit arranged repeatedly along a chain, it can be termed as homopolymer and it 
possess a linear configuration. The example of linear polymer is Teflon 
(polytetraflouroethylene) in which two carbon atoms and four fluorine atoms forms a 
'mer'. On the other side, more than one different 'mer' units arranged in chains are termed  

  
Fig. 2.11: Schematic diagram of various polymer configurations [65]. 
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as copolymers. If a polymer is synthesized such that side chains are introduced to a main 
chain, it is termed as branched polymer. The branched polymers possess low density 
compared to the linear polymers. In case of cross-linked polymers; two or more chains 
are linked together by cross links/covalent bonding. The cross links to the main chain can 
be introduced during synthesis or by an irreversible chemical reaction [65-67]. The 
schematic representation is shown in Fig. 2.11 for the various mentioned configurations 
of polymers. 

2.5.1. Polymer Types 
Polymers can be classified in two main groups on the basis of physical properties; rigid 
plastics and elastomers. Rigid plastics can be subcategorized as thermosets and 
thermoplastics. Thermoplastics consist of molecules with long chains linked by covalent 
bonds. These polymers are generally uncross-linked and heat reversible. Thermosets on 
the other hand possess high degree of cross-linking and irreversible with heat. Elastomers 
are stretchy polymers like rubber and spandex; possessing the property of elastic 
deformation. Also the rigid plastics and elastomers can be synthetically combined to form 
another class of polymers; thermoplastic elastomers. The schematic diagram (Fig. 2.12) 
shown below can be of great use while understanding the different polymer types. 
 

 
Fig. 2.12: Classification of Polymers. 

Polymers

Rigid Plastics

ThermosetsThermoplastics

Fibers

Thermoplastic Elastomers Elastomers

Vulcanized Rubber



23  

Here in this work; three different kind of polymers have been utilized for composite 
formation with graphene and boron nitride nano sheets as filler. The three polymers used 
are polyvinyl chloride (PVC), polyvinyl alcohol (PVA) and thermoplastic polyurethane 
(TPU). 

2.5.2. Poly Vinyl Chloride (PVC) 
PVC is a very common thermoplastic polymer made up of 57% chlorine and 43% carbon. 
It is usually supplied in powder form and can be stored for long durations. PVC is prepared 
from the polymerization of vinyl chloride monomer also known as chloroethene 
H2C=CHCl. The monomer vinyle chloride has been derived from the combination of 
vinyle group (CH=CH2) and chlorine (Cl) bonded covalently. The chemical structure of 
both monomer and polymer is shown in Fig. 2.13. PVC is resistant to both fire and water 
making it very useful. It is used in building applications, as rigid formulations in water 
and sewage pipes, conduits, and cable coverings. Pipe and conduit application are by far 
the major use of PVC. It is also used as a plasticized material in membrane roofing and 
flooring applications. PVC films are used in packaging of consumer goods [69].  

 
Fig. 2.13: Chemical structure of monomer (vinyl chloride) and polymer (poly vinyl 
chloride) Adapted from [68]. 

 
2.5.3. Poly Vinyl Alcohol (PVA) 

Poly vinyl alcohol (PVA) is a very common thermoplastic polymer used widely [63]. It 
is prepared by first polymerizing vinyl acetate, and the resulting polyvinyl acetate is 
converted to the PVA by treating it with an acid. PVA’s chemical structure is comprised 
of a mer unit having a carbon backbone with hydroxyl (OH) side groups (Fig. 2.14). The 
side groups are responsible for the hydrophilic nature of PVA. These hydrophilic 
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properties make PVA an ideal choice to be used for nanomaterials exfoliation and 
subsequent composite formation process in an aqueous environment. PVA is an 
odourless, non-toxic, resistant to oil and possess excellent adhesive properties. PVA major 
applications areas are in adhesives, emulcifiers, colloid stabilizers, base/coatings for 
photographic films, food wrappings, electroluminescent devices, oxygen resistant films 
and cement coatings. It can also be used for paper and textile sizing. It has been well 
utilized for enhanced mechanical and electrical characteristics by incorporating various 
nano fillers [69]. 

 
Fig. 2.14: Chemical structure of monomer (vinyl alcohol) and polymer (poly vinyl 
alcohol). Adapted from [70]. 
 

2.5.4. Thermoplastic Polyurethane (TPU) 
Thermoplastic polyurethanes (TPU´s) are a versatile group of phase segmented polymers 
possessing excellent mechanical and elastic properties. TPU is effectively formed from 
the inter-reaction of three basic components polyols (long-chain diols), diisocyanates and 
short-chain diols. The polyols and the short-chain diols react with the diisocyanates 
through poly-addition to form linear polyurethane. The reaction of polyol with 
diisocyanate creates flexible segments while rigid component is formed as diisocyanate 
is combined with short-chain diols. The schematic diagram (Fig. 2.15) shows the chain 
structure of thermoplastic polyurethane [71]. The basic components, their starting ratio 
and reaction conditions define the nature of the final product (TPU). TPU are used in 
various areas like automotive, footwear, sports & leisure goods, technical mouldings, 
spiral tubing, pneumatic tubing and other electrical & mechanical applications. 
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Fig. 2.15: Schematic diagram for chemical-physical structure of thermoplastic 
polyurethane (TPU) [71]. 
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3 
ENHANCING THE MECHANICAL PROPERTIES OF BN 
NANOSHEET–POLYMER COMPOSITES BY UNIAXIAL 
DRAWING 
 
 
I have used liquid exfoliation of hexagonal Boron-Nitride (BN) to prepare composites of 
BN nanosheetsof three different sizes in polyvinylchloride matrices. These composites 
show low levels of reinforcement, consistent with poor alignment of the nanosheets as 
described by a modified version of Halpin–Tsaitheory. However, drawing of the 
composites to 300% strain results in a considerable increase in mechanical properties with 
the maximum composite modulus and strength both ~×3 higher than that of the pristine 
polymer. In addition, the rate of increase of modulus with BN volume fraction was up to 
3-fold larger than for the unstrained composites. This is higher than can be explained by 
drawing induced alignment using Halpin–Tsai theory. However, the data was consistent 
with a combination of alignment and strain-induced de-aggregation of BN multilayers. 
 
3.1 Introduction  
The last few years have seen resurgence in the study of polymers reinforced by 2-
dimensional fillers. While clays have long been used to reinforce polymers, graphene has 
recently surfaced as an extremely promising filler material due to its extremely high 
modulus (Y~1 TPa) and strength (~130 GPa) [1-6]. Critically, it has been shown that 
graphene is capable of providing reinforcement at close to the theoretical maximum [7]. 
More recently, attention has turned to other inorganic nano-fillers such as BN, MoS2 and 
WS2, many of which occur in all dimensionalities i.e. 2D, 1D and 0D [8-9]. Such 
nanomaterials (whether in 2D, 1D or 0D forms) have previously been used as fillers for 
composites, achieving improvements in a wide range of areas from thermal to tribological 
or adhesive properties [10-15]. Importantly, the 2D forms of many of these materials have 
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impressive mechanical properties suggesting them to be ideal as reinforcing fillers in 
polymer-based composites [16–18]. Recently, it has become possible to mix these 
materials with polymers because of developments which allow large scale production of 
2D nanosheets in liquids [19–24]. In particular, hexagonal boron nitride (BN) nanosheets 
are thought to have mechanical properties similar to graphene and so are of considerable 
interest as fillers for reinforcing plastics [22, 25-27]. Of particular interest is the fact that 
BN nanosheets are electrically insulating, allowing them to be used to improve the 
mechanical or barrier properties of polymers without modifying the electrical properties. 
However, to our knowledge, BN nanosheets have demonstrated significant reinforcement 
(>25% increase in tensile modulus) in only two matrices: polyvinyl alcohol (PVA) and 
poly-benzimidazole [26-27]. Other matrices such as epoxy, poly-methylmethacrylate and 
polycarbonate have been studied but have shown somewhat lower levels of reinforcement 
[22, 28-29]. It is entirely possible that the interfacial interaction between BN and these 
polymers is such that stress transfer is poor, rendering reinforcement ineffective. 
Alternatively, it may be that the low observed reinforcement is associated with other 
effects such as aggregation or nanosheet orientation. This would be more interesting as 
such problems can potentially be eradicated through improvements in processing or post-
treatments.  
Specifically, both these issues could be addressed through the post-treatment technique 
of drawing. This technique is commonly used during polymer-fiber production and 
involves the stretching the fibers to strains of 200–500%, depending on the polymer. This 
aligns the chains, increasing crystallinity and significantly improving the mechanical 
properties. This technique has been widely applied to composite fibers where, in addition 
to chain alignment, it tends to align the fillers in the direction of draw [30–34]. For a 
polymer reinforced with rod-like fillers, which are initially randomly orientated but 
become fully aligned in one direction by drawing, both strength and modulus can be 
increased by a factor of 8/3 [35-36]. This approach has also been applied to composites 
with 2D fillers, although fewer papers are available, all describing clay-filled composites 
[37–40]. Nevertheless, these papers describe considerable increases in mechanical 
properties on drawing. Surprisingly, no reports have been found related to drawing of 
composites containing graphene or BN nanosheets. In addition to inducing alignment, 
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drawing may improve the aggregation state of the nanosheets. Strain induced 
delamination or deaggregation has been observed for polymer–clay composites [41]. If 
this could be achieved during drawing of BN filled composites, it could be used to break 
up small aggregates or more completely exfoliate nanosheets – further improving the 
mechanical properties. It is worthwhile to examine the effects of drawing in composites 
filled with graphene or BN nanosheets. Using BN as the filler material has the added 
advantage that it will allow us to explore the possibilities of improving the reinforcement 
in matrices where results have previously been poor. In this work, composites of 
polyvinylchloride (PVC) filled with BN nanosheets have been prepared. Low levels of 
reinforcement in the as-produced composites is found which can be attributed to lack of 
alignment of the nanosheets and possibly incomplete exfoliation of the BN. However, on 
drawing the composites to 300% strain a considerable increase in mechanical properties 
is observed. This is attributed to improved alignment and possibly strain-induced 
exfoliation or de-aggregation. 
 
3.2 Experimental Methods 
As-supplied boron nitride powder (Saint Gobain h-BN, high purity, Grade A-01, average 
crystallite size <50 micron) was added to 60 ml of N-methyl-pyrrolidone (NMP) at a 
concentration of 20 mg/ml. This mixture was sonicated for 48 h using a flat head probe 
sonic tip. This procedure is well known to yield good quality exfoliated BN nanosheets 
[19]. To remove any unexfoliated h-BN the dispersion was centrifuged (Hettich Mikro 
22R) for 45 minutes and the supernatant, which contained the nanosheets, was collected. 
To control the nanosheet size, varying centrifugation rates were used (1500, 700 and 300 
rpm) [42, 51-52]. The supernatants from all the three centrifugation rates were then 
filtered through PET membranes (pore size 0.4 mm). The filtered material was washed 
with tetrahydofuran (THF) and dried overnight in an oven at 60oC. The three size-selected, 
dried BN powders were re-dispersed in THF by mild bath sonication (Branson 1510E-
MT sonic bath) to give stock dispersions at concentrations of 2 mg/ml. To assess the 
exfoliation state of the dispersed BN nanosheets and to measure their dimensions, a few 
drops of dispersion from each size-selected sample were dropped onto holey carbon grids 
(400 mesh) and analysed using a Jeol 2100 TEM at 200 kV. To make composites films, 
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PVC (Sigma Aldrich-Catalog no. 34677-2, medium molecular weight (9002-86-2)) was 
dissolved in THF at a concentration of 100 mg/ml by overnight stirring. Various volumes 
of the stock dispersion (BN–THF, 2 mg/ml) were added to PVC–THF solution to make 
composite dispersions with a range of BN mass fractions. Each dispersion was sonicated 
for 4 h in sonic bath (Branson 1510E-MT sonic bath), followed by drop casting into 
Teflon trays. In all cases, the total liquid volume and solids mass were kept constant (BN 
+ PVC = 160 mg) to avoid any drying related variation from sample to sample. Two types 
of composites were made from each particle size. “As prepared” composites were dried 
at 25 oC for 24 h followed by another period at 65 oC for 72 h. However, those composites 
which would later be drawn were dried initially at 25 oC for 24 h only. These samples 
were dried to a much lesser extent, to ensure the presence of residual trapped solvent. This 
solvent will act as a plasticizer allowing the samples to be drawn to large strains, without 
requiring any heating of the sample. The latter set of composites was drawn to a strain of 
300% at a rate 5 mm/min in Zwick tensile tester with 100 N load cell. All drawn samples 
were clamped to avoid any shrinkage and then dried again at 65 oC for 72 h. Afterwards, 
they were cooled ambiently to room temperature where they were held for at least four 
hours before testing. No shrinkage was observed over this time period. Helium ion 
microscopy was performed on film fracture surfaces with a Zeiss Orion Plus. All images 
were acquired using an accelerating voltage of 30 kV and a beam current of 0.5–1 pA. 
Secondary electrons produced by incident helium ions are detected using an Everhart–
Thornley detector. This image signal was averaged over 32 or 64 line scans. Charge 
compensation was achieved using an electron flood gun. All samples were subsequently 
mechanically tested using a Zwick tensile tester at a strain rate of 5 mm/min using a 100 
N load cell. 
 
3.3 Results and discussion 
The basis of this work is the ability to exfoliate h-BN crystallites by liquid exfoliation to 
give dispersions containing large quantities of nanosheets [19, 21]. These dispersions are 
ideal for further processing and composite formation. The reinforcement of composites 
depends strongly on the dimensions of the filler particles, specifically the length/thickness 
ratio [7, 35]. Liquid exfoliation techniques render selection of nanosheets by size straight 
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forward [42]. I have used centrifugation-based size selection techniques to prepare BN 
dispersions with three different nanosheet sizes. While increase in the nanosheet lateral 
size is expected with decreasing centrifugation rate, it is necessary to perform TEM 
analysis to quantitatively characterise the resultant nanosheet size distributions. 

3.3.1. Transmission Electron Microscopy of hBN 
Shown in Fig. 3.1 (A–C) are typical TEM images of BN nanosheets prepared using 
centrifugation rates of 1500, 700 and 300 rpm respectively. These images clearly show 
few-layer nanosheets rather than BN monolayers. Careful inspection of the flake edges 
allows estimation of the number of monolayers per nanosheet, N [43]. For each sample, 
this showed the nanosheets to be 1–10 monolayers thick with mean values around N~4. 
These values are very approximate due to the combined problems of subjectivity and the 
difficulty associated with resolving individual monolayer edges. However, this data does 
indicate the nanosheets to be relatively well-exfoliated. It is worth remembering that 
monolayers are not thought to be necessary for high degrees of reinforcement. Gong et al. 
have shown that reinforcement using graphene is maximised for N~3, implying that the 
nanosheets used here are potentially useful fillers [44]. More straightforward to estimate 
is the mean nanosheet length, L, which is determined by measuring the lengths (i.e. the 
long dimension) of >120 nanosheets for each sample. These data are shown as histograms 
in Fig. 3.1 (A–C) (right). A considerable difference in the length distributions is observed 
with the mean nanosheet length progressing from 0.4 to 1.0 to 1.9 mm as the rotation rate 
was decreased from 1500 to 700 to 300 rpm. 

3.3.2. Mechanical Properties and Uniaxial Drawing of Composites  
Using polyvinylchloride (PVC) as a matrix and the BN dispersions described above, I 
have prepared solution-processed composites filled with BN nanosheets of three different 
sizes (L ≈ 0.4, 1.0 & 1.9 mm). The composites were in the form of thin films with 
approximate dimensions 3 cm × 3 cm × 50 mm. These films (Fig. 3.2 (A)) were punched 
out into strips (width~2.25 mm) for tensile testing. Mechanical reinforcement in nano-
composites is very sensitive to the degree of dispersion of the nano-filler. To assess the 
dispersion state, the interior of the composites is analysed via helium ion microscopy of 
fracture surfaces. For the as-prepared composites, fracture surfaces were prepared by  
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Fig. 3.1: Transmission electron microscopy characterisation of exfoliated, size-selected 
BN nanosheets. On the left are sample TEM images while on the right are histograms 
found by measuring the lengths of ~120 nanosheets from the TEM images. Samples were 
prepared by centrifugation at A) 1500 rpm, B) 700 rpm and C) 300 rpm. 
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freeze-fractured in liquid nitrogen while the drawn composites were fractured under 
tensile strain. Helium ion analysis showed no evidence of large aggregates of BN 
nanosheets protruding from the fracture surfaces. Example images (Fig. 3.2 (B-C)) show 
either small aggregates or individual flakes protruding from the polymer. This data 
implies the dispersion state of the nanosheets to be very good in these composites. The 
composites were characterised mechanically by tensile testing. Here the ultimate tensile  
 

 
 
Fig. 3.2: (A) Photograph of as-prepared BN–PVC composite films. (B and C) Helium ion 
microscope images of BN nanosheets protruding from a fracture surface of (B) an as-
prepared composite broken by freeze-fracture and (C) a drawn composite which had 
subsequently been broken under tensile strain. In both (B) and (C), the BN flakes were 
prepared at 700 rpm while the BN content was 0.62 vol%. 
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strength (UTS) and Young's modulus of the composites are measured as a function of BN 
nanosheets Vf. While the strain at break was always well above 100% for most of the 
samples, it varied considerably from sample to sample with no apparent pattern. The 
Young's moduli, Y, is plotted as derived from the stress–strain curves, as a function of 
BN volume fraction, Vf, in Fig. 3.3. For each nanosheet length, the modulus increases 
roughly linearly with volume fraction before falling off at higher volume fraction. The 
fall-off is usually attributed to nanosheet aggregation and has been observed before for 
both BN and graphene based composites [7, 27, 37, 45-46]. The maximum modulus 
observed in all cases was just over 1.5 GPa (Fig. 3.4 (A)), only slightly above the value 
of 1.45 GPa for the as-prepared polymer. I also measured the rate of increase of modulus, 
dY/dVf, as shown in Fig. 3.4 (B). This increased from ~100 GPa to ~250 GPa as L was 
increased from 0.4–1.9 mm. These values are rather low compared to values of 
dY/dVf~670 GPa previously reported for BN–PVA composites (L ≈ 1.3 mm) [27]. To 
understand this behaviour, the data is analysed using Halpin–Tsai theory [47]. The 
Halpin–Tsai equations describe the composite modulus, Y, as a function of the filler 
volume fraction, Vf, the moduli of filler, YF, and matrix, YM, as well as the platelet aspect 
ratio, L/t. This particular model is appropriate when nanosheets are aligned in the plane 
of the composite and has been shown to describe composites of BN nanosheets in polymer 
matrices quite well [27]. Within this model, the composite modulus is given by [5, 47] 

1 2 /
1

f
M

f

V L tY Y V



             (3.1) 

Where 
/ 1

/ 2 /
F M

F M

Y Y
Y Y L t           (3.2) 

As we shall see below, the assumption that the nanosheets lie in plane is probably not 
appropriate here. Here in this work, Krenchel's approach to fiber reinforced composites is 
followed. An orientation parameter, η0, is introduced which lies in the range 0 ≤η0≤ 1, 
with η0=0and η0=1 representing the cases where the fillers are aligned perpendicular and  
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Fig. 3.3: Young’s modulus of BN nanosheet-polyvinylchloride composites plotted as a 
function of BN volume fraction. Data is shown for nanosheets prepared at different 
centrifugation rates and so with different lateral sizes: A) <L>=0.4 m, B) <L>=1.0 m 
and C) <L>=1.9 m. In all cases, data is shown for as-prepared and drawn (300% strain) 
samples. The lines represent fits to the linear regions of the curves. 
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parallel to the applied load respectively [33-34, 36]. This, coupled with the 
approximations (appropriate to most nanocomposites) that YF/YP>>1 and Vfη<<1, gives 
the expression [48] 

/ 12 /
o F f

M
F M

Y VY YY Y
L t

    
       (3.3) 

This expression is of course analogous to the modified rule of mixtures, with a slightly 
different form of length efficiency factor to that given by shear-lag theory [35]. 
Differentiating then yields an expression for dY/dVf: 
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To use equation (3.4), it is necessary to know approximately the value of YF. Boldrin et 
al., quote a range of reported values for the tensile rigidity of BN nanosheets from 184 to 
348 GPa nm [18]. Dividing by the effective thickness of a BN nanosheet (0.35 nm) gives 
a set of moduli in the range ~500 to ~1000 GPa. The midpoint of this range, 750 GPa is 
somewhat smaller than themodulus of graphene (~1000 GPa) even though we might 
expect these materials to have similar moduli [6]. However, Gong et al., have shown that 
2D fillers which consist of multi-layered nanosheets have effective moduli for 
reinforcement which are somewhat lower that the monolayer value [44]. Thus 750 GPa is 
probably a reasonable estimate for the effective modulusof few layer exfoliated BN when 
reinforcing a polymer matrix.Using the fixed values of YF≈750 GPa and YM ≈ 1.45 GPa, 
I have fit equation (3.4) to the as-prepared composite data in Fig. 3.4 (B) finding a good 
fit when η0=0.5±0.25 and t=3±2 nm (black dashed line). A good fit could not be obtained 
when fixing η0=1 implying that the BN nanosheets in these composites are not aligned in 
the plain of the films. This would at least partially explain why the values of dY/dVf found 
here are lower than in previous reports for BN-filled composites where the nanosheets 
were known to be aligned [27]. In composites with randomly aligned rod-like fillers, it is 
known that η0=0.2 [36]. However, due to the scope for multidirectional reinforcement by 
each nanosheet, this number is expected to be larger for nanosheets. Indeed, it has recently  
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Fig. 3.4: A) Maximum observed modulus as a function of mean nanosheet length. B) Rate 
of increase of modulus with BN volume fraction, dY/dVf, for each nanosheet length with 
and without drawing to 300% strain. The black dashed line is a fit to equation (3.4), 
yieldingo=0.5 and t=3 nm.The solid line is a plot of equation (3.4) with o=1 and t=3 nm 
while the red dashed line is a plot of equation (3.4) with o=1 and t=1.25 nm. C) Ratio of 
dY/dVf after drawing to dY/dVf in the absence of drawing, plotted versus mean nanosheet 
length. 
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been calculated that, for composites filled with randomly orientated 2D fillers, η0=0.38 
[49]. Thus, while the uncertainty in our η0 value is too large to be certain, it is likely that 
in these composites, the BN nanosheets are in an intermediate state between being 
randomly orientated and aligned in the plane of the film. In addition, it is noted that the 
value of ‘t’ found is somewhat larger than (although still within error of) the value of t ≈ 
1.5 nm implied by the estimate of ~4 monolayers per nanosheet on average. 
Once we know that the nanosheets are not well-aligned in the plane of the film, it is clear 
that the composite moduli could be increased by improving alignment. This can be 
achieved by drawing the composites as described in experimental methods. In order to 
draw our BN–PVC composites, a uniaxial strain of 300% is applied. The elongation was 
then locked in by a combination of annealing and cooling. This procedure was applied to 
a range of volume fractions for composites filled with BN nanosheets of all three sizes. 
Fig. 3.5 (A) shows composite strips drawn at various strain rates. The mechanical 
properties are measured by tensile testing in the same direction in which the composites  
 

 
Fig. 3.5: (A) Photograph of BN–PVC films, cut into strips and drawn tovarious degrees. 
(B) Representative stress straincurves showing the effects of both addition of BN and 
drawing on the mechanical properties of the PVC. The composites shown here were filled 
with 0.11 vol% BN nanosheets of mean length 1.0 µm (centrifugedat 700 rpm). 
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are drawn 300%. Typical stress strain curves are shown in Fig. 3.5 (B) alongside the 
undrawn data. The gauge length is set to be around 6~8 mm as was for both as-prepared 
composites and drawing process. It was made sure that the strips are clamped properly 
and do not slip down while drawing. It is clear from these curves that both modulus and 
strength can be enhanced to a great extent by drawing. In addition, the stain at break was 
generally reduced by drawing. To assess this in more detail, the moduli as a function of 
nanosheet volume fraction for all three composite types is plotted in Fig. 3.3 alongside 
the undrawn data. From this data, three clear effects of drawing can be seen. The modulus 
of the base polymer increases from 1.45 GPa to 2 GPa, probably due to chain alignment. 
More interesting is the fact that the maximum modulus observed is roughly 2.75 GPa in 
each case (Fig. 3.4 (A)), considerably higher than the undrawn case. Perhaps most 
interesting is the fact that the rate of reinforcement (dY/dVf, Fig. 3.4 (B)) is significantly 
higher than in the undrawn case, reaching 800±200 GPa for the L~1.0 mm sample. 
Interestingly, the fractional increase in dY/dVf (i.e. the ratio of dY/dVf for drawn and 
undrawn samples) is considerably higher for the samples with smaller nanosheets (Fig. 
3.4 (C)). For example, drawing resulted in a 6-fold increase in dY/dVf for the L~0.4 mm 
sample. However, because these smaller flakes displayed lower reinforcement to start 
with, the resultant dY/dVf is lower than that observed for the L~1.0 mm sample. 

3.3.3. Assessment of Improved Mechanical Properties 
The simplest explanation for these results would be that drawing resulted in the alignment 
of the nanosheets giving a value of η0 close to 1. However, the data does not support this 
explanation. I have plotted equation (3.4) on Fig. 3.4 (B), taking YF=750 GPa and t~3 nm 
as before but now using YM= 2 GPa (as observed experimentally) and η0=1 to simulate 
complete alignment (solid red line) [25]. It is found that while this line coincides with the 
L~1.9 mm sample, it falls considerably below the data points for the L~0.4 and 1.0 mm 
samples. This means that nanosheet alignment alone cannot explain the effect of drawing 
on the mechanical properties of these composites. While the additional contribution to 
modulus for the L~0.4 and 1.0 mm samples is not understood, a possible explanation is 
proposed which may shed light on this issue. By plotting equation (3.4) on Fig. 3.4 (B) 
with YF=750 GPa, YM=2 GPa and η0=1 as before but this time with t~1.25 nm, a curve 
(red dashed line) which passes very close to the error regions of all three drawn data points 
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is shown. This means that the drawn data is consistent with a combination of complete 
alignment and a reduction of nanosheet thickness compared to the undrawn samples. It is 
speculated that, during drawing, the complex flow fields within the composite can result 
in the application of local shear to nanosheets resulting in shear delamination of the few-
layer flakes and so a commensurate thickness reduction. It is also suggested that such 
shear delamination can only occur for flakes which are initially misaligned and will not 
occur in an aligned composite. Such behaviour has previously been observed for clay-
filled composites so it is not un-reasonable that it should occur here [41]. The composite 
strength is also measured as a function of BN volume fraction for as-prepared composites 
and composites which had been drawn to 300% as shown in Fig. 3.6. Here the behaviour 
is very similar to that observed for the moduli. The as-prepared composites displayed very 
slight increases in strength, with larger nanosheets giving marginally better performance. 
However, after drawing, in all cases both polymer and composite strength increased 
significantly. The polymer strength increased from 60 to 100 MPa, probably due to chain 
alignment as before. In addition, the degree of reinforcement increased significantly with 
the best performance displayed by the L~1.0 mm sample which displayed a maximum 
strength of ~160 MPa for Vf~0.12%.This compares to a maximum strength of ~80 MPa 
in the undrawn composites. As observed for the modulus, the strength saturates for both 
drawn and undrawn composites. In the drawn samples, the strength saturated for values 
of Vf above 0.1–0.2%, very similar to what was observed in the modulus data. However, 
for the undrawn samples, the strength saturates at values of Vf ~0.2%, much lower than 
for the undrawn samples. These results are interesting and may correlate with the strain 
induced delamination suggested above. It is known that composite strength tends to more 
sensitive to the degree of dispersion of the nanofiller than the modulus [50]. This is 
because non-uniformities, such as aggregates, tend to act as stress concentrating centres, 
instigating early failure. It is possible that the first aggregates start to occur in the as-
prepared composites at Vf ~0.2% Which would predominately affect the strength resulting 
in the observed saturation. However, if drawing can exfoliate nanosheets due to local 
shearing as suggested above, it is likely that drawing can break up aggregates. This would 
remove the stress-concentration centres and allowing strength enhancement to persist to 
higher volume fractions. 
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Fig. 3.6: Ultimate tensile strength of BN nanosheet-polyvinylchloride composites plotted 
as a function of BN volume fraction. Data is shown for nanosheets prepared at different 
centrifugation rates and so with different lateral sizes: A) <L>=0.4 m, B) <L>=1.0 m 
and C) <L>=1.9 m. In all cases, data is shown for as-prepared and drawn (300% strain) 
samples. 
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3.4 Conclusion 
In conclusion, composites of PVC filled with BN nanosheets of various sizes are prepared. 
Relatively low levels of reinforcement is found largely because of thenon-aligned nature 
of the nanosheets. However, drawing composites to 300% strain results in relatively large 
increases in both modulus and strength. These increases are too large to be explained 
solely by nanosheet alignment. A hypothetical claim strain-induced exfoliation or de-
aggregation is proposed for the additional reinforcement. It is also suggested that these 
methods are not just useful for BN composites but can be applied to composites filled 
with graphene or other 2D fillers. 
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4 
STRAIN INDUCED EXFOLIATION OF GRAPHENE INSIDE 
POLYMER NANOCOMPOSITES VIA UNIAXIAL DRAWING 

 
Polymer-Polyvinyl alcohol (PVA) stabilized graphene nanosheets (GNS) of lateral 
dimension (L) ~1 µm are obtained via liquid phase exfoliation technique to prepare its 
composites in PVA matrix. These composites show low levels of reinforcements due to 
poor alignment of GNS within the matrix as predicted by modified Halpin-Tsai model. 
Upon drawing the composites up to 200% strain a significant increase in mechanical 
properties is observed. Maximum values for Young’s modulus and strength are ~×4 and 
~×2 higher respectively than that of base polymer. As well, the rate of increase of modulus 
with GNS volume fraction is up to 700 GPa, higher than the values predicted using 
Halpin–Tsai theory. However, alignment along with strain induced de-aggregation of 
GNS within composites accounts well for the obtained results further confirmed by X-ray 
diffraction (XRD) characterization. 
4.1 Introduction  
Polymer nanocomposites (PNCs) present a unique scope for many technological 
applications due to their ease of processing and range of properties achieved with the 
addition of various nano fillers [1]. Graphene, a single layer of carbon atoms in a two-
dimensional honeycomb crystal lattice has the theoretical thickness ~ 0.35 nanometer 
(nm) [2]. The multi-faceted properties such as highest mechanical strength, very high 
electron mobility, good thermal conductivity and high specific surface area possessed by 
graphene make it an ideal choice to be employed in PNCs [3-4]. Graphene can impart the 
reinforcement near to theoretical acclaimed results of its exceedingly high modulus (~1 
TPa) and strength (~130 GPa) when employed as filler in polymers [5]. The degree of 
reinforcement depends on the dimensions, orientation and dispersion state of the filler 
within, and its bonding to the matrix. Liquid phase exfoliation along with the 
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centrifugation process can be utilized for size selected graphene dispersions in large 
quantities [6-7]. It has been an established fact that the filler degree of dispersion directly 
affects the strength of the composites. In case of any non-uniformity inside acting as stress 
raiser can cause an early failure [8]. The dispersion and alignment of graphene is 
particularly critical with most of the physical properties very sensitive to filler volume 
fraction in PNCs. To avoid aggregation and have better dispersion, chemical 
functionalization of filler has effectively been employed for various purposes [9]. 
Chemical functionalization somehow compromises the quality of graphene. Another way 
which has been utilized successfully for the reinforcement purpose is stabilizing GNS 
with the polymer also termed as polymer grafting of GNS [5]. Both of these issues; 
dispersion and non-orientation can be resolved through the post-treatment technique of 
drawing. This technique is normally utilized during polymer-fiber fabrication process and 
200-500% strains are applied depending on the polymer system. Drawing cause chain 
alignment, thus increasing crystallinity and mechanical characteristics ultimately with 
both strength and modulus enhancement level can be raised by a factor of 8/3 [10-11]. 
This approach has also been applied to composites with 2D fillers, although fewer papers 
are available, most of them are related to clay-filled composites [12-15]. Only two reports 
of drawing of composites with 2D materials other than clay have been found containing 
graphene oxide and hexagonal boron nitride (hBN) nanosheets. Surprisingly; none is 
available about graphene (pristine) filled polymer composite drawing [16-17]. Our earlier 
work (chapter 3) has confirmed the polymer chain alignment, alignment of filler in the 
direction of draw along with strain induced exfoliation and de-aggregation of hBN. It is 
considered worthwhile here to examine the effects of drawing in GNS filled PVA polymer 
nanocomposites. Use of such composite will be helpful in determining the level of strain 
induced exfoliation and de-lamination via well-established XRD technique as both the 
filler material and polymer have characteristic diffraction peaks. In this work I have 
prepared composites of PVA filled with GNS and observed a relatively low reinforcement 
level, probably due to the misaligned & relatively thick GNS. Drawing to 200% strains, 
these composites showed a significant enhancement in mechanical properties owing to 
the orientation and strain induced exfoliation of GNS inside later confirmed by XRD. 
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4.2 Experimental Methods  
PVA (polyvinyl alcohol; J. T Baker, Molecular weight = 77000 to 79000 g/mol) is 
suspended in 100 ml de-ionized water (H2O) in a round bottom flask (30 mg/ml). Graphite 
flakes (Branwell Graphite Limited, grade RFL 99.5) are added (6g) to the PVA/H2O 
solution and sonicated for 48 h using a flat head probe sonic tip. The final exfoliated 
solution of PVA/GNS/H2O is centrifuged at 1000 rpm for 45 minutes. The supernatant is 
transferred out to collect the exfoliated material of a uniform size. The sediment is again 
centrifuged at 500 rpm for 45 minutes and the supernatant is taken out. The 500 rpm 
supernatant is then centrifuged at 3000 rpm for 90 minutes to remove the smaller size 
exfoliated flakes. The sediments of this sample are filtered through 0.47 µm nylon 
membranes to remove out the excessive PVA which might be degraded also during the 
exfoliation process. The schematic diagram (Fig. 4.1) is shown for the synthesis 
mechanism of polymer grafted graphene (PVA stabilized graphene).  

 
Fig. 4.1: Schematic diagram for polymer grafting of graphene (PVA stabilized graphene 
nano sheets). 
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The sample is dried overnight in an oven and then a stock solution (6mg/ml) in de-ionized 
water is prepared for composites solutions in the range 0-0.006 Vf GNS. The various 
composites of graphene dispersions are bath sonicated for 4 h and drop cast into Teflon 
moulds. The moulds are placed in a vacuum oven at 60 oC for 24 h to dry out and remove 
any trapped solvent. Composite films are peeled off and kept in sealed polythene bags to 
protect from environmental effects; this set of composites is called as-prepared 
composites. Another set of composites (same GNS volume fraction range) is kept at room 
temperature for 24 h so that the composites are not fully dried and some solvent is trapped 
inside to strain the composite films up to 200-350%, termed as drawn composites. 
Drawing process is performed using a Shimadzu tensile tester at a strain rate of 5 mm/min. 
After drawing, the composites set is then kept in the vacuum oven at 60 oC overnight to 
completely remove the solvent.  
 
4.3 Results and Discussion 

4.3.1. Dimensions-Morphology of GNS & GNS-PVA Composites 
The main course of this work lies in the liquid phase exfoliation of graphene with the aid 
of polymer grafting and the size selection of GNS by utilizing centrifugation process. The 
GNS dispersions are ideal for further processing of polymer nano composites. The 
dimensions of GNS play an important role in the mechanical properties improvement and 
thus are to be assessed carefully. Raman spectroscopy is possibly one of the most common 
characterization methods for graphene, which can provide information about various 
properties including nano sheets mean length and no. of layers [18-21]. It has been an 
established fact that ratio of D-peak and G-peak intensities (ID/IG) gives a quantitative 
estimation of the mean nano sheets length <L> as shown below [22]: 
< L >= .

⁄ ) ⁄ )       (4.1) 
<L> is expressed in µm with the estimated error to be ~20%. Assuming the parent graphite 
free of defects, the contribution of D-peak is negligible as compared to G-peak in graphite. 
The Raman spectra on GNS are collected with Dongwoo Optron setup with the laser 
excitation wavelength 532 nm and power 40 mW. Figure 4.2 (a) show the D, G and 2D-
peaks, with the intensity normalized to the G-peak of the Raman spectra of the GNS dried  
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Fig. 4.2: (a) Raman spectroscopy and (b) Atomic force microscopy characterization for 
the estimation of mean nano sheets length <L>~1 µm and no. of layers per flake <N> ~ 
6-8. 



54  

onto the glass slide. The solid line is not the actual spectrum but a fit to 3 Lorentzian. As 
evident from the D and G peaks, the ID/IG value is around 0.1, the estimated mean value 
nano sheets length is found to be 0.94 µm.  
In the recent work of Coleman et. al. [22], few metrics have been developed for the no. of 
layers estimation for graphene on the basis intensity and full width half maximum 
(FWHM) values of 2D-band respectively. The problem with the intensity based metrics 
is that it requires a fixed wavenumber which makes the resultant value sensitive to any 
instrumental shifts in position of spectra. The FWHM related metric is reasonable for the 
present work. The number of layers can be calculated by following the equation: 
< N >= .

.          (4.2) 
Γ2D is the FWHM value of 2D-band, which is around 74 cm-1 as shown in Fig. 4.1 (a). 
The no. of layers per nanosheet, <N> is around 8 according to equation (4.2).  
Atomic force microscopy (AFM) is also a very good tool to evaluate the lateral 
dimensions and no. of layers of the graphene nano sheets. Few drops of the 
GNS/deionised water are dropped onto silicon substrate and scanned by utilizing AFM 
(Jeol SPM 5200) in tapping mode. The atomic force micrographs presented in Fig. 4.2 (b) 
gives a clear indication of the GNS lateral dimension. It is confirmed from AFM images 
that the size of the GNS is found to be around 1 µm. GNS prepared via liquid phase 
exfoliation are poly-disperse in size but the centrifugation process makes possible to select 
a range of sizes. The no. of sheets per flake are 3~10 in general via liquid phase exfoliation 
method which is reasonable for the mechanical characteristics of PNCs [6, 23]. Here in 
this case, AFM analysis predict GNS thickness in the range 10-16 nm. It has been shown 
with the polymer stabilized GNS, the monolayer thickness is ~2nm [24]. Considering the 
polymer grafting on to the GNS; the no. of GNS layers in our case are in the range N~6-
8, supporting the Raman spectra estimation of N~8.  
GNS-PVA composites are prepared via solution processing technique. It is assumed that 
with solution casting the GNS are aligned in-plane inside nanocomposites. The final 
composites are in the form of thin films with approximate dimensions 3 cm × 3 cm. 
Thickness of the composite films is ~ 0.10-0.15 mm. These films are cut into strips 
(punched) for tensile testing. The dispersion of the GNS in nanocomposites is assessed 
via scanning electron microscopy of fracture surfaces. The samples were freeze-fractured 
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Fig. 4.3: Scanning electron microscopy images of the fractured surfaces (a) base polymer 
film and (b) 0.006 Vf GNS-PVA composite.  
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in liquid nitrogen for the cross-sectional analysis. The micrograph shown in Fig. 4.3 (b) 
predicts a homogeneous dispersion and no evidence of large aggregates at the maximum 
GNS loading (0.006 Vf) while Fig. 4.3 (a) is the base polymer. The composites are 
characterized mechanically by tensile testing.  

4.3.2. Mechanical Characteristics Evaluation 
Young’s modulus (Y) of the nanocomposites is plotted as a function of GNS volume 
fraction (Vf) in Fig. 4.4 (a). The modulus increases linearly with GNS volume fraction up 
to a certain level and then declines a bit with further GNS loading. Young’s modulus for 
base polymer is around 0.74 GPa which reaches to the maximum value of around 1.3 GPa 
predicting a rate of increase of modulus, dY/dVf~217 GPa. The ultimate tensile strength 
(UTS) of the composites is also measured and plotted as a function of GNS-Vf shown in 
Fig. 4.4 (b). Here, the increase in strength is observed reaching up to 20% enhancement 
of the base polymer by adding only 0.0001 Vf GNS. This increase in strength, when 
compared to the already reported results, is relatively on the lower side [5]. One reason 
may be that the dispersion of the GNS inside nanocomposites may vary with the 
increasing concentration. Generally, the Halpin-Tsai model is utilized for the composites 
modulus, Y, as a function of the filler volume fraction, Vf, the moduli of filler, YF, and 
matrix, YM, as well as the platelet aspect ratio, L/t. According to this model [25] 

1 2 /
1

f
M

f

V L tY Y V



              (4.3) 

Where 
/ 1

/ 2 /
F M

F M

Y Y
Y Y L t            (4.4) 

This particular model is suitable when nanosheets are aligned in the plane of the 
composite. In view of the low reinforcement level on the basis of misaligned GNS inside, 
Krenchel’s approach for fiber reinforced composites is considered along with the 
introduction of orientation parameter, η0. We can proceed by considering the following 
equation [11, 17]: 
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Fig.4.4: (a) Young Modulus and (b) ultimate tensile strength of GNS-PVA 
nanocomposites as a function of GNS volume fraction. 
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        (4.5) 

Equation (4.5) is analogous to the modified rule of mixtures, with a slight difference in 
the length efficiency factor [10]. The orientation parameter lies in the range 0 ≤ η0 ≤ 1. 
When the fillers are aligned parallel to the applied load, η0 =1 and if the fillers are aligned 
perpendicular tothe applied load, η0 =0 [11, 26-27]. Equation (4.5) is derived based on the 
approximation that YF/YP>>1 and Vf η <<1. Differentiating eq. (4.5) 

/ 12 /
o F

F Mf

YdY
Y YdV

L t
    

         (4.6) 

It has recently been calculated that for randomly dispersed 2D nanosheets in PNCs, η0 is 
0.38 [17]. Using YF≈1 TPa [23], YM≈0.74, L~1 µm and the thickness in the range of ~3 
nm (as confirmed from Raman and AFM analysis), a good fit to the experimental data 
(dY/dVf ~217 GPa) is found when the orientation parameter η0 is fixed at 0.38~0.50. The 
data fits fairly well for η0~0.50 predicting that GNS are not fully aligned along the 
composite film plane. Thereby, Young’s modulus could be increased if the alignment of 
the GNS is improved. The well-established post treatment technique of drawing is applied 
(experimental methods) and the composite films are drawn 200%. The drawn composite 
films are subjected to tensile testing for the measurement of mechanical properties. The 
representative stress strain curves are presented for the polymer and composites in both 
as-prepared and drawn states in Fig. 4.5. Both ‘Y’ and ‘UTS’ are significantly increased 
for drawn composites with a very small amount of GNS addition to the polymer. The 
strain at break varied considerably from sample to sample, probably due to the combined 
effect of uniaxial drawing and ageing, but generally remained below 100%. Fig. 4.6 
presents a comparison of the mechanical characteristics for drawn and as-prepared 
composites. The modulus of base polymer is increased from 0.74 to 0.95 GPa mainly due 
to the polymer chain alignment. More interestingly ‘Y’ at lower GNS loading is increased 
~4-folds for drawn composites at minute GNS loading. The rate of reinforcement, dY/dVf, 
reaches to ~700 GPa for the drawn composites. Considering the GNS are fully aligned 
along drawn composites plane, the theoretical and experimental findings should fall in the  
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Fig. 4.5: (a) Representative stress strain curves showing the effects of both addition of 
GNS and drawing on the mechanical properties of the PVA. (b) Schematic diagram for 
the as-prepared & uniaxially drawn composites showing clearly the effects of drawing in 
the drawn state as the polymer chains & few layer GNS are aligned alongwith the strain 
induced exfoliation. 
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Fig. 4.6: (a) The effect of drawing-200% on the Young’s modulus and (b) ultimate tensile 
strength of GNS-PVA composites as a function of GNS volume fraction. 
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same range. However, the theoretical results for dY/dVf are in the range of ~600 GPa for 
YF~1000 GPa, YM~0.95 GPa, L~1 µm, t~3 nm and the orientation parameter η0~1 now. 
It is evident that the nanosheets alignment can increase the dY/dVf but not to the level 
achieved experimentally. This brings into account the already hypothesized claim of strain 
induced exfoliation [17]. The delaminating nanosheets inside will decrease the thickness 
and by considering t~1.5 nm, the experimental and theoretical data coincides. Just as the 
case was with the BN-PVC composites, the shear delamination of the initially misaligned 
GNS is occurring due to which the thickness of the GNS is reduced ultimately. The UTS 
is also plotted as a function of GNS volume fraction both for as-prepared and drawn case 
in Fig. 4.6 (b). In the as-prepared case the enhancement in strength is only up to 20% with 
respect to base polymer which can be considered a marginal increment. However, drawing 
the composites 200% has significantly enhanced the strength both for base polymer and 
the composites as well. The increase in polymer strength (30 MPa – 38 MPa) is probably 
due to the polymer chain alignment. The enhancement in strength for drawn composites 
reaches up to 60 MPa which was around 38 MPa for as-prepared composites. For drawn 
composites case the strength saturation shifts towards the right meaning that the strength 
enhancement is maintained for high GNS content now. This could well be happening due 
to the shear delamination of the misaligned GNS due to the uniaxial drawing as in as-
prepared composites it would have tend to act as stress raisers [8]. To support the 
hypothetical argument of strain induced exfoliation, well-established XRD technique is 
utilized for the analysis of the as-prepared and drawn samples of GNS-PVA composites. 

4.3.3. XRD Analysis 
X-ray diffraction (XRD) study is carried out for determination of the crystalline phase of 
GNS-PVA composites. Powder X-ray diffractometer is used having CuKα (1.54060 Ao) 
as a source of radiation operated at 40 mA, 40 kV at room temperature and 2-theta 
(θ)~10°-30°. In the first case, X-ray diffraction patterns have been utilized for studying 
the effects of polymer stabilized GNS exfoliation and dispersion in as-prepared 
composites. The XRD plots for GNS, base polymer film and drawn polymer film along 
with the composites are presented in Fig. 4.7 (a-b). GNS diffraction peak appears at 
2θ~26.6o. The detailed analysis of the PVA shows its semi crystalline nature with the  



62  

12 15 18 21 24 27 30
0

100

200
0

100
200
300
400
5000
50

100
150
200
250 12 15 18 21 24 27 30

 

2

 GNS
 

Inte
nsi

ty

 As-Prepared PVA

 

 

 Drawn 200% PVA

(a)

12 15 18 21 24 27 30
0

200
400

0
200
400

0
100
200
300

0
200
400

12 15 18 21 24 27 30

 

2

 0.0001 Vf GNS

 

 0.0003 Vf GNS

 

Inte
nsi

ty

 0.0006 Vf GNS

GNS-PVA Composites 

 

 0.006 Vf GNS

(b)

 
Fig. 4.7: XRD Patterns of (a) GNS, neat PVA, 200% drawn PVA (b) GNS-PVA 
composites at various filler fractions. 
 
main peak position appearing at 2θ~19.50o and the other smaller peaks at 21.36o, & 
29.28o. The main crystalline peak at 19.50o with the d-spacingof 4.55 Ao is assigned to 
the strong intermolecular interface linking of the PVA chains via intermolecular hydrogen 
bonding. The other minor peaks appearing in XRD pattern have the d-spacingin the range 
of 2~4 Ao due to the hexagonal ordering inside polymer [29]. Drawing 200%, two peaks 
at 2θ~19o & 21o appear with the later peak become visible clearly now due to the decrease 
in first peak intensity. Also an enhancement in the diffraction peak intensity at 2θ~29o 
shows a clear trend of chain alignment due to uniaxial drawing. The XRD pattern for as-
prepared GNS-PVA composites is shown in Fig. 4.7 (b). It shows that no GNS peaks are 
observed up until 0.0006 Vf GNS, confirming GNS are very well dispersed and fully 
exfoliated. Furthermore the diffraction peak intensity of PVA at 2θ~19 for GNS-PVA is 
maintained with GNS, clearly showing the crystallinity of the polymer is unaffected with 
the addition of GNS.  
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Fig. 4.8 (a) Effect of drawing on the structural properties of 0.0006 VfGNS-PVA @ 200% 
drawing in comparison with as-prepared composite (b) Effect of drawing on the structural 
properties of 0.006 Vf GNS-PVA composites drawing@ 200%, 300% and 350% in 
comparison with as-prepared composites (c) Drawing process of 0.0006 Vf GNS-PVA via 
tensile tester (d) As-prepared composite strips and drawn composite films for various 
GNS loading. The dimensions of as-prepared composite films are (30×30) mm2; half the 
film (15×30) mm2 is cut into various strips (2.25×30) mm2 while the other half is drawn 
200% and later cut into strips for tensile testing. 
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At 0.0006 Vf GNS there appears a tiny diffraction peak at 2θ~26.6 which is enhanced at 
maximum loading of 0.006 Vf GNS. Once it is known that the GNS diffraction peak tends 
to appear at 0.0006 Vf GNS, the effect of drawing on the composites can be assessed at 
this loading and beyond to confirm the GNS delamination effect. 
Fig. 4.8 (a) gives a comparative analysis of the drawing effect on the GNS diffraction 
peaks for 0.0006 Vf GNS-PVA composites. It can be clearly seen that GNS diffraction 
peak completely disappears when the composites are uniaxially drawn 200%. Drawing 
has not only induced the chain alignment but also improved the dispersion of GNS by 
delamination of the sheets in the composite system. Thereby, the significant improvement 
in the mechanical properties of drawn GNS-PVA composites is pertaining to such strain 
induced delamination/exfoliation. The disappearance of the GNS diffraction peak with 
drawing 200% drives us further to evaluate the composites with maximum GNS loading 
(0.006 Vf). The diffraction peak intensity for the GNS peak lowers in the first case with 
200% drawing as shown in Fig. 4.8 (b). In the next phase the 0.006 Vf GNS-PVA 
composites are subjected to drawing 300~350% as the optimum mechanical 
characteristics have been reported up to such strains and further strain cause breakage in 
polymer chains [16-17]. The intensity of the GNS diffraction peak intensity is decreased 
noticeably and at 350% drawing it is lowered almost to the level of as-prepared 0.0006 Vf 
GNS-PVA composites case. The XRD analysis shows that drawing the composites helped 
to exfoliate the GNS owing to the localized shearing imposed by drawing. Strain induced 
exfoliation of GNS would remove the stress-concentration centres and will allow strength 
enhancement to persist to higher volume fractions as happened in BN-PVC composite 
system [17]. This technique canbe utilized further to improve mechanical, thermal and 
thermo-mechanical properties of graphene and other 2D materials based polymer 
nanocomposites. 
 
4.4 Conclusions 
Composites of PVA filled with GNS are prepared. The low level of reinforcement is 
attained due to the non-aligned nature of GNS inside PVA matrix. Drawing, the 
composites to 200% strain, instigated the mechanical characteristics with a significant 
enhancement in both Young’s modulus (maximum ~×4) and ultimate tensile strength 
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(maximum ~×2). The rate of increase in reinforcement cannot be explained solely on the 
basis of GNS alignment. Strain induced exfoliation of GNS is suggested to play role in 
improving mechanical properties. To support the claim of strain induced exfoliation, X-
ray diffraction technique is utilized. The diffraction peak for graphene appears only 
around 0.0006 Vf GNS and at maximum loading 0.006 Vf GNS its intensity is high. These 
two particular loadings are subjected to drawing. The GNS diffraction peak for 0.0006 Vf 
completely disappears at 200% drawing. The diffraction peak intensity of 0.006 Vf GNS-
PVA composites at 350% drawing is lowered to the level of as-prepared 0.0006 Vf GNS. 
It clearly shows that GNS layers are reduced inside. The strain induced exfoliation along 
with the alignment of GNS is thought to be the reasons for the significant reinforcement 
achieved for GNS-PVA composites. 
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5 
HIGH ASPECT RATIO GRAPHENE NANOSHEETS CAUSE A 
VERY LOW PERCOLATION THRESHOLD FOR POLYMER 
NANOCOMPOSITES 

 
A nanocomposite of thermoplastic polyurethane (TPU) is synthesized using as 
prepared liquid exfoliated graphene nano sheets (GNS) with high aspect ratio~1272. 
A three fold increase in direct current (DC) conductivity is recorded at 0.0055 volume 
fraction of GNS-TPU composites as compared to pristine TPU. It is suggested that the 
percolation threshold for highly conducting network achieved at low filler loadings is 
due to the high aspect ratio and homogeneous dispersion of GNS within the polymer. 
The experimental results are interpreted using interparticle distance (IPD) model and 
modified power law. The two models suggest threshold filler loading in 0.015-0.001 
range volume fraction GNS based on the average values of mean length and no. of 
layers per nanosheet. The experimental results favour modified power law as it relies 
on aspect ratio of fillers. A deviation in our study from modified power law may be 
due to aggregation in as prepared GNS. 
5.1 Introduction 
Graphene, owing to its amazing electrical, thermal and mechanical properties, has 
been a focus of the research for a decade now. Its structural and chemical nature (2-
dimensional lattice of sp2-bonded carbon, only one atomic layer thick) is responsible 
for such exceptional properties [1-2]. Graphene has been used with several polymer 
matrices for different applications but its role and property as hybrid material is yet to 
be completely understood. One such property is its percolation effect as conducting 
filler in various polymers. The empirical explanations are yet to be correlated with the 
desirable theoretical approach [3]. In one of the previous works, functionalized GNS 
are dispersed in polyurethane matrix forming flexible conductive nanocomposites [4]. 
The electrical conductivity was ~1.67×10-1 at 4 wt% functionalized GNS suggesting 
the composites to be good choice for shape memory and actuating devices. GNS 
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improved dispersions in the polymers is also a widely followed research area. Based 
on the dry and wet mixing of graphene in polyurethane matrix, Irene et. al., have 
commented that dry mixing is more beneficial for the electrical conductivity. A very 
high value of electrical conductivity of the order of 10-2 S/m for low (1 wt %) loading 
of graphene is an achievement [5]. The structure and nature of the polymers is also 
another important aspect for graphene based polymeric nanocomposite [3]. Seveyrat 
et.al. [6], compared two different graphene based nanocomposites with PU and P 
(VDF-TrFE-CFE) as polymer matrices. The percolation threshold for both the 
polymers differed and was 7.2 vol. % and 3 vol. % for PU and P (VDF-TrFE-CFE) 
respectively. In another work percolation threshold of the order of 0.3 volume % 
graphene in polyvinylidene fluoride (PVDF) has been achieved via in-situ 
solvothermal reduction of graphene oxide in the PVDF solution [7]. A remarkable 
value of percolation threshold 0.07 volume % graphene in polyethylene matrix is 
shown in the literature [8]. Recently, graphene has also been used for the percolation 
effect with another 2D material MoS2 by Coleman group [9]. The layer by layer 
structure is the first of its kind for the above mentioned purpose as both the matrix and 
filler are being in exfoliated state. The percolation effect arises at a specific volume 
fraction, when a conducting filler is dispersed in a polymeric matrix, responsible for 
an electrical network formation in an otherwise insulating material. This particular 
volume fraction has been termed as percolation threshold. A well-established scaling 
law relationship is applied to the electrical conductivity of the nanocomposites near 
the percolation threshold [9]. 

σ =  σ                      for V > V     (5.1) 

σ =  σ                   for V < V     (5.2) 
Where σ is the effective electrical conductivity, σ0 is the filler intrinsic conductivity, 
Vf is the filler volume fraction, Vc is the percolation threshold,’t’ is the 1st percolation 
exponent and 's' is the 2nd percolation exponent. The above equations (5.1) and (5.2) 
do not provide any information about the size, shape of filler, its interaction with the 
polymer and the dispersion of filler inside polymer. The values of percolation 
exponents thus vary even for the same system if the size parameters are different. 
According to many reports, the size and shape of the filler in general and aspect ratio 
in particular are the driving factors for the determination of percolation threshold. An 
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analytical model, based on the inter particle distance between the nanosheets dispersed 
in the polymer, was developed to predict the percolation threshold Vc for polymer 
nanocomposites. This model was specifically proposed for the graphite nanoplatelets 
(disc shape), randomly distributed in the polymer matrices [10-11]. 
V =   )         (5.3) 
In this model; D is the diameter and t is the thickness of the nanosheets used as 
conducting reinforcements. The discrepancies in the IPD model are that it considers 
(a) the perfect dispersion with no aggregation of nanosheets inside the matrix (b) the 
perfect bonding quality of nanosheets with the polymer matrix and (c) perfectly similar 
shape of the nanosheets. In a recent development, Mutlay and Tudoran proposed a 
phenomenological correlation for the percolation threshold considering the 
aggregation effects qualitatively [3]. 
V =  κ          (5.4) 
′κ′ is the factor which gives the degree of aggregation, higher the′κ′, more is the chance 
of aggregation of nanosheets in the polymer matrix. Equation (5.4) is a part of 
modified power law [3] given as 

σ = σ V , T V − κ )
   (5.5) 

In the modified power law, the conductivity is measured as a function of filler aspect 
ratio, spatial distribution in polymer matrix, moderate gate voltage and temperature. 
Here, in this work, the emphasis is on the homogeneous dispersion of high aspect ratio 
GNS in TPU and evaluation of the electrical (DC) percolation threshold for graphene 
with a range of volume fractions at room temperature. All three modes of explanations 
have been applied, mentioned above, for percolation effect. It is believed that the 
percolation threshold value of 0.0055 Vf GNS is the lowest value for such polymeric 
composite system with a one-step preparation process of simple drop casting method. 
5.2 Experimental Methods 
As-supplied graphite powder (Branwell Graphite Limited, grade RFL 99.5) was added 
to 60 ml of N-methyl-pyrrolidone (NMP) at a concentration of 20 mg/ml. This mixture 
was sonicated for 48 h using a flat head probe sonic tip. This procedure yields high 
quality exfoliated GNS [12]. To remove any unexfoliated graphite and control the 
nanosheets size, the dispersion was centrifuged (Hettich Mikro-22R) at 500, 300 rpm 
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for 45 minutes [16-19]. The supernatants from the two centrifugation rates were then 
filtered through PET membranes (pore size 0.4 µm). The filtered material was washed 
with tetrahydrofurane (THF) and dried overnight in an oven at 60 oC. The 300 rpm 
supernatant powder was used for the formation of composites. This dried GNS 
powders was re-dispersed in THF by mild bath sonication (Branson 1510E-MT sonic 
bath) to give stock dispersions at concentrations of 2mg/ml. To assess the exfoliation 
state of the dispersed GNS and to measure its dimensions, a few drops of dispersion 
from the sample were dropped onto holey carbon grids (400 mesh) and analysed using 
a Jeol 2100 TEM at 200kV. To make composites films, TPU (supplied by BASF) was 
dissolved in THF at a concentration of 100 mg/ml by overnight stirring. Various 
volumes of the stock dispersion (GNS-THF, 2mg/ml) were added to TPU-THF 
solution to make composite dispersions with a range of GNS mass fractions. Each 
dispersion was sonicated for 4 h in sonic bath (Branson 1510E-MT sonic bath), 
followed by drop casting into Teflon trays. In all cases, the total liquid volume and 
solids mass were kept constant (GNS+TPU=160mg) to avoid any drying related 
variation from sample to sample. The composites were dried at 25 oC for 24 h followed 
by another period at 65 oC for 72 hrs.  
5.3 Results and Discussion 
The process used for exfoliation of graphite and the centrifugation used for the size 
selection of the GNS are the main course of this work. Liquid exfoliation process is a 
proficient way of obtaining dispersions with a large quantity of GNS [12-13]. By 
performing few processing steps on these dispersions make them ideal for the 
formation of composites. The electrical characteristics of composites are vigorously 
driven by the size of the filler particles, in particular the aspect ratio [3, 14-15]. Here 
in this work, large aspect ratio GNS have been synthesized by utilizing centrifugation 
technique [16]. To analyse the size of the GNS quantitatively, transmission electron 
microscope (TEM) is used which is the best option in such cases. Few layers GNS 
have been obtained as evident from Fig. 5.1, showing the representative of many TEM 
images. It has to be mentioned though that the simplest estimation of all the TEM 
analysis is the measurement of mean nanosheet length, L, which is determined by 
analysing the long dimensions [17]. The estimation of the number of layers per 
nanosheet, N, is a tedious work which is achieved by vigilant assessment of the edges 
of each flake present in TEM images. The data for length and no. of layers per flake  
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Fig. 5.1: Transmission electron microscopy characterization of exfoliated, size-
selected GNS with the representative TEM image while below are the histograms for 
mean nano sheet length <L> and no. of layers per flake <N> found by measuring the 
corresponding parameter >150 nanosheets from the various TEM images. 
 
distributions of >150 nanosheets is presented as histogram in Fig. 5.1. It is evident 
from the histograms that the mean nanosheet length in this case is approximately equal 
to 1.4 µm while the approximate analysis done with the TEM shows GNS to be 1-10 
monolayers thick having mean values around N~4. Raman spectroscopy is another 
most common characterization methods for graphene, providing evidence about mean 
length and no. of layers of GNS [18-21]. The ratio of D-peak and G-peak intensities 
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(ID/IG) provides a quantitative estimation of the mean nano sheets length <L> as shown 
below [22]: 
< L >= .

⁄ ) ⁄ )      (5.6)  
<L> is expressed in µm with the estimated error to be ~20%. The Raman spectra on 
GNS slab (filtered out GNS) are collected with Dongwoo Optron setup with the laser 
excitation wavelength 532 nm and power 40 mW. Figure 5.2 show the D, G and 2D-
peaks, with the intensity normalized to the G-peak. The solid line is not the actual 
spectrum but a fit to 3 Lorentzian. Based on the intensities of both D and G peaks and 
neglecting the parent graphite contribution due to very low values, the estimated mean 
nano sheet length value is ~0.78 µm shown in Fig. 5.2. The <L> value estimation is 
on the the lower side when compared to the TEM analysis which predicted it around 
1.4 µm, but the standard deviation in TEM analysis is relatively large (±0.84). In the 
recent work of Coleman et. al. [22], the no. of layers per flake have been quantitatively 
established from Raman spectra. The number of layers can be calculated by using 
following equation: 
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Fig. 5.2: Raman spectroscopy (normalized to the G-band intensity) on filtered films 
of restacked GNS. Raman spectra showing clearly the three peaks: D, G and 2D which 
are helpful in the estimation of mean nanosheets length <L> and no. of layers per flake 
<N>.  
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< N >= .
.         (5.7) 

Where Γ2D is the FWHM value of 2D-band which is around 63 cm-1 estimating the no. 
of layers per flake, <N> to be ~ 4-5 as shown in Fig. 5.2. The Raman spectra clearly 
validates the no. of layers per flake estimation predicted by TEM analysis. 
The composite morphology (cross sectional view) is observed using scanning electron 
microscopy (SEM) image (Fig. 5.3). The composite film thickness is around 
0.03~0.05 mm confirmed by screw gauge repeatedly. The various images for 0.0055 
Vf GNS-TPU composites show the GNS dispersion state. A homogeneous dispersion 
is predicted from the constant wrinkling effect of the GNS edges in the various images. 
 

 
         (a)                     (b) 

 
          (c)          (d) 
 
Fig. 5.3: SEM micrographs (a) Pure Polymer (b-d) Composite film with 0.0055 
volume fraction of GNS.  
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The DC electrical conductivity measurements were performed on Kiethley-6487 
source meter. The voltage range used in our case is 0-3 Volts. The nanocomposite 
films were cut in 2.25 mm × 30 mm rectangular shapes. Silver paste was used for 
making the contact with the leads and also to reduce the contact resistance. For each  
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Fig. 5.4:  (a) DC conductivity behaviour of TPU-GNS nanocomposite as a function of 
GNS volume fraction. The effect is studied at room temperature. The GNS loading 
range is 0 - 0.0055 Vf of GNS in the inset. The overall volume range is up to 0.06 
volume fraction of GNS (b-c) The percolation threshold data fitting for conductivity 
as a function of volume fraction (b) Above the percolation threshold (Vc) and (c) below 
the percolation threshold (Vc) which is 0.0055 Vf of GNS. 
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volume fraction, three samples were subjected to the electrical measurements and the 
data was averaged. The slope for resistance was directly calculated from the measuring 
setup. It is clear from this data (Fig. 5.4 (a)) that by adding only a very small amount 
of GNS, conductivity is on the increase. At lower loadings, the electrical conductivity 
remains very close to the pure polymer conductivity value. However, at 0.0055 Vf of 
GNS, the electrical conductivity experiences a sudden 3 fold increase in relation to 
pure polymer, indicating that a conducting network has been formed at this stage. 

5.3.1. Percolation Scaling Laws-Experimental Analysis 
Fig. 5.4 (a)-inset accounts for the assumed percolation threshold value at 0.0055 Vf 
GNS and after this point the electrical conductivity is on the increase as a function of 
GNS volume fraction. The data is analysed in-terms of equations (5.2) and (5.3) to 
find the values of the percolation exponents‘t’ and‘s’. The data fits well over the entire 
range for the GNS-TPU nanocomposites. The values for both the percolation 
exponents are 't=6.53' and 's=2.61' evident from Fig. 5.4 (b-c). The values of both 't' 
and 's' are considerably high as compared to the standards for both 2-D and 3-D 
nanocomposites which lies ~1-2. The reason for this deviation is unclear yet. 

5.3.2. Inter Particle Distance (IPD) Model-Experimental Analysis 
It has been an established fact that electron hopping to the adjacent sites is the main 
factor responsible for the rapid increase in the electrical conductivity of 
nanocomposite. This effect takes place when the inter particle distance is equal to or 
less than 10 nanometers (nm) [10]. Here, graphene nanosheets of rectangular shape 
are used as evident from TEM image and thus mean length 'L' is used for diameter 'D' 
in equation (5.3). Fig. 5.5 (a-b) presents a full range of the percolation threshold values 
for our results based on the IPD model and a part of modified power law. The empirical 
data is attained as a function of number of layers per nanosheet, N (1~10) for the mean 
nanosheet length, L (1.4 µm), along with its lower and upper extremes (±0.82 µm). 
Considering the IPD model calculations, it can be seen that the percolation threshold 
value is directly proportional to the number of layers per nanosheet, N (thickness of 
GNS). The theoretical value for monolayer graphene sheet is found to be around 0.035 
nm [25]. Using equation (5.3), the best fit value for the percolation threshold (Vc), 
close to the experimentally found value (0.0055 Vf GNS) is found to be 0.006 Vf GNS 
for the case when the 'L' value is considered to be at the maximum limit (2.2μm) and 
N~2. This value is almost equal to the experimentally found value of 0.0055 Vc. At 
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this particular instance, it can be stated that all the assumed criterion of the IPD model 
have been fulfilled in present scenario; which are (1) homogeneous dispersion of 
nanosheets in the polymer matrix (2) perfect adhesion of nanosheets with the polymer 
matrix and (3) regular shape of the nanosheets. Based on the synthesis routes for both 
GNS and then nanocomposites, homogeneous dispersion and good bonding are 
expected but TEM and Raman spectra analysis give a varied flakes length and a range 
of GNS layers. Thus if the average value of the nanosheets mean length (L≈1.4μm) 
and also the average number of layers value (N≈3) are considered; the percolation 
threshold (Vc) value comes out to be ≈ 0.015 based on the IPD model. This value is a 
bit farther than the experimentally found value but still very much acceptable keeping 
in mind the various phenomena occurring inside the system. For monolayer and two 
layers GNS, the percolation threshold value lowers down to 0.005 and 0.010 Vf of 
GNS as shown in Fig. 5.5 (a). 

5.3.3. Modified Power Law-Experimental Analysis 
Modified power law (equation 5.5) is also based on the aspect ratio of the filler inside 
the polymer matrix and our experimental findings can be explained by using a part of 
it (equation (5.4)). It can be distinguished from the IPD model by the added facet of 
the aggregation factor′κ . This factor is a useful addition which can be of great help in 
the understanding of the percolation threshold phenomena. Applying the equation 
(5.4) to our data just like the IPD model, the calculated values are arranged in Fig. 5.5 
(b). Considering the average mean length value of GNS (1.4 µm) and the 'N' value 
range from 3~4, the aggregation factor comes out to be around 6.87~9.16 for the 
experimentally found percolation threshold (0.0055 Vf GNS). It has been predicted 
though that for few layers GNS, κ is ≤ 1. For present work, if the aggregation factor is 
considered to be around 1, the predicted percolation value is~0.001 Vf GNS for N 
range of 3~4. The overall range of percolation threshold for 1.4 µm nanosheet length 
as a function of ‘N’ is 0.0002~0.0025 Vf GNS. If the mean nanosheet length of 2.2 
µm is considered, the percolation threshold value range is even more on the lower side 
(0.0001~0.0016 Vf of GNS) as the aspect ratio has been increased. For the lowest mean 
nanosheet length (0.6 µm), the calculated value come close to the experimentally 
found value of percolation threshold when the N is 9~10. It is an acceptable value as 
the mean nano sheet length predicted by Raman spectra is around 0.78 µm but the no. 
of layers per flake are on the the higher side. The aggregation of the GNS inside the  
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(b) 

 
Fig. 5.5: The trend lines for the experimental percolation threshold data based on (a) 
the IPD model and (b) a part of the modified power (assuming κ≈1) law as a function 
of number of layers (N) for various mean lengths of the GNS. 
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nanocomposite is one factor due to which the predicted values of percolation threshold 
are lower than the experimental value. Studying the composite films via well-
established technique of X-ray diffraction gives an indication on the aggregation of 
GNS inside composites. 

5.3.4. XRD Analysis 
Fig. 5.6 (a-b) gives a good account for the materials under study. The XRD patterns 
for both pristine GNS and base polymer is shown in Fig. 5.6 (a). TPU is a semi-
crystalline polymer and the peaks around 2θ=22o~24 o predicts this. The hallow at 
2θ=20o corresponds to the amorphous portion of polymer. However, peak at 2θ=22.44o 

corresponds to reflections confirming the semi crystalline structure of polymer clearly 
seen in the 0.0027 Vf GNS-TPU. The XRD peak of GNS layers around 2θ=26.6o verify 
its pristine nature. In case of TPU-GNS composites with lower loadings (0.0002 Vf 
GNS), no peak is observed for GNS suggesting a very well exfoliated and dispersed 
nature of graphene inside TPU. A tiny XRD peak starts to appear around 2θ=26.6o for 
0.0027 Vf GNS-TPU composite which becomes larger at 0.0055 Vf GNS with more 
GNS piling up in polymer matrix (Fig. 5.6 (b)). The d-spacing measured for this peak 
is 0.34 nm which is typical for pristine graphite showing that the polymer has not 
phase separated/intercalated into the sheets of graphene and aggregation has been 
occurred inside. The sharp peak for graphene at 2θ=26.6o also indicates the regularity 
of the filler in nanocomposite.  
The experimental value for percolation threshold (0.0055 Vf GNS) lies in the range 
predicted by both the models mentioned above but nearer to the modified power law. 
By considering both the approaches to be in the same category as both rely heavily on 
the aspect ratio, our experimental findings can be very useful in understanding the two 
models in the perspective of aggregation of nanofillers occurring inside the polymeric 
nanocomposites. It is believed that, for the first time, the liquid exfoliated GNS used 
for nanocomposites have been subjected to the well-defined analytical approaches for 
the DC conductivity percolation threshold and the results are validated successfully 
for the aspect ratio parameter. This work is an important step forward in the field of 
conducting nanocomposites as we can control the aspect ratio of GNS [16] by using 
liquid exfoliation technique. Coleman group has recently been able to upgrade the 
liquid exfoliation process for scalable mass production of graphene [26]. Also the 
process used for the exfoliation of GNS, in this work, gives pristine graphene and does  
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Fig. 5.5: XRD patterns for (a) TPU and GNS and (b) GNS-polymer composites. 
 
not require any chemical involved reduction steps which compromise the conductivity 
of GNS. 
5.4 Conclusion 
GNS-TPU nanocomposites are prepared via liquid exfoliation and solution based 
method to achieve improved dispersions. The high aspect ratio GNS caused a very low 
percolation threshold of 0.0055 volume fraction graphene in TPU. To the best of our 
knowledge this is the lowest value ever achieved by using as prepared GNS (liquid 
exfoliated) without any further post treatment. The results are interpreted via well-



81  

established scaling law and verified from IPD model and modified power law, which 
give a very close approximation to the experimental results. The high aspect ratio and 
layered structure of GNS are the main features along with its homogeneous dispersion 
in TPU. The results will form a base for some more fruitful work in the graphene-
polymer nanocomposites for the applications involving conducting behavior. It is 
proposed that our study is applicable to dielectric nanocomposites and flexible 
electronic devices. 
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6 
DIELECTRIC SPECTROSCOPY OF HIGH ASPECT RATIO 
GRAPHENE-POLYURETHANE NANOCOMPOSITES  
  
High aspect ratio graphene nano sheets (GNS), prepared via liquid exfoliation, and are 
dispersed homogeneously in thermoplastic polyurethane (TPU). Dielectric 
spectroscopy results are reported for these nanocomposites (up to 0.0055 volume 
fraction-Vf GNS) in the frequency range of 100 Hz to 5 MHz. The as prepared GNS 
increased the AC conductivity 10 to 1000 times across the given frequency range. The 
dielectric constant is increased 5~6 times at 100 Hz for the maximum loading of GNS 
as compared to the pristine TPU, with subsequently high dielectric loss making them 
a suitable candidate for high energy dissipation applications such as EMI shielding. 
The temperature effects on the dielectric characteristics of 0.0055 Vf GNS-TPU 
nanocomposites beyond 400 K are more pronounced due to the interfacial and 
orientation polarization. 
6.1 Introduction and Background 
Polymeric nanocomposites (PNCs), based on the conductive inclusions, have put on 
considerable interest for their potential use in electronic engineering in the recent times 
[1]. Graphene, owing to its extraordinary electrical properties, is one such conducting 
filler, which has been extensively studied for tuning the electrical properties of 
polymers [2-3]. Apart from many other applications [4-5], graphene has been imparted 
to the polymers for the investigation of dielectric characteristics of nanocomposites 
[6-9]. Due to the zero band gap of graphene, it is a suitable candidate for the radio 
frequency device applications [10]. Another critical application of the garaphene-
PNCs is the energy storage for advanced technologies. The electrical energy density 
(U =  ε ε E ), depends directly on relative permittivity ε   and electric field [11]. 
For PNCs, dielectric constant can be increased by adding ceramic fillers to it [12]. 
However, a high ceramic filler loading (beyond 50% vol.) is required to increase the 
dielectric constant considerably [13]. With the increase of filler loading though, the 
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mechanical characteristics of the nanocomposites suffer a decline. The last few years 
have seen a revival in the study of polymers reinforced by 2-dimensional fillers, 
especially graphene due to its exceptionally high modulus (Y1 TPa) and strength 
(B130 GPa) [14]. It has been shown notably that graphene is employed to provide 
reinforcement at close to the theoretical maximum [15]. Graphene, with its zero band 
gap structure, possesses high carrier mobility at room temperature (~104 cm2V-1s-1) 
and a large theoretical specific surface area (2630 m2g-1). These above mentioned 
mechanical and electrical characteristics of graphene make it an ideal choice for 
enhancement of such properties in PNCs [16]. Graphene has been added to various 
polymers and reported for a low percolation threshold in most of these polymers [17]. 
In chapter 5, a very low percolation threshold (0.0055 Vf GNS) for GNS-TPU 
composites is achieved. The formation of conducting network in nanocomposites at 
such low volume fractions is attributed to various reasons like (1) large surface to 
volume ratio (2) morphology (3) dimensions and (4) dispersion of the nano inclusions. 
All these factors add up to form a large interaction zone inside the nanocomposite 
which ultimately play a vital role in the final outcome of the dielectric properties [18]. 
Here in this work, same GNS-TPU (up to 0.0055 Vf GNS) system is assessed for the 
dielectric spectroscopic properties both at room temperature and high temperatures. 
Dielectric spectroscopy is a simple technique for precise measurements of electrical 
properties. Dielectric constant, dielectric loss and AC conductivity are the main 
parameters discussed here for 0-0.0055 Vf GNS-TPU composites at room temperature. 
Dielectric spectroscopy for 0.0055 Vf GNS sample at elevated temperatures (up to 473 
K) is also reported. Like other metallic inclusions in PNCs, the dielectric loss for 
graphene is also on the higher side. New efforts in this direction to use graphene for 
high dielectric constant and low losses have already been reported [11]. However, this 
seeming limitation can be utilized for application where energy dissipation is the 
premium requirement. It is believed that the work carried out here is very promising 
due to its simple treatment supported by excellent results. The liquid exfoliated GNS 
with a high aspect ratio and very good dispersion are the main factors causing huge 
increase in the dielectric characteristics of GNS-TPU nanocomposites at elevated 
temperatures. These properties can be utilized for the energy dissipation directly and 
for energy storage with a slight modification. 
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6.2 Experimental Methods 
Same as 5.2 
6.3 Results and Discussion 

6.3.1. Evaluation of the dimensions of GNS 
For the evaluation of exfoliation condition and dimension measurements of the 
dispersed GNS, transmission electron microscope (TEM) is used. Holey carbon grids  
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Fig. 6.1: Transmission electron microscopy characterization of exfoliated, size-
selected GNS. The image on the top is the representative TEM image, while the 
bottom image is a histogram derived by measuring the aspect ratio of >150 nanosheets 
from the TEM images. 
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with a 400 mesh are used for the dispersed GNS drops, analysed by using a Jeol 2100 
TEM at 200 kV. Fig. 6.1 is the representative of the many TEM images, used for the 
quantitative analysis of the GNS exfoliation state and dimensions. As evident from 
Fig. 6.1, few layer GNS have been obtained with the liquid exfoliation process. The 
liquid exfoliation process also facilitates to get dispersions with large quantities of 
GNS [19, 23]. It requires a tedious assessment of the edges of each flake present in the 
TEM images to estimate the number of layers per nanosheet, N. The approximate TEM 
analyses provide the information that GNS to be 1-10 monolayers thick with mean 
values around N~4. The simplest estimation of TEM analysis is the measurement of 
long dimensions of the GNS which is the mean nanosheet length, L. The data for 
length and layers per nanosheet distribution of >150 nanosheets has been utilized for 
aspect ratio presented as histogram in Fig. 6.1 (b). 
 

6.3.2. Dielectric Spectroscopy 
The main premises of our work lies in the exfoliation of graphite crystallites by liquid 
exfoliation to achieve few layer GNS and their use in TPU for tuning the dielectric 
properties. Generally, the electrical and mechanical properties of the nanocomposites 
are vigorously driven by size of the filler [15, 20]. In the present work large aspect 
ratio GNS have been acquired by utilizing centrifugation technique [24] and dispersed 
them homogeneously in the TPU matrix. Dielectric characteristics of the GNS-TPU 
composites (free standing films) are obtained by using precision impedance analyzer 
(Wayne Kerr 6500B). The applied alternating electric field, across the sample (8 mm 
diameter and up to 50 µm thickness), is 10 mV with frequency ranging from 100 Hz 
to 5MHz. The sample holder consists of two copper rods, with smoothly finished 
surfaces (8 mm diameter), and are arranged in parallel plates capacitor configuration. 
Capacitance and dielectric loss tangent are observed directly while dielectric constant, 
dielectric loss and AC conductivity were derived as under [25]. The complex 
permittivity is represented in equation (6.1) 
ε = ε′ − iε′′         (6.1) 
Where the real part ε′gives the dielectric constant and the imaginary part depicts the 
dielectric loss. Dielectric constant, a quantity measuring the ability of a substance to 
store electrical energy in an electric field, can be calculated by using equation (6.2) 
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ε′ =           (6.2) 

C is the observed capacitance of the sample, d is the thickness, A is the area and ε  is 
the permittivity of free space in equation (6.2). Dielectric loss can be calculated from 
dielectric tangent loss, observed directly from the instrument (equation (6.3)) 

tanδ =  ′′
′          (6.3) 

Tangent loss is the dissipation factor 'D', a measure of the energy dissipated by a 
dielectric material when in an oscillating field. There can be various mechanisms for 
the energy dissipation inside the nanocomposites, like interfacial polarization loss, 
dipolar polarization loss and conduction loss. The AC conductivity for the dielectric 
nanocomposites here is calculated using the following equation 
σ = ωε ε′tanδ        (6.4) 
All the above mentioned parameters are obtained as a function of frequency at room 
temperature in the first case for all the GNS concentrations. For the 0.0055 Vf GNS-
TPU composite, the temperature is increased from room temperature to 473 K and the 
above mentioned parameters are calculated. Another important parameter, electric 
modulus, is also considered at this stage given as under [26] 

M =           (6.5) 

M = M′ + iM′′        (6.6) 
Both the real part (M') and imaginary part (M'') of electric modulus (M) can be 
evaluated as under 

M′ = ′
′ ′′          (6.7) 

M′′ = ′′
′ ′′          (6.8) 

6.3.3. Dielectric Spectroscopy for Various Loaded GNS-TPU 
 Composites at Room Temperature 

Fig. 6.2 shows the variation of various parameters (dielectric constant, dielectric 
tangent loss and AC conductivity) for different GNS loading in TPU as a function of  
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Fig. 6.2:  Dielectric characteristics response of GNS-TPU composites at room 
temperature (a) Dielectric Constant (b) AC Conductivity and (c) Dielectric Tangent 
Loss as a function of frequency. The GNS loading range is (0- 0.0055) Vf. 
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frequency at room temperature. As clear from Fig. 6.2 (a), the dielectric constant of 
the GNS-TPU composites remains almost constant through the whole frequency range 
with an observable increase for the maximum loading at lower frequency region. This 
increase in the dielectric constant for 0.0055 Vf GNS at lower frequencies is credited 
to the Maxwell-Wagnar-Sillars interfacial polarization as there is a marked difference 
in the conductivity of the filler GNS and the host TPU [17]. Fig. 6.2 (b) shows the AC 
conductivity response of GNS-TPU composites as a function of frequency. It clearly 
confirms the linear relationship between these two parameters. In the low frequency 
range, AC conductivity for all Vf GNS concentrations has a steady behaviour due to 
the charge accumulation at the interface region of the samples and electrode. This 
behaviour transforms to a sort of exponential increase in the conductivity at higher 
frequencies after a certain volume fraction [2]. This is a typical behaviour for 
disordered solids and believed to happen due to the charge transport via hopping [2, 
17]. For dielectric tangent loss (Fig. 6.2 (c)), the experimental data depicts an initial 
decrease at lower frequency region and same as at room temperature. There appears a 
sudden increase for both dielectric constant and tangent loss when the frequency 
ascends. The reason for the lower frequency region behaviour can be explained with 
respect to percolation effect primarily taking place due to direct current conduction. 
There is a minor increase in the dielectric tangent loss at higher frequencies [17]. It is 
clear from this data that by gradual addition of only a very small amount of GNS 
results in the continual increase of the dielectric constant, AC conductivity and 
dielectric tangent loss. The 0.0055 Vf GNS-TPU composite is then subjected to 
elevated temperatures to depict the dielectric characteristics as a function of frequency. 

6.3.4. Dielectric Spectroscopy for Highest Loaded GNS-TPU 
 Composite at Elevated Temperature 

The dielectric characteristics for the highest loaded GNS-TPU composites (0.0055 Vf 
GNS) as a function of frequency at various high temperatures (up to 473 K) are studied 
here in this section. 

6.3.4.1. Dielectric Constant and Dielectric Tangent Loss 
Fig. 6.3 shows the experimental data for dielectric constant and dielectric tangent loss 
in a temperature range of 308 K to 473 K in two different portions. Dielectric constant 
and tangent loss behaviour of the nanocomposite up till 383 K remains same as at 
room temperature. There appears a sudden increase for both dielectric constant and 
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dielectric tangent loss behaviour at lower frequency regions when temperature is 
increased from 383 K to 423 K as shown in Fig. 6.3 (a-b). The trend for both the 
dielectric parameters under discussion is such that the two increase with increasing 
temperature. The room temperature values for dielectric constant and dielectric 
tangent loss at 25 kHz are around 11 and 0.6 respectively. At 473 K (25 kHz), 
dielectric constant increases to ~5x105 and dielectric tangent loss value is found to be 
~107. This huge increase in both the parameters at elevated temperature is found to be 
due the electrode polarization effect whereas, electric modulus formalism led to 
remove the electrode polarization effect at low frequencies [12]. 

4 6 8 10 12 14 16
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5

Log
 (D

iele
ctri

c C
ons

tan
t)

lnF (Hz)

 308 K
 323 K
 343 K
 363 K
 383 K
 423 K
 433 K
 443 K
 453 K
 463 K
 473 K

(a)

4 6 8 10 12 14 16
-1.6-1.4-1.2-1.0-0.8-0.6-0.4-0.20.00.20.40.60.81.01.21.41.61.82.0

Log
 (T

an 
Los

s)

lnF (Hz)

 308 K
 323 K
 343 K
 363 K
 383 K
 423 K
 433 K
 443 K
 453 K
 463 K
 473 K

(b)

 

10 11 12 13 14 15 16-0.1
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1

M''

lnF

 308 K
 323 K
 343 K
 363 K
 383 K
 423 K
 433 K
 443 K
 453 K
 463 K
 473 K
 483 K

(c)

 
Fig. 6.3: (a) Dielectric constant, (b) dielectric tangent loss, and (c) electric modulus 
(imaginary part) behaviour of 0.0055 Vf GNS-TPU composite at various temperatures 
(308-473 K). 
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Fig. 6.4: Dielectric constant enhancement for 0.0055 Vf GNS-TPU composite as a 
function of temperature at 2.5x104 Hz. 
 
The electric modulus imaginary part (M'') is shown in Fig. 6.3 (c) from which it is 
evident that the relaxation peak shifts towards increasing frequencies with the increase 
in the temperature. This shift in the peak is recognized as interfacial polarization also 
termed as Maxwell-Wagner-Sillars polarization [9]. The enhancement in dielectric 
constant as a function of temperature for 0.0055 Vf GNS-TPU composite at 2.5x104 
Hz frequency is shown in Fig. 6.4. 

6.3.4.2. AC Conductivity 
As it has already been mentioned in the preceding section, the increase in AC 
conductivity for GNS-TPU composites is caused by the hopping mechanism. The 
hopping conduction is based on both the frequency and temperature parameters. Here 
the experimental effect of both these parameters for GNS-TPU composite is discussed. 
The AC conductivity response of the 0.0055 Vf GNS-TPU composite is shown in Fig. 
6.5 as a function of frequency at various temperatures. There are two distinct 
phenomena occurring; one up to 423 K and the other beyond this temperature (Fig. 
6.5). For AC conductivity at lower temperatures, the following relationship holds [27]: 



92  

4 6 8 10 12 14 16-6.0
-5.5
-5.0
-4.5
-4.0
-3.5
-3.0
-2.5
-2.0
-1.5
-1.0
-0.5
0.0
0.5
1.0
1.5

Log
 (A

C C
ond

uct
ivit

y) (
S/m

)

lnF (Hz)

 308 K
 323 K
 343 K
 363 K
 383 K
 423 K
 433 K
 443 K
 453 K
 463 K
 473 K

 
Fig. 6.5: AC conductivity presentation of the highest loaded GNS (0.55% volume 
GNS)-TPU nanocomposite at various temperatures (308 K - 473 K) as a function of 
frequency. 
 
σ ω) = Aω         (6.9) 
Which means that AC conductivity is mainly dependent on the frequency and 
marginally changes with temperature up to 423 K. 'A' is proportionality constant, 's' 
the exponential factor ranging between 0.7 to 0.9 at lower temperatures which 
vanishes out at high temperatures. In the present scenario, AC conductivity remains 
almost constant at lower frequencies (termed as DC conductivity plateau) and 
increases exponentially at higher frequencies. The interfacial polarization effect is 
responsible for this kind of behaviour as at lower frequencies the dipoles induced 
inside gets enough time (relaxation phenomena) to orient themselves along the 
direction of the field while at high frequencies due to less relaxation time it is very 
difficult for the dipoles to reorient themselves. At higher frequencies, charge carriers 
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due to the excitations hop around the nearby conductive sites back and forth causing 
the increase in the effective conductivity [25]. At high temperatures, the AC 
conductivity behaviour is distinctive. It can be explained via activation energy 
equation [27]. Due to the higher mobilities of the charge carriers at lower frequencies, 
there appears an exceedingly high DC conductivity plateau. The AC conductivity 
approaches the DC conductivity values for lower frequencies and high temperatures. 
This phenomena can be explained with equation (6.10) given below: 

σ = Aexp −        (6.10) 

Fig. 6.5 clearly follows the above mentioned equation at high temperatures and shows 
the maximum achieved AC conductivity for 0.0055 Vf GNS-TPU composite at 473 
K. Beyond this temperature, the polymer decomposes as the thermal decomposition 
for the TPU used in this case begins at around 500 K. 
 
6.4 Conclusion 
The composites of graphene nano sheets (high aspect ratio) and thermoplastic 
polyurethane are prepared here with a very simple one step formation process i.e., drop 
casting. At room temperature, the dielectric constant, AC conductivity and dielectric 
tangent loss experience considerable increase at 0.0055 Vf GNS. The dielectric 
constant and tangent loss for TPU is around ~2 and ~0.03, respectively. For 0.0055 Vf 
GNS-TPU composite, dielectric constant and AC conductivity are increased 6 times 
(100 Hz) and 10 to 1000 times respectively as compared to pristine TPU. This sample 
is then tested for same properties at increasing temperature. Itrevealedextremely high 
dielectric constant (5×105), good AC conductivity (~25 S/m) and very high dielectric 
tangent loss (~95), at 25 kHz & 473 K. Interfacial and orientation polarization effects 
are the main causes behind the enhancement in the dielectric properties of the GNS-
TPU composites. These free standing composite films are conductive, flexible and 
very easy to process. The dielectric spectroscopy of the GNS-TPU with high GNS 
concentrations around 10-20 vol.% will provide more productive results for the related 
applications like strain sensors, energy dissipation and many other related fields. 
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7 
STIFF, STRONG, YET TOUGH FREE STANDING DIELECTRIC 
FILMS OF GRAPHENE NANOSHEETS-POLYURETHANE 
COMPOSITES WITH A VERY HIGH DIELECTRIC CONSTANT 
AND LOSS 

 
In this study, graphene nanosheets (GNS) prepared through a liquid exfoliation 
technique are dispersed in thermoplastic polyurethane (TPU) at a volume fraction (Vf) 
of up to 0.19. Then, the electrical and mechanical properties of the obtained 
composites are characterized. The dielectric spectroscopy shows an excessive 
variation in dielectric constant (1.1 to 3.53x107) and dielectric tangent loss (0.03 to 
2515) with varying Vf over the frequency range of 25 kHz to 5 MHz for 0.19 Vf GNS. 
A considerable enhancement in electrical conductivity (DC) is found, from 3.87x10-10 
S/m (base polymer) to 53.5 S/m for the 0.19 Vf GNS-TPU nanocomposite. The GNS-
TPU composites are mechanically robust, with a considerable increase in stiffness (~ 
4-fold) and strength (almost twice), maintaining its ductility up to 0.09 Vf GNS. The 
high dielectric constant at lower frequencies is attributed to the well-established 
Maxwell-Wagner polarization effect, whereas the high dielectric tangent loss is due to 
leakage currents as a physical conducting network is formed at high filler loadings. 
The layered structure, high aspect ratio, and improved dispersion of GNS are the main 
reasons for the improvement in both the dielectric characteristics and the mechanical 
properties of the host polymer. 
 
7.1 Introduction and Background 
Polymeric nanocomposites (PNCs), due to their ease of processing and high 
flexibility, are widely used in electronic engineering applications, such as energy 
storage, flexible electronics, gate dielectrics, and electromagnetic interference (EMI) 
shielding [1-2]. Most of the polymers used in the fabrication of PNCs have a low 
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dielectric constant. To improve the dielectric constant of the polymers, nanofillers of 
a different nature, including ceramic, metallic, and carbon allotropes, are used with 
their subsequent advantages and disadvantages. For ceramic nanofillers, the 
improvement in the dielectric characteristics is achieved at relatively high filler 
loading, whereas for metallic inclusions, the processing conditions are very difficult 
to control. High filler content also degrades the mechanical characteristics of 
composites [3-5]. The inclusion of carbon allotropes, such as carbon nanotubes and 
graphene, can modify the capacitance of the polymer matrix due to the interaction at 
the interfacial zone inside the nanocomposite at very low loadings [1, 6]. These carbon 
allotropes are able to interact strongly in the microwave and impressed radio wave 
fields; therefore, the dielectric constant of the host polymer is significantly improved. 
The problem associated with the carbonaceous filler materials is the high dielectric 
loss of the resulting composites, which can be avoided if an insulating layer is 
introduced around the conducting filler [3, 7-9]. A high dielectric loss can be useful in 
some applications, such as EMI shielding [7]. Graphene, a two-dimensional sheet of 
sp2 hybridized carbon, has a unique range of properties, including exceptionally high 
stiffness (Y1 TPa) and strength (B130 GPa), a zero bandgap structure, high carrier 
mobility at room temperature (≈10000 cm2 V-1 s-1), and a large theoretical specific 
surface area (2630 m2 g-1) [2, 10]. All these properties make graphene a better choice 
as filler; due to its high interfacial area and superior transport properties, it can impart 
its characteristic properties well to the polymers [11-12]. Graphene forms a conducting 
network at very low loading in polymer matrices. Sasha et al. achieved the lowest 
electrical percolation threshold for graphene at 0.1% volume loading in a polystyrene 
matrix [13]. However, graphene dispersion in polymers has long been an issue 
because, due to the van der Waals forces, graphene nanosheets tend to aggregate, 
which can significantly compromise the ultimate properties of the material [8]. To 
avoid such aggregation, which can hamper the interface between the polymer and 
GNS, various routes of composite formation have been followed, with solution casting 
through functionalization regarded as a proficient method [12]. The choice of a 
suitable polymer matrix also plays a vital role in achieving a particular target. 
Thermoplastic polyurethane (TPU) is widely used in adhesives, coatings, shape 
memory applications, biomedical applications, and composites, among others [12, 14-
15]. With the inclusion of graphene, the range of applications in which TPU is used 
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can be broadened. In the present work, liquid exfoliated GNS and TPU are well 
dispersed in N, N-dimethylformamide (DMF) to form stock dispersions for a range of 
composites. The dielectric characteristics at medium frequency range (25 kHz-5MHz) 
and the DC conductivity measurements are discussed for a range of GNS volume 
fractions in TPU. The dielectric constant and loss achieved in this study are huge and 
surpass the previously recorded values [16-18] in the same frequency range with 
relatively lower filler loading. Thus, our results will form a basis for future EMI 
shielding and electromagnetic energy dissipation applications. Mechanical testing is 
also carried out on these GNS-TPU composites to determine their robustness. The 
increase in the Young's modulus through the whole GNS Vf range and the 
enhancement in strength up to a certain GNS loading indicate the vitality of the 
composites. More importantly, instead of decreasing, as is the case with nanofiller-
filled polymeric composites, the strain at break of the GNS-TPU composites increased 
up to 0.09 Vf GNS. 
 
7.2 Experimental Methods 
As-supplied graphite powder (Branwell Graphite Limited, grade RFL 99.5) is added 
to 60 ml of N-methyl-pyrrolidone (NMP) at a concentration of 20 mg/ml. A flat head 
probe sonic tip is used in sonication, which takes 48 h. This route is well known to 
achieve good-quality exfoliated GNS [19]. The dispersion is centrifuged (Hettich 
Mikro 22R) to get rid of any unexfoliated graphite. The supernatant is then collected 
carefully to achieve a range of size-selected GNS. The centrifugation rates are adjusted 
(1500, 500, and 300 rpm) to control the size of the nanosheets [20-22]. The supernatant 
obtained at 300 rpm is used to form the composites, which are first filtered out through 
PET membranes (pore size, 0.4 µm). The dried GNS powder is re-dispersed in DMF 
by gentle sonication (Branson 1510EMT sonic bath), and a stock of up to 2 mg/ml 
concentration is prepared. The dispersion state and dimensional measurements are 
verified by transmission electron microscopy (TEM) analysis (at 200kV; Jeol 2100 
TEM). To synthesize the composites films, TPU (BASF) is dissolved in DMF at a 
concentration of 100 mg/ml by stirring overnight. The TPU-DMF solution is 
supplemented with various volumes of the stock dispersion (GNS-DMF, 2mg/ml) to 
produce composite dispersions with a range of GNS volume fractions. The composite 
dispersions are sonicated for 4 h in a sonic bath (Branson 1510EMT sonic bath) and 
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drop casted into Teflon trays. In all cases, the total liquid volume and solids mass are 
set to a constant value (GNS+TPU=160mg) to avoid any drying-related variation from 
sample to sample. The composites are dried at 60oC for 72 h, followed by another 
period of drying at 80oC for 72 h under vacuum. Tensile testing is done by using a 
Zwick Roell tester with a 100 N load cell. The strain rate is kept at 50 mm/min. The 
samples are cut to 2.25 mm width, 30 mm length, and around 0.05 mm thickness. For 
each volume fraction, at least five strips are tested; the mean values are presented. The 
dielectric performances of free-standing circular films (thickness≈0.050 mm, 
diameter≈13mm) of base polymer TPU and of the graphene-TPU nanocomposite with 
a GNS volume fraction of 0.0028 ~ 0.1909 are measured with an impedance analyser 
(Wayne Kerr 6500B) at an applied voltage of 10 mV in the frequency range of 25 kHz 
to 5 MHz. A Kiethley 6487 source meter is used for DC electrical conductivity 
measurements. The voltage range is kept at 0-5 volts. The size of the nanocomposite 
films used for DC conductivity measurements is 0.05×2.25×30 mm3. Silver paste is 
used to minimize the contact resistance. For each volume fraction, three samples are 
subjected to the electrical measurements; the data obtained are then averaged. 
 
7.3 Results and Discussion 

7.3.1. Transmission and Scanning Electron Microscopy of GNS 
 and GNS-TPU composites  

In the present work, liquid exfoliation method is used to attain dispersions of GNS. 
These dispersions were then centrifuged to select a particular size of GNS for 
composite formation. A large aspect ratio plays a vital role in achieving good electrical 
and mechanical characteristics [19-20]. TEM is a versatile tool for analysing the size 
distribution of GNS, and its ability to provide a quantitative estimation of the number 
of layers per nanosheet (N), mean nanosheet length (L) and width (W) of the flakes 
makes it ideal for such purpose [23]. The representative TEM images are shown in 
Fig. 7.1 (a-b). Here, 1~10 layer-thick GNS have been obtained with a mean value of 
N~4. However, the easiest approximation with the use of TEM analysis is the 
measurement of ‘L’ and ‘W’. These analyses allow the approximation of the flake 
aspect ratio. The data for aspect ratio, no. of sheets per flake, mean nano sheet length 
and width based on distribution of >150 nanosheets are presented as histograms in Fig. 
7.1 (c-f). Raman spectra also predicts the no. of layers per flake, N~4-5 although the  
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Fig. 7.1: (a-b) Transmission electron microscopy image of GNS and (c-f) histograms 
obtained by measuring aspect ratio, no. of sheets per flake, mean nanosheet length and 
width distribution for the data of ≥150 GNS. 
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mean nano sheet length <L>~0.78 µm (Chapter 5). The dispersion state of GNS in 
TPU is assessed by using scanning electron microscopy (SEM), as shown in Fig. 7.2. 
The micrographs indicate the presence of GNS in the composites in the form of a few 
layered sheets. At lower loading (0.0055 Vf GNS), the GNS can be observed, isolated 
by a thick polymer covering as shown in Fig. 7.2 (b). At higher loading, however, the 
GNS seem to be connected with each other more frequently. Aggregation is bound to 
occur at higher loading, but a very good dispersion of GNS in TPU can be assumed 
because the GNS protruded evenly, suggesting a homogeneous dispersion. At 0.06Vf 
GNS loading (Fig. 7.2 (c)), evenly distributed dendrite-like structures can be observed, 
with a few appearing as monolayer GNS enclosed by a thin TPU layer. At maximum 
loading (0.19 Vf GNS), the sheets seem to be very well arranged, and the few layers 
of GNS are knitted together by the TPU, as shown in Fig. 7.2 (d). 
 

(a)     (b) 

 
(c)     (d) 

 
Fig. 7.2: SEM micrographs (cross-sectional view) of the GNS-TPU composite with 
(a) 0 (b) 0.0055 (c) 0.06 and (d) 0.19 GNS volume fractions.  
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7.3.2. Mechanical Properties of the GNS-TPU Composites 
The effect of GNS loading on various mechanical properties of GNS-TPU composites 
is plotted in Fig. 7.3. The Young's modulus of the composites is shown as a function 
of the GNS volume fraction in Fig. 7.3 (a). For TPU only, Young's modulus is 0.3 
GPa. This value increases consistently with the GNS loading and reaches a maximum 
of 1.15 GPa at 0.19 Vf GNS, which represents a ~4-fold increase compared with the 
base polymer. This finding is in agreement with a previous work in which, given the 
same loading, the modulus was reported to increase from 0.01 GPa (base polymer) to 
0.1 GPa [24]. The effect of GNS loading on the ultimate tensile strength (UTS) of the 
composites is shown in Fig. 7.3 (b). The UTS of the base polymer is around 42 MPa 
and, in this case, consistently increases with a small GNS loading (49 and 50 MPa at 
0.0002 and 0.0006 Vf GNS, respectively) up to a maximum of 75 MPa at 0.0027 Vf 
GNS. The increased UTS at low filler loadings may be attributed to the improved 
dispersion, the high aspect ratio of the few layers of GNS, and the ability of these 
layers to absorb the applied stress at the polymer-GNS interface. Since the UTS is 
more sensitive to the dispersion state as compared to the Young's modulus, it seems 
that the UTS decreases with a further increase in the GNS content beyond 0.0027 Vf 
GNS, possibly due to aggregation. The aggregates inside act as stress raisers [25]. 
Interestingly, the UTS values are well above those of the base polymer at up to 0.09 
Vf GNS, probably due to the strong interaction of GNS with the soft segments of TPU 
[26]. Fig.7.3 (c) shows the strain at break as a function of the GNS loading, which 
provides an indication of toughness, a measure of the area under the stress-strain curve. 
Interestingly, the strain at break increases with the GNS loading up to 0.09 Vf GNS. 
In most cases, elastomeric polymers show a decrease in the strain at break with an 
increase in the filler [27-29]. The increase in the strain at break up to a certain GNS 
loading can be attributed to an improved dispersion and the cross-linking effect of 
GNS with TPU [12]. At a GNS loading above 0.09 Vf, however, the strain at break 
decreases sharply. These remarkable results can be attributed to the high aspect ratio, 
which in turn provides the cross-linking effect to the ultimate composite, causing a 
good dispersion and interface effect with the TPU and thus avoiding aggregation [24, 
26]. 
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Fig. 7.3: Mechanical properties of GNS–TPU composites as a function of the graphene 
volume fraction: (a) Young’s modulus predicts that composites are getting stiffer with 
the GNS loading, (b) the ultimate tensile strength (UTS) is increased at lower GNS 
loadings due to the excellent stress transfer at the GNS-TPU interface and (c) the strain 
at break, showing the toughness of GNS-TPU composites. 
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7.3.3. Electrical and Dielectric Properties of the GNS-TPU 
 Composites 

7.3.3.1. DC & AC Percolation threshold comparison 
As the GNS loading is increased, the initial insulating behaviour of the GNS-TPU 
composite changes into a conducting behaviour because the insulating layer of the 
polymer is decreased [4]. This insulator-conductor transition is a clear indicator of the 
formation of a percolation network inside the composite at a particular volume fraction 
of GNS. Percolation theory is applicable when adding conductive fillers to an 
insulating matrix. DC conductivity, a frequency independent parameter, is measured 
for the calculation of the percolation threshold. The percolation threshold of 
composites can be deduced from the power laws given below; a well-established 
scaling relationship is applied to the electrical conductivity of the nanocomposites near 
the percolation threshold [30]: 
σ =  σ                     for V >     (7.1) 

σ =  σ                  for V <     (7.2) 
Where σ  is the effective electrical conductivity (DC), σ  is the filler intrinsic 
conductivity, Vf is the filler volume fraction inside the insulating matrix, Vc is the 
percolation threshold, ‘t’ is the first percolation exponent, and ‘s’ is the second 
percolation exponent. 
Fig.7.4 shows the DC electrical conductivity of the GNS-TPU nanocomposites. There 
is clear evidence of the formation of a conducting path at very low loading, which is 
0.0055 Vf GNS in this case (Fig. 7.4-inset). Beyond this volume fraction, the 
conductivity increases with the increasing GNS up to 53.5 S/m at maximum loading 
(0.19 Vf GNS); the details of the DC percolation are provided in chapter 5 of this work. 
By plotting the dielectric constant and AC conductivity at 25 kHz as a function of the 
GNS volume fraction, as shown in Fig. 7.5, a sudden increase in both parameters is 
observed when the GNS volume fraction is increased from 0.0398 to 0.0576 Vf. As 
shown in Fig. 7.4, the percolation threshold of 0.0055 Vf for the DC conductivity data 
is lower than that for the AC conductivity measurements. This difference in the 
percolation threshold can be attributed to the difference in the test voltage region, 
which is very high (0-3) V for the DC conductivity measurements; 
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Fig. 7.4: DC Conductivity of GNS-TPU nanocomposites plotted as a function of the 
graphene volume fraction. The increase is observed in DC conductivity as a function 
of the graphene loading. Inset, the percolation threshold at 0.0055 Vf GNS is shown. 
 
the test voltage for the AC conductivity measurements is 10 mV. At high electric 
fields, GNS are susceptible to quantum mechanical tunnelling. Tunnelling currents 
arise exponentially with the increase in voltage at room temperature [4], as is the case 
with the DC conductivity measurements. The following relation holds for electron 
tunnelling inside polymeric nanocomposites [6, 31]: 
ln σ ∝ − V )         (7.3) 
Fig. 7.6 shows the linear correlation of conductivity as a function of volume fraction. 
Because the conducting network is formed at 0.0055 Vf GNS, the linear correlation is 
attributed to electron tunnelling as the primary transport mode inside GNS-TPU 
nanocomposites. 

7.3.3.2. Dielectric spectroscopy 
The dielectric spectroscopic measurements for various GNS-TPU composites as a 
function of frequency at room temperature is discussed here in detail. A careful 



106  

0.00 0.02 0.04 0.06 0.08

0

200

400
-0.001
0.000
0.001
0.002
0.003
0.004 0.00 0.02 0.04 0.06 0.08

 

Die
lec

tric
 Co

nst
ant

Graphene Vol. Fraction

 Dielectric Constant

 

 

AC
 Co

ndu
ctiv

ity 
(S/

m)

 AC Conductivity

 
Fig. 7.5: Dielectric spectroscopic measurements for percolation threshold 
(0.0398~0.0576 Vf GNS) predicted from both dielectric constant and AC conductivity 
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observation for AC conductivity predicts a constantly increasing trend as a function 
of frequency till 0.0224 Vf GNS, with a pronounced increase at 0.0398 Vf GNS, shown 
in Fig. 7.7. Beyond 0.0398 Vf GNS, AC conductivity behaviour is completely changed 
to very high values at lower frequencies decreasing sharply at higher frequencies. The 
same effect can be seen for dielectric constant and tangent loss (Fig. 7.8 (a) & (b)). 
Dielectric constant and tangent loss remains steady up till 0.0224 Vf GNS. A 
distinctive change appears to occur in the materials’ dielectric character at 0.0398 Vf 
GNS in TPU. At this point the dielectric constant value is doubled with respect to 
0.0224 Vf GNS at lower frequency region with a slight decrease at higher frequencies. 
The increase in dielectric constant values at lower frequencies is more pronounced 
beyond 0.0398 Vf GNS as evident in Fig. 7.8 (a). For tangent loss at 0.0398 Vf GNS, 
the curve has a sudden increase around 400 kHz and beyond this volume fraction 
(0.0398 Vf GNS) the dielectric loss is very high at lower frequencies and decrease 
steadily at higher frequency region as shown in Fig. 7.8 (b). The trend line for all the 
parameters is always on the increase with respect to the increase in GNS volume 
fraction. The sharp decrease in the dielectric constant, tangent loss and AC 
conductivity at lower frequencies for 0.0398 Vf GNS and beyond is due to the 
occurrence of DC conductivity plateau, which can be explained via formation of a 
physical conducting network inside the nanocomposite. 
 

AC Conductivity 
The generalized response to AC conductivity can be determined by the mathematical 
expression given below [6, 31]: 
σ =  σ +  Aω         (7.4) 
Where σ  and σ  represent the AC and the DC conductivity, respectively; A is a 
temperature-dependent constant, and  is the angular frequency (2πf). The above 
equation clearly suggests that AC conductivity is mainly driven by frequency-induced 
dielectric dispersion, with the added effect of DC conductivity at the lowest frequency 
due to the migration of charge carriers. In our case, as shown in Fig. 7.7, the DC 
conductivity contribution at lower volume fractions (up to 0.0398 Vf GNS) is 
negligible, and the AC conductivity is dependent only on the frequency-driven 
dielectric dispersion and increases with the increase in frequency. At higher loading, 
a DC conductivity plateau appears at lower frequencies, with the conducting network 
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Fig. 7.7: AC conductivity response is shown for various GNS loaded TPU composites 
as a function of frequency at room temperature. A distinctive change is observed 
beyond 0.0398 Vf GNS. 
 
forming inside, as shown in Fig. 7.7. This DC conductivity contribution increases with 
the increase in GNS loading (77.4 S/m for 0.0886 Vf GNS and 97.7 S/m for 0.1210 Vf 
GNS at 25 kHz) and reaches 1.25x105 S/m at 25 kHz at the maximum GNS loading, 
i.e., 0.19 Vf GNS. 

Dielectric Constant and Tangent Loss 
According to the micro capacitor model for dielectrics, as the GNS volume fraction is 
increased, the formation of micro capacitors increases accordingly. The increase in the 
dielectric constant of the nanocomposites is the consequence of the formation of more 
and more micro capacitors inside. Fig.7.8 (a) confirms the strong frequency dependent 
behaviour of the dielectric constant in the low frequency region for GNS-TPU 
nanocomposites. For graphene contents lower than 0.0398 Vf, the dielectric constant 
is steady along the whole frequency range. An exponential increase in the dielectric 
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Fig. 7.8: (a) Dielectric constant, (b) tangent loss results for GNS-TPU composites at 
room temperature. A considerable increase is observed as a function of GNS loading. 
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constant is observed with the increasing GNS loading at low frequencies, whereas a 
decrease is observed in the higher frequency region, as shown in Fig. 7.8 (a). The 
increase in dielectric constant relative to the filler content is caused by the space charge 
polarization. GNS can be visualized as polarized to be n-type, whereas the polymer 
becomes p-type at the interface to maintain electro-neutrality. This charge build up 
due to the increase in GNS is responsible for the improvement in dielectric constant 
in the lower frequency region, which is known as the Maxwell-Wagner effect. For 
these GNS-TPU composites, the interface experiences an increase in the local electric 
field due to the conducting nature of graphene. This increase in local electric field is 
credited to the electron tunnelling even at a relatively low electric field [33-34]. The 
dielectric constants attained at higher loading are extremely high, particularly for the 
highest-loaded GNS-TPU nanocomposites (0.19 Vf GNS), for which the values are 
3.53x107 and 2.71x106 at around 2.5x104 Hz and 105 Hz, respectively. Dang et al. 
attained a maximum dielectric constant of 8000 at 100 Hz and 4000 at 1 kHz for 0.15-
Vf chemically modified micro-walled carbon nanotubes (CNTs) in a polyvinylidene 
fluoride (PVDF) matrix; the trend is such that the dielectric constant decreases with 
the increase in frequency [16]. In our case, even at 0.12 Vf GNS, the dielectric 
constants are 3.2x105 and 2x104 at 2.5x104 Hz and 105 Hz, respectively. The layered 
structure, high aspect ratio of GNS and its good dispersion in TPU are the possible 
causes of the increase in the dielectric constant at higher filler loadings [7]. In other 
reported works on CNT-PVDF nanocomposites, the dielectric constants are well 
below 104 in the frequency range of 103-104 Hz [17-18]. A comparison of the dielectric 
constant increase with the subsequent dielectric tangent loss at lower frequencies 
shows the same response for both parameters. Generally, the dielectric loss in 
nanocomposites consists of interfacial polarization loss, dipolar polarization loss, and 
conduction loss. In case of lower GNS volume fraction, TPU layers act as dielectric 
materials to build a micro capacitor network inside. With the gradual increase in GNS 
loading, the insulating layer formed by the polymer matrix inside the nanocomposite 
becomes thinner and thinner. At higher GNS loadings, the insulating layer inside the 
nanocomposites is minimal, causing a physical conducting network of the GNS [7-8]. 
Fig. 7.8 (b) shows a rapid increase in dielectric tangent loss beyond 0.0398 Vf GNS. 
For 0.0886~0.1909 Vf GNS, the dielectric loss exceeds the dielectric constant in the 
whole frequency range considered in this work. At maximum loading (0.1909 Vf 
GNS), the nanocomposite attains maximum dielectric tangent loss values of 2515 and 
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766 at around 2.5x104 Hz and 105 Hz, respectively. The dielectric spectroscopic results 
found in the present work can be easily understood with the help of the micro capacitor 
model approach. Considering the high surface area of GNS and the added effect of a 
high volume fraction, such huge dielectric constant and loss values can be attributed 
to a network of a large number of micro capacitors interacting at the interfacial zone. 
These nanocomposites can be a good candidate for EMI shielding applications in a 
wide frequency range, as suggested by the very high dielectric constant and dielectric 
loss values obtained. 
 
7.4 Conclusion          
GNS prepared through liquid exfoliation significantly improved the dielectric and 
mechanical characteristics of TPU. The stiffer, stronger, and yet tough 
nanocomposites achieved in the present work can be of great importance in EMI 
shielding and strain sensor applications. The high aspect ratio of GNS and its 
homogeneous dispersion inside the base polymer resulted in enhanced mechanical 
properties of GNS-TPU nanocomposites, with a maximum Young's modulus of 1.15 
GPa, ultimate tensile strength of 75 MPa, and high strain at break. The percolation 
threshold for DC conductivity is found to be 0.0055 Vf GNS, whereas that for 
dielectric spectroscopy is within the range of 0.04~0.06 Vf GNS. The difference is 
attributed to the electron tunnelling relative to the applied voltage, which is relatively 
higher in the case of DC measurements. The lower percolation threshold values in 
cases, as well as the DC conductivity and dielectric spectroscopic measurements, are 
due to the layered structure and high aspect ratio of GNS. The dielectric constant for 
the TPU at 25 kHz is around 1.1; this increased considerably to 3.53×107 for the 0.19 
Vf GNS-TPU composite. At the same time, the dielectric loss is also very high. 
Dielectric tangent loss increased from 0.03 (TPU only) to 2515 (0.19 Vf GNS) at 25 
kHz. A high dielectric constant and subsequent dielectric loss make this composite 
ideal for applications in which energy dissipation is the prime requirement. A simple 
and economic way of synthesizing such nanocomposites with enhanced mechanical 
characteristics can open a gateway to other related applications. 
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8 
GRAPHENE NANO SHEETS UTILIZATION FOR THE EMI 
SHIELDING IN POLYMER COMPOSITES 
 
 
Two dimensional graphene nano sheets (GNS) are potential candidate to be utilized 
as conducting filler in polymers for EMI shielding purpose, due to its high electron 
mobility and extraordinary mechanical characteristics. A range of GNS volume 
fraction (0-0.12 Vf) is imparted into thermoplastic polyurethane (TPU) to make GNS-
TPU composites via solution casting. Morphological study reveals a homogeneous 
dispersion of filler inside composites. Based on the high electrical conductivity 
achieved for GNS-TPU composites (Chapter 7), these composites are tested for 
electromagnetic interference (EMI) shielding application in the frequency range 1-18 
GHz. A continual increase in the electromagnetic attenuation is observed with increase 
in the GNS concentration. The EMI shielding effectiveness of ~1 dB for base polymer 
is enhanced to ~14 dB at 0.12 Vf GNS-TPU composites, mainly in the X-band region 
of frequency. The electromagnetic energy is absorbed due to the formation of GNS 
conducting network inside. Considering the minute thickness 0.03~0.05 mm of the 
GNS-TPU composites, the achieved electromagnetic attenuation is substantial and 
together with the simple processing route of such composites make them a good choice 
to be utilized for EMI shielding applications. 
 
8.1 Introduction 
The problem of electromagnetic interference (EMI) can be observed in daily life as 
the mobile signals cause a distortion in television and other electronic equipment 
functioning. EMI can also be harmful to the human health and can cause skin, heart 
problems etc. To solve these problems, efforts aredevoted to find newmaterials, that 
can provide not only the shielding aspects but offer flexibility, strength, light 
weightiness, easy processing, low cost to withstand the environmental conditions [1-
2]. Graphene is 2-dimensional hexagonal packed one atomic thick layer of carbon. It 
possesses range of diverse properties specially electronic and mechanical 
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characteristics. It is the strongest material known to man owing to its extremely high 
modulus (Y~1 TPa) and strength (σB ~130 GPa) [3]. The exceptional in-plane 
electrical conductivity up to 20,000 S/cm and very high electronic mobility (~106 m/s) 
make it an ideal choice for conductive polymeric composites [4-5]. GNS due to high 
surface area and electron mobility can increase the capacitive potential of the 
percolative polymer composites. It in turn enhances the dielectric nature and 
electromagnetic energy absorption capability [6-7]. Ever since graphene is discovered 
in 2004, graphene-polymer composites have been prepared and tested for EMI 
shielding applications with considerable success [8-11]. There are some issues 
involved with such systems like scalable production of pure graphene, homogeneous 
dispersion, number of processing routs and the cost related with it. Of late, liquid phase 
exfoliation technique has been looked upon as the suitable way for scalable production 
of defect free graphene especially for composites formation [12-14]. The significant 
dielectric characteristics achieved (chapter 6 & 7) have driven us to test the same liquid 
exfoliated GNS-TPU composites for EMI shielding measurements in frequency range 
1-18 GHz. We believe that it is the first report with size selected, one step liquid phase 
exfoliated graphene based polymer composites tested in an otherwise EMI sealed 
environment.  
 
8.2 Experimental Methods 
Experimental methods for preparation of GNS and GNS-TPU composites is described 
in detail in previous chapter (Chapter 7- Section 7.2). Transmission electron 
microscopy (TEM- Jeol 2100 at 200 kV) is used to validate the size and dispersion 
state of GNS. Morphology of the composites is studied by using scanning electron 
microscopy (SEM-Jeol JSM 6490) technique. EMI shielding tests are performed by 
implying the shielding enclosure testing method (IEEE-STD 299) on the samples with 
dimensions (30×30×~0.05) mm3 [18]. 
 
8.3 Results and Discussion 
Transmission electron microscopy results are presented in detail in Chapter 7, 
Section7.3.1, which predicts the no. of GNS per flake, 'N'~4 and the aspect ratio to be 
around 1272. 
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8.3.1. Scanning Electron Microscopy of GNS-TPU Composites 
Morphology of the base polymer and GNS-TPU composites is assessed by scanning 
electron microscope as shown in Fig. 8.1 (a-d). The samples were freeze-fractured in 
liquid nitrogen for the cross-sectional analysis. Fig. 8.1 (a) is the TPU only image 
while the Fig. 8.1 (b & c) showing the GNS stick out of the TPU at 0.06 & 0.12 Vf 
GNS composites. Thickness of the composite films is in the range 0.035~0.05 mm for 
all the composites measured with micrometer. Fig. 8.1 (d) shows the micrograph 
depicting the thickness of 0.12 Vf GNS-TPU composite. From the micrographs a 
homogeneous dispersion can be assumed as the GNS are evenly protruded out from 
the fractured surfaces with 0.12 Vf GNS sample showing more densely packed GNS 
which helps to form a conducting network inside. Another noticeable factor is the high 
degree of alignment of GNS along the plane of composite film, which helps to provide 
the reinforcement levels required for composites. This data imply the dispersion state 
of the nanosheets to be very good in these composites. 
 

 

 
Fig. 8.1: Scanning electron micrographs describing the morphology of (a) base 
polymer (b) 0.06 Vf GNS-TPU composite (c) 0.12 Vf GNS-TPU composite (d) 
thickness of 0.12 Vf GNS-TPU composite. 
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8.3.2. EMI Shielding 
The GNS-TPU composites, owing to their dielectric characteristics, have been 
subjected to test for electromagnetic interference (EMI) shielding. These free standing 
films (30×30) mm2 are light weight, flexible and relatively thin (0.035~0.050 mm) 
shown in Fig. 8.2. Electromagnetic shielding effectiveness is the measure of how much 
incident energy is attenuated, quantitatively described as the logarithmic ratio of 
incoming (Pi) to outgoing power (Po) of electromagnetic energy. EMI shielding 
effectiveness is expressed in decibels (dB) [8, 20-21]. 
Shielding Effectiveness SE) = −10 log dB)  (8.1) 

When an electromagnetic energy is made to incident on a target, it can 
affect/damagethe target by various mechanisms as shown in Fig. 8.3 (a). To shield the 
target from the EMI phenomena, a suitable material is required which can withstand 
such assault. Three mechanisms through which a target can be shielded from EMI are 
reflection, absorption and multiple internal reflections as shown in Fig. 8.3 (b). The 
EMI shielding effectiveness in terms of shielding mechanisms can be classified in a 
mathematical expression as under 
SE dB) = SE + SE + SE       (8.2) 
 

 
Fig. 8.2: Photograph of free standing 0.12 Vf GNS-TPU composite film used for EMI 
shielding test. 
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Fig. 8.3: Schematic diagrams for (a) the EMI mechanisms affecting the target and (b) 
EMI shielding mechanisms to safeguard the target from electromagnetic waves [22]. 
 
EMI shielding by reflection mechanism is related to the impedance mismatch caused 
at the air-absorber interface and metals are particularly utilized for this purpose. The 
mathematical expression for shielding effectiveness caused due to the reflection of 
EM energy is given as 
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SE = −10log σ
ωε μ       (8.3) 

EMI shielding via absorption is achieved by dissipating the electromagnetic energy. 
Ohmic losses and heating effects cause a decay in the passing EM waves inside the 
shielding material. The electric and magnetic field intensities for the outgoing 
electromagnetic energy are E e δ  and H e δ  respectively where ‘t’ is the thickness of 
shielding material and 'δ' is the skin depth. Skin depth is defined as the distance 
required by the electromagnetic energy to be attenuated to 1/e or 37% of its original 
strength. Based on these mathematical relations, an expression for shielding 
effectiveness via absorption is given as under 
SE = −8.68 δ = −8.68t σ ωμ      (8.4) 

The structural non-homogeneity causes the multiple reflections inside the shielding 
materials. It adds to the absorption phenomena occurring inside the shielding material 
but it can be neglected especially if the shielding effectiveness is larger than -10 dB 
[5, 23-24]. The shielding effectiveness by multiple internal reflections is calculated as 
SE = 20log 1 − 10       (8.5) 

Absorption is the main shielding mechanism taking place inside nanocomposites 
prepared via melt/solution processing [25-28]. In our case GNS imparts the 
conductivity to the otherwise insulating TPU as confirmed by the electrical 
conductivity measurements (Chapter 7). Here, GNS-TPU composites are tested for 
EMI shielding effectiveness in 1-18 GHz. The schematic diagram of testing setup is 
shown in Fig. 8.4 (a-b). As evident from the schematic diagram, the samples are fixed 
at the window slot of an otherwise EMI shielded cabin for shielding effectiveness 
evaluation. An electromagnetic signal is generated outside this shielded cabin and 
analysed with the spectrum analyser inside. The first measurements are performed 
with no sample mounted for reference measurement. The composites are evaluated for 
EMI shielding effectiveness as a function of graphene loading in the range of 0 to 0.12 
Vf GNS. The EMI shielding effectiveness for the base polymer is ~1 dB for the 
mentioned frequency range [1-18 GHz]. The graphene loading provides the 
electrically conducting characteristic to the insulating TPU which is experienced at 
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0.0055 Vf GNS termed as DC percolation threshold (Chapter 5) and the electrical 
conductivity is on the increase beyond this loading. It has also been shown in the 
earlier work (Chapter 7) that the AC electrical percolation threshold is observed for 
0.04-0.06 Vf GNS-TPU composites. 
 

 

 
Fig. 8.4: Experimental test setup for to find out shielding effectiveness (a) without 
sample (b) with sample [17]. 
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Interestingly the shielding effectiveness increase with reference to base polymer first 
appears for the 0.03 Vf GNS-TPU composite. Maximum of ~5 dB attenuation is 
observed at two different frequency points shown in Fig. 8.5, but generally the 
shielding effectiveness is ~2-3 dB for the mentioned composite. Further increase in 
GNS concentration enhances the EMI shielding effectiveness as was the case with the 
dielectric characteristics and AC conductivity in previous work (Chapter 7). For 0.06 
Vf GNS, maximum shielding effectiveness measurement value is ~7 dB while it 
maintains the 4~6 dB shielding effectiveness over all. For 0.09 Vf GNS-TPU 
composite, 10 dB shielding effectiveness is achieved. Maximum shielding 
effectiveness of ~14 dB is attained for 0.12 Vf GNS (Fig. 8.5). The EMI shielding 
effectiveness enhancement for all the composites is particularly observed in X-band 
(8-12.4 GHz) shown in Fig. 8.5 (b). X-band is suitable for many commercial and 
military applications like TV transmission, Doppler weather radars, defence tracking, 
etc. It is believed that the addition of GNS to the thermoplastic polyurethane has not 
only enhanced the conductivity of the composites but also instigated the electronic and 
interfacial polarization effects inside. These polarization effects arise in a composite 
material which is comprised of materials with different dielectric constant and 
electrical conductivity as is the case here [29]. All these phenomena contributed 
towards the increase in EMI shielding effectiveness with GNS increment. Graphene 
ability to conduct and form an interface with the base polymer has resulted in EMI 
shielding effectiveness. Electromagnetic energy is absorbed in materials as resistive, 
dielectric and magnetic losses, quantified as under in equation 8.6:  
A = Aσ + Aε + Aμ = σ|E| + ωε ε′′|E| + ωμ μ′′|H|   (8.6) 

Where ‘A’ is expressed in W/m3. As discussed earlier, here the resistive and dielectric 
losses are responsible for the EMI shielding effectiveness of up to 14 dB. Generally 
20 dB is considered to be an optimum level for such percolative composite systems. 
EMI shielding effectiveness around 20 dB is achieved for graphene-polymer 
composites with ~2 mm thick samples [30-34]. In our case the thickness of the 
composites is very small (~0.035 mm) as shown in Fig. 8.1 (d). Together with the easy 
processing both for GNS & composites, flexible nature, enhanced mechanical 
properties and high values of EMI shielding effectiveness make them a fascinating 
option to be employed for such applications. 
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Fig. 8.5: EMI shielding effectiveness measurements for various GNS-TPU composites 
as a function of frequency 1-18 GHz and expanded view for frequency 6-12.4 GHz. 
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8.4 Conclusion 
Liquid phase exfoliated, high aspect ratio, few layer GNS are dispersed in TPU via 
solution blending to form free standing composite films. The nanocomposites are 
subjected to EMI shielding measurements in a shielded enclosure environment (1-18 
GHz). A maximum value of ~14 dB shielding effectiveness is achieved for 0.12 Vf 
GNS-TPU composite as compared to ~1dB for the base polymer. The increase is 
significant for thin (0.035~0.050 mm) free standing composite films. Further 
processing of these composites with inclusion of nanoparticles possessing magnetic 
characteristics and increase in the thickness can enhance the EMI shielding 
effectiveness value. 
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9 
LIQUID EXFOLIATED GRAPHENE SMART LAYER FOR 
STRUCTURAL HEALTH MONITORING OF COMPOSITES 
 
 
Smart sensing composite layer was prepared by dispersing graphene nanosheets 
(GNS) in thermoplastic polyurethane (TPU). The free standing composite layers thus 
obtained were pasted on to the glass fiber laminated composite specimens. The GNS-
TPU composite sensing layer owing to its piezo resistivity was able to detect strains 
in the composite specimens under monotonic and cyclic loading. The results hold 
promise for various applications of these sensors for structural health monitoring 
(SHM) in composite parts. 
 
9.1 Introduction 
Monitoring the health of parts in an on-line manner using in-situ sensing mechanisms 
is an emerging trend in composites. Two factors which accentuate this trend are (1) to 
understand the behaviour of fiber reinforced composites in relation to geometrical 
configurations and deformation modes (2) the ease with which a composite can be 
made self-sensing by embedding suitable filler and/or reinforcing phase. Various 
researchers have experimented with different types of fillers for making composites 
smart for their structural health monitoring. One of the most promising candidates for 
sensing applications is low dimensional carbon due to the fascinating electronic 
properties. The geometrical configurations of low dimensional carbon can be as varied 
as 0D-carbon nanoparticles, 1D-carbon nano-tubes (CNTs) and 2D- graphene [1-2]. 
These fillers can be added to the matrix along with the reinforcing phase, to render the 
whole composite self-sensing [3]. Another cost effective and simple way is to make 
carbon based-sensing layer and apply it onto a substrate as a sensing patch [4]. Yet 
another approach can be fabrication of composite threads with nano-fillers/matrix 
applied to the filament substrate and integrating these into the reinforcement for 
making a smart composite structural part [5-7]. This approach has the promise of 
sensing and registering complete deformation pattern of the composite including its 
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final fracture. It has been reported that adding conductive fillers to a suitable matrix in 
a certain proportion (within percolation threshold) can impart piezo resistivity to the 
resulting composite [8].  Various researchers have reported using nano fillers for 
making composites piezo resistive [2]. The percolation networks formed from these 
nano fillers are altered during deformation. Therefore measuring resistance of the 
composite in real time can provide useful information about the health of the 
composite and for registering stress-strain history of the composite. Among more 
promising applications of such piezo resistive composites are strain sensing for 
structural health monitoring [9-10] and as kinaesthetic sensors [11-12]. CNTs have 
been explored for making sensors of various types such as gas sensors [13-15] and 
strain gauges [12]. CNTs have high aspect ratios and as such can also be employed as 
fillers for enhancing mechanical properties of composites [16]. Like CNTs, graphene 
also possess exceptional properties such as ultra-high mobility, ballistic transport, 
anomalous Quantum Hall effect, non-zero minimum quantum conductivity along with 
the unmatched mechanical characteristics. The cost effective, easily processed 
graphene is currently being investigated for various sensing and structural applications 
[17-21]. Owing to its excellent electrical and mechanical properties, Graphene is 
finding extensive applications in nanocomposites for strain sensing [22-23]. For the 
fabrication of a high gauge factor sensor, it is imperative that the concentration of the 
conductive filler is maintained in the percolation region. Another important practical 
consideration might be the range of measuring equipment. The resistances, which are 
too high, are difficult to be measured and are not practically useful for application as 
a viable strain gauge. In this research work, various composites having different GNS 
concentrations have been tested and consequently chosen the sample providing the 
best compromise between sensitivity and measurability. GNS are dispersed in TPU 
for the purpose of making smart sensing layers, deposited onto the surface of 
laminated composites. These smart sensing layers are then tested for electrical 
resistance response under monotonic and cyclic loading scenarios. These tests paved 
way for the validation of in situ Structural Health Monitoring system for composites.  
 
9.2 Experimental Methods 
Experimental methods for preparation of GNS and GNS-TPU composites is described 
in detail in previous chapter (Chapter 7- Section 7.2). Transmission electron 
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microscopy (TEM- Jeol 2100 at 200 kV) is used to validate the size and dispersion 
state of GNS. The aspect ratio of GNS is ~1272 and no. of sheets per flake is around 
4 (7.3.1). Morphology of the composites is studied by using scanning electron 
microscopy (SEM-Jeol JSM 6490) technique (8.3.1). GNS-TPU Composite films are 
cut in sample size of 3×0.25 cm2 for conductivity measurements and sensing layer 
application. The composite film thickness is around 0.03~0.05 mm as confirmed by 
repeated measurements made by screw gauge and SEM (Fig. 8.1 (d)). GNS-TPU 
composites have been utilized as sensing layers for the health monitoring of glass fiber 
reinforced polymer (GFRP) laminated composites. 

9.2.1. Glass Fiber Reinforced Polymer (GFRP) Laminated 
Composites Fabrication 

The composite substrate consisted of 6 plies of plain woven glass fabric cut and laid 
over one another for fabrication through VARTM technique. The resin used for 
impregnation is Araldite LY5052 along with the hardener Aradur 5052. The composite 
sheet is cured at room temperature for 24 h. Afterwards post curing is carried out at 
60 °C for 8 h. This ensured optimal mechanical properties. The composite sheets are 
cut into five specimens of (300×25) cm2 each using MetaCut.Smart sensing GNS-TPU 
composite layers of the dimensions (30×25×0.035 mm3) are pasted in the centre of 
these specimens using the same resin hardener system as was used for the composite 
fabrication (Fig. 9.1). 

9.2.2. Data Acquisition  
In order to reduce contact resistance and to make robust connections, two extremities 
of the smart sensing layer were connected to fine copper wires of equal lengths by 
using silver conductive paste. The smart sensing layer was connected in Wheatstone 
bridge configuration with the data acquisition module (KUSB 3100). For the purpose 
of data linearization and noise reduction in instrumentation amplifier INA101 along 
with a low pass filter was used. 
 
9.3 Results and Discussion 

9.3.1. Strain sensing through smart GNS-TPU composite layer 
GNS-TPU composite layer prepared with 0.12 vol. fraction (Vf) GNS is chosen, owing 
to its relatively low initial resistance. At first tensile test of these specimens was 
performed according to the guidelines of ASTM E8. The monotonic tensile test was  
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Fig. 9.1: GFRP laminated composite specimens with smart sensing GNS-TPU 
composite layer in the centre. 
 
carried out at the loading rate of 5 mm/min (Fig. 9.2). The smart sensing layer bonded 
to the surface is tested till 2.4% strain. The testing results are shown in Fig. 9.3. The 
smart sensing layer follows the deformation pattern with a gauge factor of 2.15. The 
fact that the gauge factor is not as high as usually reported for nanocomposites 
indicates that the conductivity in the GNS-TPU smart layer is not just because of the 
tunnel effect but also because of the physical contact of the individual GNS. A pure 
tunnel effect sensor would not only be highly sensitive to applied strain quantified by 
higher strain gauge values but its initial resistance would also be very high. Such a 
sensor would be difficult to implement for the applications like SHM owing to 
difficulties in measuring large resistances which become even greater with the onset 
of damage. Moreover these large resistances are more prone to electromagnetic 
interference that exists in the environment. These stray signals appear as noise in the 
sensor response. This aspect also makes pure tunnel effect, high resistance and high 
gauge factor strain sensors unsuitable for SHM applications. The smart sensing GNS-
TPU layer with a relatively low gauge factor is deemed to be suitable choice. 
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Fig. 9.2: GFRP laminated composite specimen with deposited smart GNS-TPU layer, 
mounted on tensile tester. 
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(a) 

 
(b) 

Fig. 9.3: (a) Stress vs. Strain response for monotonic loading at 5 mm/min (b) 
Normalized Resistance vs. Strain response for the same specimen at 5 mm/min. 
 
The easy application and simple data acquisition system required for it are added 
advantages. In order to assess repeatability and utility of sensors under cycling loading 
the specimens were tested using tensile – tensile cyclic loading at the displacement 
rate of 2 mm/min (Fig. 9.4 & Fig. 9.5). The applied loading profile on the specimen is 
shown in Fig. 9.4 (a-b). As is typically the case with polymeric materials, the 
specimens show some hysteresis. 
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(a) 

 
(b) 

Fig. 9.4: (a) Stress vs. Time plotted for cyclic loading at 2 mm/min (b) Stress vs. Strain 
plotted for cyclic loading at 2 mm/min. 
 
Fig. 9.5 (a-b) show the response of the smart sensing layer. The properties of the 
response are as follows 

a. The dR/R curve shows a very clear drift towards lower values. Two reasons 
are possible for this behaviour. One is the hysteresis of the GNS-TPU 
composite layer. This would be possible if 1) the film shows relaxation 
behaviour during tensile-tensile testing, 2) modification of the resistivity 
properties of the graphene due to readjustment of atoms during cycling. 
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b. The amplitude in each cycle remains same and only the reference value is 
showing drift. The point 2) in the above paragraph is less likely because of the 
constant amplitude and the reason 1) seems to be more plausible to explain the 
drift in dR/R values. 

c. Some noise can be seen during cycling. 
d. Fig. 9.5 (b) shows clear hysteresis in cycling. This mechanical hysteresis 

causes heating of the smart layer and due to low thermal conductivity of the 
base material the effect of this heating could be significant in raising the 
temperature of the system. The drift seen in Fig. 9.5 (a) could also be caused  
 

 
(a) 

 
(b) 

Fig. 9.5: (a) Normalized resistance vs. Time plotted for cyclic loading at 2 mm/min 
(b) Normalized Resistance vs. Strain response for cyclic loading at 2 mm/min. 
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due to local heating of the smart layer. The local heating could change the 
reference value of the resistivity in this case. 

The plots show that the curves follow the deformation of the specimen. The material 
properties of the epoxy composite substrate and the GNS-TPU layer apparently play 
a role in modifying the strain response of the smart layer but this has to be studied 
more to come to a definitive conclusion. 
 
9.4 Conclusion 
The main contribution of this research work lies in a few layer (3~4) thick and high 
aspect ratio (~1272) GNS preparation via liquid phase exfoliation process and their 
application for structural health monitoring in composites. Smart strain sensing, free 
standing composite films were prepared by dispersing high aspect ratio GNS in TPU. 
The homogeneous dispersion of GNS in TPU, as confirmed by SEM analysis, has 
enabled GNS to impart its conductivity to the otherwise insulating polymer. The smart 
strain sensing layers cut out from GNS-TPU composite films were then pasted on the 
surface of GFRP laminates for in situ structural health monitoring. The strain response 
of the smart sensing GNS-TPU layer, developed for structural health monitoring, was 
observed under monotonic and cyclic loading scenarios. The monotonic tensile tests 
show little or no non-linearity. The cyclic response shows a drift in the reference value 
during cycling while maintaining the amplitude of strain response. It is believed that 
the drift could be attributed to the cyclic properties of the smart GNS-TPU layer or to 
the reference resistivity variation due to local heating by deformation hysteresis. 
Further research work would include extensive application of these smart layers for 
damage detection in composites undergoing different failure modes by simulating 
various service conditions such as fatigue and damage tolerance characteristics. 
 
9.5 References 
[1]  A. Mostofizadeh, Y. Li, B. Song, Y. Huang., Journal of nanomaterials 2011 
 (2011) 21 pages. 
[2]  J. M. Park, D. J. Kwon, Z. J. Wang, K. L. DeVries, Advanced Composite 
 Materials 24(2015) 197-219. 
[3]  B. Han, X. Yu, E. Kwon, Nanotechnology 20 (2009) 445501. 



135  

[4]  M. A. Nasir, H. Akram, Z. M. Khan, M. Shah, S. Anas, Z. Asfar et al.,
 Journal of Intelligent MaterialSystems and Structures (2014) 1-7. 
[5]  S. Nauman, I. Cristian, V.Koncar, Sensors 11 (2011) 9478-98. 
[6]  S. Nauman, I. Cristian, V. Koncar, Textile Research Journal 82(2012) 931-
 44. 
[7]  S. Nauman, P. Lapeyronnie, I. Cristian, F. Boussu, V. Koncar, Sensors 
 Journal, IEEE 11 (2011) 1329-36. 
[8]  I. Balberg, Physical Review Letters 59 (1987) 1305. 
[9]  E. T. Thostenson, T. W. Chou, Advanced Materials 18 (2006) 2837-41. 
[10]  F. Inam, B. R. Bhat, T. Vo, W. M. Daoush, Ceramics International 40 (2014) 
 3793-8. 
[11]  C. S. Boland, U. Khan, C. Backes, A. O’Neill, J. McCauley, S. Duane et al., 
 ACS Nano 8 (2014) 8819-30. 
[12]  C. Li, E. T. Thostenson, T. W. Chou, Composites Science and Technology 68 

(2008) 1227-49. 
[13]  J. B. Donnet, CRC Press (1993). 
[14]  I. Dube, D. Jiménez, G. Fedorov, A. Boyd, I. Gayduchenko, M. Paranjape et 
 al., Carbon 87 (2015) 330-7. 
[15]  T. Zhang, S. Mubeen, N. V. Myung, M. A. Deshusses, Nanotechnology 19
 (2008) 332001. 
[16]  J. N. Coleman, U. Khan, W. J. Blau, Y. K. Gun’ko., Carbon 44(2006) 1624-
 52. 
[17]  A. K. Geim, Science 324(2009) 1530-4. 
[18]  M.Taghioskoui, Materials today 12(2009) 34-7. 
[19]  S. Basu, P. Bhattacharyya, Sensors and Actuators B: Chemical 173(2012) 1-
 21. 
[20] K. Novoselov, A. K. Geim, S. Morozov, D. Jiang, M. Katsnelson, I.
 Grigorievaet al. Nature 438(2005) 197-200. 
[21]  Y. Zhang, Y. W. Tan, H. L. Stormer, P Kim, Nature 438(2005) 201-4. 
[22] V. Eswaraiah, K. Balasubramaniam, S. Ramaprabhu, Journal of Materials 
 Chemistry 21 (2011) 12626-8. 



136  

10 
CONCLUSIONS AND FUTURE PROSPECTS 
 
10.1 Conclusions 
This work presents study of 2D nano sheets reinforced polymer nanocomposites, their 
electrical and mechanical properties and applications. Three different systems namely; 
hBN-PVC, GNS-PVA and GNS-TPU were explored to understand the reinforcement 
mechanism using uniaxial drawing, effect of filler aspect ratio, effect of filler 
dispersion and concentration within the various polymer matrices. 

1) In case of hBN-PVC composites, size effect on mechanical properties was 
studied using various flake sizes of hBN measured using TEM. The Young's 
modulus and UTS for base polymer were found to be 1.46 GPa and 66 MPa 
respectively. The best reinforcement was observed in composites obtained 
using large nanosheets (L~1.9µm) mainly due to high aspect ratio. The 
maximum values of Young's modulus and UTS were observed ~1.81 GPa and 
~82 MPa respectively, at 0.0003 Vf hBN. Nominal reinforcement observed is 
attributed to the non-alignment of hBN nanosheets inside composites. 

2) In the same system further improvement in mechanical properties was 
observed for uniaxially strained composites and polymer. In base polymer, 
drawn at 300% strain aYoung's modulus ~1.98 GPa and UTS~100 MPa was 
achieved due to strain induced alignment of polymer chains. At the same 
drawing rate, a maximum increase of Young's modulus ~2.83 GPa and UTS 
~162 MPa for 0.001 Vf hBN nanosheets (L~1 µm) is observed. This marked 
increase in mechanical properties of composite suggested the strain induced 
alignment of hBN nanosheets along with polymer chains alignment. According 
to Halpin-Tsai model the reinforcement achieved could not be explained solely 
by strain induced alignment of hBN nanosheets. The high increase in 
mechanical properties may be attributed to dry state hBN exfoliation during 
uniaxial drawing. 
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3) For an insight into the strain induced exfoliation phenomena, both as-prepared 
and drawn GNS-PVA sample were prepared (0-0.006 Vf GNS). Like hBN-
PVC no significant reinforcement was observed in the as-prepared polymer 
and its composites (Young's modulus~0.73-1.3 GPa and UTS~30-38 MPa for 
0.0001 Vf GNS). Upon drawing, the Young's modulus reached up to 0.95 GPa 
for the pure PVA whereas, UTS increased from 30 to 38 MPa. However, for 
200 % uniaxial drawn GNS-PVA composites, maximum reinforcement values 
achieved were Young's Modulus ~4.3 GPa and UTS~60 MPa at 0.0001 Vf 
GNS. The 0.006 Vf GNS-PVA composites films were drawn to various strain 
ratios. Their XRD studies revealed reduction in the GNS peak intensity as a 
function of drawing, confirming the strain induced exfoliation of graphene. 

4) Another feature observed with strain induced exfoliation while drawing the 
hBN-PVC and GNS-PVA composites is shifting of filler saturation level 
towards higher concentrations. It means that polymers can hold relatively large 
amounts of nanosheets before degradation in mechanical characteristics due to 
the uniaxial drawing. It can be particularly helpful in applications related to 
electrical conductivity where high filler loading is required without affecting 
the mechanical robustness. 

5) In GNS-TPU composites (0-0.0055 Vf GNS) electrical properties were 
studied. A percolation threshold of 0.0055 Vf GNS was achieved in TPU. Inter 
particle distance (IPD) model and a part of modified power law were applied 
to evaluate percolation threshold. Both experimentally derived approaches 
explained well the observed percolation threshold on the basis of GNS aspect 
ratio (~1272) and dispersion quality of GNS. The dielectric spectroscopy (25 
kHz-5 MHz) revealed a marginal increase in dielectric constant, dielectric 
tangent loss and AC conductivity at room temperature. However, at elevated 
temperatures, the highest loaded composite film showed an exponential 
increase for all parameters. This effect was even pronounced at lower 
frequency range ~25 kHz-100 kHz, confirming the DC plateau appearance due 
to the high temperature effect. It suggested that increase in graphene loading 
can significantly increase dielectric constant, dielectric loss and electrical 
conductivity.  

6) TPU due to its elastomeric nature can hold high filler loadings. Graphene 
loading up to 0.19 Vf in TPU is achieved. Young’s modulus showed 
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enhancement up to 1.15 GPa as compared to the 0.3 GPa for base polymer at 
0.19 Vf GNS. The maximum UTS was 75 MPa as compared to base polymer 
strength of 42 MPa at 0.0027 Vf GNS. Although the UTS was on the decline 
beyond 0.0027 Vf GNS but still it held up well above the base polymer till 0.09 
Vf GNS along with the ductility of composites. The DC conductivity increased 
to 53 S/m at 0.19 Vf GNS while a huge increases in both dielectric 
constant~107 and loss~103 were observed at lower frequency range ~25 kHz- 
100 kHz. These findings triggered the application of GNS-TPU free standing 
films for EMI shielding and electrical sensing applications.  

7) With 0.12 Vf GNS-TPU composite showed shielding effectiveness of around 
14 dB for the frequency range of 6-12 GHz. This was shown using thin films~ 
0.35-0.50 mm. Also the smart sensing layer of GNS-TPU showed little or no 
non-linearity in the monotonic tensile tests. The cyclic response showed a drift 
in the reference value during cycling while maintaining the amplitude of strain 
response. It is believed that the drift could be attributed to the cyclic properties 
of the smart layer or to the reference resistivity variation due to local heating 
by deformation hysteresis. 
 

10.2 Future Prospects 
The results presented here are likely to pave the way for new avenues in 2D 
nanosheets-polymer nanocomposites.  

1) The uniaxial drawing procedure can be further applied to other 2D 
nanosheets-PNCs.  

2) The uniaxial drawing can be followed for the melt processed composites as it 
is a common and cost effective method for the industry.  

3) The analysis of strain induced exfoliation can be undertaken with other 
characterization techniques like Raman spectroscopy and transmission 
electron microscopy.  

4) Further studies are needed to look into the effects of uniaxial drawing on the 
toughness of the various 2D nanosheets-PNCs.  

5) Thermal characteristics of 2D nanosheets-PNCs can also be evaluated for 
uniaxial drawing.  
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6) Graphene holds the key for electrical properties of PNCs. Health sector can 
benefit from the strain sensing ability of GNS-PNCs.  

7) A hybrid system of GNS-PNCs with the magnetic nano inclusions can be 
investigated for EMI shielding. 


