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The microstructure and properties have been investigated in nanocomposites 

consisting of graphite nanoplatelets (GNPs) in natural rubber (NR) and nitrile 

butadiene rubber (NBR). Nanocomposites with four different loadings of three 

different sized GNPs (nominal lateral dimension of 5, 15 and 25 microns) were 

prepared that were bench-marked against nanocomposites loaded with N330 carbon 

black. The materials were processed using conventional melt-processing methods in a 

two-roll mill and the composition of the nanocomposites was confirmed by 

thermogravimetric analysis. The microstructure of the nanocomposites was 

characterised though a combination of scanning electron microscopy, polarised 

Raman spectroscopy and X-ray computer tomography (CT) scanning, where it was 

shown that the GNPs were well dispersed with a preferred orientation parallel to the 

surface of the nanocomposite sheets. 

 

The mechanical properties of the nanocomposites were evaluated through tensile 

testing, Shore A hardness testing and tear testing. It was shown that, for a given 

loading, there was a three times greater increase in stiffness for the GNPs than for the 

carbon black. The size effect of the particles is significant in the mechanical 

properties. Stress transfer from the NR and the NBR to the GNPs was evaluated from 

stress-induced Raman bands shifts indicating that the effective Young‘s modulus of 

the GNPs in the NR was only of the order of 100 MPa, similar to the value evaluated 

using the rule of mixtures from the stress-strain data. A comprehensive theory was 

developed to explain the deficiency of the stress transfer in soft matrix systems. 

 

Transport properties including solvent diffusion and thermal conductivity were 

investigated. Anisotropic swelling was observed for all the GNPs composites due to 

the orientation of the GNP flakes. The diffusion coefficient decreases with the 

increasing loading of the fillers and the increasing particle size. Thermal conductivity 

was enhanced with the addition of the fillers and the largest particle gives rise to the 

highest enhancement.
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1. Graphene 

1.1. Introduction 

Graphene, a new material that triggered a ‗gold rush‘ in reality has been a subject of 

theoretical investigation for more than half a century.
1-2

 Nevertheless, this intriguing 

material that was long investigated was thought not to exist owing to the theoretical 

demonstration of its thermodynamically-unstable lattice structure.
3-4

 Subsequently, 

continuous successors and supporters of this conclusion kept supporting this 

authoritative theory,
5-8

 which was terminated by the reality of graphene monolayers 

being prepared by Geim and Novoselov in 2004.
9
 

 

 

Figure 1.1 Formation of the graphitic materials based on the 2D graphene structural unit
10

 

 

Basically, graphene is structured in a honeycomb lattice pattern bonded by 

sp
2
-hybridised carbon atoms which are the integral basis of all forms of graphtic 

materials, including 0D fullerene, 1D carbon nanotubes and 3D graphite etc (see in 

Figure 1.1).
10

 The graphene monolayer is a one atom thick sheet, which is 0.335 nm 

in thickness.
11

 However, there is a necessity for clarification before defining 2D 
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graphene with respect to thickness. Normally, it is thought to be graphite from above 

10 layers, due to the electronic characteristics starting to exhibit 3D features for this 

thickness.
12

 

 

Since its discovery, graphene has demonstrated its own exceptional properties in 

several fields, including a high intrinsic mobility, preeminent stiffness and strength, 

high thermal conductivity and outstanding barrier properties etc. However, fabrication 

of graphene nanocomposites has also appealed to numerous academic and industrial 

researchers, as it is capable of imparting the excellent properties of graphene into a 

wide range of matrices at a low level of incorporation. This has led to a large number 

of research groups and institutions that are seeking ways to produce and use graphene 

with different characteristics along with the corresponding nanocomposites.  

1.2. Preparation technology 

Normally, a long time is needed for a new technique or material to experience the 

transformation from research to industrial application, and surely graphene cannot 

skip this step. Although in the situation of lacking a mature downstream production, 

the development of scale-up production of graphene has no reason to remain stagnant. 

Intelligence from different fields has been mobilized to attempt to produce high yields 

of un-damaged graphene platelets by cost-effective methods. Nevertheless, graphene 

flakes derived from different methods possess various structural features and hence 

diverse properties. The preparation methods currently employed are reviewed next. 

1.2.1. Mechanical cleavage (MC) 

Over decades, a number of efforts were made to achieve the thickness reduction of 

graphite. In 1964, Hennig et al.
13

 prepared thin graphite films by pre-cleavage 

between glass slides covered by Duco cement and further thinning by scotch tape. In 

1999, Lu et al.
14

 fabricated individual graphite islands by oxygen plasma etching of 
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lithographically patterned substrates (see in Figure 1.2a), subsequently rubbed by a 

silicon (001) substrate to obtained thinner separated graphite plates (see in Figure 

1.2b). The thinnest graphite island produced by Lu et al.
14

 was of 200 nm thick, and a 

repeating transferring method was implied as a potential exfoliation way for 

monolayer.
14-15

 

 

 

Figure 1.2 SEM images (a) single graphite island obtained from oxygen plasma etching on an HOPG 

substrate; (b) delaminated graphite plates after transferring
14

 

 

 

Figure 1.3 (a) Schematic sketch of mechanical cleavage of graphite on silica substrate
16

 (b) AFM image 

of graphene flakes on 300 nm Si wafer
17

 

 

The well-known separation of graphene in 2004 and following works revealed that the 

simple mechanical exfoliation (see in Figure 1.3a) by using scotch tape produces 

high-quality graphene flakes (see in Figure 1.3b) with large areas starting from 

graphite.
9, 17

 Nevertheless, the cleaved flakes are normally free of defects along with 

uncontrollability of lateral sizes, shapes, and azimuthal orientations, for which the 
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aforementioned synthesis method mainly targets at supply for research purposes 

rather than a scale-up of production. 

1.2.2. Liquid-phase exfoliation (LPE) 

The mechanism of liquid-phase exfoliation is based on the breaking of the van der 

Waals interaction between the graphene interlayers by liquid invasion.
18-19

 Ferrari et 

al.
20

 demonstrated a high-yielding defect-free production of graphene dispersion (0.01 

mg ml
-1

) through exfoliation by four solvents (including N-methyl-pyrrolidone, NMP), 

with an actual and potential single layer yield of 1 wt% and 7-12 wt%, respectively. 

This was followed by the individual flakes being characterized using Raman 

spectroscopy, transmission electron microscopy (Figure 1.4 shows the image and the 

distribution of layer number) and electron diffraction. They surmised that solvent 

molecules with surface energies comparable to that of graphene provided the 

graphene-solvent interaction to delaminate the layers.  

 

 

Figure 1.4 (a) Bright-field TEM image of NMP-exfoliated graphene flakes (scale bar: 500 nm); (b) 

histogram of the flake layer number in NMP dispersion
20

 

 

Xu et al. 
21

 introduced an increased yield of graphene (as high as 0.15 mg ml
-1

 in NMP, 

see comparison in Figure 1.5A) through sonication by the addition of naphthalene, 

which played a role during the exfoliation as a ―molecular wedge‖. Defects were 
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detected by Raman spectroscopy from the intensity ratio of D band to G band (ID/IG) 

of around 0.5 (see in Figure 1.5B), and this is much lower than the values from 

chemically- and thermally-reduced graphene oxide.
22-23

  

 

 

Figure 1.5 (A) Graphene concentration produced with and without addition of naphthalene; (B) Raman 

spectra of (a) original graphite; liquid-phase exfoliated graphene (a) with and (b) without addition of 

naphthalene (laser excitation: 532 nm).
21

   

 

A theoretical study by Monajjemi
24

 indicated that surfactants or stabilizers containing 

sulfonic group exhibit highest efficiency in liquid phase exfoliation using any solvent, 

and suggested a ranking of the functional groups according to their exfoliating 

capacity as cation > anion > zwitterion > nonionic.      

1.2.3. Chemical vapour deposition 

With the advantages of low cost, scale-up capacity and large flake area, chemical 

vapour deposition is an attractive technique by which graphene films can be grown 

epitaxially at high temperature on a range of metals. The accomplishment of graphene 

preparation through CVD on polycrystalline Ni was firstly reported by Yu et al.
25

 in 

2008. The graphene can be lithographically patterned and remained high quality after 

transfer to other substrates by wet etching.
25-26

 They pointed out the cooling rate 

highly affects the thickness of the graphene film produced, and concluded an 
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optimum at a wide range of medium cooling rates. The graphene flakes synthesized 

(<10 layers) were characterized by Raman spectroscopy and proved to be consistent 

with the aforementioned conclusion indicated by the graphene fabricated under a 

medium cooling rate showing a negligible D band and a lower G band intensity 

compared with that of the 2D band (see in Figure 1.6).  

 

 

Figure 1.6 Raman spectra of CVD-made graphene on Ni at different cooling rates  

(laser excitation: 514 nm).
25

 

 

Further research indicated that the features (layer number, area and continuity around 

the metal grain boundaries) of the CVD-derived graphene films were also affected by 

the CVD parameters such as the thickness of the metals, size, location and boundaries 

of the metal crystalline grains, and concentration/flow rate of the precursor gases.
27-29

 

Methodologically, this promising preparation method was exploited widely with 

adoption of low-temperature plasma enhanced chemical vapor deposition (PECVD) 

and layer-by-layer (LBL) growth targeting at tuning the area size, thickness and 

continuity of the graphene films for specific practical demands. The substrates were 

broadened to Cu (now the most widely used), Co, Ta, and SiO2/Si, and more feed gas 

species were employed, such as methane, ethylene, carbon dioxide and arbitrary 

transfer substrates.
26-38
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1.2.4. Reduction from graphene oxide (GO) 

Graphene oxide (GO), a derivative from graphene, is normally prepared by oxidation 

through modified Hummers methods,
39-44

 the structure of which has been revealed as 

graphene-like sheets decorated with oxidative debris (see in Figure 1.7) by Rourke et 

al. 
45

 in 2011. This material has attracted tremendous attentions due to its high yield 

potential and dispersion superiority to graphene in a wide range of matrices, although 

with less impressive properties. In addition, the strong intention to reduce GO to high 

quality graphene arose from numerous researchers concerned about graphene scale-up 

production, including mainly thermal and chemical reduction. 

 

 

Figure 1.7 Localized schematic illustration of GO: highly oxidized graphene-like sheets with 

surface-bound debris.
45

 

 

Specifically, several heating resources have been employed for purposes of thermal 

reduction, such as annealing,
46-48

 arc discharge,
49

 microwave
50-51

 and 

photo-irradiation.
52-53

 The mechanism of thermal reduction consists of two steps: 

firstly, the rapid heating decomposes the oxidatively functionalized groups attached to 

the graphene frame emitting CO/ CO2 gases; secondly, the gases suddenly being 

released expand between interlayers to exfoliate GO to graphene.
46-49

 This dual-effect 

approach for preparing graphene provides high yield yet with small sizes and ripples 

due to the loss of carbon atoms that fragmentates the continuous graphene planes 
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during gases generation.
48

 As another strategy to reduce GO, chemical reduction has 

the advantage of less strict experimental conditions (room or moderate temperature), 

and a more straightforward procedure compared with thermal routes. Although there 

are several reaction choices for the reduction of the oxidative functional groups on 

GO, direct reaction with chemical reagents is the most popular. A number of groups 

have tried different types of reagents, which can be broadly classified as ―mechanism 

known‖ reagents and ―mechanism unknown‖ reagents. The former have well 

understood mechanisms, such as hydrohalic acid (e.g. HI
54

 and HBr
55

), 

sulphur-containing reagents (e.g. thiourea dioxide/NaOH
56

), borohydrides (e.g. 

NaBH4
57

) etc., whereas the latter are ambiguous in mechanism, such as 

nitrogen-containing reagents (e.g. hydrazine
58-59

), metal acids (e.g. Al/HCl
60

), amino 

acids (e.g. glycine
61

) and vitamin C
62

 etc. Moreover, the C/O ratio can be used as a 

criterion to evaluate the reducing capacity of the reagents. This was reviewed in detail 

in 2014 and the findings were tabulated by Chua and Pumera
63

 in 2014.  

1.2.5. Synthesis of expanded graphite nanoplatelets (GNP) 

The synthesis of expanded graphite nanoplatelets (GNP) were developed by Drzal‘s 

group
64-69

 and reported as a new reinforcement to replace carbon nanotubes in 

polymers due to its cost efficiency, promising mechanical properties and thermal 

properties. The synthesis started from a sulfuric acid/ nitric acid graphite intercalation 

compound (GIC), which was prepared through chemical oxidation of natural graphite 

in acids. The structure of the GIC is tightly-bonded nano-scale layers of graphite (see 

in Figure 1.8a). Subsequently, the GIC experiences a rapid heating by microwave 

leading to the coupling of the conductive graphite to the radiation, which expels the 

intercalants between the interlayers and expands the flakes by ~500 times. The 

products from the microwave expansion have a worm-like structure as seen in Figure 

1.8b. Afterwards, the expanded graphite flakes are pulverized though ultrasonication 
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to produce individual graphite nanoplatelets that have a thickness less than 10 nm and 

a diameter of microns (see in Figure 1.8c). The flakes can be further broken by 

vibratory mill resulting into flakes of the same thickness and a diameter less than 1 

μm. The TEM images of the interlayer structure provided an estimation of the 

thickness of GNP from 5 – 10 nm given the thickness of 0.335 nm
11

 for a monolayer 

(see an example of two adjacent GNP in Figure 1.8d). Since the thickness of GNP is 

normally over 10 layers, it is essentially graphite nanoplatelets. However, some 

researchers prefer to term them ―graphene nanoplatelets‖. According to the National 

Physical Laboratory‘s new ISO standard on graphene nomenclature, ―graphene 

nanoplatelets‖ usually have thickness of between 1 nm to 3 nm and lateral dimensions 

ranging from 100 nm to 100 µm,
70

 GNPs will refer to ―graphite nanoplatelets‖ in this 

study. 

 

 

Figure 1.8 ESEM images of (a) intercalated graphite (scale bar 300 μm); (b) microwave expanded 

graphite (scale bar 500 μm); (c) exfoliated graphite nanoplatelets (scale bar 100 μm). (d) TEM image of 

two adjacent xGnP flakes (scale bar 5 nm).
68
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1.3. Characterization 

1.3.1. Microscopy  

Optical microscopy has been employed as a feasible and efficient technique to detect 

graphene monolayers especially fabricated from micromechanical cleavage. However, 

as an absorbance-based technique, it is difficult to resolve a one atom thick layer as 

the absorbance of visible light increases with graphene layer number at a rate of 2.3 % 

per layer.
71

 Experimentally, the selection of a proper wavelength of the light employed 

makes the contrast fluctuate, which can be possibly diminished by utility of proper 

filters. Furthermore, a Si/SiO2 wafer was chosen as a limited substrate to facilitate the 

cleavage and observation of the monolayers due to its preponderance of visualization 

of graphene species in an optical microscope
72

 and partially due to its lack of Raman 

bands between 1000 cm
-1

 and 3000 cm
-1

.
73

 In addition, the thickness of the SiO2 layer 

controls the distinguishability of monolayers from other thicker layers even with a 

small variation.
72

  

 

 

Figure 1.9 Optical images of the graphene flakes (a) before and (b) after transfer (Arrows point to 

PMMA residues spin coated before transfer).
74

 

 

Generally, there are needs for identification and localization of a graphene area of 

interest after transferred to another substrate for further investigation, which can be 

efficiently achieved by a meticulous transferring and comparison of the optical 
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images before and after (see in Figure 1.9).
74

 Additionally, optical microscopy can 

also be used to observe the growth,
75

 identify graphene layer numbers,
76-78

 and probe 

defects, quality
79

 and grain boundaries
80

 of CVD graphene. 

 

 

Figure 1.10 (a) AFM image of water-soluble graphene on freshly cleaved mica; the height difference 

between two red arrows is 1.2 nm.
81

 (b) SEM image of a single chemically derived graphene flake on 

Si/SiO2 substrate (scale bar 10 μm).
82

 (c) Bright-field TEM images of a folded multilayer graphene 

sheet, deposited from NMP (scale bar 500 nm).
20

 

 

Although it is possible to get basic information of graphene flakes from optical 

microscopy, deeper observation requires other microscopies with higher resolution. 

Atomic force microscopy (AFM) has become a fundamental scanning probe 

microscopy to characterize graphene sheets, which not only shows the morphology of 

the flakes but also determines the flake thickness along certain profiles (see an 

example in Figure 1.10a
81

). Scanning electron microscopy (SEM) is also thought as a 

routinely used technique to characterize graphene flakes
82-94

 down to single layer (see 

an example in Figure 1.10b
82

). It can be utilized to observe the morphology, compare 

the thickness contrast, calculate the mean lateral size, and primarily characterize the 

quality of the graphene flakes by rapid visualization. The only disadvantage of SEM 

is that for high quality images, the specimens need to be deposited on electronically 

conductive substrates. Finally, transmission electron microscopy (TEM) images (see 

an example in Figure 1.10c
20

) can give highest resolution, which enables the detection 
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of local structural details down to the atomic scale, although it has a low-throughput 

of information compared with SEM.   

1.3.2. Raman spectroscopy 

Owing to ambiguity produced by optical microscopy and the low throughput from 

AFM, the identification of graphene layer number needed a new characterization 

method to proceed. In this case, Raman spectroscopy has manifested its superiority of 

non-destruction, high efficiency, and relatively high precision characterization to 

satisfy the demand. Specifically, an intensive G peak at around 1580 cm
-1

 (see in 

Figure 1.11a) invariably appears in a Raman spectrum of graphene stemming from the 

doubly degenerate zone center E2g vibrational mode, while a D peak around 1350 cm
-1

 

derived from zone-boundary phonons can be observed on a graphene flake with 

defects or in the vicinity of edges.
95-97

 Additionally, there is a G‘ peak around 2700 

cm
-1

 (see in Figure 1.11a) involved with second order of zone-boundary phonons. 

This is also termed the 2D peak, being the second order overtone of the D peak.
98

  

 

 

Figure 1.11 (a) Raman spectra of prestine graphite and graphene monolayer; Evolution of 2D peak with 

increasing layer number detected by laser with wavelength (b) 514 nm and (c) 644 nm.
97

  

 

As seen in Figure 1.11b and 1.11c, the G‘ peak evolves with the layer number of 
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graphene. Specifically, the G‘ (2D) peak upshifts with the increasing layer number, 

with more peak components appearing leading to the loss of symmetry.
97

 In terms of 

GNP, the Raman spectrum (see in Figure 1.12) shows a tiny D band, a sharp G band 

and a moderate high 2D band, which confirms the sp
2
-hybridised carbon atoms, a 

small quantity of defects and a good crystallographic structure. This implies that there 

is negligible damage introduced in the graphite flakes by the chemical intercalation, 

rapid heating and pulverization during the preparation.
66

  

 

 

Figure 1.12 Typical Raman spectrum of xGnP.
66

 

 

 

Figure 1.13. The G peak intensity vs layer number of graphene obtained from combination of Raman 

spectroscopy and contrast spectroscopy. The dashed curve is a guide to eyes.
99

 

 

With an increasing layer number, the 2D peak appears to upshift along with 
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broadening, transforming asymmetrically owing to splitting of the electronic band 

structure.
97

 Unfortunately, the distinction of the 2D peak between bilayer and few 

layers becomes less obvious and the shape approximates to graphite over five layers. 

Nevertheless, the intensity of the G peak basically rises linearly with the increasing 

layer number thinner than 10 layers and gradually decreases above that (see in Figure 

1.13),
99

 which enables the determination of the layer number combined with other 

features obtained from the 2D peak.  

 

 

Figure 1.14 Raman G‘ peaks of graphite nanosheets obtained by heating at different temperatures 

showing 1 to 3 fitted components. Laser length: 514.5 nm.
100

 

 

Apart from the very popular utility in layer number detection, it is feasible to acquire 

the stacking order of graphitic materials using Raman spectroscopy. The 2D peak is 

thought to be involved with the structural change along the out-of plane c-axis of the 

lattices.
101

 Specifically, Cançado et al.
100

 elucidated a method to quantitatively 

determine the coexistence of 2D and 3D phases of graphitic materials using a 

combination of Raman spectroscopy and X-ray diffraction. Experimentally, samples 

of disordered graphite were thermally annealed at different temperatures to produce 
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graphite nanosheets in different degrees of crystallinity. In detail, as seen in Figure 

1.14, only one component (referred to as G‘2D) shows up in the 2D peak of the 2D 

graphite produced at 2200 °C, whereas two components (refer to G‘3DA and G‘3DB) 

emerge in the 3D graphite produced at 2700 °C. Moreover, in the other two spectra 

consisting of both 2D and 3D phases, three components (G‘2D, G‘3DA and G‘3DB) 

appear simultaneously, while the intensity ratio of G‘3DB/G‘2D (refers to R) can be 

utilized to evaluate the volume fraction of the 2D and 3D phases.   

 

 

Figure 1.15 (a) Raman spectrum evolution of single layer graphene produced by increasing ion 

bombardment resulting in a series of defect density. LD refers to the distance between two point defects. 

Laser excitation: 514 nm. (b) ID/IG of single layer graphene against defect density (represented by LD) 

detected by different laser excitation. (Reproduced)
102

 

 

Furthermore, a number of researchers have devoted efforts to studying the relation 

between the disorder/defects and the Raman spectra in graphitic materials.
95, 103-105

 In 

most research, the intensity ratio of D peak to G peak (ID/IG) is the most widely 

utilized to quantify the extent of the disorder which varies inversely with the in-plane 

crystallite size La.
95

 When the disorder density increases, the Raman spectrum of the 

graphene-based material experiences evolution (see in Figure 1.15a) including several 

phenomena: (a) ID/IG rises reaching the maximum at LD = 3 nm and sharply decreases 

link:simultaneously
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to zero as the Tuinstra and Koenig relation fails (plotted in Figure 1.15b); (b) all peaks 

become broadened; (c) the D‘ peak (origins from the double resonance connecting 

two points belonging to the same cone around K or K‘
106

) arises and gradually 

overlaps with the G peak; (d) the D+D‘ peak and the 2D‘(or G‘‘) peak show up with 

the 2D peak becomes weakened trending to a broad feature from 2300 to 3200 

cm
-1

.
107-109

 In addition to the layer number determination and disorder quantification, 

it is possible to extract other information from the Raman spectrum of graphene, 

including the exploitation of doping
110

 and the visualization of crystallographic 

stacking order
111

 etc. 

1.3.3. X-ray Diffraction  

Generally, information acquired from XRD is capable of determining the lattice 

parameter, molecular size, layer size and stacking order of a substance.
112-115

 In the 

detailed exploration into the nanostructure of carbon based substances, X-ray 

diffraction (XRD) has made a time-honored contribution compared with microscopy 

and Raman spectroscopy since over 70 years ago when Warren et al.
116

 first 

researched the atomic structure of carbon black.  

 

In terms of graphene, XRD patterns are most commonly facilitated to determine the 

spacing of the layers. Specifically, over the course of oxidation, the interlayers of 

graphene or graphite usually undergo expansion, which can be monitored by XRD at 

different stages. As seen in Figure 1.16A and black curves in Figure 1.16B, the 

intensity of the (002) peak (related to the d-spacing = 3.4 Å) in graphene or graphite 

around 26° fades away gradually when oxidation proceeds whereas the (001) peak 

around 11.8° (corresponding to 7.49 Å) arises in the meantime (see Figure 1.16B), 

which is in accordance with the layer expansion by the introduction of the 

oxygen-containing functional groups and H2O molecules into the interlayers.
117-118
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Also, the c-curve from a thermally exfoliated graphene nanosheets sample in Figure 

1.16A shows the disappearance of the (002) and (001) peaks probably due to the 

exfoliation or the augmented degree of disorder generated during the annealing.
119-120

   

Moreover, the analysis of the (002) peak of XRD patterns using the Scherrer 

equation
121-122

 and Laue function model
123

 has been commonly utilized to determine 

the average number of the graphene layers, while the former works better with 

uniform thickness system and the latter functions well both with uniform and 

non-uniform thickness systems.   

 

 

Figure 1.16 (A) XRD pattern of (a) graphite powder, (b) graphite oxide and (c) thermally exfoliated 

graphene nanosheets;
119

 (B) XRD patterns of graphite to GO over a range of oxidation durations.
117

 

1.4. Properties 

1.4.1. Mechanical properties 

The actual mechanical properties of graphene monolayers were firstly measured by 

Lee et al.
124

 using nanoindentation with an atomic force microscopy (AFM), in which 

mechanically-exfoliated graphene membranes were suspended and tensioned over 

nano-scale lithographically patterned holes. Optical microscopy and Raman 

spectroscopy were employed to find the monolayers and confirm the thickness 

respectively. The value of in-plane Young‘ modulus and breaking strength were 
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determined to be 1.0 ± 0.1 TPa and 130 ± 10 GPa, respectively, which correlated to 

the estimation of σ =E/9 by Griffith
125

 where materials fracture at intrinsic strength of 

atomic bonds without defects and flaws involved. On the basis that the atomic 

motions are the relatively macroscopic expression of the phonon modes, Liu et al.
126

 

performed an ab initio calculation on the Brillouin zones and unit cells of graphene 

lattices through density functional perturbation theory (DFPT) to evaluate the uniaxial 

stiffness and the ideal breaking strength of graphene monolayers. Values of Young‘s 

modulus E = 1050 GPa at small strains and strengths σf = 107.4 to 121 GPa were 

determined. This not only provided the similar values to those measured by Lee et al. 

124
 but also was consistent with the conclusion drawn by Griffith.

125
  

 

On the other hand, the derivative made through the oxidation of graphene, graphene 

oxide, appears to be different from graphene regarding its structure and properties. In 

2007, Dikin et al.
83

 firstly measured the Young‘s modulus and strength of graphene 

oxide paper, with low values of ~30 GPa and ~130 MPa, respectively. With the 

improvement of techniques to impart thickness narrowing to the GO flakes, these 

values have been raised significantly. Experimentally, a modulus of 250 ± 150 GPa 

was reported by Gómez-Navarro et al.
127

 using AFM measurements whereas Suk et 

al.
128

 utilized AFM with finite element analysis to provide a value of 207.6 ± 23.4 

GPa under the premise of 0.7 nm as the thickness. Theoretically, Paci et al.
129

 

employed molecular dynamics simulation (MD) to probe the mechanical properties of 

GO, reporting a modulus of ~670 GPa and a strength of ~63 GPa based on a thickness 

of 0.34 nm, along with a modulus of ~325 GPa and a strength of ~31 GPa based on a 

thickness of 0.7 nm. The inferiority of mechanical properties of GO compared to 

those of graphene was supposed to be due to the coverage of the oxygen-containing 

functional groups (-OH and -O-) and the fraction of the amorphous region 

(sp
3
-bonded carbon atoms).

130
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In addition, Liu et al.
126

 and Fan et al.
131

 both employed density functional 

perturbation theory (DFPT) to find the anisotropic features of graphene under uniaxial 

tensile at large strains which was attributed to the hexagonal nature of the lattice units, 

while Fan et al. also investigated the dependence of Stone-Wales defects formation on 

the stress directions. Similar points were made by Ni et al.
132

 using a molecular 

dynamics (MD) simulation. They concluded that the stiffness and strength in LM 

showed a slight superiority to those in TM (see in Figure 1.17), which was in 

correlation with the work by Liu et al.
126

 Additionally, the deformation process of 

graphene was analysed as reversible elastic behavior before the fracture point 

confirmed by the overlapped loading and unloading load-displacement or stress-strain 

curves.
132-133

 

 

 

Figure 1.17 Schematic illustration of tensile model for (a) longitudinal mode (LM) and (b) transverse 

mode (TM).
132

 

 

Nevertheless, despite the theoretical and experimental studies on monolayers, 

evidence shows that thickness plays a crucial role in the mechanical properties of 

multilayer graphene flakes. Zhang and coworker
134

 operated a nano-indentation on 

graphene deposited on SiO2 films to detect the relation between the layer number and 

mechanical behavior with the assistance of optical microscopy and AFM to confirm 
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the layer numbers of the subject flakes. It implied that with increment of graphene 

layer number, the hardness and elastic modulus exhibited a linear decrease over a 

certain range of strains (see in Figure 1.18 and 1.19). 

 

 

Figure 1.18 (a) The hardness-displacement curves and (b) the elastic modulus-displacement curves of 

graphene with different layers in the range of 0 - 500nm. Insets show the magnification in the range of 

20 - 50 nm. A, B, C, D, and E are the notations for layer number of 1, 2, 3, 4 and above 4.
134

 

 

 

Figure 1.19 The mechanical properties variational trend of different layers graphene (a) hardness and (b) 

elastic modulus linearly decreases as the number of layers of graphene increase in the range of 10–500 

nm.
134

 (It should be pointed out that the units are GPa not Gpa) 

1.4.2. Raman spectroscopy and deformation 

In fact, any strain applied to a crystal will result in a change in the atomic structure 

(lattice distortion and bond stretching etc.), leading to the variation of the phonon 



Chapter 1 Graphene 

 41 

modes, which is reflected in the mechanical and thermal properties. Specifically, 

isotropic compression and tension can bring up an increase (phonon hardening) and a 

decrease (phonon softening) in the frequency of the vibrational mode, respectively.
135

 

Therefore, by directly conducting the deformation of the material and spectrum 

collection simultaneously under a Raman spectrometer, can be a convenient approach 

for the stiffness estimation of a certain crystal. The stress-induced band shift can be 

directly obtained from the slope of the plots of peak position versus strain, the value 

of which was found to be proportional to the modulus of the lattice.
136

  

 

 

Figure 1.20 Raman G‘ (2D) band shift of a graphene monolayer under strains
137

 

 

In terms of graphene, the G band and 2D band shift of graphene shows a linear 

dependence on strain. The simplest way to detect the modulus of a graphene 

monolayer is to deposit the flake on a poly(methyl methacrylate) beam clamped in a 

four-point bending rig, followed by applying stress and plotting the peak position at 

each strain.
138

 As seen in Figure 1.20, the 2D band shift rate of a graphene monolayer 

on PMMA beams gives a high value of -60 ± 5 cm
-1

/% strain.
137

 According to the 

universal calibration of -5 cm
-1

/% strain for the 2D band all graphitic forms concluded 

from carbon fibres by Cooper et al.
139

, the monolayer possesses a Young‘s modulus of 

1200 ± 100 GPa, which basically coincides with the values determined from the 

indentation by Lee et al.
124

 and the ab initio calculation by Liu et al.
126

 Additionally, 
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while band shifts can be observed under strains, splitting and broadening of the G 

band and 2D band occur as well, which can enable determining the crystallographic 

orientation of the graphene lattice under strain.
140-141

  

1.4.3. Thermal properties 

The in-plane thermal conductivity of graphene has been found to be the highest 

amongst all the existed materials ever, whereas the conductivity is much lower 

between the interlayers that are bonded by week van der Waals interaction.
142

 

Specifically, at room temperature, the conductivity of pyrolytic graphite
143

 (≈ 2000 

W/mK) in the basal plane represents the 3D limit as the layer number of grahene 

approaches infinity, while the cross-plane show a value
143-144

 (≈ 6W/mK) more than 

two orders of magnitude smaller. However, suspended graphene without the poor 

interaction between the interlayers can exhibit a superior conductivity of ~ 2000 to 

5000 W/mK depending on the grain size and quality.
145-149

 Additionally, it has been 

proved that the increasing layer number leads to the reduction of thermal conductivity 

of graphene due to the cross-plane coupling of the low-energy phonons and 

corresponding changes in the phonon Umklapp scattering.
150

 Moreover, compared 

with suspended graphene, the conductivity of a supported thin graphene film 

decreases due to more phonon vibration modes aroused by the substrates.
151

 

1.4.4. Gas barrier properties 

The permeability of graphene flakes to gases was firstly direct measured by Bunch et 

al.
152

 in 2008. They employed a graphene-sealed microchamber (as seen in Figure 

1.21a) with pressure difference across the graphene drumhead and tested the gas leak 

rates through the membranes. As seen in Figure 1.21b, for the same species of gas, 

there is no dependence of the gas leak rate on the thickness of the graphene 

membranes, which implied that a leak did not occur upon the graphene flakes or 
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through the defects on the flakes. They confirmed that any leak was from the SiO2 

walls on the microchamber by comparing the values of helium in the Figure 1.21b and 

the helium diffusion through glass calculated by Fick‘s law of diffusion. After a 

further estimation based on WKB tunneling along with the assumption of regarding 

helium atoms as point particles, they confirmed the perfection of a graphene layer and 

its impermeability to all standard gases. Apart from perfect graphene, porous 

graphene flakes were also studied by Jiang et al.
153

 using density functional theory 

calculation in an attempt to achieve gas selectivity whereas Drahushuk et al.
154

 built a 

model for porous graphene to give consideration of the manipulation of permeation 

rate.  

 

 

Figure 1.21 (a) Schematic sketch of the microchamber (440 nm SiO2 walls on the top) sealed by a 

suspended graphene membrane (Inset shows the optical image of a graphene monolayer drumhead). (b) 

Scatter plot of the gas leak rates against graphene membrane thickness.
152
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2. Graphene elastomer composites 

2.1. Introduction 

Elastomers are used widely for various applications in many engineering sectors 

including automotive, aerospace, packaging and healthcare among others. This is 

based upon their wide range of attributes that include their ease of deformation at 

ambient temperatures, heat resistance and exceptional elongation and flexibility 

before breaking. Carbon-based nanomaterials such as carbon black have been used to 

reinforce elastomers such as natural rubber for more than 100 years, giving rise to 

improvements in properties such as stiffness, strength and wear resistance.1-3 More 

recently, high-performance elastomeric nanocomposites have been produced through 

the incorporation of other different types of inorganic fillers such as silica 

nanoparticles, layered silicates, multi-walled carbon nanotubes, nanoclays and other 

nanomaterials.4-23 

 

There is currently a great deal of interest in the properties of graphene and other 2D 

materials.24-26 It is therefore not surprising that once graphene-based materials, such 

as graphene oxide and graphene nanoplatelets, became available in bulk they would 

be considered for use in nanocomposites,27-31 with elastomers being obvious 

candidates as matrix materials. Actually, graphene oxide or functionalized graphene 

are often preferred rather than pristine graphene or graphene nanoplatelets in the 

fabrication of composites in current research
32-52

 due to their strong adhesion to the 

rubber molecules, as will be discussed later. 

2.2. Brief introduction to natural and synthetic 

rubbers 

Among various materials, elastomers or rubbers owe their uniqueness to a 
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combination of high deformability and excellent resilience to allow them spring back 

to their original shape even after strains up to 1000 %.
53

 This makes them a 

non-alternative in many applications.  

 

Raw rubbers can be formulated with designed compositions of additives to improve 

the processability and manipulate the vulcanization. Sulfur has been the predominant 

vulcanizing agent since its use by Charles Goodyear and Thomas Hancock.
53

 The 

crosslinking forms a network structure in the whole vulcanisate, and the segments 

between crosslinking determine the mechanical properties of the rubber. Specifically, 

the localized segments are coiled randomly under no stress and deform in the 

direction of the stress axis. Although the structure is too complicated to visualise, the 

theory of rubber elasticity based on a statistic analysis of the local segments and 

entropy change during deformation can be employed to model the mechanical 

behaviours of the rubbers.
54

   

 

In terms of source, rubbers can be normally classified into natural rubber and 

synthetic rubbers. Natural rubber is found in form of latex in the natural state, usually 

extracted from certain plant species, which is colloidal polymer dispersion usually in 

an aqueous liquid. The latex is processed through preservation and concentration for 

the purpose of prevention bacterial attack, stability enhancement and a high 

production of dry rubber content.
53

 The main composition of natural rubber is cis-1,4 

polyisoprene (as shown in Figure 2.1), and the intrinsic structure defines the 

connection pattern of the monomers that results in linear long chains of a range of 

molecular weights.
55

 The properties of natural rubber are however highly impacted by 

the crosslinking, fillers and additives. Specifically, for mechanical properties, natural 

rubber exhibits remarkable tensile strength compared with most of synthetic rubbers 

even without reinforcement by fillers, which is attributed to the stress-induced 

crystallization at high strains. On the other hand, the reinforcement effect of strength 
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of natural rubber by addition of fillers is much less than that in non-crystallizing 

rubbers.
53

 Moreover, the high tensile strength of natural rubber caused by 

stress-induced crystallization is dependent significantly on temperature. Basically, 

over 100 °C, crystallization will be suppressed, which leads to a dramatic reduction of 

the tensile strength. However, the temperature dependence on tensile strength can be 

minimised with the incorporation of fillers.
53

 

 

 

Figure 2.1 Chemical structure of natural rubber
55

 

 

For dynamic mechanical properties, the stress-induced crystallization effect also 

imparts good performance upon natural rubber compared with the non-crystallizing 

elastomers. The crystallization can elevate the threshold energy to initiate a crack tip 

and decrease the propagation rate of the cracks. Fillers of fine particle size are found 

to improve the threshold energy due to their ability to blunt the crack tip.
53

 The 

features above grant natural rubber excellent tear strength and fatigue resistance. With 

such outstanding properties, natural rubber is widely used in many applications, 55 % 

of which are targeted at tyres. It also exhibits excellent performance in products 

including beltings, hoses, footwear and latex products etc.
53, 55

  

 

Even though natural rubber shows superiority in mechanical properties, there are 

some drawbacks making it disappointing in some areas. To be specific, natural rubber 

has poor resistance to heat and chemicals, including organic solvents and 

oxygen-containing gases, along with degradation when exposed to light. In that 

context, synthetic rubbers made through polymerization aroused intent to substitute 
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for natural rubber to supplement its deficiencies in particular applications.
53

 For 

instance in tyre use, butadiene rubber (BR) exhibits lower rolling resistance for 

sidewalls whereas styrene-butadiene rubber (SBR) offers a longer service life for 

treads compared with natural rubber.
53

 Saturated elastomers such as 

isobutylene-isoprene rubber (IIR) and its derivatives are highly impermeable to gases 

and are resistant to light due to the saturated backbones and minimal pendant 

groups.
53

 In addition, nitrile butadiene rubber (NBR) is a well-known elastomer for its 

good solvent resistance due to its chemical structure (see in Figure 2.2). NBR is a 

copolymer that is connected by the monomers of butadiene and acrylonitrile, and the 

linearity or branching of the chains can vary depending on the conditions of 

polymerization. In fact, the composition of the polar unit, acrylonitrile, greatly affects 

the properties of NBR.
53

 Normally, with a higher content of acrylonitrile in NBR, a 

higher repellency to solvent and a higher glass transition temperature will be obtained. 

The applications for NBR are mainly focused on its chemical resistance, in 

applications including seals, gaskets, gloves and footwear etc.
53, 55

  

 

 

Figure 2.2 Chemical structure of nitrile rubber
53

 

2.3. Preparation of graphene elastomer composites 

There are a number of synthesis methods reported in literature to prepare graphene 

elastomer composites, each of which shows particular influence on the properties of 

the resultant composites. Differences can emerge during the mixing process including 

the filler-filler interaction, filler-matrix interaction, filler dispersion in the matrix, 

content of impurity and consistency of the formula composition. Each of the factors 

mentioned above leads to a composite with distinct characteristic properties. 

Sometimes, a combination of different methods (such as liquid-phase mixing 
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followed by two roll mill mixing)
33, 36, 39, 44, 47, 56-60

 is employed to achieve a proper 

dispersion and well-controlled vulcanization based on the objective to tailor the 

properties for specific research or a commercial product. Apart from the effects on the 

properties, cost, time efficiency and impact on environmental also need to be taken 

into consideration in the selection of synthesis methods.  

2.3.1. Additives
53, 55

 

The compounding of the graphene rubber composites is a process to incorporate the 

rubber matrix with fillers or additives with a good dispersion for the expectation of 

reinforcement, facilitation of the crosslinking or improvement of the processability. 

Designed formulas with different additives can lead to highly-distinct properties of 

the rubbers. The sources of additives used in the rubber compounding are massively 

various to satisfy different requirements, and the most common additives can be 

simply classified and explained as below. 

 

Specifically, vulcanizing agents (e.g. sulphur) are usually added to form crosslinks 

between the polymers chains. Vulcanization accelerators (e.g. sulphenamide, CBS 

accelerator) are used to speed up the vulcanization as a full vulcanization of a pure 

rubber and sulphur can require hours to accomplish. Vulcanization activators are 

normally employed to improve the crosslinking efficiency of the vulcanizate (e.g. 

increased by 60% by Zinc Oxide in natural rubber). Lubricants (e.g. stearic acid) are 

basically utilized to improve the processability by increasing the flowability of the 

rubber compounds. Antidegradants (e.g. 2,6-di-t-butyl-p-cresol, BHT, for oxidative 

degradation) are employed to improve the ageing properties in the situation where the 

rubbers are frequently subject to exposure to oxygen-containing gases, heat and light 

and mechanical deformation. Retarders (e.g. N-nitrosodiphenylamine, NDPA) and 

inhibitors (e.g. N-(cyclohexylthio) phthalimide, CTP) of vulcanization are 
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incorporated in rubbers to ensure the safety of processing, with the former decreasing 

the rate of vulcanization and the latter exhibiting no effect on the vulcanization. 

Plasticizers and softeners (e.g. petroleum waxes) are usually added to decrease the 

temperature and viscosity of the rubber compounds to promote the workability during 

processing, along with a cost reduction. 

2.3.2. Compounding methods 

2.3.2.1. Melt mixing 

Melt mixing has been a conventional method to compound formulated rubbers in 

industry, owing to the advantages of low cost, high time efficiency and large-scale 

production. The mechanism is to apply a shear force for mixing while the materials 

are in the molten state. Internal mixers and two-roll mills are the most common 

instruments employed to conduct this procedure. Internal mixers are able to ensure the 

consistency of the composites of the recipes and without manual operation while open 

two-roll mills usually need efforts to prevent the loss of flying powders and the 

manual operation can also bring an influence on the resultant compound. Sometimes, 

these two instruments may be combined to conduct multiple-stage mixing of the 

ingredients, for example, with pre-mixing of the rubbers, fillers and additives without 

the vulcanizing agents (e.g. sulphur) in an internal mixer, followed by the addition of 

the vulcanizing agents and further mixing in a two-roll mill.
61

 

 

Melt mixing can be used to mix the additives and basically all kinds of graphene 

flakes in the solid phase with the rubber at given temperatures. The resultant 

composites show a range of dispersion performance depending on the characteristics 

of the particular filler-matrix systems. Basically, the aggregation of flakes can occur 

and can be affected by the loading, size, thickness and chemical modification (such as 

doping or functionalization) of the graphene used. Specifically, thermally-reduced 
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graphene oxide usually shows a fine dispersion (see in Figure 2.3b-c) with some areas 

of aggregation (see in Figure 2.3a) of graphene flakes in diene or phenolic rubbers,
41, 

62-63
 which can be attributed to the chemical π-π interaction between the interlayers 

and the rubbers confirmed by FT-IR and Raman spectroscopy analysis.
62

 In contrast, 

chemically-reduced graphene oxide was reported to form a good dispersion in 

rubbers.
64

 Apart from that, the chemical modification on graphene flakes can greatly 

affect the dispersion as well. For example, zinc oxide doping was proven to achieve a 

uniform dispersion of graphene (chemically-reduced graphene oxide) in rubber as the 

metallic oxide shells isolate the flakes from a tendency to interact 
45, 65

 whereas zinc 

dimethacrylate (ZDMA) functionalized graphene was found to form a well-dispersed 

structure meanwhile causing the aggregation of poly-ZDMA covering the graphene 

particles that form during the functionalization.
66-67

 With the featured thickness, GNP 

particles normally show wrinkled shapes in the rubber matrix while the dispersion or 

aggregation is difficult to define since the particles are essentially bundles of layers on 

the microscale.
61, 68

 What is more, small loadings of the graphene flakes can also lead 

to a good dispersion (see in Figure 2.4) due to the reduction of the possibility of the 

flake-flake interaction.
47, 69

 Basically, all the studies show that the graphene flakes 

may have a good dispersion with a certain degree of aggregation. 

 

 

Figure 2.3 TEM images show the cross-section of the melt processed TEGO/ NR composites. Scar bar 

in image (a) is 200 nm.
41

 

 

link:metallic
link:oxide
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Figure 2.4 TEM graphs of FGS/NR composites. (a) 0.1 phr; (b) 0.5 phr; (c) 1 phr.
69

 

 

On the other hand, even with its advantages favoured by industry, there are some 

problems that limit the use of melt mixing. The lateral dimension of the particles can 

undergo a shortening due to the shear force generating by the rubber flow of high 

viscosity.
41, 68

 It is also difficult to achieve an excellent dispersion of fillers at 

relatively high loadings with the highly viscous matrix exhibiting a limited 

incorporation ability of the fillers compared with liquid phase mixing.
41, 70

 Even 

though the dispersion of the composites fabricated by melt mixing does not give the 

best homogeneity, the mechanical properties show a great improvement, which can be 

attributed to the strong interfaces between the graphene flakes and the rubber 

polymers. This has been proven either by both the reinforcement or the tensile failure 

images showing the flakes embedded tightly in the rough fracture surfaces of the 

composites.
64-65

 

2.3.2.2. Liquid-phase mixing 

Liquid-phase mixing of elastomer composites, including solution mixing
48-50, 71-78

 and 

latex mixing
33, 35-44, 56-60, 79-87

, has been employed widely due to the production of 

well-dispersed filler-rubber systems, the ability of conducting small-scale research 

and using a rapid procedure. Basically, the method is to blend the ingredients of the 

rubber composites in liquid phase, with solution mixing in organic solvents and latex 

mixing in aqueous emulsion, followed by the phase change of the compounds from 
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liquid to solid. Specifically, the organic solvents in solution mixing provide high 

solubility to graphene flakes to avoid aggregation while latex mixing needs 

co-coagulation of the composites by acids that sometimes leads to re-aggregation of 

graphene flakes depending on the kinetic conditions.  

   

 

Figure 2.5 TEM images show the cross-section of the latex-produced TEGO/NR composites
41

 

 

Compared with melting mixing, liquid-phase mixing generally facilitates a better 

dispersion, which can be seen in the comparison with melt mixing (see in Figure 2.3 

and 2.5) reported by Potts et al.
41

 Although showing the advantage of dispersion, 

procedure briefness, liquid-phase mixing has inevitable shortcomings, including 

residue of solvents, cost, low time efficiency and the difficulty in the scale-up of 

production.  

2.3.2.3. Infusion of graphene  

An innovative method to produce graphene rubber composites for sensors was 

developed by Boland et al.
88

 by using pre-swollen rubber bands soaking in graphene 

suspension. Specifically, the toluene-treated rubber bands were soaked in a suspension 

of graphene in a mixture of NMP and water of designed composition that facilitated 

the energetic favourability of graphene penetrating into the swollen rubber. Finally, 

the graphene-infused rubber was dried in the oven to eliminate the solvents. The 

resultant composites showed a distributive dispersion of graphene in the rubber band 

and exhibited high electrical conductivity sensitive to strain change. The aim of this 
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method is to employ the vulcanized rubbers as the starting materials, which opens up 

an easy path to produce wearable, low-cost sensors for body motion. However, the 

type of the graphene was not given, which makes it very difficult to replicate the 

experiment as the size of the graphene should be comparable with the size of the 

penetration holes of the swollen rubber network.  

2.4. Characterization 

2.4.1. Thermogravimetric analyses  

Thermogravimetric analysis (TGA) has been a conventional technique to characterize 

the thermal properties of rubber composites incorporated with silica,
89-90

 carbon 

black,
91

 graphite,
92

 carbon nanotubes
93-95

 and graphene.
32, 35, 46, 51-52, 75, 80, 95-110

 The 

most common property of interest obtained by a TGA thermogram is thermal stability. 

The thermal degradation curves of graphene elastomers composites can show a 

variety of stages, depending on the atmosphere and the chemical structures of the 

filler and the rubber species. Normally, for the most widely used atmosphere, nitrogen, 

graphene oxide can undergo an initial degradation at low temperature (see the green 

dashed line in Figure 2.6d), which sometimes creates a false impression that the 

addition of graphene oxide weakens the thermal stability of the composites.
52

 In terms 

of the rubber matrix, silicone rubber such as dimethylsiloxane (PDMS) usually 

exhibits a two-stage depolymerization (see the solid line annotated by SR0 in Figure 

2.6b) due to the different temperatures to initiate the bond breaking of the siloxane 

chains (410 to 440 °C) and the polymer backbones,
52, 103

 whereas NBR,
51, 100

 NR
32

 

(see in Figure 2.6c) and SBR
97, 99

 (see in Figure 2.6a) normally degrade in a one-stage 

process. On the other hand, in an oxidative atmosphere such as air, NR can perform a 

multiple-stage degradation (see in Figure 2.6d), which can be involved with a more 

complicated reaction including oxidation, chain splitting, decrosslinking, and chain 

decomposition occurring at different temperatures.
106

  



Chapter 2 Graphene elastomer composites 

 69 

 

Figure 2.6 TGA curves of graphene composites. (a) MLGS (thermally-exfoliated GO)/ SBR
99

 (SR0, 

SR1, SR2 and SR3 denote pure silicone rubber, silicone rubber filled with 0.6, 1.8 and 3 wt% GO, 

respectively), (b) GO/ silicone rubber
52

 and (c) TRGO/ NR
32

 in nitrogen; (d) GO/ NR
106

 in air. 

 

Basically, for most of the graphene filled composites, the thermal stability was 

enhanced (see the right shift in Figure 2.6a inset). Two predominant explanations 

were proposed to explain including (i) the graphene flakes of high aspect ratios hinder 

the diffusion of the gas and the volatile decomposition products (barrier effect);
46, 96, 

102-103, 109
 (ii) strong adhesion (such as π-π interaction or bonding between polar 

groups) between the graphene flakes and the rubber polymers decrease the thermal 

motion and degradation probability.
51-52, 75, 99-100, 103, 108-110

 However, in some studies, 

the thermal stability was found to be reduced after the incorporation of graphene at 

very low contents, and it was explained that the dilute graphene flakes were unable to 

form a barrier but enhance the thermal conductivity of the whole composites, which 

facilitated the degradation.
96

 Finally, from the analysis of degradation, TGA is also 

c 

b 

a 

c d 

SR/GO Composites 
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employed to determine the actual composition of the fillers by subtraction of the final 

weight residues of the composites from that of the pure rubber.
91

 This has been used 

in the present study to check the actually filler loadings in the elastomers studied, 

compared with the nominal loadings that may be incorrect due to the loss of 

ingredients during processing. 

2.4.2. Raman spectroscopy 

2.4.2.1. Raman spectra of rubbers and graphene/rubber composites 

Since only natural rubber and nitrile rubber were used in this project, the following 

sections will focus only on NR and NBR. The study of Raman spectra of elastomers 

has encountered the significant problem of fluorescence, which may be further 

amplified by impurities, heating and crosslinking.
111-112

 As can be seen in Figure 2.7, 

natural rubber shows a predominant peak at 1665 cm
-1

, which can be attributed to the 

C=C stretch. A range of minor peaks from 1000 to 1500 cm
-1

 and a broad peak at 

around 2900 cm
-1

 also show up depending on the chemical modifications.
112

 On the 

other hand, the Raman spectrum of nitrile rubber (see in Figure 2.8) shows similar 

features to that of NR, with the exception of a sharp peak at 2241 cm
-1

, which can be 

attributed to the C≡N stretch.
111

 As mentioned above, the pure rubbers can show a 

strong fluorescence background, and there are many solutions to reduce that effect, 

such as employing near-IR excitation and a modified FTIR spectrometer, and the 

addition of fillers (such as silica or calcium carbonate as seen in Figure 2.7). Although 

the mechanism is not properly understood, the Raman peaks of rubbers can become 

more clear and sharp due to the addition of the fillers.
112
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Figure 2.7 Raman spectrum of cured natural rubber filled with calcium carbonate (50% by weight)
112

 

 

 

Figure 2.8 Raman spectrum of raw nitrile rubber
111

 

 

Unfortunately, due to the significant fluorescence effect, it is not easy to obtain 

well-defined Raman spectra upon the full range of graphene rubber composites, which 

is why most of the literature either only shows the spectrum of graphene synthesized 

by the specific methods
40, 45, 47, 61, 69, 113

 or a small range of the spectra of 

GO/elastomers exhibiting only the intensive D and G peaks.
32-34, 62

 A good example of 

the Raman spectra of graphene rubber composites can be seen in Figure 2.9, which 

exposes all the feature peaks of graphene as well as the rubber fluorescence 

background, although the annotation of the 2D peak position is probably incorrect.
63
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Figure 2.9 Raman spectra of epoxidized natural rubber composites filled with graphite (GT) and 

reduced graphene oxide (GR). 
63

 (Note that the annotation for the 2D peak is probably incorrect) 

2.4.2.2. Raman spectroscopy for quantification of the dispersion of 

graphene flakes 

Technically for the graphene nanocomposites, the Raman peak intensity ratio of the 

graphene to the matrix can be used to quantify the dispersion of graphene flakes, 

which was achieved by employing the following equation,
114

 

𝐷 =  √
∑(𝑟𝑖−𝑟)

2

𝑁
                        (2.1) 

where 

D is the dispersion parameter, 

ri is the intensity ratio of graphene peak (D peak) to the epoxy peak (1454 cm
-1

), 

𝑟 is the average ratio, 

N is the number of total unit measurements. 

 

A higher value of D means a larger variation on the intensity ratio, which indicates a 

less homogeneous dispersion of the flakes.  
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2.4.2.3. Polarized Raman spectroscopy for the orientation of graphene 

flakes 

Polarized Raman spectroscopy can be a convenient technique to quantify the 

orientation of the graphene flakes in a matrix, due to the peak intensity depending on 

the angle of the flake relative to the laser polarization, which was developed by Li et 

al.
115-117

 They demonstrated the angular dependence of the Intensity as  

𝐼𝑠𝑎𝑚𝑝𝑙𝑒
𝑉𝑉 (𝛷) =  𝐼0 · {

8

15
+ 〈𝑃2(cos 𝜃)〉 (−

16

21
+ 

8

7
 cos2 𝛷)

+ 〈𝑃4(cos 𝜃)〉 (
8

35
−
8

7
 𝑐𝑜𝑠2𝛷 + 𝑐𝑜𝑠4 𝛷)}                                                                (2.2) 

where  

the constant I0 is the amplitude, 

Φ is the angle how the specimens were rotated regard to the laser polarization 

direction, 

 and 
 
are the mean values of the Legendre polynomials in the 

Orientation Distribution Function (ODF)
116

, which can be used to quantify the 

orientation.   is the primary parameter and a randomly aligned can be 

determined when  =0 (whereas 
 
=1 means perfect alignment). 

2.4.3. SEM images  

In terms of the dispersion and orientation of the graphene flakes in the rubber matrix, 

scanning electron microscopy can be utilized as a fast visualization technique to 

characterize. The materials described in most of the literature are a homogeneous 

dispersion or a certain degree of aggregation from freeze fractured or tensile failed 

specimens, whereas only a few papers pointed out any orientation of the flakes.
35-39, 41, 

43, 45-47, 59, 64-65, 67, 72, 78, 82, 84, 86, 118
  

 

)(cos2 P )(cos4 P

)(cos2 P

)(cos2 P )(cos2 P
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Figure 2.10 (a, b) FESEM images of neat NR, (c, d) FESEM images of NR/PC-rGO-0.9 composite, (e, 

f) HRTEM images of NR/PC-rGO-0.9 composite. Composites were prepared by latex mixing followed 

by two-roll mill mixing. PC-rGO sheets are highlighted by the red arrows. FESEM: field-emission 

scanning electron microscopy
47

 

 

Basically, few trends of flake alignment have been reported, and random orientations 

were mostly described. A good example of the orientation can be seen in the work by 

Wu et al. 
47

 As presented in Figure 2.10a-d, the neat rubber shows a smooth fractured 

surface, whereas the graphene (proanthocyanidin-reduced graphene oxide, PC-rGO) 

rubber composites exhibit a rough surface. The random orientation of the flakes can 

be clearly seen in Figure 2.10e-f, as annotated by the red arrows. 

2.4.4. X-ray diffraction 

When graphene and rubbers are fabricated into composites, there are some questions 

of interest, such as any structural change of the flakes and the rubbers. X-ray 
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diffraction can be a powerful technique to determine any changes before and after 

fabrication.
10, 33-34, 46, 50, 62, 70-71, 74-76, 81, 100, 102, 119-121

 As presented in Figure 2.11, the 

rubber exhibits a broad peak, implying the amorphous structure of the rubber 

polymers. After the incorporation of graphene, the characteristic graphitic peak at 

around 26.5° shows up indicating that the exfoliation of graphene was incomplete 

after the fabrication.
71

  

 

 

Figure 2.11 The XRD patterns of natural graphite (NG)/ butyl rubber composites
71

 

 

In contrast, complete exfoliation of graphene (monolayer) in NR can be seen in Figure 

2.12a, with the characteristic peak of graphite vanishing.
33

 For NBR composites 

presented in Figure 2.12b, similar to the NR composites and butyl rubber composites 

in Figure 2.11, the broad peak also can be seen for pure NBR for the same reason, and 

the complete exfoliation can be observed as well. Hence, the crystallization of the 

rubber and graphene flakes, and the extent of exfoliation of the flakes can be 

determined by XRD. 
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Figure 2.12 The XRD patterns of (a) graphite oxide, chemically reduced graphene oxide (GE) and 

GE/NR composites;
33

 (b) a GO; b NBR; c 0.5 wt%; d 1.5 wt%; e 3 wt% GO/NBR composites.
50

 

 

For crystalline rubber, such as NR, the stress-induced crystallinity can be quantified 

as seen in Figure 2.13.
70

 The unstretched rubber composites show a broad amorphous 

peak (Figure 2.13a), while two crystalline peaks appear at 14.12° and 20.65° for the 

deformed rubber (Figure 2.13b). 

 

 

Figure 2.13 XRD patterns of NR/GE (chemically-reduced graphene oxide) composites at different 

extension ratio of α=1 (A) and α=3 and crystallinity (C) of NR/GE composites with different GE 

content at α=3.
70

 

 

The degree of the crystallinity can be quantified by the areas ratio of the crystalline 

peaks and the amorphous peaks as shown in Figure 2.13c. Overall, any change in the 

crystallinity or stacking order of the composites can be characterized by XRD. 

a b 
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2.4.5. X-ray tomography 

Apart from the 2D imaging methods such as SEM or TEM, X-ray tomography is a 

non-destructive technique capable of rendering the 3D imaging of the materials at the 

scale down to 1 micron, which enables the investigation of the relationship between 

the microstructure and the properties of the materials.
122-124

 The brief principle of 

X-ray tomography is schematically illustrated in Figure 2.14.
123

 Specifically, the 

specimen is placed on a rotating stage where the X-ray beam emits through. The 

X-ray is partially absorbed and the transmitted emission can be converted into a 

visible light and recorded by a CCD camera. The recorded images are related to a 

bundle of projection (hundreds of sets) of the specimens, which can be used to 

reconstruct the 3D image of the specimen. The contrast in the image is aroused by the 

difference of the X-ray absorption coefficient in the localized regions of the 

specimens, which is affected by the density of the materials, atomic number and the 

energy of the X-rays.  

 

 

Figure 2.14 Principle of tomography
123

 

 

Unfortunately, there are few well-defined CT-images reported for graphene elastomers. 

In the study of the properties of SBR composites filled with carbon materials, Schopp 
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et al.
125

 exhibited an illustration of the dispersion of three types of graphene in SBR 

by CT scanning as can be seen in Figure 2.15. Although the graphene flakes were 

reported to be of good dispersion the SBR matrix from the CT-images, the resolution 

is too limited to provide more details about the agglomerates, shapes, position, and 

interaction of the graphene flakes. 

 

 

Figure 2.15 Micro-CT images of SBR composites with 25 phr of MLG350 (multiple layer graphene, 

350 m
2
 g

-1
), CRGO (chemically reduced graphene oxide) and TRGO (thermally reduced graphene 

oxide)
125

 

 

Another study on EPDM composites filled with GNP (an intermediate grade between 

graphene and graphite) and carbon black (N330) by Valentini et al.
126

 also showed the 

microstructure of the graphene flakes in the elastomer matrix. As presented in Figure 

2.16, a higher resolution was obtained compared with the work by Schopp et al.
125

 

The carbon black was found in forms of aggregation whereas the graphene flakes 

were dispersed uniformly in the matrix. Overall, the previous studies of X-ray 

tomography have not shown the satisfied details of the microstructure of the graphene 

elastomer composites compared with those obtained by SEM and TEM. 
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Figure 2.16 Micro-CT images of the (A) EPDM composites (2 wt% GNP and 24 wt% CB); (B) and (C) 

Detail of the segmented micro-CT images showing the distribution of the GNP and CB aggregates, 

respectively. (scale bar is 50 μm); (D) Detail of segmented m-CT images showing the whole 

distribution of the GNP (in red) and CB aggregates (in blue indicated by the arrows) (scale bar is 50 

mm).
126

   

2.5. Mechanical properties 

2.5.1. Theoretical studies on rubber elasticity 

As mentioned in section 2.2, the deformation of an individual chain, a polymer 

network or a bulk elastomer can be statistically modeled by the theory of rubber 

elasticity.
54

 As the network is stretched the entropy will reduce. The statistic theory 

demonstrates how to determine the entropy change on deforming an elastomeric 

polymer network and how to relate the entropy change to the extension ratio and the 

chain number per unit volume. The theory is based on the assumption that the 

junction points are regarded as fixed at the mean position and the segments between 

the points behave as freely-jointed chains. With further assumption that the elastomer 
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deforms at constant volume, the stress-strain curves can be predicted as shown in 

Figure 2.17.
54, 127

 As can be seen in Figure 2.17a, the theoretically predicted curve for 

tensile behavior shows a great agreement at small extension ratio (λ < 1.5). With 

increasing elongation, the experimental curve rises above the theoretical curve, which 

can probably be attributed to that the Gaussian function will not be applicable and the 

occurrence of the stress-induced crystallization of natural rubber. In contrast, for 

compression (λ < 1) in Figure 2.17b, the theoretical prediction is in great consistence 

with experimental data, which is due to that the Gaussian function is expected to 

provide a good approximation and that the stress-induced crystallization does not take 

place.
54, 127

 

  

 

Figure 2.17 Relationship between nominal stress σn and extension ratio λ for vulcanized natural rubber. 

The theoretical curves for a value of shear modulus G = 0.4MPa are given as heavy lines: (a) extension 

and (b) compressive deformation. (Referred from the adaption by Young, R. J.; Lovell, P. A., 

Introduction to polymers. 3rd ed.; CRC Press: Boca Raton, 2011.
127

 Original data was taken from 

Treloar, L. R. G., The physics of rubber elasticity. Clarendon Press: Oxford, UK, 1975.
54

) 
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2.5.2. Mechanical properties of graphene rubber composites 

There are a number of studies with regards to the tensile properties of graphene NR 

composites
36, 38-39, 41-42, 47, 59, 62, 64, 66, 69-70, 76-78, 81, 85, 128-129

 and graphene NBR 

composites.
51, 74, 78, 100, 121, 130

 The tensile properties of the composites can be 

influenced by the preparation methods, types of graphene and dispersion of the flakes. 

Compared with graphene, graphene oxide is more popular due to its strong interfaces 

with the rubber polymers. 

 

In terms of NR, Potts et al.
41

 compared the tensile properties of thermally-reduced 

graphene oxide composites synthesized by latex mixing and two-roll mill processing. 

As presented in Figure 2.18, the reinforcement achieved by addition of graphene was 

seen from the stress-strain curves. The the latex mixed composites exhibited a larger 

increase in both modulus and strength and less strain at break compared with those 

processed by the two-roll mill. The better reinforcement of the former was explained 

by the TEM images showing a better dispersion of the flakes with less aggregation 

(see in Figure 2.3 and 2.5). However, the vulcanization of the composites was 

prolonged which led to scorch that removed the stress-induced crystallinity from the 

natural rubbers. A better example that retained the stress-induced crystallinity of the 

natural rubber which was properly cured can be seen in Figure 2.19.
39

 

 

 

Figure 2.18 Stress-strain curves of the thermally reduced graphene oxide NR composites synthesized 

by (a) latex mixing and (b) two-roll mill mixing.
41
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Figure 2.19 Stress-strain curves of the graphene oxide/natural rubber nanocomposites.
39

 

 

Unlike NR composites, NBR composites show a completely different behavior. As 

can be seen in Figure 2.20, there is no stress-induced crystallinity of graphene NBR 

composites due to the own characteristics of NBR chemical structure. Apart from that, 

with differences of the graphene resources and preparation methods, the composites 

can exhibit a variety of degrees of reinforcement and improvement of the ultimate 

strain.
100, 130

 

 

 

Figure 2.20 Stress-strain curves of (a) GO/ xNBR composites
100

 and (b) NBR composites filled with 

few layer graphene (FLG), carbon black (CB, N550) and both fillers.
130

 

 

The hardness of rubber composites was also investigated in a number of studies, in 

most of which a range of enhancement were obtained by the addition of graphene 

flakes.
44, 46, 120, 125, 130-134

 However, the hardness of silicone rubber was found to be 

reduced with the incorporation of GNPs by Song et al.,
109

 which was not explained 

a b 
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clearly in the study. In addition, the enhancement effect on hardness by graphene 

(thermally- and chemically- reduced graphene oxide) was reported to be higher than 

that by carbon black (Corax N 234) by Schopp et al.
125

 whereas Varghese et al.
130

 

found the opposite (GNPs and N550 carbon black). Moreover, for dynamic 

mechanical properties, the tear resistance was found to substantially improve with the 

incorporation of graphene flakes.
44-46, 59, 70, 73, 121, 135

 The mechanism is illustrated that 

the crack propagation is restrained by the physical barriers generating from the large 

interfaces between the rubber matrix and the 2-dimensional graphene flakes of high 

aspect ratio. Thus, the processing history can also leave an impact on the tear behavior 

of the composites. Especially for comparison between melting mixing and solution 

mixing, the two methods both exfoliate or intercalate the flakes while the former 

shortens the length of the particles and the latter exfoliates or intercalates the flakes 

more, which results in different areas of the interfaces between the fillers and the 

matrix as schematically sketched in Figure 2.21.
73

 Based on the mechanism 

aforementioned, solution mixing is expected to produce the composites of higher tear 

resistance compared with melting mixing as can be seen in Figure 2.22 (it should be 

pointed out that the pure rubbers synthesized by both methods showed no 

difference).
73

 

 

 

Figure 2.21 Schematics of nanocomposites by solution compounding (left) and melt mixing (right)
73
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Figure 2.22 Tear strength of the GNPs/ SBR composites prepared by melt compounding and solution 

mixing.
73

 

2.6. Thermal conductivities 

Graphene addition has been found to enhance the thermal conductivity of a range of 

rubbers by many studies due to its intrinsic extraordinary high in-plane thermal 

conductivity.
10, 68, 70, 73, 81, 100, 102, 109, 136

 However, the processing history of the 

composites, resulting in the microstructure of the composites including the dispersion, 

shape, dimension of the fillers, pores and interfaces etc., can play a crucial role in 

optimizing the thermal conducting path of the composites. Basically, the graphene 

elastomer composites prepared through melt compounding and solution mixing can 

exhibit different tendencies to form a conducting path network. Specifically, the 

graphene flakes can be shortened by the shear forced during melt mixing while 

solution mixing retains the surface-to-volume ratio of the flakes or even 

exfoliate/intercalate the flakes to create more surfaces similarly to that presented in 

Figure 2.21. As a consequence, it is easier for the solution mixed composites to 

produce more larger particles with a higher possibility of filler interaction to form a 

conducting network at even small contents of the fillers while melt mixed composites 

requires a high loading of the fillers to build a conducting network. The higher 

conductivity of the composites obtained by solution methods compared with those 
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made by melt mixing can be seen in Figure 2.23.
81, 136

 

  

 

Figure 2.23 Thermal conductivities of (a) expanded graphite/ silicone composites prepared by solution 

intercalation method (toluene) and melting mixing method;
136

 (b) milled and solution-treated RGO 

(hydrazine monohydrate reduced GO)/NR nanocomposites at various loadings.
81

 

2.7. Diffusion and swelling at equilibrium  

As demonstrated in the previous chapter, graphene has a strong barrier effect on 

molecular penetration.
137

 Hence, it is reasonable to expect graphene elastomer 

composites to exhibit better solvent and gas resistance than pure elastomers. 

Unfortunately, there are few studies that have shown interests in the diffusion kinetics 

of the elastomer composites modified by graphene. Nevertheless, studies on the 

solvent diffusion into graphene non-elastomers composites or elastomer composites 

filled with other fillers have been undertaken for a number of years,
138-144

 the analysis 

of which can be employed in this project in later chapters. Different from diffusion 

that is involved with the penetration of the solvent molecules, swelling at equilibrium 

is often employed for the calculation of crosslink density in elastomer composites 

using the Flory-Rehner equation in many studies.
33, 38-39, 56, 62, 64, 66, 68, 73

 The calculated 

crosslinking density was found to dramatically increase with the addition of graphene 

flakes, the essence of which is the additional entanglement (namely physical 

crosslinking) caused by the filler-rubber interaction such as π-π interaction and more 

chemical crosslinking created during the vulcanization. However, despite the lack of 

a b 
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existed publications on the barrier properties or swelling behaviours of graphene 

elastomer composites, it is still possible to find some research on the barrier properties 

for elastomer composites filled with other 2D nano-fillers such as nanoclays.
12-23

 The 

increase in the crosslink density and the suppression of the permability by the addition 

of the 2D nano-fillers were widely reported. 

2.8. Objective of this work  

This present study aims to investigate the relationship between the structure and the 

properties of the GNP elastomer composites in a way that was rarely used in the 

previous literature. Specifically, the morphology and the orientation of the flakes 

inside the rubbery matrix was determined by multiple techniques and the effect of the 

structure was discussed while analysing the properties of different composites in 

different directions. GNPs were selected as the main fillers to compare with the 

carbon black and the reasons can be clarified as follow: (i) GNPs are of 2-dimensional 

structure with relatively high aspect ratios which can highlight the effect of the 

morphology and the orientation of the fillers; (ii) GNPs have proven their high quality 

in numerous studies concerning various properties such as mechanical, electronic, 

thermal and barrier properties, which implies their application potential in various 

fields; (iii) this study requires a high usage of fillers and GNPs are comparatively 

accessible compared with other graphene-related materials. 
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3. Experimental 

3.1. Materials 

The XG graphite nanoplatelets (termed GNP) were purchased from XG Sciences Inc. 

Lansing, Michigan, USA and used as received. Three types of XGNP Grade-M 

particles were employed with lateral diameters quoted by the supplier of 5 μm, 15 μm 

and 25 μm (designated as M5, M15 and M25, respectively). The thicknesses of all the 

flakes were quoted by the manufacturer to be in the range 6 to 8 nm (i.e. around 20 

graphene layers). A carbon-based nanomaterial often used to reinforce elastomers, 

high abrasion furnace HAF N330 carbon black (CB) supplied by the Berwin Polymer 

Processing Group, Duckinfield, UK, was employed for comparison with the GNPs.  

 

The grade of natural rubber (NR) used was SMR CV60 (Standard Malaysian Rubber, 

Mooney-Viscosity ML (1+4, 100 °C) of 60). It was purchased from Astlett Rubber 

Inc., Oakville, Ontario, Canada and used as received. The source of the nitrile 

butadiene rubber (NBR) used is grade Nipol® 1052J, from Clwyd Compounders Ltd. 

All the additives involved in the rubber processing, zinc oxide, stearic acid, TMTD, 

CBS accelerator and sulfur, were of analytical grade and used as received. Toluene 

(anhydrous, 99.8%) was purchased from Sigma-Aldrich Co. Ltd. and used as 

received. 

3.2. Preparation of GNP and CB rubber 

nanocomposites 

The rubber mastication was conducted with a Bridge two-roll mill (manufactured by 

David Bridge & Co. Ltd) using the formulations listed in Table 3.1 and 3.2. Nominal 

loadings of 0, 5, 10, 15, 20 phr of the three different types of GNP (only M15 for 

NBR) and N330 CB were incorporated into the natural rubber or nitrile rubber matrix. 
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Before the mixing, pieces of the natural rubber were pre-heated at 60 °C in an oven 

for 30 minutes to enable decrystallization which was unnecessary for the nitrile rubber. 

The two-roll mill was set to a speed of 22 rpm with a friction ratio of 1.5:1 and a nip 

gap of 1 mm. For each batch of material, 200 g rubber was put in the two-roll mill and 

formed a sheet adhering to the surface of one of the rolls. When the rubber sheets 

became warm and sticky under rolling compaction, additives including zinc oxide, 

stearic acid, TMTD and CBS accelerator, in accordance with the formulation, were 

added on to the rubber sheet. This was followed by mixing for 10 minutes, during 

which time the rubber sheet was cut from one side and folded to the other side to 

achieve a good dispersion. Subsequently, the GNP or CB powder were gradually 

incorporated into the compound and followed by a similar mixing procedure for a 

time depending on the amount of additive. Finally, the sulfur was blended into the 

compound, with further mixing to achieve a uniform dispersion of all the additives in 

the natural rubber matrix and the mixing time was controlled to avoid the occurrence 

of premature vulcanization.  

 

Table 3.1 Formulation of the NR compounds 

 Materials Loading (phr*) 

SMR CV60 100 

Sulfur 3 

CBS accelerator 1 

Zinc Oxide 3 

Stearic acid 2.5 

GNP and N330 5, 10, 15, 20 

*―phr‖ is a preferred used unit in the rubber industry, abbreviation for ―parts per 

hundred rubber‖. 
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Table 3.2 Formulation of the NBR compounds 

 Materials Loading (phr*) 

NBR Nipol® 1052J 100 

Sulfur 2 

CBS accelerator 0.5 

Zinc Oxide 4 

TMTD 0.25 

GNP and N330 5, 10, 15, 20 

 

The compounds were then cut into amounts corresponding to the designed mould 

dimensions and hot pressed in a metal mould into sheets (∼ 1 or 2 mm thick) in a 

Collin Platen Press (Platen Press P 300 P/M). The vulcanization proceeded at a 

temperature of 160 °C for 10 minutes under a hydraulic pressure of 30 bar. 

3.3. Thermogravimetric analysis (TGA) 

The actual mass fractions of GNP and CB in all the nanocomposites were determined 

by thermogravimetric analysis (TGA) in a TA Instruments Q500 TGA. The 

temperature range was set from room temperature to 800 °C using a heating rate of 

40 °C/min in an atmosphere of nitrogen. The amounts of processing additives were 

presumed to be identical in the pure rubbers and all the nanocomposites in the 

determination of the mass fractions of the GNP and CB in the rubbers. 

3.4. Scanning electron microscopy 

The scanning electron microscopy (SEM) images of the GNP and rubber 

nanocomposites were acquired using EVO60 VPSEM (Zeiss) operated at 8-10 kV. 

The GNP particles and N330 CB were sprinkled on aluminium stubs before 

examination. SEM images of the carbon black were obtained using a higher resolution 

XL 30 FEG Philips operated at 10 kV, the samples being coated with gold/ palladium 

before analysis. The microstructure of the nanocomposites was evaluated from low 
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temperature fracture surfaces. The samples of 1 mm thick were immersed into liquid 

nitrogen and broken by hand to produce well-defined brittle fracture surfaces. They 

were subsequently coated with gold/palladium to render them conductive before being 

examined in the SEM.  

3.5. Raman spectroscopy 

Raman spectra were obtained from the materials using a Renishaw 2000 of Raman 

spectrometer with a laser length of 633 nm and a ×50 objective lens in the microscope, 

giving a spot size of the order of 2 μm. The calibration of the wavenumber was 

conducted on a silicon wafer. A laser configuration without orientation (VN mode, 

incident light in vertical direction and scattered light in all direction, see the beam 

path in Figure 3.1 and the laser setting in Table 3.3) was employed. The GNPs and 

N330 CB particles were characterised from small clusters on glass slides. Raman 

spectra were also obtained from the low temperature fracture surfaces of the 

nanocomposites.  

 

The spatial orientation of GNP flakes in rubber compound was determined as 

described else.
1-2

 In the orientation test, the Raman laser was aligned perpendicular to 

one surface of the rubber (either along the X or the Z axis as in Figure 3.2), with the 

incident and scattered radiations polarized parallel to each other (VV mode, incident 

and scattered lights are both in vertical direction, see the beam path in Figure 3.1 and 

the laser setting in Table 3.3). The rotation angle in X and Z axis are denoted as ΦX 

and ΦZ, respectively. The Raman G band of GNP was recorded, and its intensity as 

the function of the rotation angle ΦX or ΦZ, as shown in Figure 3.2. On basis of the 

parameters determined from the orientation study, the orientation distribution function 

(ODF) of GNPs in the rubber can be estimated. The angle between the surface normal 

of each GNP flake, and the reference normal of the rubber piece is defined as θ, as 

illustrated in Figure 2 (ref [1]). For example, if a GNP flake is in the plane of the 
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rubber sheet, then θ =0. The data was calculated by Wolfram Mathematica 9 to obtain 

the values of the parameters for plotting the figures. 

 

 

Figure 3.1 Schematic diagram of the Renishaw Raman spectrometer
3
 

 

Table 3.3 the position of the optical components for different polarisation configurations 

 VN VV 

𝜆/2 Plate 1#  In In 

𝜆/2 Plate 2# Out Out 

Polarisation analyser Out In 

 

 

Figure 3.2 Experimental arrangement for the study of GNP orientation using Raman spectroscopy. 

 

The shifts of the Raman 2D band in the GNP rubber nanocomposites with strain were 

determined for the highest loadings (20 phr) of each type of GNP. This was 

ΦX

ΦZ

X

Z

Rubber

Laser Polarisation

Y

Laser Propagation
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undertaken using a tensile rig to clamp the rubber strip specimens and provide a static 

tensile force. The strain was determined from the change in separation of the grips. A 

VN laser polarization configuration (vertically-polarized incident light and 

unpolarised scattered light) was used and the laser beam focused on the same marked 

individual flake exposed on the surface of each specimen. Spectra were obtained at 

static strains of 0, 30, 40, 60, 80, 90, 120 and 160%. At least 16 different specimens 

were tested for each of the GNP/NR materials. 

3.6. X-ray diffraction 

X-ray diffraction (XRD) patterns were obtained in a D8-Discover (Bruker Corp.) 

using Cu Kα radiation to determine the GNP layer spacing of the nanocomposites 

within the range of scattering angles (2h) of 5°–45° at a scan rate of 3°/min. The 

reflection mode was employed to scan the top surfaces of all the specimens (see 

Figure 3.3a, the red arrow indicates the reflection path and the projection of the X-ray 

is parallel to the Y axis). M15 NR composites at 10 and 20 phr were scanned on the 

edge surfaces as well (see in Figure 3.3b, the red arrow indicates the reflection path 

and the projection of the X-ray is perpendicular to the Y axis). 

 

 

Figure 3.3 The setup of the XRD reflection experiment. (a) Reflection on the top surface; (b) reflection 

on the edge surface 
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3.7. X-ray computed tomography scanning 

Samples for X-ray CT were prepared using a Leica Ultracut UC6 Ultramicrotome. 

Sections of the moulded sheets were sandwiched between two aluminium plates for 

cutting and were microtomed at an angle along three directions, leaving the moulded 

surface face intact. 

 

Nanoscale X-ray CT data were acquired on a Zeiss Xradia Ultra 810 instrument of the 

Henry Moseley X-ray Imaging Facility. Projections for each sample were acquired in 

phase contrast and ‗large field of view‘ mode with a 30 s exposure time, 801 

projections and a pixel size of 128 nm. The series were reconstructed with a filtered 

back projection reconstruction through the Zeiss XMReconstructor software (version 

9.1.12862). 

 

All visualisation and thresholding was performed in the Avizo software package 

(version 9.1.1). Segmentation was performed through manual thresholding and 

removal of ‗islands‘ of volume less than 500 pixels. The surface area and the 

orientation of each flake were calculated through use of the Avizo ‗Label Measures‘. 

To calculate the orientation of each flake, the angles corresponding to the ‗length‘, the 

longest flake dimension (calculated over 91 angles in 3D), and the ‗breadth‘, the 

longest flake dimension perpendicular to the ‗length‘ (calculated over 90 angles in the 

plane perpendicular to the length), were first obtained. The polar angles of the 

direction perpendicular to the ‗length‘ and ‗breadth‘, corresponding to the direction 

normal to the flake‘ was calculated by taking the cross-product of unit vectors at the 

angles corresponding the ‗length‘ and ‗breadth‘ for each flake. The angle between the 

normal to the flake and the normal to the pressed surface was obtained by calculating 

the dot-product of the unit vector corresponding to each direction. 
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3.8. Mechanical testing 

 

Figure 3.4 Shape of tensile testing specimens (Type 1)
4
, gauge length 25 mm. 

 

 

Figure 3.5 Shape of tear testing specimens (Die C)
5
 

 

Tensile testing and tear testing were undertaken using an Instron-1122 universal 

testing machine. The tensile specimens and the tear specimens were prepared by 

cutting the 2 mm sheets by a stamping machine. The shapes of the specimens for both 

tests are shown (showing the designated types at the ends of the captions) in Figure 

3.4 and 3.5, respectively, and more detail can be found in Standard ISO 

37:2011(tensile test)
4
 and ASTM D624 - 00:2012 (tear test).

5
 The specimens were 

Prior to testing the specimens were conditions by being placed in a climate-controlled 

laboratory for 24 hours at a temperature of 23.0 ± 0.1 °C and a relative humidity of 50 

± 5%. For each formulation, 5 specimens were tested and deformed at a crosshead 

speed of 500 mm/min until fracture. The strain was measured from the crosshead 

displacement. The tear strength was calculated by the maximum forced divided by the 

specimen thickness. 
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3.9. Hardness testing  

The hardness tests were conducted using a Shore A durometer (Duratool 59-500-000 

Durometer Shore "A" Scale, manufactured to the standards DIN 53505/ ASTM 

D2240). The durometer was held in a vertical position with the indenter point at least 

12 mm from the specimen edge, followed by the pressure foot being applied to the 

specimen as rapidly as possible, without shock. The hardness values were obtained 

from the stop hand retained at the hardness reading. The tests were undertaken at 

23 °C ± 2 °C, and 5 specimens were measured for each composition using the 

procedure detailed above. 

 

3.10. Thermal conductivity testing 

The thermal conductivity measurements of the nanocomposites were undertaken by a 

FOX 50 Heat Flow Meter as shown in Figure 3.6. The conditions were set at a mean 

temperature of 25 °C (upper platen: 35 °C, bottom platen: 15 °C). The specimens 

were cut into round sheets of a diameter of ~50 mm and a thickness of ~2 mm. 3 

specimens were tested for each composite and each specimen was repeated twice to 

obtained a mean value of the conductivity. 

 

 

Figure 3.6 FOX 50 Heat Flow Meter 
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3.11. Swelling testing 

The swelling tests were conducted by soaking rubber sheets in toluene in glass petri 

dishes at room temperature until equilibrium. The specimens were of square shape 

and of a dimension of ~35 mm long and 2 mm thick, which were cut from the 

specimens used for thermal conductivity testing. Dimension measurement of the 

specimens was taken at the beginning and at the equilibrium. Mass measurement was 

undertaken at certain intervals by an analytical balance (Explorer Pro, Medel: EP114C) 

precise to ± 0.1 mg. The glass petri dishes were placed in a fume cupboard and were 

capped to prevent evaporation of the solvent. 
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4. NR GNP composites characterization and 

mechanical properties* 

4.1. Introduction 

This chapter will present the structure characterisation on the natural rubber filled 

with the three grades of GNPs and the N330 carbon black. The structure of the fillers 

will be seen through imaging provided by different techniques on the cross-sectional 

areas or the 3D domains of the specimens and the orientation of the flakes will be 

quantified by polarized Raman spectroscopy. Subsequently, the mechanical tests will 

be exhibited showing the reinforcement achieved by the addition of the fillers. The 

effects on the mechanical enhancement by the GNPs and the carbon black will be 

compared. 

4.2. Characterisation of the GNPs and carbon black 

4.2.1. Scanning electron microscopy (SEM) 

Scanning electron micrographs of the three different types of GNP and of the N330 

carbon black are shown in Figure 4.1. It can be seen that the GNP have a high aspect 

ratio with a systematic increase in flake size going from M5 to M15 to M25. The 

morphology of the N330 is however, quite different consisting of agglomerates of 

nano-sized particles of the order of 30-35 nm in diameter, near to the resolution limit 

of the scanning electron microscope. The fracture surfaces of pure NR in Figure 4.2 

show the crack lines in random directions at low magnification and the relatively flat 

surface at high magnification. 
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Figure 4.1 SEM micrographs of the particles, (a) M5, (b), M15, (c) M25 and (d) N330 carbon black. 

 

Figure 4.2 SEM micrographs of the matrix at (a) low and (b) high magnification. Specimen thickness: 

1mm. The red arrows indicate the hydraulic pressure direction in the hot press. 
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4.2.2. Raman spectroscopy 

Representative Raman spectra of the three types of GNP, carbon black and natural 

rubber are presented in Figure 4.3. It can be seen that the GNP all show a weak D 

band and well-defined G and 2D bands indicative of a graphitic structure. In contrast 

the N330 carbon black has two very broad and overlapping D and G bands and no 2D 

band, consistent with a highly-disordered amorphous carbon structure. No 

well-defined Raman spectrum can be obtained from the natural rubber and it shows 

only a very broad peak resulting from background fluorescence.  

 

Raman spectra for the NR filled with 5, 10, 15 and 20 phr of the three different types 

of GNP and carbon blacks are shown in Figure 4.4. It can be seen that the GNP 

composites appear similar to the spectra for the GNP in Figure 4.3 but the relative 

intensity of the D band is slightly higher than in the spectra of the GNP before 

processing. There is also a fluorescent background from the rubber matrix. No 

particular changes of the peak shape are found in the carbon black composites to the 

carbon black in Figure 4.3, and the fluorescence background is less significant 

compared with those in the GNP composites spectra. It seems the fillers (GNPs and 

carbon black) can suppress the fluorescence background of the rubber, and expose the 

latent rubber peaks. The exposed NR peaks can be seen at around 1448, 1676, and 

2930 cm
-1

. The mechanism of fluorescence suppression in elastomers by adding fillers 

is not well understood, but the method was earlier employed by Hendra
1
 in 1994 

using silica and calcium carbonate (50% by weight) as fillers to make the Raman 

peaks of natural rubber sharp. The similar effect was also reported by Xie et al. to 

suppress the fluorescence background of fluorochrome by using graphene as a 

substrate.
2
 



Chapter 4 NR GNP composites characterisation and mechanical properties 

 115 

 

Figure 4.3 Raman spectra of the starting materials (laser excitation: 633 nm). 

 

Once the fluorescence background is reduced, the rubber peaks can emerge to 

compare with those of the GNP. For example, upon the range of 1450 to 1750 cm
-1

 of 

the Raman spectra of the M5 NR composites as presented in Figure 4.5, it can be seen 

a G band from the M5 GNP and a peak around 1676 cm
-1

 from NR. The intensity ratio 

of the G band to the rubber peak is significantly increased from 5 to 20 phr loadings 

of GNP. The reason of the intensity ratio evolution is related to the concentration of 

the filler-matrix composites. It has been reported by Pakjamsai and Suwanprateeb
3
 

that in composites, the selected Raman band ratio can be linearly proportional to the 

volume fraction ratio the filler and the matrix. To be more specific, the scatted 

intensity of a Raman band is proportional to the intensity of the incident light, the 

volume of the sample illuminated by the laser beam and collected by the spectrometer, 

and the concentration of the scattering species. 
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Figure 4.4 Raman spectra of the nanocomposites at 5, 10, 15, 20 phr loadings. (a) M5; (b) M15; (c) 

M25; (d) N330 (laser excitation: 633 nm). 

 

 

Figure 4.5 Raman spectra of the M5 GNP NR nanocomposites at 5, 10, 15, 20 phr loadings ranging 

from 1450 to 1750 cm
-1

 (laser excitation: 633 nm). 
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4.3. Characterisation of the nanocomposites 

4.3.1. Thermogravimetric analysis (TGA)  

Thermogravimetric analysis was undertaken to the thermal stability of the NR 

composites determine the actual compositions of the composites since the processing 

method employed inevitably involves some loss of filler material. The TGA curves of 

the M5 GNP composites and CB composites can be seen in Figure 4.6 and 4.7 and a 

small range of the curves is shown in the inset. As can been seen in the TGA curves, 

with the addition of GNP flakes, the T50 (temperature at 50% weight loss, indicated by 

the dash line in the inset) increases whereas the Tmax (temperature of the maximum 

weight loss, indicated by the gradient dashed line at around 500 °C) basically remain 

the same. The other two types of GNPs show the similar behaviours. It is clear that 

the thermal stability of the natural rubber is enhanced by the addition of the GNPs. 

The reason may be attributed to the strong interaction (such as π-π bonding) between 

the GNP flakes and the rubber matrix that delays the degradation of the rubber 

polymers.  

 

 

Figure 4.6 TGA curves of the M5 GNP NR composites. Each curve shows the typical one out of three 

results. (Inset shows the small range to highlight the T50) 
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Figure 4.7 TGA curves of the M5 GNP NR composites. Each curve shows the typical one out of three 

results. (Inset shows the small range to highlight the T50) 

 

Similar enhancement of thermal stability is also observed in CB NR composites as 

shown in Figure 4.7. The improvement by carbon black is even higher than that by the 

GNP. Specifically, the T50 of the CB composites at 20 phr is roughly 5 °C higher than 

that of the GNP composites. This can be explained by the strong interface bonding 

between the carbon black particles and the rubber matrix and the much poorer heat 

transfer of the carbon black compared with that of the GNP, which can be seen in 

detail in Chapter 6.  

 

Apart from the thermal stability, the weight loss from the TGA curves can also be 

used to determine the actual composition of the composites. Basically, the filler mass 

fraction is calculated by deducting the residual mass in the pure rubber (contains the 

mass of the non-degraded rubber and the additives) from the composites residual mass.  

The mass fractions of the GNP and carbon black in the natural rubber determined 

from TGA are summarized in Table 4.1. The volume fractions, calculated using the 

appropriate densities of the rubber, filler and additives are also given in the Table. 
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Table 4.1 Mass fractions of the GNP and carbon black in the natural rubber determined from 

thermogravimetric analysis, along with the estimated volume fractions. 

Material Mass fraction 

(%) 

Volume fraction 

(%) 

NR 0 0 

M5 5phr 3.55 ± 0.35 1.58 ± 0.15 

M5 10phr 7.10 ± 0.41 3.22 ± 0.18 

M5 15phr 10.64 ± 0.35 4.94 ± 0.15 

M5 20phr 14.19 ± 0.06 6.73 ± 0.03 

M15 5phr 3.18 ± 0.19 1.41 ± 0.08 

M15 10phr 7.34 ± 0.32 3.34 ± 0.14 

M15 15phr 10.76 ± 0.17 5.00 ± 0.07 

M15 20 phr 13.31 ± 0.58 6.28 ± 0.25 

M25 5phr 3.70 ± 0.14 1.65 ± 0.06 

M25 10phr 6.88 ± 0.30 3.12 ± 0.13 

M25 15phr 10.21 ± 0.24 4.73 ± 0.10 

M25 20phr 13.21 ± 0.09 6.21 ± 0.04 

CB 5phr 3.64 ± 0.14 1.97 ± 0.08 

CB 10phr 7.44 ± 0.18 4.11 ± 0.10 

CB 15phr 11.27 ± 0.12 6.34 ± 0.06 

CB 20phr 14.67 ± 0.08 8.40 ±0.04 

*Density of the materials used for the calculation are, NR
4
: 0.92 g/cm

3
, zinc oxide

5
: 5.61g/cm

3
, stearic 

acid
6
: 0.95 g/cm

3
, CBS accelerator

7
: 1.325 g/cm

3
, sulphur

8
: 1.98 g/cm

3
 and GNP

9
: 2.2 g/cm

3
; CB

10
: 1.8 

g/cm
3
.  

 

Assumptions were made for the calculation as follow: (i) there was no change of the 

intrinsic volumes of the materials before and after the processing; (ii) there was no 

loss of the rubber (due to the sticky body) and additives (very small amount and 
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would be efficiently absorbed by the rubber) during the processing; (iii) the GNPs 

were assumed to be fully compressed by the high shear force in the two-roll mill and 

by the high hydraulic pressure in the hot press (given the slightly excessive amount of 

the compounds than the designed amount for the moulds). The volume fraction of the 

fillers can be calculated using the following equation: 

𝑉f = 

𝑚f

𝜌f

∑
𝑚𝑖

𝜌𝑖
+
𝑚f

𝜌f

                                                     (4.1)  

where 

𝑉f is the volume fraction of the filler; 

𝑚f is the mass fraction of the filler determined from the TGA data as illustrated 

above; 

𝜌f is the density of the filler; 

𝑚𝑖  is each mass fraction of the rubber and the additives determined from ―the 

designed mass fraction (using the formulation in Table 3.1, calculated without the 

filler loading) × (100% − 𝑚f) on the basis of the assumption (ii); 

𝜌𝑖 represents the densities of the rubber and the additives. 

4.3.2. Scanning electron microscopy 

The distribution and orientation of the GNP and carbon black in the natural rubber 

was evaluated firstly using SEM of samples fractured rubber sheets after immersion in 

liquid nitrogen. Examples of the fracture surfaces for the materials with all loadings of 

the fillers are given in Figure 4.8 – 4.11. Flakes of the GNP can clearly be seen to be 

well distributed in the natural rubber matrix and protruding from the surfaces for the 

M5, M15 and M25 materials whereas the fracture surface for the sample containing 

the N330 NBR is much smoother and sub-micron-sized clusters of carbon black 

agglomerates can just about be resolved in the surface features. Preferred alignment of 

the GNP in the plane of the sheets (horizontal) can also be seen in Figures 4.8 – 4.10.  
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Figure 4.8 SEM micrographs of fracture surfaces of the M5 NR nanocomposites. Specimen thickness: 

1mm. The red arrows indicate the hydraulic pressure direction in the hot press. 

 

 

Figure 4.9 SEM micrographs of fracture surfaces of the M15 NR nanocomposites. Specimen thickness: 

1mm. The red arrows indicate the hydraulic pressure direction in the hot press. 
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Figure 4.10 SEM micrographs of fracture surfaces of the M25 NR nanocomposites. Specimen 

thickness: 1mm. The red arrows indicate the hydraulic pressure direction in the hot press. 

 

 

Figure 4.11 SEM micrographs of fracture surfaces of the M25 NR nanocomposites. Specimen 

thickness: 1mm. The red arrows indicate the hydraulic pressure direction in the hot press. 
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The individual GNP flakes can be most easily seen in the fracture surfaces of the 

composites with 5 phr loading, which appear as white straight lines parallel to 

horizontal direction. The lengths of straight lines, holes and pulled-out flakes are 

consistent with the lateral sizes of the GNP as given in Figure 4.1. What is more, the 

15 phr carbon black NR composite shows the most visible particles, which can be 

attributed to the high loading of fillers but not high enough to generate aggregation of 

carbon black in the rubber matrix.  

4.3.3. Polarized Raman spectroscopy 

Since the fracture surfaces of the GNP nanocomposites showed preferred alignment of 

the GNP, polarized Raman spectroscopy was employed to quantify the level of 

orientation of the GNP in the nanocomposites. The results of this analysis are shown 

in Figure 4.12 – 4.14 where the measurements of the intensity of the G band as a 

function of orientation rotating each specimen around the Z and X axes are presented 

for the natural rubber with 5, 10, 15 and 20 phr of the three different GNP. It can be 

seen that in each case there is no change intensity (red dots in Figure 4.12 – 4.14) 

during rotation of the specimen about the Z axis (perpendicular to the sheet), implying 

no preferred orientation of the GNP in the X or Y directions. In contrast, it can be seen 

that in each case the intensity of the G band decreases (black dots in Figure 4.12 – 

4.14) with increasing angle of rotation when the specimens were rotated about the X 

axis (similar behaviour was found for rotation about the Y axis). This implies that the 

GNP tends to be aligned in-plane within the natural rubber sheets.  

 

It is possible to quantify the level of orientation from the values of  and 

11
 fitted to the data in Figure 4.12 – 4.14 and they are also given on the 

plots. It can be seen that with the highest loadings (GNP basically show up 

)(cos2 P

)(cos4 P
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everywhere in the Raman laser spot on the fracture surfaces),  and 

decrease going from M5 to M15 to M25 implying a lower degree of 

orientation for the highest loadings of the the larger GNP (  = 1 for perfect 

alignment and  = 0 for random orientation
12

). The value of  

was found to be in the range 0.2-0.7 for the all the 12 GNP nanocomposite samples 

studied (5, 10, 15 and 20 phr of M5, M15 and M25 GNP), showing a general 

preferred in-plane alignment of the nanoplatelets. 

 

 

Figure 4.12 Polarized Raman measurements of the intensity of the G band as a function of orientation 

around the Z and X axes for the natural rubber with M5 GNP at (a) 5, (b) 10, (c)15 and (d) 20 phr 

loadings. Each curve set (black and red) are from one sample and each data point is from 3 scanning. 

Error bars represent the standard errors (laser excitation: 633 nm). 

 

In general, no systematic trend could, however, be found with either the level of 

loading or particle size. This is most likely due to the fact that the size of the Raman 

laser spot (2 m) is or the same order of magnitude as the lateral size of the GNP. In 

)(cos2 P

)(cos4 P

)(cos2 P

)(cos2 P )(cos2 P
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this case, the laser spot could probably either cover a small number of flakes or a part 

of each flake, which results in a deviation to the actual situation. Hence, the 

composites at the highest loading which provide more flakes in the laser sport can be 

more convincing for quantitative calculation. 

 

 

Figure 4.13 Polarized Raman measurements of the intensity of the G band as a function of orientation 

around the Z and X axes for NR with M15 GNP at (a) 5, (b) 10, (c)15 and (d) 20 phr loadings. Each 

curve set (black and red) are from one sample and each data point is from 3 scanning. Error bars 

represent the standard errors (laser excitation: 633 nm). 

 

The reason to cause the in-plane alignment of the flakes in the rubber matrix can be 

attributed to the processing in the hot press. No matter how the masticated rubber 

compounds in any shape were put into the mould (one piece, multiple pieces, flat-like, 

sphere-like, folded or unfolded), it always shows the similar orientation of flakes. The 

orientation formation in the hot press can be affected by the viscosity (involved with 

the intrinsic viscosity of the rubber and the specie of the graphene) of the compound 

at the curing temperature, the time how long the compound can be in a fluid state and 

the how much the hydraulic pressure is from the hot press. 
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Figure 4.14 Polarized Raman measurements of the intensity of the G band as a function of orientation 

around the Z and X axes for NR with M25 GNP at (a) 5, (b) 10, (c)15 and (d) 20 phr loadings. Each 

curve set (black and red) are from one sample and each data point is from 3 scanning. Error bars 

represent the standard errors (laser excitation: 633 nm). 

4.3.4. X-ray diffraction 

The X-ray diffraction patterns of the GNPs and pure natural rubber can be seen Figure 

4.15. Three types of GNPs basically exhibit the identical features in the patterns, 

showing the sharp typical graphitic peak at 26.4 °, which is corresponding to a lattice 

spacing of 0.334 nm. In contrast, the natural rubber only shows a broad peak at 

around 19.6 ° with several minor peaks that can be attributed to the additives 

incorporated during the mixing.  

 

After the fabrication by adding GNPs into the natural rubber matrix, the XRD patterns 

of the composites show a combination of each component. As can be seen in Figure 

4.16-4.18, the XRD patterns of the GNPs NR composites keep both the sharp typical 

graphitic peak and the short broad rubber peak. The positions of the graphitic peak are 

slightly shifted to 26.6 °, which can be considered as identical as those of the GNPs. 
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Apart from that, when the intensity of the graphitic is normalized, the intensity of the 

broad rubber peak shows an evolution of decrease upon increasing GNP loading. The 

reason of this evolution is similar to the change of the Raman peak intensity ratio with 

the GNP loading.  

 

 

Figure 4.15 XRD patterns of the GNPs. (a) M5; (b) M15; (c) M25; (d) NR. 

 

 

Figure 4.16 XRD patterns of the M5-GNP NR composites at 5 to 20 phr.  
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Figure 4.17 XRD patterns of the M15-GNP NR composites at 5 to 20 phr. 

 

 

Figure 4.18 XRD patterns of the M25-GNP NR composites at 5 to 20 phr. 

4.3.5. X-ray computed tomography scanning 

X-ray computer nanotomography was also used to characterise the distribution and 

orientation of the GNP in the nanocomposites as shown in Figure 4.19 – 4.21. The 

contrast origins from the difference of the electron density of different phases (since 

the GNPs and rubber are mainly made of carbon atoms, the atomic number difference 

should be really small). It can be seen that the GNP are well distributed within the 
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rubber matrix with the same preferential alignment as seen in the SEM micrographs. 

Moreover the nanotomography technique gives unprecedented detail of the 

morphology of the GNP showing that many are bent into loops, ―U‖ shape or ―S‖ 

shape (Figure 4.19), although their overall dimensions are consistent with their 

nominal size specifications.  

 

 

Figure 4.19 CT scans showing details of structure, distribution and orientation of the GNP in the 

natural rubber nanocomposites at 20 phr loading for (a) M5, (b), M15, (c) M25. (The surface of the 

sheet is horizontal and the small white spots in the micrographs are from the zinc oxide added to aid the 

vulcanization of the rubber) 

 

More detail of the distributions of the GNP throughout the samples can be seen in 
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screenshots of the movies (the movies are available in the supplementary material on 

https://link.springer.com/article/10.1007/s10853-017-1144-0) of the slices through the 

nanocomposites shown in Figure 4.20. The histogram of the angle of the flakes to the 

specimen surface is given in Figure 4.21. It can be seen that the majority of the flakes 

are at angles of less than 30 ° rather than a uniform distribution, implying the high 

tendency of the flakes to be parallel to the surface of the specimens. 

 

 

Figure 4.20 Artificially-coloured images of the individual GNP flakes from the CT scans. Images were 

taken by screenshot during the rotation of the specimens around X axis (parallel to the vertical direction) 

at (i) 0° and (ii) 90° showing the alignment of the GNP flakes. 

 

https://link.springer.com/article/10.1007/s10853-017-1144-0
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Figure 4.21 Histograms of the distributions of the angle of the individual flake to the surface of the 

GNP /NR nanocomposite sheets for (a) M5, (b), M15, (c) M25. 

 

Apart from the orientation, the distribution of the surface area of the GNPs in the NR 

nanocomposites can be obtained by tomography as shown in Figure 4.22. It can be 

seen that there is a big portion of small flakes in all the types of GNPs whereas 

extremely large flakes only show up in M15 (~ 2500 𝜇m2) and M25 (~3500 𝜇m2) 

composites. It can be seen in Figure 4.19 that larger flakes give a higher possibility to 

distort or fold in the matrix, which may result in deficiency of the reinforcement in the 

preferred alignment direction.  

 

 

Figure 4.22 Histograms of the distribution of the surface area of the individual flake in the GNP/NR 

nanocomposites sheets for (a) M5, (b), M15, (c) M25. 

4.4. Mechanical properties  

4.4.1. Stress-strain behavior 

Stress strain curves for all the materials studied are given in Figure 4.23. Five 

stress-strain curves were obtained for each loading level for each type of filler, and 
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representative ones are presented.  

 

 

Figure 4.23 Stress-strain curves for the natural rubber containing 5, 10, 15 and 20 phr of (a) M5, (b), 

M15, (c) M25 and (d) N330 carbon black. Each curve is the typical one out of 5 results. Specimen 

thickness: 2 mm. 

Overall the addition of the GNP and carbon black can be seen to increase the stiffness 

of the materials significantly. Natural rubber has a relatively high inherent strength 

because of its tendency to strain crystallise and none of the fillers appear to increase 

its strength. The strength of the natural rubber appears to be maintained for the M5 

and CB fillers but decreases somewhat in the case of the addition of the larger M15 

and M25 GNP. In all cases the strain at failure appears to be reduced by the addition 

of the different types of filler. 

4.4.2. Modulus values 

The effect of the addition of the different fillers upon the stiffness of the rubber is 

shown in detail in Figure 4.24. Although there does not appear to be large difference 
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in the overall stress-strain curves between the GNP and CB fillers in Figure 4.23, 

Figure 4.24a shows that for the 20 phr loading the shapes of the stress-strain curves 

are quite different at low strain (<300%). The addition of the GNP leads to a 

significantly higher initial slope for the stress-strain curve than for the rubber 

reinforced with carbon black, so that the modulus at 100% strain is more than twice 

that of the carbon black loaded material. Similar behaviour was found for the other 

levels of filler loading.  

 

The tensile moduli at 100% and 200% strain are plotted as a function of the volume 

fraction of fillers (Table 4.1) in Figures 4.24b and 4.24c respectively. Since the 

modulus appears linearly increasing upon the loading of the fillers, the significance 

analysis is conducted by comparing the slopes obtained from the linearly fitted data 

and the values are tabulated in Table 4.2. In Figure 4.24b and 4.24c as well as in Table 

4.2, the higher levels of reinforcement achieved with the addition of the GNP 

compared with that obtained for the CB at a given volume fraction can be clearly seen. 

There also seems to be a slightly better reinforcement of the rubber for the M5 GNP 

compared with the M15 or M25 fillers, which can be more straightforwardly seen in 

Table 4.2. Another way of looking at the data in Figures 4.24b and 4.24c is in terms of 

the volume fraction of filler needed for a particular level of modulus. It can be seen 

that for a particular modulus value, up to six times the volume fraction of carbon 

black is needed to match that of natural rubber reinforced with the GNP materials.  

 

Finally, the Shore hardness of sheets of the natural rubber and all materials with 

different filler loadings was determined as shown in Figure 4.24d. The significance 

analysis follows the same procedure for the modulus as tabulated in Table 4.2. It can 

be seen that the measured values of Shore hardness of GNPs composites exhibit 

nearly doubly increasing rates compared with the rubber filled with CB. However, in 

terms of the composites filled with the three types of GNPs, difference can be seldom 
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concluded. This can be explained by the testing direction that was vertical to the 

preferred alignment plane of the flakes. In that case, the GNPs were subject to an 

out-of-plane indentation rather than an in-plane stretching, which weakens the 

difference of the reinforcement effect influenced by the aspect ratio difference. 

 

 

Figure.4.24 Mechanical properties of the nanocomposites. (a) Comparison of the stress-strain curves 

for the different nanofillers at 20 phr loading. (b) Tensile modulus at 100% strain as a function of filler 

volume fraction. (c) Tensile modulus at 200% strain as a function of filler volume fraction. (d) Shore A 

hardness as a function of filler volume fraction(5 specimens for each point). Error bars represent the 

standard deviation. Specimen thickness: 2 mm for tensile tests and 6 mm for hardness tests. 

 

Table 4.2 Slope of the linear fitting of the curves in Figure 4.24b, c and d. (units: 10
-2

 MPa/vol% fillers 

for E100 and E200; 10
-2

 HA/vol% fillers for hardness) 

Sample E100 E200 Hardness 

NR-M5 49.2 ± 0.7 79.4 ± 0.9 277 ± 23 

NR-M15 41.9 ± 0.7 63.6 ± 1.2 279 ± 30 

NR-M25 38.2 ± 0.9 56.5 ± 1.4 234 ± 27 

NR-CB 8.5 ± 0.3 23.0 ± 0.8 130 ± 18 
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4.4.3. Ultimate properties 

It was pointed out earlier that since natural rubber crystallizes under stress, it is 

relatively strong. Figure 4.25a shows that the strength is unaffected by the addition of 

the carbon black but tends to decrease slightly on the addition of the GNP, with the 

largest particles giving rise to the highest level of strength reduction. Figure 4.25b 

show the effect of the addition of GNP and CB upon the ultimate failure strain of the 

natural rubber. It decreases with filler loading, with all three GNP materials showing 

the same behaviour. In contrast, the addition of carbon black causes rather less 

reduction in failure strain, particularly for the higher volume fractions. This is 

probably due to the fillers hindering the straightening and stress-induced 

crystallization of the NR polymer chains. Figure 4.26 exhibit the change of the tear 

strength of the rubber incorporated with GNP and CB. With small loadings of M5 

GNP and CB, the tear strength shows an improvement and tends to flatten at higher 

loadings. On the other hand, the M15 and M25 GNP impart no enhancement to the 

tear strength of the rubber at all loadings, which is different with the clear 

improvement reported by most of the literature.
13-20

  

 

 

Figure 4.25 Mechanical properties of the nanocomposite as a function of filler volume fraction. (a) 

Tensile strength and (b) ultimate strain. Error bars represent the standard deviation. 

 

The effect of the different nano-fillers upon the ultimate properties of the natural 
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rubber appears to be related to the size of the particles. This implies that the particles 

act as defects in nucleating cracks. Hence, the largest GNP particles, M15 and M25 

cause the highest decrease in tensile strength with increasing volume fraction (Figure 

4.25a), whereas the tensile strength appears to be maintained upon the addition of the 

carbon black. 

 

Analogously, smaller particles lead to higher tear strength. Since the bonding at the 

interfaces between the GNP flakes and the rubber matrix behaves as physical 

crosslinking, the blunt effect of GNP flakes on the crack tip initiation and the crack 

propagation that perform in tensile facture and tearing respectively can be involved 

with the degree of the physical crosslinking, which can be seen in detail in Chapter 6. 

 

 

Figure 4.26 Tear strength of the nanocomposite as a function of filler volume fraction (5 specimens for 

each point). Error bars represent the standard deviation. Specimen thickness: 2 mm. 

 

Overall, the parameters of the mechanical properties of the GNPs NR composites can 

be tabulated in Table 4.3 as below. 
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Table 4.3 Parameters of the mechanical properties 

 E100  

(MPa) 

E200  

(MPa) 

σu 

(MPa) 

εu 

 (mm/mm) 

H  

(HA) 

σt 

 (MPa) 

NR 0.81 ± 0.02 1.33 ± 0.05 22.0 ± 0.9 9.90 ± 0.24 53.8 ± 1.4 27.0 ± 1.6 

M5-5phr 1.47 ± 0.05 2.52 ± 0.08 23.6 ± 3.4 8.81 ± 0.41 56.6 ± 1.9 35.5 ± 6.3 

M5-10phr 2.27 ± 0.12 3.83 ± 0.18 22.4 ± 0.9  7.56 ± 0.16 62.7 ± 1.2 35.7 ± 1.8 

M5-15phr 3.56 ± 0.08 5.83 ± 0.12 21.2 ± 2.6 6.31 ± 0.47 67.7 ± 0.4 34.6 ± 5.3 

M5-20phr 4.06 ± 0.04 6.62 ± 0.04 17.7 ± 0.7 5.46 ± 0.19 71.4 ± 1.1 33.1 ± 5.9 

M15-5phr 1.49 ± 0.02 2.44 ± 0.04 17.9 ± 3.9 7.92 ± 0.70 58.5 ± 2.3 28.2 ± 2.9 

M15-10phr 1.91 ± 0.03 3.06 ± 0.06 17.0 ± 2.5 7.28 ± 0.44 64.4 ± 1.7 27.1 ± 0.6 

M15-15phr 2.81 ± 0.07 4.39 ± 0.10 19.2 ± 0.9 6.85 ± 0.16 66.9 ± 1.3 27.1 ± 3.8 

M15-20phr 3.88 ± 0.06 5.62 ± 0.07 13.5 ± 0.7 5.20 ± 0.25 72.1 ± 1.6 27.0 ± 1.6 

M25-5phr 1.50 ± 0.06 2.34 ± 0.07 21.7 ± 2.2 8.52 ± 0.21 59.4 ± 2.5 30.0 ± 1.0 

M25-10phr 1.83 ± 0.07 2.81 ± 0.10 16.7 ± 1.4 7.68 ± 0.21 62.0 ± 0.7 23.1 ± 3.5 

M25-15phr 2.63 ± 0.09 4.04 ± 0.12 16.6 ± 1.8 6.73 ± 0.30 67.0 ± 1.1 28.7 ± 1.3 

M25-20phr 3.33 ± 0.06 5.00 ± 0.08 13.0 ± 1.7 5.38 ± 0.43 68.2 ± 1.2 25.6 ±5.2 

CB-5phr 1.07 ± 0.03 1.88 ± 0.03 20.6 ± 1.5 8.21 ± 0.16 57.3 ± 1.7 38.2 ± 1.4 

CB-10phr 1.28 ± 0.02 2.37 ± 0.01 24.7 ±1.8 7.92 ± 0.21 60.0 ± 1.5 44.1 ± 1.1 

CB-15phr 1.48 ± 0.05 2.92 ± 0.06 22.0 ±0.5 6.90 ± 0.16 61.6 ± 1.6 38.8 ± 2.2 

CB-20phr 1.56 ±0.02 3.23 ± 0.06  20.6 ± 0.8 6.49 ± 0.10 65.1 ± 1.0 42.7 ± 7.1 

* E100, E200, σu, εu, H and σt are the Young‘s modulus at 100% strain, Young‘s modulus at 200% strain, tensile 

strength, ultimate strain, Shore A hardness and tear strength, respectively. 

4.4.4. Stress-induced Raman band shifts 

Shifts in the position of the 2D Raman band with strain were determined for the NR 

filled with the three different GNP materials, as shown in Figure 4.27. This was a 

particularly difficult experiment to undertake as the 2D band is rather ill-defined in 

the spectrum as a result of fluorescence from the NR matrix, as found in Figure 4.4a-c, 
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and the shifts were relatively small. Hence only the materials with the highest loading 

of 20 phr of GNP were employed as they had the strongest 2D band. Additionally, as 

the result of the small band shifts and scatter in the data, the experiments were 

undertaken upon at least 16 different specimens for each composition and the data 

points in Figure 4.27 represent the mean values for all the specimens used for each 

type of GNP.  

 

 

Figure 4.27 Shift of the 2D Raman band with strain for the nanocomposites with 20 phr of (a) M5, (b) 

M15 and (c) M25 (laser excitation: 633 nm). Each data point represents the average of 10 repeated 

scanning of 16 specimens at one particular strain. Error bars represent the standard deviation. Specimen 

thickness: 2 mm.  
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Although there is considerable scatter in the data in Figure 4.27 and relatively larger 

error bars than the energy error of the instrument (±1 cm
-1

), but the data of each figure 

were obtained from numerous data points and it appears that there is a small but 

significant downshift in the position of the 2D band with tensile strain. For each type 

of filler, the data were linearly fitted that all show a band shift rate in an order of 

magnitude of 10
-2

 cm
-1

/% strain. These band shift rates will be further discussed in 

Chapter 7. 

4.5. Conclusion 

From the SEM images and 3D restructuring by the CT scanning, the good dispersion 

of GNPs can be observed. The orientation of the flakes was determined to be in-plane 

alignment by the SEM images and CT scanning and was quantified by polarized 

Raman spectroscopy. The addition of GNPs was found to suppress the fluorescence 

background of the Raman spectrum of the natural rubber. The addition of the fillers 

was confirmed to enhance the thermal stability. The GNPs imparted a higher 

reinforcement to the natural rubber compared with the carbon black. The stiffness 

enhancement by the addition of GNPs has shown a size-dependent effect (M5 > M15 > 

M25), and this will be discussed further in Chapter 7. Small stress transfer between 

the GNPs and the rubber was detected by the deformation experiment under Raman 

spectroscopy. 
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5. NBR GNP composites characterization and 

mechanical properties 

5.1. Introduction 

Unlike NR composites, the fillers used in NBR composites were selected to be only 

M15 GNP and N330 carbon black. The reason is that the comparison of the GNPs of 

different dimensions has been basically accomplished among M5, M15 and M25 in 

NR, and M15 and N330 carbon black were chosen to be the fixed fillers for the 

comparison of the different matrices (NR and NBR). The two different rubber systems 

almost went through the same characterization and tests except that NBR composites 

were not X-ray CT-scanned. They show certain similarity in morphology but some 

appreciable distinction in mechanical properties. 

5.2. Characterisation of the GNP and carbon black 

5.2.1. Scanning electron microscopy (SEM) 

Scanning electron micrographs of the M15 GNP and of the N330 carbon black can be 

seen in Figure 4.1b and d. It can be seen that the image of the free-standing M15 GNP 

shows an agglomerate of thin films in a state of random curliness, the lateral size of 

which are basically consistent with the given average value (15 μm). The morphology 

of the N330 is however, quite different consisting of clusters of nano-sized particles of 

the order of 30-35 nm in diameter, near to the resolution limit of the scanning electron 

microscope. The fracture surface of pure NBR in Figure 5.1a shows the radiated crack 

lines and where the crack initiated (from the radial center where there are no crack 

lines) at low magnification. At high magnification in Figure 5.1b, the fracture exhibits 

a smooth surface with vein-like crack lines on it, which is regarded as the baseline to 
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compare with the fractured surfaces of composites. 

 

 

Figure 5.1 SEM micrographs of the matrix at (a) low and (b) high magnification. Specimen thickness: 

1mm. The red arrows indicate the hydraulic pressure direction in the hot press. 

 

5.2.2. Raman spectroscopy 

Raman spectra of the M15 GNP, carbon black and nitrile butadiene rubber are 

presented in Figure 5.2. It can be seen that the M15 GNP shows a weak D band and a 

sharp G and well-defined 2D bands indicative of a graphitic structure. By comparison, 

the N330 carbon black has two very broad and overlapping D and G bands and no 2D 

band, consistent with a highly-disordered amorphous carbon structure. No 

well-defined Raman spectrum can be obtained from the nitrile butadiene rubber and it 



Chapter 5 NBR GNP composites characterisation and mechanical properties 

 144 

shows only a very broad peak resulting from background fluorescence.  

 

 

Figure 5.2 Raman spectra of the starting materials (laser excitation: 633 nm). 

 

Raman spectra for the NBR filled with 5, 10, 15 and 20 phr of the M15 GNP and 

carbon black are shown in Figure 5.2. It can be seen that the GNP composites appear 

similar to the spectra for the GNP in Figure 5.2 but the relative intensity of the D band 

is slightly higher than in the spectra of the GNP before processing, which indicates 

possible damage and tearing of the flakes caused by the shear force during the mixing. 

Fluorescent background from the rubber matrix can still be seen in the spectra of 

composites, but it becomes less significant with increasing loadings of GNPs. No 

particular changes of the peak shape are found in the carbon black composites to the 

carbon black in Figure 5.2, and the fluorescence background decreases with more 

fillers similar to the GNP composites. It seems the fillers (GNPs and carbon black) 

can suppress the fluorescence background of the rubber, and expose the latent rubber 

peaks. The exposed NBR peaks can be seen at around 1448, 1676, 2241, 2874 and 

2930 cm
-1 

as discussed in Section 2.4.2.1 The mechanism of fluorescence suppression 

by adding fillers is unknown, but the method was earlier employed by Hendra
1
 in 

1994 using silica and calcium carbonate (50% by weight) as fillers to make the 
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Raman peaks of natural rubber sharp. The similar effect was also reported by Xie et al. 

to suppress the fluorescence background of fluorochrome by using graphene as a 

substrate.
2
 

 

 

Figure.5.3 Raman spectra of the nanocomposites at 5, 10, 15, 20 phr loadings. (a) M15; (b) N330 (laser 

excitation: 633 nm). 

 

Once the fluorescence background is reduced, the rubber peaks can emerge to 

compare with those of the GNP. Over the range of 1450 to 1750 cm
-1

 as presented in 

Figure 5.4, it can be seen a G band from the M15 GNP and a peak around 1676 cm
-1

 

from NBR. The intensity ratio of the G band to the rubber peak is significantly 

increased from 5 to 20 phr loadings of GNP, which can be seen in the NR composites 

as discussed in Chapter 4 as well. The reason of the intensity ratio evolution is related 

to the concentration of the filler-matrix composites. It has been reported by Pakjamsai 

and Suwanprateeb
3
 that in composites, the selected Raman band ratio can be linearly 

proportional to the volume fraction ratio the filler and the matrix. To be more specific, 

the scatted intensity of a Raman band is proportional to the intensity of the incident 

light, the volume of the sample illuminated by the laser beam and collected by the 

spectrometer, and the concentration of the scattering specie. 
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Figure 5.4 Raman spectra of the GNP NBR nanocomposites at 5, 10, 15, 20 phr loadings ranging from 

1450 to 1750 cm
-1

 (laser excitation: 633 nm). 

5.3. Characterisation of the nanocomposites 

5.3.1. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis was undertaken to analyze the thermal stability of the 

NBR composites and determine the actual compositions of the composites since the 

processing method employed inevitably involves some loss of filler material. The 

TGA curves of the composites can be seen in Figure 5.5 and 5.6 and a small range of 

the curves is shown in the inset. As can been seen in the TGA curves, with the 

addition of graphene flakes, the T50 (temperature at 50% weight loss, indicated by the 

dash line in the inset) increases more and more significantly. What is more, the Tmax 

(temperature of the maximum weight loss, indicated by the gradient dashed line at 

around 500 °C) also shows an improvement with the incorporation of graphene flakes. 

It is clear that the thermal stability of the nitrile butadiene rubber is enhanced by the 
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addition of the GNPs. The reason may be attributed to the strong interaction (π-π 

bonding) between the GNP flakes and the rubber matrix that delays the degradation of 

the rubber polymers.  

 

 

Figure 5.5 TGA curves of the GNP NBR composites. Each curve shows the typical one out of three 

results. (Inset shows the small range to highlight the T50) 

 

 

Figure 5.6 TGA curves of the CB NBR composites. Each curve shows the typical one out of three 

results. (Inset shows the small range to highlight the T50) 
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Similar enhancement of thermal stability is also observed in CB NBR composites as 

shown in Figure 5.6. The improvement by carbon black is even higher than that by the 

GNPs. Specifically, the T50 of the CB composites at 20 phr is roughly 10 °C higher 

than that of the GNP composites where the Tmax of CB composites at 20 phr is slight 

higher than that of the GNP composites. This can be explained by the strong interface 

bonding between the carbon black particles and the rubber matrix and the much 

poorer heat transfer of the carbon black compared with that of the GNP, which can be 

seen in detail in Chapter 6.  

 

Table 5.1 Mass fractions of the GNP and carbon black in the natural rubber determined from 

thermogravimetric analysis, along with the estimated volume fractions. 

Material Mass fraction 

(%) 

Volume fraction 

(%) 

NR 0 0 

M15 5phr 3.18 ± 0.19 2.00 ± 0.10 

M15 10phr 7.34 ± 0.32 4.06 ± 0.09 

M15 15phr 10.76 ± 0.17 5.89 ± 0.07 

M15 20 phr 13.31 ± 0.58 7.64 ± 0.14 

CB 5phr 3.64 ± 0.14 3.10 ± 0.06 

CB 10ohr 7.44 ± 0.18 5.07 ± 0.08 

CB 15phr 11.27 ± 0.12 7.46 ± 0.21 

CB 20phr 14.67 ± 0.08 9.10 ±0.05 

*Density of the materials used for the calculation are, NBR
4
: 0.98 g/cm

3
, zinc oxide

5
: 5.61 g/cm

3
, 

TMTD
6
: 1.36 g/cm

3
, CBS accelerator

6
: 1.29 g/cm

3
, sulphur

7
: 2.06 g/cm

3
 and GNP

8
: 2.2 g/cm

3
; CB

9
: 1.8 

g/cm
3
.  

 

Apart from the thermal stability, the weight loss from the TGA curves can also be 

used to determine the actual composition of the composites. Basically, the filler mass 
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fraction is calculated by deducting the residual mass in the pure rubber (contains the 

mass of the non-degraded rubber and the additives) from the composites residual mass. 

The mass fractions of the GNP and carbon black in the nitrile butadiene rubber 

determined from TGA are summarized in Table 5.1. The volume fractions, calculated 

using the appropriate densities of the rubber, filler and additives are also given in the 

Table. The assumptions and the calculation method is the same as illustrated for Table 

4.1. 

5.3.2. Scanning electron microscopy 

The distribution and orientation of the GNP and carbon black in the nitrile butadiene 

rubber was evaluated firstly using SEM of samples fractured rubber sheets after 

immersion in liquid nitrogen. Images of the fracture surfaces for the materials with all 

loadings of the fillers are given in Figure 5.7 and 5.8. The M15 GNP flakes can 

clearly be seen to be well dispersed in the nitrile butadiene rubber matrix and being 

pulled out from the fracture surfaces for NBR composites whereas the fracture 

surfaces for the NBR composites containing the N330 carbon black is much smoother 

and sub-micron-sized clusters of carbon black agglomerates can just about be 

resolved in the surface features.  

 

Preferred alignment of the GNP in the plane of the sheets (horizontal) can also be seen 

in Figure 5.7. The orientation of the GNP flakes can be most easily seen in the 

fracture surfaces of the composites with 5 and 10 phr loadings, from the white straight 

lines, linear holes and pulled out flakes parallel to horizontal direction. The lengths of 

straight lines, holes and pulled-out flakes are consistent with the lateral size of the 

M15 GNP as given in Figure 4.1b. Similar to the SEM images of the fractured 

surfaces of carbon black NR composites, the 15 phr carbon black NBR composite 

shows the most visible particles, which can be attributed to the high loading of fillers 
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but not high enough to generate aggregation of the carbon black in the rubber matrix.  

 

 

Figure 5.7 SEM micrographs of fracture surfaces of the M5 NBR nanocomposites. Specimen thickness: 

1mm. The red arrows indicate the hydraulic pressure direction in the hot press. 

 

 

Figure 5.8 SEM micrographs of fracture surfaces of the carbon black (N330) NBR nanocomposites. 

Specimen thickness: 1mm. The red arrows indicate the hydraulic pressure direction in the hot press. 
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5.3.3. Polarized Raman spectroscopy 

Since the fracture surfaces of the GNP nanocomposites showed preferred alignment of 

the GNP, polarized Raman spectroscopy was employed to quantify the level of 

orientation of the GNP in the nanocomposites. The results of this analysis are shown 

in Figure 5.9 where the measurements of the intensity of the G band as a function of 

orientation rotating each specimen around the Z and X axes are presented for the 

nitrile butadiene rubber with 5, 10, 15 and 20 phr of the M15 GNP. It can be seen that 

in each case there is no change intensity (red dots in Figure 5.9) during rotation of the 

specimen about the Z axis (perpendicular to the sheet), implying no preferred 

orientation of the GNP in the X or Y directions. In contrast, it case be seen that in each 

case the intensity of the G band decreases (black dots in Figure 5.9) with increasing 

angle of rotation when the specimens were rotated about the X axis (similar behaviour 

was found for rotation about the Y axis). This implies that GNPs tends to be aligned 

in-plane within the nitrile butadiene rubber sheets.  

 

It is possible to quantify this level of orientation from the values of  and 

10
 fitted to the data in Figure 5.9 and they are also given on the plots 

(  = 1 for perfect alignment and  = 0 for random orientation
11

). 

The value of  was found to be in the range 0.16-0.42 for the all the 

loadings of M15 GNP nanocomposite samples studied, showing a general preferred 

in-plane alignment of the nanoplatelets. No systematic trend could, however, be found 

with either the level of loading. This is most likely due to the fact that the size of the 

Raman laser spot (2 m) is of the same order of magnitude as the lateral size of the 

GNP. The reason to cause the in-plane alignment of the flakes in the rubber matrix can 

be attributed to the processing in the hot press. No matter how the masticated rubber 

compounds of any shape were put into the mould (one piece, multiple pieces, flat-like, 

)(cos2 P

)(cos4 P

)(cos2 P )(cos2 P

)(cos2 P



Chapter 5 NBR GNP composites characterisation and mechanical properties 

 152 

sphere-like, folded or unfolded), it always showed a similar orientation of flakes. 

 

 

Figure 5.9 Polarized Raman measurements of the intensity of the G band as a function of orientation 

around the Z and X axes for the nitrile butadiene rubber with M15 GNP at (a) 5, (b) 10, (c) 15 and (d) 

20 phr loadings. Each curve set (black and red) are from one sample and each data point is from 3 

scanning. Error bars represent the standard errors (laser excitation: 633 nm). 

5.3.4. X-ray diffraction 

The X-ray diffraction patterns of the GNPs and pure natural rubber can be seen Figure 

5.10. The M15 GNP basically exhibits the sharp typical graphitic peak at 26.4 °, 

which is corresponding to a lattice spacing of 0.334 nm. In contrast, the nitrile 

butadiene rubber only shows a broad band at around 20.2 ° with other several sharp 

peaks that can be attributed to the additives incorporated during the mixing and are 

much more significant than those in NR.  

 

After the fabrication by incorporation of GNP into the nitrile butadiene rubber matrix, 

the XRD patterns of the composites show a combination of each component. As can 
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be seen in Figure 5.11, the XRD patterns of the GNP NBR composites remain the 

sharp typical graphitic peak, the short broad rubber band and the minor peaks from 

the additives. The positions of the graphitic peak are slightly shifted to 26.6 °, which 

can be considered is identical to those of the GNPs. Apart from that, when the 

intensity of the graphitic material is normalized, the intensity of the broad rubber band 

and the peaks from the additives show a decrease upon increasing GNP loading. The 

reason of this evolution is similar to the change of the Raman peak intensity ratio.  

 

 

Figure 5.10 XRD patterns of (a) M15 GNP and (b) pure NBR. 

 

 

Figure 5.11 XRD patterns of the M15-GNP NBR composites at 5 to 20 phr. 
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5.4. Mechanical properties  

5.4.1. Stress-strain behavior 

Stress strain curves for the M15 GNP and N330 carbon black NBR composites 

studied are given in Figure 5.12. Five stress-strain curves were obtained for each 

loading level for each type of filler, and representative ones are presented. Overall the 

addition of the M15 GNP and carbon black can be seen to increase the stiffness of the 

mterials significantly. Nitrile butadiene rubber has a relatively low inherent strength 

compared with that of natural rubber (NR) because it has no tendency to strain 

crystallise and none of the fillers appear to increase the tensile strength of NR. The 

strength of the NBR composites appears to increase much more for the carbon black 

than the M15 GNP. For the two highest loadings (15 phr and 20 phr), the strength of 

carbon black composites is even nearly twice that of GNP composites. In all cases the 

strain at failure appears to be enhanced and once the fillers are added in it remains 

almost unchanged upon increasing loadings.  

 

 

Figure 5.12 Stress-strain curves for the nitrile butadiene rubber containing 5, 10, 15 and 20 phr of (a) 

M15 and (b) N330 carbon black. Each curve is the typical one out of 5 results. Specimen thickness: 2 

mm. 
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5.4.2. Modulus values 

Although from Figure 5.12, it can be seen that the addition of the M15 GNP and 

carbon black leads to stiffer materials compared with the pure NBR, the reinforcement 

has not been shown in detail. Specifically, the stress-strain curves at low strain 

(<300%) of the pure NBR and the composites of each filler of highest loading are 

shown in Figure 5.13a. The addition of the GNP leads to a significantly higher initial 

slope for the stress-strain curve than for the rubber reinforced with carbon black, so 

that the modulus at 100% strain is nearly twice that of the carbon black loaded 

material. Similar behaviour was found for the other levels of filler loading. The 

interesting thing is when the strain is higher than 2.4, the stress of the CB composite 

become higher than that of the GNP composite.  

 

The tensile moduli at 100% and 200% strain are plotted as a function of the volume 

fraction of fillers (Table 5.1) in Figures 5.13b and 5.13c respectively. Since the 

modulus appears linearly increasing upon the loading of the fillers, the significance 

analysis is conducted by comparing the slopes obtained from the linearly fitted data 

and the values are tabulated in Table 5.2. The higher levels of reinforcement achieved 

with the addition of the GNP compared with that obtained for the CB at a given 

volume fraction can be clearly seen. Another way of looking at the data in Figures 

5.13b and 5.13c is in terms of the volume fraction of filler needed for a particular 

level of modulus. It can be seen that for a particular modulus value, up to twice (more 

straightforwardly seen in Table 5.2) the volume fraction of carbon black is needed to 

match that of natural rubber reinforced with the GNP materials, which is lower than 

that of the NR composites.  
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Figure 5.13 Mechanical properties of the nanocomposites. (a) Comparison of the stress-strain curves 

for the different nanofillers at 20 phr loading. (b) Tensile modulus at 100% strain as a function of filler 

volume fraction. (c) Tensile modulus at 200% strain as a function of filler volume fraction. (d) Shore A 

hardness as a function of filler volume fraction ((5 specimens for each point)). Error bars represent the 

standard deviation. Specimen thickness: 2 mm for tensile tests and 6 mm for hardness tests. 

 

Table 5.2 Slope of the linear fitting of the curves in Figure 5.13b, c and d. (units: 10
-2

 MPa/vol% fillers 

for E100 and E200; 10
-2

 HA/vol% fillers for hardness) 

Sample E100 E200 Hardness 

NBR-M15 24.1 ± 0.6 36.3 ± 0.9 178 ± 19 

NBR-CB 11.4 ± 0.2 29.4 ± 0.3 97 ± 13 

 

Finally, the Shore hardness of sheets of the natural rubber and all materials with 

different filler loadings was determined as shown in Figure 5.13d. The significance 

analysis follows the same procedure for the modulus as tabulated in Table 5.2. It can 

be seen that the measured values of Shore hardness of GNPs composites exhibit 
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nearly doubly increasing rates compared with the rubber filled with CB.  

5.4.3. Ultimate properties 

It was aforementioned that nitrile butadiene rubber cannot crystallize under stress like 

natural rubber does, which makes it break at a relatively low strain. Figure 5.14a 

shows that the tensile strength is highly affected by the addition of all the loadings but 

tends to increase more significantly on the addition of the carbon black, with the 

smaller particles giving rise to the higher level of strength enhancement. Figure 5.14b 

shows the effect of the addition of the M15 GNP and the carbon black upon the 

ultimate failure strain of the natural rubber. It increases with low loadings of both 

fillers, and trends to lever upon higher loadings. Apart from that, the addition of the 

M15 GNP gives more enhancements in failure strain than carbon black among all the 

loadings. The improvement of the strain at break at small loadings may be attributed 

to the void formation, the delamination or the pullout of the flakes which absorb 

energy and increase the toughness of the composites. Figure 5.15 shows the change of 

the tear strength of the rubber incorporated with the M15 GNP and the carbon black. 

At small loadings of the M15 GNP and the carbon black, the tear strength shows a 

linear increase whereas at high loadings the increasing rate tends to grow for GNPs 

and fall away for carbon black.  

 

The effect of the different nano-fillers upon the ultimate properties of the nitrile 

rubber appears to be related to the size of the particles. This implies that the larger 

particles give rise to an easier crack initiation. Hence, the larger M15 GNP particles, 

causes the lower enhancement in tensile strength with increasing volume fraction 

(Figure 5.14a), whereas the tensile strength appears to be improved much more 

significantly upon the addition of the small carbon black particles. Unlike natural 

rubber, and the larger flat M15 GNP particles in nitrile butadiene rubber seems to give 
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a higher resistance to the crack propagation due to a stronger bonding at the interfaces 

with the rubber, which leads to a higher tear strength than that of the carbon black.  

 

 

Figure 5.14 Mechanical properties of the nanocomposite as a function of filler volume fraction. (a) 

Tensile strength and (b) ultimate strain. Error bars represent the standard deviation. 

 

 

Figure 5.15 Tear strength of the nanocomposite as a function of filler volume fraction ((5 specimens for 

each point)). Error bars represent the standard deviation. Specimen thickness: 2 mm. 

 

Overall, the parameters of the mechanical properties of the GNPs NR composites can 

be tabulated in Table 5.3 as below. 
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Table 5.3 Parameters of the mechanical properties 

 E100  

(MPa) 

E200  

(MPa) 

σu 

(MPa) 

εu 

 (mm/mm) 

H  

(HA) 

σt 

 (MPa) 

NBR 1.08 ± 0.02  1.48 ± 0.02 2.38 ± 0.37 3.76 ± 0.62 53.9 ± 0.9 12.6 ± 1.5 

M15-5phr 1.45 ± 0.03 2.13 ± 0.05 5.11 ± 0.18 5.52 ± 0.07 59.5 ± 1.4 21.2 ± 1.6 

M15-10phr 1.91 ± 0.07 2.81 ± 0.10 6.77 ± 0.78 5.89 ± 0.49 62.6 ± 2.3 26.3 ± 2.6 

M15-15phr 2.33 ± 0.05 3.50 ± 0.07 8.09 ± 0.37 6.12 ± 0.53 64.1 ± 1.1 33.4 ± 3.7 

M15-20phr 3.09 ± 0.05 4.50 ± 0.10 8.60 ± 1.70 5.30 ± 1.08 68.3 ± 1.6 45.1 ± 4.4 

CB-5phr 1.39 ± 0.03 2.08 ± 0.05 6.44 ± 1.00 5.08 ± 0.47 58.1 ± 1.6 18.6 ± 1.5 

CB-10phr 1.63 ± 0.08 2.70 ± 0.16 9.27 ± 1.56 4.98 ± 0.47 60.1 ± 1.0 24.2 ± 2.8 

CB-15phr 1.90 ± 0.03 3.52 ± 0.08 13.93 ± 1.49 5.22 ± 0.36 61.4 ± 0.5 30.3 ± 5.7 

CB-20phr 2.10 ± 0.01 4.11 ± 0.02 17.67 ± 1.06 5.32 ± 0.15 62.8 ± 1.6 31.0 ± 3.7 

* E100, E200, σu, εu, H and σt are the Young‘s modulus at 100% strain, Young‘s modulus at 200% strain, tensile 

strength, ultimate strain, Shore A hardness and tear strength, respectively. 

5.4.4. Stress-induced Raman band shifts 

Shifts in the position of the 2D Raman band with strain were determined for the nitrile 

butadiene rubber filled with the M15 GNP materials, as shown in Figure 5.16. This 

was a particularly difficult experiment to undertake as the 2D band is rather 

ill-defined in the spectrum as a result of fluorescence from the rubber matrix, as found 

in Figure 5.3, and the shifts were relatively small. Hence only the materials with the 

highest loading of 20 phr of the M15 GNP were employed as they had the strongest 

2D band. Another difficulty of this experiment is to fix the microscope and laser spot 

at one particular point on one particular individual micron-sized flake while large 

extensions (a few centimeters) were applied to stretch the specimen. Additionally, as 

the result of the small band shifts and scatter in the data, the experiments were 

undertaken upon at least 16 different specimens for each composition and the data 
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points in Figure 5.16 represent the mean value for all the specimens used for the M15 

GNP.  

 

 

Figure 5.16 Shift of the 2D Raman band with strain for the nanocomposites with 20 phr M15 GNP 

(laser excitation: 633 nm). Each data point represents the average of 16 repeated scanning of 16 

specimens at one particular strain. Specimen thickness: 2 mm. 

 

Although there is considerable scatter in the data in Figure 5.16 relatively larger error 

bars than the energy error of the instrument (±1 cm
-1

), but the data of each figure were 

obtained from numerous data points and it appears that there is a small but significant 

downshift in the position of the 2D band with tensile strain. the data were linearly 

fitted that shows a band shift rate in an order of magnitude of 10
-2

 cm
-1

/% strain. The 

band shift rate will be further discussed in Chapter 7.  

5.5. Conclusion 

From the SEM images, the good dispersion of GNPs can be observed. The orientation 

of the flakes was determined to be in-plane alignment by the SEM images and was 

quantified by polarized Raman spectroscopy. The addition of the M15 GNPs was 

found to suppress the fluorescence background of the Raman spectrum of the nitrile 

butadiene rubber. The addition of the fillers was confirmed to enhance the thermal 

stability. The M15 GNPs imparted a higher reinforcement to the nitrile butadiene 

rubber compared with the carbon black. Stress transfer between the GNPs and the 
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rubber was detected by the deformation experiment under Raman spectroscopy. 
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6. Transport properties: solvent diffusion and 

thermal conductivity 

6.1. Introduction 

In this chapter, the transport behavior of the filled elastomers will be investigated. The 

diffusion of toluene into the pure rubbers and particle-filled composites will be 

presented. Both mass swelling and dimensional swelling of the specimens were 

conducted. Heat transfer was also investigated for all types of composites. There will 

be comparison between the three grades of GNP flakes (M5, M15 and M25) in the 

natural rubber and between the two types of rubber matrices only with the M15 GNP 

flakes and carbon black.  

 

Since the specimens in the swelling test were made into flat sheets with a high aspect 

ratio (~25), the penetration of the solvent molecules predominantly occurred through 

the flat surfaces rather the side surfaces. The flat surfaces are parallel to the planes 

where the flakes were known to be aligned as observed by SEM images of fracture 

surfaces, angular-dependent intensity from polarized Raman spectroscopy and 

rotation videos from X-ray CT-scanning. Hence, the effect of the flake orientation was 

expected to observe in the transport properties. 

6.2. Mass uptake of solvent 

The mass uptake Mt of the toluene by each composite specimen was measured at 

certain intervals, calculated by the mass of the soaked specimen minus the original 

mass M0 of the dried specimen. The sorption of the composites is defined as S = 

Mt/M0. The mass uptake at equilibrium is defined as M∞. As can be seen in Figure 6.1, 

the sorption of all the composites increases at a relatively high rate from the beginning 

of the test and tends to slow down and approach the equilibrium at the end. It takes 
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basically 48 hours for all the NR composites to reach the equilibrium, and the curves 

share the same form all long the whole absorption process. For all the composites, the 

sorption is suppressed by the addition of all types of fillers. However, the GNP flakes 

exhibit better resistance of the uptake of the solvent compared with carbon black, with 

up to a ~43 % drop of the uptake at equilibrium.  

 

 

Figure 6.1 Sorption of the NR composites against time. (a) M5; (b) M15; (c) M25 and (d) CB. Each 

curve represents the result of one specimen. Specimen thickness: 2 mm. Solvent: toluene. 

 

The relative mass increment (M∞/M0) of the NR composites at equilibrium is 

presented in Figure 6.2, giving a comparison between the different fillers. All the 

GNPs exhibit superiority to the carbon black upon the resistance to the solvent uptake. 

For the three types of GNP, M5 shows the highest resistance to the solvent molecules, 

whereas M25 gives rise to a highest solvent uptake. Specifically, compared with the 
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swelling of the pure NR, the M5 and M15 GNPs nearly halve the mass swelling at 20 

phr loading, whereas the carbon black basically decreases by ~30% at 20 phr. 

 

 

Figure 6.2 Relative mass increment of the NR composites at equilibrium. Each data point represents the 

result of one specimen. 

 

Compared with the NR composites, the sorption of the NBR composites shows a 

much less uptake of the toluene and the similar characteristics can be observed as 

presented in Figure 6.3. The sorption is highly reduced by the addition of the fillers, 

and it reaches the equilibrium after the same time for the composites filled with the 

same filler at all loadings. The sorption of the M15 GNP in NBR shows a better 

resistance of solvent uptake compared with the carbon black composites, with up to 

~30% decreasing at equilibrium.    

 

The relative mass increment of the NBR composites is presented in Figure 6.4. Due to 

the high intrinsic chemical resistance as reviewed in Chapter 2, the NBR composites 

give rise to a much less swelling compared with the NR composites. The GNP NBR 

composites basically show a linear decrease, which is much faster than that of the 

carbon black NBR composites. The gap between them is very close to those of the NR 

composites.  
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Figure 6.3 Sorption of the NBR composites against time. (a) M15 and (b) CB. Each curve represents 

the result of one specimen. Specimen thickness: 2 mm. Solvent: toluene. 

 

 

Figure 6.4 Relative mass increment of the NBR composites at equilibrium. Each data point represents 

the result of one specimen. 

6.3. Dimensional swelling  

After the specimens were soaked in toluene and reached the equilibrium, the first 

conspicuous change was the dimensional change. As can be seen in Figure 6.5, the 

thickness swelling ratios (H∞/H0, H∞ - the swollen thickness at the equilibrium, H0 - 

the original thickness) and the width swelling ratios (L∞/L0, L∞ - the swollen width at 

the equilibrium, L0 - the original width) are all higher than 1, which implies that 

specimens were elongated in both vertical and horizontal directions.  

 



Chapter 6 Transport properties: solvent diffusion and thermal conductivity 

 167 

However, with the loading of the fillers increases, they show different trends. 

Specifically, for all types of GNP NR composites, the thickness of the composites 

swelled more with increasing GNP loading, whereas the width swelled less with 

higher GNP content. For the carbon black nanocomposites, the thickness and width 

swelling ratio both slightly decreases with the increasing loading. It seems that the 

addition of the GNP flakes restrains (~26 % at 20 phr) the swelling in the horizontal 

direction and boosts (~ 26 % at 20 phr) it in the vertical direction while the addition of 

the carbon black particles weakens the swelling in both directions. A clearer way to 

understand that behaviour is to plot the thickness swelling ratio divided by the width 

swelling ratio against the loading as presented in Figure 6.6. The pure natural rubber 

shows a value extremely close to 1, which represents an isotropic swelling process (as 

notated by the red dash line). The carbon black composites maintain this characteristic, 

with a value close to 1 at all loadings. On the other hand, all the GNP composites 

exhibit significant anisotropic swelling, with a linearly increasing value upon the 

increasing loading. The reason why they show different degrees of anisotropy can be 

attributed to the combination of the intrinsic structure of the fillers and the orientation 

of the fillers distributed in the matrix.  

 

For the pure natural rubber, the structure is uniform within the whole materials in all 

directions so that the isotropic swelling is expected. For the carbon black particles, 

with a shape of sphere, the structure of the composites should be homogeneous in all 

directions as well. For the GNP flakes with a two-dimensional structure, if they are 

randomly oriented in the three-dimensional matrix, the structure and the swelling of 

the composites should be isotropic as well. Nevertheless, the orientation of the GNP 

flakes in the as-made composites has been determined to be in-plane alignment, 

which leads to an anisotropic structure of the composites. Hence, the bonding between 

the flakes and the rubber matrix is anisotropic, which results in an overall anisotropic 

swelling of the whole composites.  
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Figure 6.5 (a) Thickness swelling ratio and (b) width swelling ratio of the NR composites at 

equilibrium. Each data point represents the result of one specimen. 

 

 

Figure 6.6 Thickness swelling ratio / width swelling ratio of the NR composites at equilibrium. Each 

data point represents the result of one specimen. 

 

Furthermore, the relative volume increment at equilibrium (ΔV/V0, ΔV – volume 

increment at equilibrium, V0 – original volume) after the swelling can be calculated by 

the thickness swelling ratio and the square of the width swelling ratio (as the 

specimens are square sheets). As seen in Figure 6.7, all types of fillers reduce the 

volume swelling, and the effect grows with increasing loading of the fillers. 

Compared to all types of GNP, carbon black shows the poorest restraining effect on 
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the volume swelling. Among all the GNP composites, the M5 GNP composites exhibit 

the best resistance to the penetration of the solvent, whereas the M25 GNP composites 

give rise to the highest uptake of the solvent. Specifically, the M5 and M15 GNP 

almost halve the volume swelling at 20 phr loading, whereas the carbon black 

decreases the swelling less. The shape of the relative volume increment curves 

basically mirrors that of the relative mass increment as presented in Figure 6.2.    

   

 

Figure 6.7 Relative volume increment of the NR composites at equilibrium. Each data point represents 

the result of one specimen. 

 

On the other hand, the NBR composites filled up with the M15 GNP mimics the 

anisotropic characteristic from all the GNP NR composites upon dimensional swelling 

as can be seen in Figure 6.8 and 6.9. However, their boosting effect (~16% at 20 phr) 

of the thickness swelling and the restraining effect (~16% at 20 phr) of the width 

swelling are both less significant than those (both ~23 % at 20 phr) in NR composites. 

Since both the boosting and the restraining effects are on the same level in either 

rubber system, the quatification of the ability of the GNP flakes to resist the solvent is 

more related to the retraining effect of the width swelling rather than the effect of the 

thickness swelling as the volume calculation is obtained by the width
2
 × the thickness 

(as the specimens are square sheets). Hence, the ability of the GNP flakes to resist the 
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solvent in NR is better than that in NBR. Additionally, the trend of anisotropy in the 

M15 GNP composites is also less than that in the NR composites. Nevertheless, the 

pure NBR and the carbon black NBR composites exhibit their isotropic swelling 

features similar to the pure NR and the carbon black NR composites.  

 

 

Figure 6.8 (a) Thickness swelling ratio and (b) width swelling ratio of the NBR composites at 

equilibrium. Each data point represents the result of one specimen. 

 

 

Figure 6.9 Thickness swelling ratio / width swelling ratio of the NBR composites at equilibrium. Each 

data point represents the result of one specimen. 

 

In term of volume swelling, as can be seen in Figure 6.10, the M15 GNP NBR 
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composites shows a lower solvent uptake than that in the NR composites at small 

loadings but a higher uptake at high loadings. The reason is the solubility of the 

toluene molecules in NBR is intrinsically lower than in NR due to the polar group 

(-C≡N), but the ability of the GNP in NBR to resist the toluene molecules is also 

lower than that in NR (as demonstrated above), which leads to a lower value for the 

NBR composites compared with the NR composites at the zero loading, with a slower 

decreasing rate resulting in a higher value of the NBR composites compared with the 

NR composites at the highest loading. Additionally, the carbon black in the NBR 

composites shows no significant difference in the volume swelling from that in the 

NR composites.  

 

 

Figure 6.10 Relative volume increment of the NBR composites at equilibrium. Each data point 

represents the result of one specimen. 

6.4. Degree of saturation and diffusion coefficient 

The mechanism of the solvent transport of the nanocomposites is analysed by the 

empirical relationship,
1-8

   

log (
𝑀𝑡

𝑀∞
) = log 𝑘 + 𝑛 log 𝑡                  (6.1) 

where k is a constant that depends on the microstructure of the polymer and relates to 

the interaction between the polymer and the solvent and n indicates the mechanism of 

the diffusion. Mt/M∞ is defined herein as degree of saturation.  
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Table 6.1 Parameters n and k for NR composites 

Sample n k (h
-n

) 

NR 0.65 2.51 

M5 5 phr 0.65 3.02 

M5 10 phr 0.62 2.82 

M5 15 phr 0.60 2.82 

M5 20 phr 0.60 3.02 

M15 5 phr 0.64 2.82 

M15 10 phr 0.63 3.09 

M15 15 phr 0.60 3.09 

M15 20 phr 0.60 2.88 

M25 5 phr 0.65 2.82 

M25 10 phr 0.63 3.02 

M25 15 phr 0.61 3.24 

M25 20 phr 0.60 3.39 

CB 5 phr 0.66 2.95 

CB 10 phr 0.66 2.63 

CB 15 phr 0.67 2.69 

CB 20 phr 0.67 2.63 

 

When n = 0.5, the diffusion is classified as Case I or Fickian diffusion and this occurs 

when the rate of the solvent diffusion is much less than the relaxation rate of the 

polymer chains and the solvent molecules diffuse in a random walk motion. When n = 

1, the diffusion is termed Case II or non-Fickian, and this occurs when the rate of the 

solvent diffusion is much larger than the relaxation rate of the polymer chains. When 

0.5 < n < 1, the diffusion rate of the solvent into the polymer is close to the relaxation 

rate of the polymer chains.
9-10

 By plotting log (Mt/M∞) against log t, the values of n 

and k can be obtained, which are tabulated in Table 6.1 and 6.2. 
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As can be seen in Table 6.1 and 6.2, the n value of the NR nanocomposites ranges 

from 0.60 to 0.67 whereas that of the NBR nanocomposites ranges from 0.59 to 0.66. 

The n values are closer to 0.5 than 1.0, which makes the diffusion of the toluene into 

the composites closer to Fickian diffusion.   

 

Table 6.2 Parameters n and k for NBR composites 

Sample n k (hour
-n

) 

NBR 0.66 3.98 

M15 5 phr 0.63 4.17 

M15 10 phr 0.60 4.37 

M15 15 phr 0.60 4.07 

M15 20 phr 0.59 4.27 

CB 5 phr 0.66 3.63 

CB 10 phr 0.65 3.55 

CB 15 phr 0.65 3.55 

CB 20 phr 0.65 3.55 

 

Therefore, the diffusion coefficient of the composites can be calculated by the initial 

soaking at short exposure time using Fickian theory.
2, 7

 A relation can be used as 

below, 

4𝑀∞

𝐻√𝜋
 √𝐷 = 

𝑀2 −𝑀1

√𝑡2 − √𝑡1
                                               (6.2) 

where D is the diffusion coefficient, M1 and M2 are the solvent uptake at times t1 and 

t2. The equation can be transformed to another version as follow, 

𝐷 = (
𝐻

4
 𝜃)

2

                                                           (6.3) 

where θ is the initial slope of degree of saturation, Mt/M∞, plotted against the square 

root of time. The degree of saturation of all the composites plotted against t
1/2

 can be 

seen in Figure 6.11 and 6.12. In Figure 6.11, for carbon black NR composites, the 
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slopes of the curves of all the loadings are similar whereas the GNP NR composites 

exhibit the dependence of the slope upon the loading. For all the three types of GNP 

NR composites, the M25 GNP NR composites shows a biggest gap between the 

curves at different loadings, whereas the M5 GNP composites exhibit the smallest 

difference between all the curves. Similar behaviour can be observed for the NBR 

composites in Figure 6.12 as well.  

 

 

Figure 6.11 Degree of saturation of the NR composites against square root of time. (a) M5; (b) M15; (c) 

M25 and (d) CB. Each curve represents the result of one specimen. Specimen thickness: 2 mm. 
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Figure 6.12 Degree of saturation of the NBR composites against square root of time. (a) M15; (b) CB. 

Each curve represents the result of one specimen. Specimen thickness: 2 mm. 

 

According to Equation (6.3), the diffusion coefficient is proportion to the initial slope 

of the degree of saturation curves against t
1/2

. An example of M25 NR composites 

showing the early stages of the swelling can be seen in Figure 6.13. It is easy to find 

that the initial slope decreases with the increasing content of the GNP flakes. The 

diffusion coefficient of all composites can be calculated by Equation 6.3 and plotted 

as presented in Figure 6.14. 

 

 

Figure 6.13 Degree of saturation of the M25 NR composites against square root of time at initial stage. 

Each curve represents the result of one specimen. 

 

As can be seen in Figure 6.14, with the addition of carbon black, the diffusion 
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coefficient basically remains as the same as the pure rubbers. However, when the 

GNP flakes are incorporated in, the diffusion coefficient of the composites shows a 

significant decrease. For the M15 GNP, both NR and NBR composites show a ~30% 

decrease at 20 phr. For the GNP NR composites, the M25 GNP gives arise to the 

slowest diffusion whereas the M5 GNP provides the least resistance to the solvent 

diffusion. This may be due to size effect that the larger particles create a longer 

penetration path (tortuous path
11-12

) of the solvent molecules through the composites.  

  

 

Figure 6.14 Diffusion coefficients of (a) NR and (b) NBR composites. Each data point represents the 

result of one specimen. 

6.5. Thermal conductivity 

Heat transfer and thermal conductivity are crucial properties of rubbers, as they 

usually have influence on other properties during work life. During the experiment, 

the heat flux transfers from the top surface to the bottom surface, and the thermal 

conductivity can be calculated by the Fourier's heat conduction equation,
13-14

  

𝑘 =  
𝑄𝐻

𝑡𝐴Δ𝑇
                                                             (6.4) 

where k is the thermal conductivity, Q is the heat flux, H is the thickness, A is the 

cross-sectional area that the heat is flowing through, ΔT is the temperature difference 

between the upper and bottom platens and t is the duration of the heat flow.  
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As can be seen in Figure 6.15a, for the natural rubber, all the fillers enhance the 

thermal conductivity of the rubber. The carbon black gives rise to a slight increase, 

whereas the GNP flakes impart a large improvement to the conductivity, with up to a 

two times higher value of the pure NR. Among the three types of GNP, the effect of 

particle size is significantly seen in this experiment. The sudden enhancement of the 

conductivity can be found in the composites filled with the larger flake (M15 and 

M25) at a lower loading (M25 at ~ 3 vol% and M15 at ~ 5vol%). This can be 

explained by the mechanism that the larger particles can form the thermally 

conductive network more easily at even small loadings as demonstrated in Section 2.6. 

A conclusion can be made in the NBR composites as presented in Figure 6.15b that 

the M15 GNP flakes result in a higher improvement of thermal conductivity of the 

NBR matrix compared with the carbon black. 

 

 

Figure 6.15 Thermal conductivity of (a) NR composites and (b) NBR composites. Each data point is 

from three specimens. Error bars represent the standard deviation. Specimen thickness: 2 mm. 

 

Furthermore, graphene has an in-plane thermal conductivity (~2000 to 5000 

W/mK
15-19

) up to one thousand times higher than the out-of-plane conductivity 

(~6W/mK
20-21

). In consideration of the experiment setting combined with the 

orientation determined of the GNP flakes, the thermal conductivity was not conducted 

in the preferred direction of the GNP flakes, so that the heat flux travels mostly 
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through the flakes rather than parallel to the flakes. A higher enhancement would be 

expected to be obtained if the heat flux transferred along the top or bottom surfaces of 

the specimens.  

6.6. Conclusion 

For the solvent molecular transport, the pure nitrile butadiene rubber shows a lower 

sorption than the pure natural rubber, and the addition of the fillers highly suppressed 

the solvent uptake of both the natural rubber and the nitrile butadiene rubber. The 

swelling of the GNPs rubber composites was boosted in thickness and constrained in 

width while the swelling of the carbon black composites and the pure rubbers was 

constrained in all directions. Moreover, the GNPs composites were anisotropically 

swollen whereas the carbon black composites and the pure rubbers were isotropically 

swollen. The size effect can also be observed in the sorption at equilibrium and the 

diffusion coefficient. The composites filled with the smaller flakes show a less solvent 

uptake and a higher diffusion coefficient.  
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7. Discussion 

7.1. Raman spectra and XRD intensity dependence 

The Raman spectra of the GNP elastomer composites were obtained for more than ten 

scans for each specimen, and the laser beam was focused on the low-temperature 

fractured surfaces. As notated in Figure 4.5 and 5.4, the G bands from GNPs and the 

rubber peaks show an evolution upon the increasing content of GNPs. The ratio of 

these two peaks IG/IR can be plotted against the loading of the GNPs determined from 

TGA as presented in Figure 7.1. It should be noticed that the unit of the loading is 

―phr‖, which is calculated by the ―ratio of the volume fraction of the GNPs to that of 

the elastomers in each case‖ × 100. The IG/IR ratio exhibits a clear increasing 

dependence on the loading of the GNPs, and the relationship is also reported by 

Pakjamsai and Suwanprateeb.
1
 The scattering intensity (I) of the Raman peak can be 

expressed as the equation as below, 

𝐼 = 𝐾 ⋅ 𝑆 ⋅ 𝐶 ⋅ 𝐼0                       (7.1) 

where I0 is the intensity of the exciting radiation, S is the volume illuminated by the 

laser beam, C is the concentration of the sample, and K is the constant for each band. 

The similar linear correlation and the trend of size dependence are also observed in 

the ratio of the graphene G peak to the rubber band in the XRD patterns as well (see 

in Figure 7.2). The reason is similar to that in the Raman spectra except the 

GNP/NBR basically owns the summit. The linear dependence of the intensity upon 

the loadings of the fillers can be calibrated and utilized to determine the volume 

fraction of the fillers. What is more, the correlation between the intensity and the 

loading is better in Raman spectra than the XRD patterns. Furthermore, the dispersion 

of the GNPs in the elastomers can be quantified as demonstrated in Section 2.4.2.2 by 

Equation (2.1), and the dispersion parameters, D, can be calculated as shown in 
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Figure 7.3. It shows that the dispersion trends to be poorer with the increasing loading 

for all GNP composites (a value of 0.18 to 0.30 for GO/epoxy composites at loading < 

1wt% can be used as a comparison
2
), which can be attributed to the aggregation 

formation of the GNPs at higher loadings. 

 

 

Figure 7.1 Intensity ratios of G band to rubber Raman band in Raman spectra (30 scanning for each 

point). Laser excitation: 633 nm. 

 

 

Figure 7.2 Intensity ratios of graphene G peak to broad rubber band in XRD spectra 
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Figure 7.3 Dispersion parameters of the composites calculated from Raman results. 

 

Another intensity change of the XRD pattern occurs when the position of the 

specimens alters which was schematically illustrated in Figure 3.3. As can be seen in 

Figure 3.3a, the specimen was placed with the top surface reflected by the X-ray beam 

whereas in Figure 3.3b the specimens were rotated by 90 ° with edge surface exposed 

to the X-ray beam. The X-ray diffraction patterns of the M15 NR composites at 10 

and 20 phr can be seen in Figure 7.4. In Figure 7.4a and 7.4c, for the diffraction on 

the top surface which the GNP flakes were determined to be parallel to by the SEM 

images and polarized Raman spectroscopy, the XRD patterns of the composites both 

exhibit a sharp graphitic peak at 26.5 ° with a broad rubber band at around 19 °. For 

the diffraction on the edge surface which the GNP flakes were determined to be 

perpendicular to, the XRD patterns can be seen in Figure 7.4b and 7.4d. The graphitic 

peaks become much weaker and even weaker than the rubber peaks.  

 

This can be explained by the reason that the preferred alignment imparts the intrinsic 

feature of the GNP flakes into the composites, which leads to the anisotropic intensity 

characteristics of the composites upon the X-ray diffraction. To be more specific, the 

X-ray diffraction on the top surface is a good diffraction that follows the Bragg‘s law 

whereas a poor diffraction is obtained on the edge surface. On the other hand, if the 
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GNP flakes are 3D randomly oriented in the rubber matrix, the intensity ratio of the 

graphitic peak to the rubber peak should be the same no matter how the specimen is 

positioned. 

 

 

Figure 7.4 The X-ray diffraction patterns of M15 10 phr and 20 phr natural rubber composites. (a) (c) 

Top reflection; (b) (d) edge reflection. 

7.2. Crosslink density 

The crosslink density can be determined by the swelling experiment of rubbers using 

the Flory-Rehner equation
3-12

, 

  −[ln(1 − 𝑣𝑟) + 𝑣𝑟 + 𝜒𝑣𝑟
2] =  𝑉0 𝑛 (𝑣𝑟

1/3 − 𝑣𝑟/2)        (7.2) 

where vr is the volume fraction of the rubber in the swollen mass and calculated by the 

mass and densities. V0 is the molar volume of the solvent (106.2 cm
3
 for toluene

11
). n 

is the crosslink density (the number of active network chain segments per unit of 

volume), and χ is the Flory-Huggins polymer-solvent interaction parameter. The value 

of χ for NR-toluene and NBR-toluene are taken as 0.393
11

 and 0.435
12

. The crosslink 

densities of all the composites can be calculated using Equation 7.2 and plotted as in 
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Figure 7.5. It is clear that the addition of all fillers enhances the crosslinking for both 

elastomers whereas the GNPs show superiority over carbon black. For NR GNP 

composites as seen in Figure 7.5a, the enhancement effect of the GNPs can be ranked 

in order as M25 < M15 < M5, which is similar to the ranking of their mechanical 

reinforcement as described in Chapter 4. The reason of this ranking can be explained 

by deficiency of the larger particle morphology in the matrix that tend to be rippled, 

folded or in shape of ―U‖ or ―O‖. These characteristics reduce the interface areas 

between the GNPs and the rubber matrix that leads to a smaller possibility to form 

physical crosslinking.  

 

 

Figure 7.5 Crosslink density of the (a) NR and (b) NBR nanocomposites. Each data point represents the 

result of one specimen. 

 

On the other hand, to further understand the mechanical behavior and calculate 

crosslink density of the GNP elastomer composites in another way, the stress-strain 

curves are converted into Mooney-Rivlin curves. Specifically, the reduced stress σ* = 

(σ/ (α - α
-2

)) is plotted against the reciprocal of the extension ratio α (α = ε + 1) as 

represented in Figure 7.6 and 7.7. Particularly, for filled rubber composites, the 

extension ratio should be substituted by the intrinsic extension ratio 𝛼′ that is 

involved with the stretching of the rubber matrix as follow
6
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𝛼′ = (𝛼 − 1)𝑥 + 1                           (7.3) 

𝑥 =  1 +  2.5𝑉f  +  14.1𝑉f
2                     (7.4) 

where x is the amplication factor. It can be seen that at small extension ratio (high α
-1

 

values), the reduced stress undergoes a decrease at the starting of the stretching, which 

is attributed to the Payne effect. On the other hand, when the specimens were 

stretched to a high extension ratio (α
-1

 < 0.2), an abrupt upturn shows up, which was 

explained by controversial reasons including entanglement of the molecular segments 

that perform like effective crosslinking,
13

 finite extensibility of the polymer chains
14-15

 

and the most popular, stress-induced crystallization.
16-18

 Moreover, with increasing 

content of GNP and carbon black particles, the upturn of the curves occurs at smaller 

strains, which implies that the addition of the fillers encourages the stress-induced 

crystallization.  

 

 

Figure.7.6 Mooney-Rivlin plots of NR composites. (a) M5; (b) M15; (c) M25; (d) CB. 
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Figure 7.7 Mooney-Rivlin plots of NBR composites. (a) M15; (b) CB. 

 

Apart from the mechanical behavior analysis, the crosslinking density can also be 

acquired from the Mooney-Rivlin curves. Specifically, according to Tube Model 

Theory of rubber elasticity,
19-21

 a relationship involved the reduced stress σ* can be 

given as follow 

 σ =   +    𝛼
−1                                   (7.5) 

 

where Gc refers to the elastic modulus regarding the crosslinking constraints and Ge is 

related to the entanglement modulus involved with the topological tube-like 

constraints. These two parameters can be determined from the Mooney-Rivlin curves 

by the y-axis intercept and the gradient of the linear part as presented by the dash lines 

in Figure 7.6 and 7.7. Gc is involved with the crosslinking density and the relationship 

can be expressed as follow 

  = 𝐴 𝑣 𝑘B𝑇                          (7.6) 

where Ac is the microstructure factor depending on the fluctuations of the effective 

crosslinking junctions and the values is normally taken as 0.67;
22

 vc is the crosslinking 

density; kB is the Boltzmann constant; T is the absolute temperature of curing.    

 

Based on the Mooney-Rivlin Curves and the Equation (7.5) and (7.6), the crosslinking 

density can be calculated and compared with those obtained from Flory-Rehner 

equation (see in Figure 7.8 and 7.9). As presented in Figure 7.8 for NR composites, 
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the crosslinking density of NR composites acquired by two methods exhibit great 

consistence with each other and all increase with the addition of fillers implying the 

additional chemical and physical crosslinking created by the fillers and the rubber 

matrix. In details, GNP shows a higher promotion than carbon black particles that can 

be attributed the larger interactive interfaces of GNP imparted by the high aspect ratio. 

For NBR composites shown in Figure 7.9, the crosslinking density calculated from 

two methods shows a similarly increasing trend with the addition of fillers, but of 

different amplitudes. Particularly, the CB NBR composites exhibit much higher 

values of crosslink density calculated from Flory-Rehner equation. The big 

differentiation in NBR composites is probably due to the difficulty in calculating the 

correct value of the Flory-Huggins polymer-solvent interaction term χ. As NBR is a 

co-polymer, the molecular structure such as monomer ratio and sequence, and chain 

linearity can be complicated which is highly depending on the processing history, 

which affects the interaction of the polar groups -C≡N with the organic solvent.       

 

 

Figure 7.8 Crosslinking densities of the NR composites calculated by Flory-Rehner equation (black 

curves) and Mooney-Rivlin plots (red curves). (a) M5; (b) M15; (c) M25; (d) CB. 
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Figure 7.9 Crosslinking densities of the NR composites calculated by Flory-Rehner equation (black 

curves) and Mooney-Rivlin plots (red curves). (a) M15; (b) CB. 

 

7.3. Mechanisms of reinforcement 

7.3.1. Rule of mixture 

One of the simplest methods of evaluating the reinforcement achieved in 

nanocomposites is the ―rule of mixtures‖
23

 whereby the Young‘s modulus of the 

nanocomposite Ec is given by the relationship 

𝐸 = 𝐸f𝑉f + 𝐸m𝑉m                        (7.7) 

where Ef, Em are the effective modulus of the filler and the modulus of the matrix, 

while Vf and Vm are the volume fractions of the filler and the natural rubber matrix. 

The value of the effective modulus of the fillers can be determined directly from the 

slopes of the lines in Figure 4.24b and 5.13b for the modulus values at 100% strain. 

The derived values of Ef for the different GNPs and carbon black are given in Table 

7.1 and it can be seen that Ef is significantly higher for the GNPs than the carbon 

black. 

 

As mentioned earlier, the orientation and size of a platelet-like filler plays a major role 

in the reinforcement, and for this reason a modified rule of mixtures has been 

proposed
24

: 

         𝐸 = 𝐸 ff𝑉f𝜂o𝜂l + 𝐸m𝑉m                      (7.8) 
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where Eeff is now the effective modulus of the GNPs and ηo is the Krenchel 

orientation factor which depends on the average orientation of the filler with respect 

to the applied stress. The parameter ηl is the length distribution factor and takes values 

between 0 and 1. It is possible to take into account the effect of orientation to 

determine the effective modulus of the GNPs by dividing Ef by ηo determined from 

the orientation parameters in Figures 4.12-4.14 and 5.9
24

. The values of Eeff 

determined (assuming at this stage ηl = 1) are of the order of 60 MPa as shown in 

Table 7.1.  

 

Table 7.1 Modulus at 100% strain for the NR nanocomposites and NBR nanocomposites for a volume 

fraction of 5% filler.  

 E100 at Vf = 5% 

(MPa) 

Ef (MPa) ηo Eeff (MPa) 

NR* 0.81 ± 0.02 - - - 

NR-N330 1.36 ± 0.03 11.8 ± 1.0 - - 

NR-M5 3.55 ± 0.07 55.6 ± 1.8 0.825 67.4 ± 2.2 

NR-M15 2.78 ± 0.05 40.2 ± 1.4 0.725 55.4 ± 1.9 

NR-M25 2.74 ± 0.07 39.4 ± 1.8 0.670 58.8 ± 2.7 

NBR* 1.08 ± 0.02  - - - 

NBR-N330 1.62 ± 0.04 11.8 ± 1.2 - - 

NBR-M15 2.12 ± 0.05 21.8 ± 1.4 0.720 30.2 ± 1.9 

Ef is the modulus of the filler determined using the rule, ηo is the Krenchel orientation factor determined from the 

parameters by polarized Raman data, Eeff is the effective modulus of the GNP determined using Equation (7.8), and 

errors of the E100 are given by the mean values of the error bars of each curve in Figure 4.16b and 5.10b. 

* Data for unfilled NR and NBR. 

 

This shows that even though the values of Ef are different for different composites, 

once the orientation factor is taken into account, similar vales of Ef are obtained for 
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the NR composites filled with the three types of GNPs. This also confirms the validity 

of the Equation. (7.8). 

7.3.2. Raman band shifts 

The effective modulus of the GNPs can also be estimated completely independently 

from the stress-induced Raman band shifts shown in Figure 4.27 and 5.16. It is well 

established
25

 that the 2D bands of a graphene monolayer with a Young‘s modulus 

1050 GPa
26

 will undergo a shift of -60 cm
-1

 when deformed to a strain of 1%. This 

observation allows the effective modulus of any type of graphene under tensile stress 

to be determined in a variety of microstructures, including nanocomposites, from 

stress-induced shifts of the 2D band. The effective modulus of the GNPs in the 

nanocomposites is therefore given by 

𝐸 ff = - 
d𝜔2D

dε

1050

60
 GPa                                                (7.9) 

where -dω2D/dε is the shift rate of the 2D Raman band in the nanocomposite in 

cm
-1

/%. The shift rates measured for the nanocomposites in this present study were 

very small as can be seen in Figure 4.27 and 5.16, typically around -1 cm
-1

 for 100% 

strain (Eeff ~ 175 MPa), indicating that the effective modulus of the GNPs in the NR is 

relatively small compared with that of pristine graphene (1050 GPa). The 2D band 

shifts for the GNPs measured for the nanocomposites with 20 phr of GNPs are listed 

in Table 7.2 and the values of Eeff calculated using Equation (7.9) are given in the 

Table. It can be seen that the derived values of Eeff are in the range 110-204 MPa but 

there is considerable scatter in the data. 

 

It is interesting to consider why the Raman analysis gives a higher value of effective 

Young‘s modulus of the GNPs in the NR than the mechanical testing data, and why 

both values are many orders of magnitude lower than the value of 1050 GPa for 

pristine graphene.
26

 The Raman measurements were made upon individual exposed 
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GNP flakes under stress in the nanocomposites, whereas the mechanical data were 

obtained for the deformation the whole nanocomposite. We have not so far taken into 

account any length effects that will reduce the effectiveness of the reinforcement by 

the GNPs (ηl < 1). The difference between the values of Eeff determined using the two 

techniques could be rationalised through using a value of ηl of the order of 0.3 in 

Equation (7.8) for the values determined by mechanical testing. Another possible 

reason for the difference can be that the stress determined from the stress-strain curves 

is the nominal stress, which did not consider the Poisson‘s contraction that narrows 

the cross-section area of the specimens. Hence, the values of Eeff determined from the 

mechanical testing were smaller than the actual moduli. 

 

Table 7.2 Shift of the 2D Raman band determined for each of the GNP nanocomposites and the 

calculated effective modulus at 100% strain 

 Band shift rate  

(10
-2

 cm
-1

/ %strain) 

Eeff (MPa) 

NR-M5 -1.17 ± 0.27 204 ± 48 

NR-M15 -1.17 ± 0.53 204 ± 93 

NR-M25 -0.93 ± 0.31 163 ± 54 

NBR-M15 -0.63 ± 0.57 110 ± 100 

7.3.3. Shear lag theory 

In any case, both effective modulus values obtained by the rule of mixture and the 

Raman band shifts are 4 orders of magnitude lower than that of the pristine graphene. 

This indicates that although impressive levels of reinforcement can be obtained 

through the use of GNPs in the rubbers, stress transfer from the rubbers to the GNPs 

that takes place through the rubbers/GNP interface by shear of the low modulus 

rubber matrix
27

 is relatively inefficient. This means that the full potential of 



Chapter 7 Discussion  

 193 

reinforcement by the GNPs is difficult to achieve in such soft systems. 

 

 

Figure 7.10 (a) Artificially-coloured image of a CT scan of in natural rubber nanocomposite containing 

M25 GNPs nanoplatelelets. (b) Deformation patterns for a discontinuous nanoplatelet in a polymer 

matrix under stress. (c) Predicted variation of normalized axial stress with distance along the 

nanoplatelet for a short nanoplatelet in a matrix. (The values of the product ns are indicated.) 

 

To explain the deficiency, we have developed a comprehensive theory for the 

mechanisms of reinforcement of polymers by nanoplatelets that enables us to predict 

the effect of how reinforcement is controlled by factors such as matrix modulus, 

particle geometry and the strength of the filler-matrix interface. The basis of the 

theory is shown in Figure 7.10. The individual nanoplatelets are assumed to be well 
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dispersed in the polymer matrix without interacting with each other as shown in the 

CT scan in Figure 7.10a. 

 

Stress transfer from the matrix to the individual aligned nanoplatelet shown in Figure 

7.10b is assumed to take place through a shear stress at the nanoplatelet/matrix 

interface.
28-29

 Before deformation, parallel lines perpendicular to the nanoplatelet can 

be drawn from the matrix through the nanoplatelet. When the system is subjected to 

axial stress, 1, parallel to the nanoplatelet axis, the lines become distorted as shown 

in Figure 7.10b since the Young‘s modulus of the matrix is much less than that of the 

nanoplatelet. This induces a shear stress at the nanoplatelet/matrix interface. The axial 

stress in the nanoplatelet will build up from zero at the nanoplatelet ends to a 

maximum value in the middle of the nanoplatelet and shown in Figure 7.10c. The 

uniform strain assumption means that, if the nanoplatelet is long enough, the strain in 

the middle of the nanoplatelet equals that of the matrix. Since the nanoplatelets have a 

much higher Young‘s modulus than the matrix the nanoplatelets carry most of the 

load in the composite.  

 

The behavior of a single discontinuous nanoplatelet in a matrix can be modelled using 

shear lag theory
28, 30-33

 in which it is assumed that the nanoplatelet of length l and 

thickness t is surrounded by a layer of resin with an overall thickness of T.
28

 It is also 

assumed that both the nanoplatelet and matrix deform elastically and the 

nanoplatelet-matrix interface remains intact. The final equation for the distribution of 

nanoplatelet stress as a function of distance, x along the nanoplatelet at a given level 

of matrix strain, em, was determined and is given by
28

  

       (7.10) 
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Eeff is the effective Young‘s modulus of the nanoplatelet and Gm is the shear modulus 

of the matrix. It is convenient to use the concept of nanoplatelet aspect ratio, s = l/t so 

that the above equation can be rewritten as  

       (7.11) 

for the axial nanoplatelet stress. The effect of the different parameters upon the 

build-up of stress in a nanoplatelet is demonstrated in Figure 7.10c for different values 

of the product ns. It can be seen that the nanoplatelet is most highly stressed, i.e. the 

most efficient reinforcement is obtained, when the product ns is high.  

 

The mean stress along an aligned individual nanoplatelet can be determined from the 

integral 

         (7.12) 

Substitution of Equation (7.11) into this integral gives 

       (7.13) 

This equation again shows that the best reinforcement is obtained when Eeff is high 

and the product ns is very large. 

 

The Young‘s modulus of the nanoplatelet Ef in the nanocomposite is given by the 

mean stress  divided by the nanoplatelet strain ef (= em for uniform strain). Hence 

for an aligned individual nanoplatelet Equation (7.13) gives 

       (7.14) 
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This shows that the value of Ef for an aligned graphene nanoplatelet in the 

nanocomposite is controlled by the effective Young‘s modulus of the nanoplatelet, 

Eeff, and the value of ns. It also follows that the length factor is given by  

        (7.15) 

If the nanoplatelets are not aligned then the Krenchel orientation factor
34-35

 needs to 

be taken into account and Equation (7.14) becomes 

       (7.16) 

In the case where ns is small this equation can be recast since the hyberbolic function 

can be represented by a Taylor series as 

       (7.17) 

If ns is small Equation (7.16) then becomes 

           (7.18) 

Substituting the value of n given in Equation (7.10), this gives for small values of n 

           (7.19) 

The shear modulus of the matrix is related to its Young‘s modulus through the 

relation
31

 

              (7.20) 

where  is Poisson‘s ratio (typically   0.35 – 0.5 for rigid polymers and elastomers). 

Combining Equation (7.19) and (7.20) gives the final equation  

        (7.21) 

2/

)2/tanh(
-1=l ns

ns
η

]
2/

)2/tanh(
-1[= oefff ns

ns
ηEE

.............+
315

17
-

15

2
+

3
-=tanh

753 xxx
xx

3

)2/(
≈

2

oefff

ns
ηEE

m

2

of 6
≈ G

T

ts
ηE

)+1(2
=

m

m ν

E
G

)+1(12
≈ m

2

of ν

E

T

ts
ηE



Chapter 7 Discussion  

 197 

Hence it is predicted that Ef  Em when ns is small corresponding, for a fixed aspect 

ratio s, to low values of Gm and hence Em. Moreover the slope of unity on a log-log 

plot of Ef versus Em is predicted, as found from the analysis of literature data
36

 (see 

Figure 7.11). 

 

 

Figure 7.11 Comparison of literature values of the Young‘s modulus of the filler, Ef, as a function of 

matrix Young‘s modulus, Em, with the behavior predicted using Equation (7.16) for graphite 

nanoplatelets (GNPs) in a range of different polymers (broken red line). The solid black line is the best 

fit of the data to a straight line.
36

 (The red dot indicates the Ef and Em of our GNP elastomer 

composites) 

 

Varying the parameters in Equation (7.16) reveals some interesting findings as shown 

in Figure 7.12. The effect of varying the value of the effective filler modulus Eeff is 

shown in Figure 7.12a. A higher value of Eeff leads to a higher value of Ef for rigid 

matrix materials (Em > 1 GPa) but for flexible matrices, Ef is independent of Eeff as 

predicted by Equation (7.21). The value of Ef depends upon the degree of orientation 

of the nanoplatelets as shown in Figure 7.12b; it is reduced by a factor of 8/15 for 

randomly oriented nanoplatelets compared with perfectly-aligned ones.
34-35

 Figure 

7.12c shows that Ef depends strongly upon the aspect ratio, s, highlighting that the 

aspect ratio of the nanofiller is of vital importance. Finally Figure 7.12d shows that Ef 
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depends strongly upon the ratio, t/T. This parameter essentially depends upon how 

rapidly the stress decays into the matrix away from the nanofiller and is controlled by 

the strength of the filler-matrix interface. Hence this ratio, t/T, can be thought of as an 

indication of the quality of the interface
28

 and Ef will be higher for stronger interfaces. 

 

 

Figure 7.12 Filler Young‘s modulus as a function of matrix Young‘s modulus predicted using Equation 

(7.16). (a) Effect of different graphene Young‘s modulus, Eeff. (b) Effect of different Krenchel 

orientation factor o. (c) Effect of different nanoplatelet aspect ratio, s. (d) Effect of different interfacial 

parameter, t/T. (The parameters used are listed in each case). 

 

It is clear that the development of our simple but comprehensive theory has enabled 

the effective Young‘s modulus of graphite nanoplatelets in polymer-based 

nanocomposites to be modelled with a high degree of precision. The importance of 

different structural parameters is clearly highlighted. The theory gives a convincing 

explanation of why it is not possible to realise the promised 1 TPa Young‘s modulus 

of the graphene in low modulus polymeric matrices. In fact, it predicts, perhaps rather 
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surprisingly, that the Young‘s modulus of such a nanocomposite will be independent 

of the Young‘s modulus of the nanofiller and more correlated to the modulus of the 

soft matrix. 

 

This theory does have its limtations, however. It is only concerned with the elastic 

deformation of the nanocomposites at relatively low levels of loading before any 

agglomeration or restacking effects occur. It is also not related directly to other 

important mechanical properties such as fracture strength, tear resistance or toughness. 

Nevertheless, the ability of nanofillers such as graphene to increase the stiffness of a 

polymer is of major technological importance and our theoretical approach represents 

a significant step forward towards a full understanding of the mechanical properties of 

polymer-based nanocomposties reinforced with nanoplatelets. 
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8. Conclusions and suggestion for future works 

8.1. Conclusions 

The good dispersion of the GNPs and carbon black in the elastomers through melt 

mixing was proven by SEM images, Raman spectra and XRD intensity ratio and CT 

scanning imaging. The morphology of the GNPs in the rubber shows dependence on 

the size of the particles. The particles of larger sizes tend to give smaller interface 

areas between the GNPs and the matrix due to the rippling, folding and various 

distortions. Hence, the composites with smaller GNP particles were imparted with 

better interfacial bonding (physical crosslinking), which gives rise to stiffer 

characteristics in the mechanical properties. 

 

The orientation of the GNPs in the elastomers was characterization by SEM images, 

polarized Raman spectroscopy, XRD patterns and CT scanning imaging, which 

showed that GNPs trend to be oriented in an in-plane alignment. This preferred 

orientation imparts the anisotropic characteristics of the GNPs into the elastomers, 

which results in the distinction of anisotropy in mechanical behaviour, solvent 

diffusion and possibly heat transfer.  

 

The properties of the elastomer nanocomposites show high dependence on the size 

and orientation of the fillers. The mechanical properties are greatly reinforced by the 

addition of the GNPs, and the M5 composites exhibit the highest stiffness, which can 

be explained by their high crosslink densities. The solvent diffusion is highly 

suppressed by the incorporation of the GNPs, and the M5 GNP composites give rise 

to the highest resistance to the solvent uptake due to their high crosslink density 

whereas M25 composites exhibit the lowest diffusion coefficients due to the longest 
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penetration path. The thermal stability is slightly improved by the addition of the 

GNPs. The thermal conductivity is greatly enhanced by the incorporation of the GNPs 

with the largest GNP particle giving the highest conductivity. In additionally, the GNP 

particles exhibit the superior improvement in nearly all kinds of properties 

investigated compared to the carbon black particles. 

 

The stress transfer from the matrix to the GNP particles was estimated from the 

tensile properties using the rule of mixture and stress-induced Raman band shifts. 

Even although the reinforcement of the GNPs is significant, the effective moduli of 

the GNPs in the elastomer is still 4 orders of magnitude lower than the intrinsic 

modulus of pristine graphene. A comprehensive theory was developed to explain the 

deficiency of the stress transfer in these soft matrix systems and this showed that the 

effective modulus of the GNP is related to the modulus of the soft matrix rather than 

the filler modulus.  

8.2. Future work 

As demonstrated in Chapters 4 and 5, the fluorescence ground of the elastomers can 

be suppressed by the addition of GNP flakes. The rubber peaks were overwhelmed by 

the significant background and exposed by the addition of the GNPs. The mechanism 

is not clearly known, which may be due to the phonon interaction between the GNP 

flakes and the rubber molecules. A deeper study should be undertaken to explain the 

phenomenon. 

 

In Chapter 5, as presented in Figure 5.14a, the stress of the CB NBR composite 

becomes higher than that of the M15 GNP NBR composite at 20 phr. The mechanism 

is not well known and should be investigated. This behaviour may probably be 

correlated to the particular structure of the NBR polymer chains. Since NBR is a 

copolymer, the fractions of the monomers and the processing conditions need to be 
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considered.  

 

In Chapter 6, the thermal conductivity testing was undertaken. However, due to the 

experimental setting, the conductivity could only be tested from the heat flux that 

transfers through the specimen plane, in the direction perpendicular to the preferred 

orientation plane of the GNPs. The enhancement can be possibly caused by the 

out-of-plane conductivity of the GNPs, which is much lower than the in-plane 

conductivity. Another technique could be employed to determine the conductivity 

from the heat flux that transfers parallel to the preferred alignment plane of the GNPs 

in the elastomer such as Laser-Flash Method
1
 or Non-contact Raman Spectra Shift 

Method
2
 and a higher enhancement will be expected. 

 

In Chapter 6, the swelling tests of the GNPs composites were undertaken. Actually, 

the anisotropic swelling occurs upon the thickness and the length direction. In the top 

surface plane, the swelling is biaxial and isotropic. The swelling of the rubber 

polymers is involved with a mechanical process, and the stress-transfer can be much 

different than the uniaxial stretch. The Raman band shifts of the specimens under 

swelling (or the evaporation of the swollen specimens) can be measured and used for 

investigation. 
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