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ABSTRACT 
 

 

NEAR INFRARED PHOTON-ASSISTED POLYMERIZATION OF 

ADVANCED POLYMER COMPOSITES 
 

 

Peng Xu 

March 27, 2013 

 

Advanced composites play important roles in the materials sciences, military, 

space and commercial applications. The desirable load transfer and mechanical strength 

of reinforced polymers are crucial for developing advanced composites. Owing to their 

excellent mechanical properties derived from the sp
2
 bonding structure and the nanoscale 

size, nano-carbons are attractive materials used for nanoscale reinforcement of polymer 

composites.  

 This dissertation describes a novel method to develop polymer composites using 

near infrared (NIR) photon-assisted polymerization and nanoscale reinforcement. We 

used multi-walled carbon nanotubes (MWNTs), reduced graphene oxide (RGO), and 

graphene nanoplatelets (GNPs) to make polymer composites, and explored in-situ NIR 

photon assisted heating of these nano carbons to enhance polymerization of the nano-

carbon/polymer interface, thus achieving significant load transfer and improved 
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mechanical properties. To specify, nano-carbon was dispersed into the polymer matrix by 

shear or evaporation mixing method to attain a uniform distribution in the prepared thin 

film composite. The thin film was exposed to NIR light during polymerization instead of 

conventional oven based heating. NIR was effectively absorbed by nano-carbons and also 

atoms from polymer molecule; the induced photo-thermal heat was transferred into the 

polymer matrix to induce polymerization of the composite and the covalent bonding 

between nano-carbons and polymer matrix at the interface. Scanning electron microscope 

(SEM), Raman spectroscopy, and RSA were used to evaluate the load transfer and 

mechanical strength of the polymerized composite samples.  Investigating first the 

nanotube/polymer composites synergized by NIR photon-assisted polymerization, large 

Raman shifts (20 cm
-1

 wavenumber for up to 80% strains) of the 2D band were recorded 

for the NIR light polymerized samples and an increase in Young‘s modulus by ~130% 

was measured for the 1 wt. MWNT/poly(dimethylsiloxane) (PDMS) composites. While 

at first it was thought that NIR radiation during polymerization heated the nano-carbons 

inside resulting in strengthening of the nano-carbon/polymer interface, it was seen after 

further experimentation with graphene reinforcements that other light induced bonding 

effects apart from heat were also responsible.  

Raman spectroscopy revealed that mixing graphene in polymer has a profound 

effect on the G, D and 2D bands. Investigating G bands for pure RGO and GNPs and 

comparing them with their polymer counterparts showed large shifts in the G band 

indicating lattice compression. The comparison of the NIR polymerization with the 

conventional oven based polymerization for both RGO and GNPs revealed large changes 

in wavenumbers and indicated increased load transfers for the NIR photon-assisted 



viii 

polymerization method. The Full Width Half Maximum (FWHM) data of the NIR treated 

samples exhibited smaller change at large strains compared to conventionally 

polymerized samples indicating the minimum slippage in the former. Finally, the stress-

strain curves showed more than three times improvement in the Young‘s modulus of the 

composites fabricated using the NIR treatment in comparison to the conventional baking 

for both types of graphene. These results are compared to the carbon nanotube (CNT) 

counterparts in PDMS. The study provided insights on how to use stress-sensitive shifts 

in Raman spectroscopy for the development of advanced polymer composites. 

 While NIR light induced polymerization showed increased load transfer and 

mechanical strength of nanotube and graphene polymer composites, investigation into 

two types of nano-carbon of different dimensionalities yielded extraordinary synergy 

between nano-carbons. Synergistic effects in binary mixtures of nano-carbon/polymer 

composites polymerized by NIR photon-assisted polymerization are observed. Small 

amounts of MWNT0.1 dispersed in RGO0.9/PDMS samples (subscripts represent weight 

percentage) reversed the sign of the Raman stress-sensitive wavenumbers from positive 

to negative values demonstrating the reversal of the lattice stress itself on applied uniaxial 

strain. A wavenumber change from 10 cm
-1

 in compression to 10 cm
-1

 in tension, and an 

increase in the Young‘s modulus of ~103% was observed for the 

MWNT0.1RGO0:9/PDMS with applied uniaxial tension. Extensive scanning electron 

microscopy measurement revealed the bridging of MWNT between two graphene plates 

in polymer composites. Mixing small amounts of MWNTs in RGO/PDMS eliminated the 

previously reported compressive deformation of RGO and significantly enhanced the 

load transfer and the mechanical strength of composites in tension. This is a direct 
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indication of the cooperative effects of binary nano-carbons that produces an overall 

dramatic increase in load transfer (100% change). The orientation order of MWNTs with 

the application of uniaxial tensile strain directly affected the shift in the Raman 

wavenumbers (2D-band and G-band) and the load transfer. It is observed that the 

cooperative behavior of binary nano-carbons in polymer composites resulted in enhanced 

load transfer and mechanical strength. Such binary compositions could be fundamentally 

interesting for developing advanced composites such as nano-carbon based mixed 

dimensional systems. The NIR polymerization could be used to control aspects such as 

polymer chain entanglement between nano-carbons of different dimensional states, 

polymer chain lengths, mobility and eventual mechanical and electrical properties.  

At first it was thought that NIR light based polymerization only heated the nano-

carbons and strengthened the interface, further studies using X-ray photoelectron 

spectroscopy (XPS) suggested other light induced bond formation was also responsible 

mechanism for improved interfacial strength, load transfer and mechanical properties. 

XPS data on RGO/polymer composites suggested activation of hydroxyl and carbonyl 

groups on the RGO that opens the carbon-carbon double bond of the PDMS oligomer 

thereby assisting in the formation of the C-O bonds between the PDMS matrix and the 

graphene filler. High absorption of NIR photons causes the free radical reaction between 

SiH group on PDMS crosslinker and hydroxyl/carbonyl groups on the RGO. The increase 

in the number of C-O and Si-O bonds at the graphene/polymer interface assists in the 

improved load transfer and eventual mechanical properties of the composites. This is the 

first such study which shows direct correlation between bond formation, load transfer and 

mechanical properties without degrading the interface. While surface chemical 
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functionalization is attractive, past reports have shown that improvement in interfacial 

adhesion due to surface functionalization of nanotubes does not always promote 

improvement in mechanical properties. This is due to the surface degradation of 

nanotubes/graphene during functionalization process. Compared to these techniques, the 

NIR light induced technique is benign, environmentally friendly and also results in high 

interfacial shear strength, load transfer and excellent mechanical properties.  

As a demonstration of applications, PDMS/RGO/PDMS sandwiched structure 

strain sensor, a demo application of the NIR photon-assisted polymerization was 

investigated. High sensitivity and high Gauge Factor (GF) are addressed. These results 

shown in this dissertation suggest that the NIR photon-assisted polymerization can be 

practically developed as a scalable nanomanufacturing technique to create large panels of 

advanced composites with strong interface and better mechanical properties compared to 

conventional oven based heating methods. It also suggests that it is possible to fabricate 

large-scale flexible smart device like high sensitivity strain sensors. 
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CHAPTER 1 INTRODUCTION 
 

 

Natural and synthetic polymers are widely used in industry to produce paper, 

rubber, plastic, fabric, fiber, and more. Polymers consist of long molecular chains, each 

more or less with base units (monomers) repeated along the chain periodically or 

randomly. Synthetic polymers are formed by polymerization of monomers, generally via 

two schemes: chain growth polymerization and step-wise polymerization. The properties 

of a polymer depend strongly on the polymer chain length which may be determined by 

controlling the conditions of polymerization. The physical properties of a polymer can 

also be markedly changed by modification of the bonding between the chains and 

between the monomers. For example, adding reinforcement materials into a polymer 

matrix may drastically improve its properties. Some conventional fiber reinforcements, 

which include natural wood fiber [1], carbon fiber [2], glass fiber [3], steel [4] and 

alumina fiber [5], are mixed as additions into the polymers to enhance the 

mechanical/electrical properties. In comparison to those conventional reinforcement 

materials, nano-scale reinforcements are much more effective in terms of increasing the 

area of the reinforcement/polymer interface [6, 7]. Further, nanoscale reinforcements 

such as nanotubes and graphene have demonstrated some of the highest mechanical 

strength, thermal conductivity of any man made material. Further, unique electrical 

properties of these reinforcements can impart electrical properties such as conductivity, 
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photoconductivity in these polymer composites. Thus, adding even a small amount of 

nano-scale reinforcements may significantly improve the properties of the polymer [8, 9].  

Of the nano-scale reinforcement materials discussed in this dissertation, carbon 

nanotube (CNT) was first discovered in 1991 [10] and graphene was first successfully 

isolated in 2004 through micro-mechanical alleviation of graphite [11]. Both CNTs and 

reduced graphene oxide (RGO) which is chemically or thermally derived form of 

graphene oxide were consequently shown to have excellent electrical, mechanical, and 

thermal properties. Therefore, they are potential candidates as nano-scale reinforcements 

for developing advanced polymer composites. Due to the superior properties of nano-

scale reinforcements such as low density, high elastic moduli, high electrical and thermal 

conductivity, polymer nano-composites are excellent systems to study for their 

applications in aerospace [12], automotive [13], structures [14], packaging [15], 

tribological [16] and biomedical applications [17]. However, the determining factor that 

improves the mechanical properties such as load transfer, interfacial stress and Young‘s 

modulus is the nan-carbon/polymer interface. 

 In the past, the nanocarbon/polymer interface has been demonstrated to play the 

most important role in the efficient stress transfer to the nanotube and determination of 

the overall mechanical properties of the nanotube-polymeric composite [18]. Ajayan et 

al., first demonstrated the load transfer in MWNT/epoxy system using Raman 

spectroscopy [19]. The enhanced shift in Raman G‘ mode during compression 

demonstrated higher interfacial shear stress and load transfer to the nanotube [19]. Since 

then, numerous reports have demonstrated enhanced load transfer to the nanotubes 

through strategies including surface functionalization of nanotubes [20-22], refluxing 
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CNTs with nitric acid to create carboxyl, carbonyl and hydroxyl groups [23, 24], side 

wall functionalization for better dispersion of nanotubes in the matrix [25], and alignment 

of nanotubes in the matrix [26], in-situ melting and polymerization [27, 28], melt 

compounding [29] and more recently using flexible spacers at the nanotube-polymer 

interface [30]. The work by Zhang et al., is notable that achieved an impressive increase 

in Young‘s modulus values of ~214% for just 2 wt % of MWNT in polymer matrix [29]. 

Similarly, there is wide variety of interesting studies on graphene polymer composites.  

Defect free sheets of single layer graphene (SLG) exfoliated mechanically from 

graphite flakes was measured to have second order elastic stiffness of 340 N/m, breaking 

strength of 42 N/m and Young‘s modulus of 1.0 TPa [31]. Such excellent mechanical 

properties of exfoliated SLG warrant their investigation as fillers in advanced polymer 

composites. Recently, interfacial stress transfer of exfoliated SLG transferred on top of 

polymer substrate was demonstrated using Raman spectroscopy [32, 33]. Significant shift 

in the Raman G‘ or 2D bands (> -50 cm
-1

/% strain) were observed, demonstrating load 

transfer to the carbon layer [32, 33]. Since then interfacial load transfer was reported for 

few layer graphene comprising of graphene nanoplatelets (GNPs) that were mixed with 

polymer such as poly(dimethylsiloxane) (PDMS) in bulk [34]. Un-zipping multiwall 

nanotubes into graphene nano-ribbons have yielded 22% improvement in mechanical 

strength in epoxy based composites [35]. Several studies on exfoliated graphite based 

polymer composites have shown enhanced mechanical strength, toughness, glass 

transition temperature, increase in electrical conductivity and gas barrier properties [36-

43]. The work by Coleman et al., is notable as it yielded a ~100 times increase in 

Young‘s modulus at 3% strains for 50 wt. % exfoliated graphene drop casted in 
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polyurethane [43] (The term ‗wt. %‘ used throughout the dissertation refers to the ratio of 

carbon additive to PDMS base compound.). While these studies are impressive reiterating 

the importance of graphene as filler materials in polymer composites, current methods of 

fabrication of advanced polymer composites using mechanically exfoliated graphene are 

quite limited. This is due to the fact that yield of mechanically exfoliated graphene at 

present is limited to 1 wt. % which could be increased to 7-12% [44]. In this context, the 

use of chemically reduced graphene as fillers in polymer composites becomes quite 

interesting and warrants investigation for development of low cost and high strength 

advanced composites. Graphene sheets chemically derived from graphene oxide (GO) 

using Hummer‘s method and subsequent reduction by hydrogen plasma has been 

heralded as one of the methods for large scale production of graphene suitable for 

industrial use [45]. Microscopic characterization of such graphene sheets has shown large 

unoxidized graphitic regions in between defective clusters and therefore could witness 

interesting mechanical properties [46]. Recent studies have shown that despite the defects 

in their lattice, such sheets have shown extraordinary stiffness with Young‘s modulus 

E=0.25 TPa, approaching that of pristine graphene, with high flexibility and lower built-

in tension compared to exfoliated graphene sheets [45]. Therefore, studying the 

interfacial load transfer and mechanical properties of reduced graphene sheets in 

polymers can make progress in the area of low cost, high strength and scalable 

composites based on graphene. 

 Single walled carbon nanotubes, multi-walled carbon nanotubes [47], and 

graphene [48] were shown with high absorbance of near-infrared (NIR) light, giving rise 

to effective photo-thermal heating. Applications of such nanoscale photo-thermal heating 
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include the bio-nanotechnology study to kill cancer cells [47, 49], targeted drug delivery 

[50], photo-mechanical actuators [51], and laser-assisted photo-thermal imprinting in 

polymeric materials [52].  

In this dissertation, we explored a novel method to polymerize nanocarbon-

polymeric composites, where nano-carbon materials act as energy transducers as well as 

reinforcement materials, in order to strengthen the interfacial load transfer and improve 

the mechanical properties of composites. Single walled carbon nanotubes, multi-walled 

carbon nanotubes [47], and graphene [48] were shown with high absorbance of NIR light, 

giving rise to effective photo-thermal heating. Applications of such nanoscale photo-

thermal heating include the bio-nanotechnology study to kill cancer cells [47, 49], 

targeted drug delivery [50], photo-mechanical actuators [51], and laser-assisted photo-

thermal imprinting in polymeric materials [52]. Using NIR light to irradiate the nano-

carbons (CNTs, RGOs, and GNPs) dispersed in the polymeric matrix could create 

significant heating of nano-carbons which can enhance the cross-linking process, also 

excite the electron to create the covalent bonding between nanocarbons and polymer 

molecule, thereby strengthening the nanotube-polymer interface. This is a new paradigm 

in polymerization of the samples by enabling the crosslinking to start at the nanotube-

polymer interface using photo-thermal heating of nano-carbons. This type of 

polymerization and strengthening cannot be achieved by the oven based convective 

heating where heat flows through the sample from the outside to the inside. Raman 

spectroscopy and RSA are used to study the interfacial load transfer and the Young‘s 

modulus of the composites. 
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In this dissertation we have explored this novel NIR light induced polymerization 

technique and have created applications in the area of strain sensing. The organization of 

the thesis is as follows: Chapter 2 gives a brief description of the structure and the 

properties of different nano-carbons, polymers and the polymer composites reinforced 

with the nano-carbons. The important role of the interface of the composites is 

emphasized. It also gives an introduction and fundamentals of Raman spectroscopy and 

X-ray photoelectron spectrum (XPS).  

Chapter 3 discusses the novel NIR photon-assisted polymerization of 

nanotube/polymer composites. Using rheometric system analyzer (RSA, TA instruments-

Waters LLC) and Raman spectroscopy, these composites were shown to demonstrate 

higher stiffness and enhanced load transfer to the reinforcements than the corresponding 

composites prepared by convention baking. Large Raman shifts (20 cm
−1

 wavenumbers) 

of the 2D bands were measured for NIR light polymerized samples, signifying increased 

load transfer to the nanotubes for up to ~80% strains. An increase in Young‘s modulus of 

~130% for 1 wt. % composites is measured for photon assisted crosslinking. 

Chapter 4 discusses the NIR photo-assisted polymerization of polymer 

composites reinforced with graphene (2.5D GNP and 2D RGO). The comparison of the 

NIR polymerization with conventional vacuum oven based polymerization for both RGO 

and GNPs revealed larger change in the wavenumbers of the G band and increased load 

transfer for the former. When compared with the conventionally polymerized samples, 

the measured Full Width Half Maximum (FWHM) data of the NIR treated samples 

revealed smaller change at large strains indicating minimum slippage. The obtained 
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stress-strain curve also shows higher Young‘s modulus for the NIR treated samples than 

those polymerized by the conventional baking. 

Chapter 5 investigates the synergistic effect in the binary nano-carbons/polymer 

composites synthesized by the NIR photon-assisted polymerization. By using Raman 

spectroscopy, it reveals that the enhanced load transfer and mechanical strength is due to 

the synergy in the binary mixtures of nano-carbon/polymer composites. For example, 

small amounts of MWNT0.1 dispersed in RGO0.9/PDMS samples (subscripts represent 

weight percentage) reversed the sign of the Raman wavenumbers from positive to 

negative with application to uniaxial strain. This also led to improvement in mechanical 

properties such as load transfer and Young‘s modulus. Synergistic samples of 

MWNT0.1 RGO0.9/PDMS exhibited an improvement in Young‘s modulus of ~103% much 

larger than their pure polymer counterparts. Chapter 6 presents the mechanism of the NIR 

photon-assisted polymerization by using XPS. XPS is widely used to identify chemical 

bonds. In this dissertation and in general, XPS is for the first time used to study the 

difference between the NIR photon-assisted polymerization and the conventional baking 

polymerization. Higher C-O and Si-O bonds were measured for the NIR treated 

composites. It suggests that the covalent bonds are formed between nano-carbons and 

polymer matrix during the NIR photon-treated process. 

Chapter 7 explores the potential of the application of the NIR photon-assisted 

polymerization for large scale polymerization of flexible electronics, and flexible strain 

sensor. A new RGO film transfer process and the patterned RGO film by using photo-

lithography are also described in Chapter 7. 
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Chapter 8 summarizes the PhD work and discusses some future works related to 

the NIR photon-assisted polymerization. 

 

A list of the original contributions from this dissertation is as follows: 

(1) Development of novel NIR photon-assisted polymerization method to 

fabricate multi walled carbon nanotube/polymer composites. 

(2) Investigated the NIR photon-assisted polymerization of graphene/polymer 

composites. Load transfer and mechanical properties of composites are also studied. 

(3) Demonstrated the enhanced load transfer and mechanical strength due to the 

synergistic effects in binary nano-carbons, first explain the phenomenon by using Raman 

spectrum. 

(4) Investigated X-ray photoelectron spectroscopy to study the nano-

carbon/polymer composites interface polymerized by conventional method and NIR 

photon-assisted polymerization method. 

(5) Development of the mechanism of NIR photon-assisted polymerization 

(6) Development of new transfer method for reduced grapheme oxide film. 

(7) Design and demonstrate strain sensors based on RGO in polymer composites. 
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CHAPTER 2 BACKGROUND REVIEW 
 

 

2.1 Nano-carbon materials 

 

The recent advancements in nanotechnology have led to materials on the nano-

meter length scales. Silicon nanowires, CNTs, gold nanoparticles and graphene have 

made tremendous impacts in the area of electronics, photonics, sensors, actuators and 

biomedical applications [53-62]. In this dissertation we have investigated three different 

nano-carbon forms namely CNTs, RGO and GNP as reinforcements in advanced polymer 

composites. The following sections briefly describe their structure and properties of these 

nano-carbon forms. 

 

2.1.1 Structure of nano-carbon materials  

 

2.1.1.1  Carbon nanotubes 

 

Since its discovery by Ijima et al., CNTs have fascinated researchers from all 

walks of science and engineering [10]. The interest in CNTs stems from its excellent 

physical properties such as high mechanical strength, thermal conductivity, electrical 

conductivity and quantum Hall effect at room temperature. Figure 2.1 shows the 
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transmission electron microscopy (TEM) image of CNT made by chemical vapor 

deposition, highly entangled cylinder structure is observed. 

 

 

Figure 2.1 The TEM image of carbon nanotubes [63]. Scale bar: 20 nm. 

 

An SWNT may be geometrically viewed as rolling up a graphene sheet seamlessly 

into a cylinder along a specific tube axis. An MWNT consists of multiple concentric 

SWNTs. The spacing between the neighboring tubes in MWNTs is about 0.339 nm, close 

to the interlayer distance of graphite. MWNT was first discovered by Ijima in 1991 [10], 

and SWNT was discovered later independently by Ijima and Bethune [48, 64]. CNTs 

have been produced in arc-discharge method [10] and by laser ablation of graphite [65], 

high-pressure carbon monoxide conversion [66], and chemical vapor deposition [67]. 
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Figure 2.2 A geometrical view of the relationship between carbon nanotube and 

graphene [68]. 

 

Figure 2.2 gives a geometrical view of an SWNT, which can be considered as a 

seamless roll of a section of graphene, between the two parallel dashed lines, along a 

certain direction OA . It can be described by its circumference and chirality which are 

defined by the circumferential vector 

1 2hC na ma   

, where 1a  and 2a  are two appropriate lattice vectors in graphene; n and m are the 

corresponding integer indices of the two lattice vectors. An SWNT can be specified by 

the indices (m, n). The chiral angle of an SWNT can be described as  

1tan 3 / (2 )n m n    
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Figure 2.3 The three types of Single-wall Carbon nanotubes: (a)armchair; (b)zigzag; 

(c) chiral [48]. 

 

As shown in Figure 2.3, depending on the chiral angle, SWNTs are defined into 

three types: armchair (   ), zigzag (     ), and chiral (       ) [69]. Also, the 

armchair, zigzag or chiral SWNTs correspond to    ,     and       

respectively. MWNTs show a small number of helicities, inferring that some tubes in a 

MWNT have the same helicity. 

Another important parameter of SWNTs, namely the diameter, is given by: 

2 23 ( ) /t c cd a n mn m   
, 

where           Ǻ, is the C-C bond length in graphene. 
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2.1.1.2  Graphene 

 

 

Figure 2.4 Mother of all graphitic forms. Graphene is a 2D building material of all 

other dimensionalities. It can be wrapped up into 0D fullerene, 1D carbon nanotube, 

and 3D graphite [58]. 

 

Graphene is the name given to a flat monolayer of carbon atoms tightly packed 

into a two-dimensional (2D) honeycomb lattice. Each carbon atom is connected with 

other three carbon atoms through sp
2
 bonds (one s orbital and two p orbitals) and is a 

basic building block for graphitic materials of all other dimensionalities (Figure 2.4). It 

can be wrapped up into 0D fullerenes, rolled into 1D nanotubes or stacked into 3D 

graphite. Three of the valence electrons are used to from these bonds, which are the same 

bonds as in diamond, giving graphene high mechanical strength and extraordinary 
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thermal properties. And the fourth valence electron forms a p-bond, offering excellent 

electronic properties to the graphene.  

The graphene can be described using two lattice vectors shown in Figure 2.2. 

   
 

 
(  √ )     

 

 
(   √ ), 

where a=0.142 nm is the distance of carbon-carbon bond [59]. Each unit cell contains two 

atoms. So in each cell there should be two p-bonds, called p-bond and p*-bond, and p-

bond corresponding to valence band and p*-band corresponding to conduction band. By 

changing the direction of extending the graphene layer, two types of graphene structure, 

including zigzag and armchair graphene, are addressed [70].  

In the Brillouin zone, graphene consists of two Dirac points at the corners of the 

zone which are K‘ and K‘ respectively: 

  (
  

  
 

  

 √  
)      

  

  
  

  

 √  
  

Graphene is the basic structure element of carbon allotropes which includes 

fullerenes, CNTs and graphite shown in Figure 2.4 [58]. And the band structure of 

graphene was first investigated by Wallace et al., by tight binding method [71]. The 

linear relationship between the energy of the p electron and their wavevectors in crystal 

lattice is shown in this study. 

More than 70 years ago, Landau and Peierls argued that 2D crystals were 

thermodynamically unstable and could not exist freely. Their theory pointed out that a 

divergent contribution of thermal fluctuations in low-dimensional crystal lattices should 

lead to displacements of atoms that they become comparable to interatomic distances at 

any finite temperature. Experimental observations strongly support this theory. For 
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example, the melting temperature of thin films rapidly decreases with decreasing 

thickness, and the films become unstable (segregate into islands or decompose) at a 

thickness of, typically, dozens of atomic layers. For this reason, atomic monolayers have 

so far been known only as an integral part of larger 3D structures, usually grown 

epitaxially on top of monocrystals with matching crystal lattices. Without such a 3D base, 

2D materials were presumed not to exist, until 2004. In 2004, Geim et al. first isolated 

single layer pristine graphene from graphite by a mechanical exfoliation method using 

scotch tape [11]. The scotch tape was used to peel flakes of graphite off the mesas 

attached to layer of photoresist. Then the graphite flakes in photoresist were released in 

acetone. Following isolation, AFM was used to identify the single layer flakes.., Epitaxial 

growth on SiC [72], molecular beam deposition [73], unzipping CNTs [74], sodium-

ethanol pyrolysis [75], and chemical vapor deposition [76] have been reported to produce 

relatively perfect structure of graphene.  

 

2.1.1.3  Reduced graphene oxide (RGO) 

 

Related to the low yield and complicated process of producing pristine graphene 

mentioned above, another approach method by reduction of graphene oxide (GO) is 

widely used, and this type of graphene is also called RGO [77]. The graphite is first 

oxidized, and then chemically exfoliated in the solvents using ultrasonication. Harsh 

thermal and chemical methods are used to RGO [77]. However, the oxygen is difficult to 

be removed completely during reduction process and some oxygen groups such as epoxy, 

carboxylic, carbonyl, ester and alcohol groups are left behind [78]. The SEM image of 
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RGO is shown in Figure 2.5. While the presence of such defects affect the electronic 

properties, RGO is highly useful for creating polymer composites due to the chemical 

groups mentioned above available for functionalization. 

 

 

Figure 2.5 The SEM images of single layer RGO [79]. 

 

The structure of RGO was investigated in detail by Gomez-Navarro et al. using 

high resolution TEM and compared with exfoliated graphene in Figure 2.6 [80]. The 

clean well-crystallized graphene areas are the largest portion in the structure of the RGO 

layer and cover 60% of the surface. Closed to these areas, carbonaceous absorbates and 

heavier atoms areas also are significant on the layer. The hexagonal lattice can be clearly 

observed in the clean well-crystallized graphene areas. Both of them will form larger 

holes under electron irradiation. However, there is significant amount of topological 

defects within the clean areas which can be categorized into isolated topological defects 

and extended topological defects. The extended topological defects appear as quasi-

amorphous single layer carbon structures covering 5% of the surface with typical sizes of 

1 - 2 nm in diameter. 30% of the total area below the absorbed contamination is unable to 
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determine the membrane structure. Since the contaminations are preferably stick on 

defects, the area of defective regions is most likely underestimated. However, the long-

range orientational order is still maintained in the presence of such as a significant 

amount of topological defects.  

 

 

Figure 2.6 The TEM image of a single layer RGO membrane. (a) Original image 

and (b) with color added to highlight the different features. The defect free 

crystalline graphene area is displayed in the original light gray color. Contaminated 

regions are shaded in dark gray. Blue regions are the disordered single-layer carbon 

networks, or extended topological defects, that we identify as remnants of the 

oxidation-reduction process. Red areas highlight individual ad-atoms or 

substitutions. Green areas indicate isolated topological defects, that is, single bond 

rotations or dislocation cores. Holes and their edge reconstructions are colored in 

yellow. Scale bar 1 nm. [80] 
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All carbon atoms in the extended defects area are bonded to three neighbors in a 

planar sp
2
 configuration. These clustered defects are identified as a remnant of oxidation-

reduction process which evolved from the strongly oxidized areas originally. Since these 

clusters haven‘t been fully restored, a planar geometry is exhibiting with a strong sp
2
-

character. As a result, the single-layer is disordered including pentagons, hexagons, and 

heptagons within the membrane. It was also suggested by Lerf et al., model that the 

majority of the carbons with hydroxyl and epoxide groups are arranged within the highly 

oxidized areas along with undisturbed graphitic regions [46]. Though the exact atomic 

configurations remain unclear in the oxidized state, the disordered carbon is left after 

oxidation-reduction process in the vicinity to the crystalline areas. It is observed that the 

graphene region in vicinity to these defects is distorted. The shifts happen in the direction 

of lattice and the reduction of lattice spacing occurs. The distortions are typically limited 

to areas adjacent to the defect cluster and no distortion is observed in large defect-free 

graphene areas. 

 

 

2.1.1.4  Graphene nanoplatelet 

 

GNP (Figure 2.7) is average 5-10 nm thickness, containing few layer graphene 

films with an interplanar spacing of 0.335 nm and held together by van der Waals forces.  
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Figure 2.7 The SEM images of graphene nanoplatelet [79]. 

 

There are two structure models, called ABA (Bernal) and ABC (rhombohedral) 

for few layer graphene with more than two layers (Figure 2.8). For ABA type few layer 

graphene, which is electrical conductive material, the Hamiltonian can be approximately 

decomposed into a superposition of the monolayer-like and bilayer-like subsystems [81]. 

For ABC type few layer graphene, the electronic structure is different with ABA structure. 

The spectrum of low-energy just contains a pair of conduction and valence band leading 

to non-conductivity.  

Generally, graphite and GNP has an ABA Bernal stacked structure. In this type 

structure, the separation between the p-bond and σ-bond near the Fermi energy is very 

large, thus p-bond will play the dominant role in the electronic properties of graphite 

[82]. 
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Figure 2.8 The crystal structure of (a) Bernal stacked and (b) Rhombohedra stacked 

few layer graphene with the complete set of tight binding parameters [81]. 

 

It is first produced by deflagration of graphitic oxide on heating or by reduction of 

graphitic oxide in alkaline suspension by Boehm et al. in 1962 [83]. Other groups like 

Kim et al., first used e-beam patterning and oxygen plasma etching of mechanically 

exfoliated graphite to produce sub-50 nm GNPs [84]. 

 

2.1.2 Properties of nano-carbon materials 

 

2.1.2.1 Carbon nanotubes 
 

 

The strength of CNTs is largely due to fact that the strong sp
2
 covalent bonds 

between carbon atoms form a network except near the tube ends. The theoretical 

calculations on SWNTs, often considering them defect-free, predicted Young‘s moduli of 
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SWNTs between 0.5 TPa and 5.5 TPa [85, 86]. Treacy et al. used TEM to expose the 

individual CNT with high energy electrons, and CCD camera record the vibration of 

CNT to calculate the Young‘s modulus of ~0.9 TPa to 2.7 TPa for CNTs was observed 

[87]. Krishnan et al. used the same method to measure the individual SWNT. The results 

of Young‘s moduli, inevitably affected by the presence of defects, were measured 

between 0.9-1.7 TPa [88]. Atomic force microcopy (AFM) was also used to measure the 

mechanical properties. Yu et al. used AFM to supply tensile load to an individual SWNT 

until failure, and the displacement of AFM tip was recorded to calculate the Young‘s 

modulus and tensile strength of SWNT. The high tensile strengths between 13 to 52 GPa 

and high Young‘s modulus between 0.32 TPa and 1.47 TPa were reported for SWNT [89, 

90]. 

CNTs not only have excellent mechanical properties, but also outstanding 

electrical properties. CNTs are quasi-one-dimensional material forming well separated 

energy bands. Ebbesen et al. investigated the electrical conductivity of carbon arc 

produced CNT. Four 80-nm-wide tungsten leads were patterned by ion-induced 

deposition on the individual CNT, and four-probe resistance were measured to calculate 

the electrical conductivity. For metallic tubes, high current density ~ 6×10
6
A/cm

2
 was 

observed [91]. Based on the previous work, electrical conductivity of conducting CNTs 

was in a range of 10
6
-10

7
 S/m [92].  

The strong sp
2
 bonds in nanotubes suggest high intrinsic thermal conduction. 

High thermal conductivity 1700 - 5800 W m
-1

K
-1

 of SWNT was observed by Fujii et al.. 

They use a heat rod attached one side of SWNT film and measured the temperature drop 
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across different thermocouples on the film. The calculation was based on the temperature 

difference between heat rod and different locations of the film [93].  

 

2.1.2.2 Graphene 

 

Graphene also has the hexagonal lattice of sp
2
 bond suggesting that it has similar 

mechanical, electrical and thermal properties as CNTs. AFM nanoindentation was used 

by Lee et al. to measure the mechanical properties of monolayer graphene. The graphite 

flakes were mechanically deposited onto the substrate full of circular wells. Suspended 

monolayer graphene over open holes were studied. Then a constant force was applied 

through the AFM cantilever at a constant displacement rate, and the force feedback 

measured by AFM was used to calculate the Young‘s modulus and strength. High 

Young‘s modulus ~1 TPa and intrinsic strength ~0.13 TPa was reported. [94, 95]. Frank 

et al., measured the Young‘s modulus of graphene using the same method and arrived at 

a value of ~ 0.5 TPa for the Young‘s modulus [96].  

The electrical conductivity of single-layer graphenes 4.3×10
6
 S/m was reported by 

Lee et al. [97]. In their experiment, the single layer graphene was deposited on a Cu and a 

Co thin film by chemical vapor deposition. Polymethyl methacrylate (PMMA) was 

deposited on the as-grown substrate that was etched. After transferring the graphene to a 

SiO2 substrate, PMMA was removed by acetone. Oxygen plasma was used to pattern and 

etch the graphene. Microwave and DC source was used to measure the electrical 

properties of single layer graphene. 
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The superior thermal conductivity of single layer graphene in the range of 

4800 Wm
-1

K
-1

 – 5300 Wm
-1

K
-1

 were reported by Balandin et al.. In this experiment, the 

Raman spectroscopy was used to measure the thermal conductivity. The trenches with 

300 nm in depth and 2-5 m in width were first patterned on SiO2/Si wafer. The graphite 

flakes were placed on top of those trenches and exfoliated to obtain single layer of 

graphene. Then laser light with 488 nm wavelength was focused on the middle of the 

suspended graphene over the trench, and the G-band shift of the graphene was recorded 

to calculate the thermal conductivity [98].  

 

2.1.2.3 Reduced graphene oxide 

 

Compared to pristine graphene, RGO can be described as a quasi-2D plane of 

carbon with distorted sp
3
 carbon-carbon bond.  

Young‘s modulus of chemically treated RGO film was reported around 185 GPa 

by Robinson et al.. GO was reduced chemically and patterned lithographically to produce 

a mechanical resonator. Resonance frequency of the device was used to calculated the 

Young‘s modulus of the RGO [99].  

Gómez-Navarroet al. reported the electrical conductivity in a range of 0.05 -

2 S/cm for the chemical RGO [100]. GO sheets were first deposited on SiO2/Si substrate 

and then were chemically reduced. Following Au/Pd electrodes were patterned by e-beam 

lithography to measure the electrical properties. The conductivity of RGO was measured 

to be 3 orders higher than GO. Also a significant conductivity decrease by more than 3 

orders of magnitude upon changing the temperature from 298 K to 4 K was measured. 
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Electrical conductivity in the range of 6.2 – 62 S/cm was reported by using four-point 

measurement [101]. High electrical conductivity of individual RGO sheet was reported 

between 350 S/cm and 1314 S/cm by other groups [102, 103], around just two order 

higher than pristine graphene [78].  

Thermal conductivities in the range of 0.14 – 2.87 Wm
-1

K
-1

 was addressed for 

thermally RGO [101]. GO flakes were deposited on top of the two isolated electrodes and 

one of the electrodes was heated at a constant rate while the temperature was measured 

on the other electrode in vacuum environment. Another study by Shamsa et al., pointed 

the thermal conductivity of RGO was comparable to that of sp
3
 diamond-like carbon 

material, indicating quasi-2D amorphous carbon structure of RGO [104]. 

Since the oxygen group and the defects on RGO film strongly affects the 

properties of RGO film, the mechanical, electrical and thermal properties‘ value are in a 

wide range for different process. And these properties are usually used to evaluate the 

reduction process. 

 

2.1.2.4 Graphene nanoplatelet 

 

Numerical results of high tensile modulus ~ 1TPa, similar to pristine graphene, 

was reported for few layer graphene [105]. Poot et al. also reported the in-plane Young‘s 

modulus was around 0.92 TPa which was in good agreement to the numerical results. In 

their experiment, GNPs were mechanically exfoliated, and AFM was used to apply force 

to the GNP flake. The force-distance relationship was recorded by using AFM to 

calculate the mechanical properties [106].  
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Thermal conductivity of few layer graphene was reported ~1300 Wm
-1

K
-1 

by 

Ghosh et al.. An 800 nm laser was used to heat the suspended GNP and temperature was 

measured on the other side. It was seen that the thermal conductivity decreased with 

increasing the number of graphitic layers [107]. 

Lee et al. measured the GNPs synthesized on a Cu and a Co thin film by chemical 

vapor deposition. In this experiment, PMMA was deposited on the Cu substrate after the 

growth of few layer graphene and the substrate was etched. After transferred the GNP to 

a SiO2 substrate, PMMA was removed by acetone. Oxygen plasma was then used to 

pattern and etch the graphene. The electrical conductivity of GNP was measured to be 

~1.2×10
6
 S/m [97].  

In this dissertation, we have explored these three additives (1D MWNT, 2D RGO, 

and 2.5D GNP) as reinforcements to fabricate and study polymer composites.  

 

2.2 Polymer 

 

Polymers consist of long-chain molecules with repeating structural units. Herman 

Staudinger first reported this structure of polymer [108]. Polymers are common materials, 

such as nylon, rubber, and proteins. The man-made polymers are of particular interest 

because of their specifically designed properties. The properties of polymers, such as 

viscosity and glass transition temperature, depend on the structure unit, the crosslink 

between chains, the polymer network, and the molar mass.  

Polymerization can be divided into two main schemes: chain growth 

polymerization and step-wise polymerization. Chain growth polymerization is by linking 
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the molecules which have double or triple carbon-carbon bonds. Some of these bonds can 

be broken and replaced by new C-C bonds between monomers, thus producing long chain 

molecules. The methods of chain growth polymerization include free radical addition 

polymerization, ionic and catalytic polymerization [108]. Step growth polymerization is 

through stepwise reaction among monomers with heteroatoms groups like oxygen.  

 

 
Figure 2.9 The Stress-strain behavior of various polymers [108] 

 

Tensile strength and Young‘s modulus were measured to evaluate the mechanical 

properties of the polymers. Tensile strength depends on the crystalline nature of the 

entanglement of the polymer chains. Allen et al. reported that a larger than 90% tensile 

strength can be attained with eight entanglements in length [109]. Tensile strength also 

depends on polymer molecular weights. The tensile strength increases rapidly when the 

molecular weight increases, and then decreases slightly after reaching a certain molecular 

weight.  

The viscosity of polymers increases when the molecular weight increases. The 

long chain length allows for entanglement which can hold all long chains together. 
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Depending on the region of viscoelastic behavior, polymers may exhibit quite different 

mechanical properties. Three basic types of polymer are shown in the Figure 2.9. 

Polymers can be divided into two categories based on the physical property 

related to heating: 1) Thermoplastics which can soften when heated and became hard 

again when cooled; 2) Thermosets that soften when heated and can be molded but harden 

permanently.  

 In this dissertation, PDMS is used as matrix material to synthesize nano-

carbon/polymer composites. The elastomer PDMS is a kind of widely silicon-based 

organic polymer, known for its viscoelasticity properties, which exhibit both viscous and 

elastic characteristics during deformation, and exhibit elastic recovery from deformations 

that occur during flow. Compared to the plastic material, viscoelastic material can return 

to its original shape after removing the load, even though it will take some time. The 

phenomenon called stress relaxation will be seen by holding at constant strain, which is 

due to a rearrangement of the long chain molecular in micro scale.  

The PDMS is widely used as biomedical device and micro-fluid device due to its 

low density and great bio-compatible properties. The Young‘s modulus and shear 

modulus can be tuned by changing the mixture ratio of PDMS base and crosslinker. The 

Young‘s modulus is reported in a range between 360 KPa to 1 MPa.  

PDMS is a non-conductive polymer with breakdown voltage ~2×10
7
 V/m [110]. 

The PDMS is optically transparent between 240 nm to 1100 nm [110]. Besides, PDMS is 

a kind of high bio-compatible materials: non-toxic and permeable to oxygen, carbon 

dioxide and nonpolar organic solvents. 
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The schematics of their synthesis using a platinum catalyst are shown in Figure 

2.10. The cross-linking process occurs when vinyl and silicon-hydride groups undergo a 

hydro-silation reaction, then forming - CH2-CH2- linkages between PDMS chains [111]. 

 

 

Figure 2.10 Schematics of PDMS polymerization based on PDMS oligomers and 

crosslinker [111] 

 

In the Raman spectra of PDMS shown in Figure 2.11, all the nine peaks related to 

different vibration modes with Si-O-Si and CH3 groups in PDMS is addressed. In detail, 

these nine peaks indicates (1) Si-O-Si symmetric stretching (491 cm
-1

), (2) Si-CH3 

symmetric rocking (687 cm
-1

), (3) Si-C symmetricstretching (701 cm
-1

), (4) CH3 

asymmetric rocking + Si-C asymmetric stretching (787 cm
-1

), (5) CH3 symmetric rocking 

(862 cm
-1

), (6) CH3 symmetric bending (1262 cm
-1

), (7) CH3 asymmetric bending 

(1410cm
-1

), (8)CH3 symmetric stretching (2904 cm
-1

), and (9) CH3 asymmetric stretching 

(2970 cm
-1

). 
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Figure 2.11 The Raman spectra of PDMS. The peaks labeled 1-9 are the different vibrational peaks 

of Si-O-Si and CH3 groups.  

 

2.3 The methods of fabricating nano-carbon/polymer composites 

 

2.3.1 The solution-based method 

 

The solution-based method is the most common method to prepare nano-carbon 

polymer composites. First, the nano-carbon suspensions and polymer were mixed by 

magnetic stirring or shear mixing. Then the precipitated composites were extracted or 

dried to synthesize. Also the mixture solution was directly cast into a mold to dry.  

Xu et al. reported to use this method to synthesize GO/poly(vinyl alcohol) (PVA) 

composites. The powdery GO was ultrasonicated in deionized water to make a uniform 

suspension with the concentration of 1 mg/mL. 5 g PVA was dissolved into 95 g 

suspension to give 5 wt. % GO/PVA in solution, and then ultrasonicated for 1 h. The 

composites were collected by vacuum filtration of the mixture solution. The composites 

film was further dried under vacuum in the oven with 60 °C [112]. Ramanathan et al. 

also synthesized the GNP/PMMA composites by using solution-based method. GNP 

particles and PMMA were first separately dispersed in tetrahydrofuran (THF) via bath 
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ultrasonication. Shear mixing at 6000 rpm was supplied to the mixture solution in the ice 

bath. The ice bath was used here in order to reduce the frictional heat coming from the 

shear mixing. Then the mixture suspension was dropped into stirred methanol to remove 

THF. Finally the composites were extracted by vacuum filtration and dried at 80 °C in 

vacuum oven [113]. Although the solution method was an easy method to synthesize 

nano-carbon composites, lots of chemical solutions are used which is not environmentally 

benign and this process need to find the common solvent for the nano-carbon and 

polymer matrix.  

 

2.3.2 The melt compounding method 

 

 Melt compounding utilizes high shear forces and high temperature to mix the 

reinforcement into the thermoplastic polymer matrix without any solvent added.  

Kim et al. reported the use of melt compounding method to synthesize 

graphite/Polylactide (PLA) composites. Graphite was directly mixed with PLA in a 

mechanical mixer and then melt-compounded using screw extruder with the temperature 

of 175 - 200 °C. The composites were extruded into a strand and quenched into water. 

The strands were then dried in vacuum oven for 24 h [114]. Zhang et al. used similar 

techniques to synthesize GO/polyethylene terephthalate (PET) composites. They mixed 

the graphite into PET and melt compounded the mixture using a shear mixer at 275 °C 

under 15 MPa [115]. Compared with solution-based method, the advantage of this 

method is that it does not require use of solvent. The disadvantage is that melt 
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compounding must be done at high temperature, limiting its use only to thermally stable 

polymers, also high shear mixing rate will induce the defects to nano-carbons.  

 

2.3.3 The in-situ polymerization method 

 

In situ polymerization method [27, 28] is to employ shear mixing to mix 

reinforcements and monomers together and then add a curing agent to initiate 

polymerization.  

Cochet et al. first used this method to prepare MWNT/polyaniline (PANi) 

composites. Nanotubes were first ultrasonicated in HCl solution to reach a uniform 

suspension. Then the aniline monomer was added into the suspension, and then a solution 

of an oxidant was slowly added and ultrasonicated for 2 h in ice bath. Finally the 

composites was filtered and dried. By using this method, high MWNT loadings (> 

50 wt. %) was realized [116]. GNP/epoxy was also fabricated by this method. Yu et al., 

reported the use of high shear mixing to mix GNP suspension and epoxy resin, and then 

cure the mixture at 100 °C for 2 h and additional 150 °C for 2 h to completely polymerize 

the mixture [117]. Wang et al, used in-situ anodic electro-polymerization of PANi film 

on graphene paper to fabricate flexible electrode [118]. In this work, graphene suspension 

was passed through the cellulose membrane to fabricate a film of graphene , and this film 

was used as an electrode in a solution of 200 ml 0.05 M aniline monomer and 0.5 M 

H2SO4. The potential of graphene r electrode was set to shift from open circuit potential 

to 0.75 V at a rate of 10 mV/s and then kept constant to synthesize graphene/PANi 

composites [119]. 
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2.3.4 The chemical functionalization method 

 

Chemical functionalization of nanotube and graphene to improve interfacial bond 

strength has been demonstrated by several groups. This method can be mainly divided 

into three categories: defect functionalization, covalent functionalization, and non-

covalent exhedral functionalization with polymer or surfactant. In details, 1) defect 

functionalization: strong acids, oxidants, ozone are used to damage the nano-carbons and 

attach oxygen group on the defects. Zhu et al. reported the functionalized CNT to 

improve the dispersion in epoxy matrix. First HCl was added to the suspension to open 

ends of the SWNTs with carboxylic acid group, and then SWNTs-COOH were 

fluorinated in the oven at 150 °C for 12 h, the gas flow ratio of fluorine, hydrogen and 

helium were set as 2:1:30 respectively to form F-SWNT-COOH. Solution-based method 

was used to synthesize SWNT/epoxy. Higher modulus and tensile strength was observed 

[20]. Hill et al. reported that acid-treated MWNTs and SWNTs can reach better 

dispersion in polystyrene copolymer and have better properties than those without acid-

treatment [120]; 2) covalent functionalization [20-22]: this method is based on the 

covalent bond of functional groups onto carbon form of CNTs, It can be performed at the 

end caps of nanotubes or at their sidewalls which have many defects. The fluorine atom 

on fluorinated CNT can be replaced by amino or hydroxyl groups without further damage 

the structure of nano-carbons [121]; 3) non-covalent exhedral functionalization with 

polymer or surfactant: this method is achieved by wrapping nano-carbons with polymers 

or surfactants [122]. Gong et al. report to use C12EO8 surfactant, which contain an 

oxyethylenated hydrophilic segment and a hydrocarbon hydrophobic segment, to help 
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disperse CNT in epoxy. After stirring for 15 m, the mixture solution was put into mold, 

cured in room temperature overnight and then cured at 80 °C for 2 h and 120 °C for 2 h 

to fully synthesize the composites [123]. It is of note, however, that although surface 

chemical functionalization of nano-carbons can be used to increase interfacial shear stress 

transfer, it induces defects and changes the structure of nano-carbons.  

In this dissertation, we use evaporative method and shear mixing method to the 

nano-carbons inside the polymer, and then the conventional polymerization and NIR 

photon-assisted polymerization are used to fabricate nano-carbon composites. 

a. Evaporative method 

An ultrasonication-evaporative mixing fabrication process was used to prepare 

homogenous dispersion of nano-carbons in the polymer matrix. To specify, nano-carbons 

were ultrasonicated in isopropyl alcohol (IPA) solution for 4-10 hrs, with the length of 

the duration depending on the type of nano-carbons. During ultrasonication, cavitation 

occurs and the cavitation bubbles collapse causing very high strain in the solution. 

Afterwards, evaporative mixing of polymer is applied with the nanocarbon-IPA 

suspension by using magnetic stir bar (300 RPM) for 24 hrs at 65 °C. During the period, 

IPA slowly evaporated, leaving a nano-carbon/polymer mixture. The temperature was 

monitored constantly to ensure that the solution was warm but not boiling. The nano-

carbon/polymer changed consistency when IPA was evaporated. The complete removal 

of IPA was verified through monitoring both the consistency and the container markings 

of the initial polymer compound level. After removal of IPA, the nano-carbon was 

dispersed homogeneously into the polymer matrix. 

b. Shear mixing 
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For this method, a stepping motor was used to rotate the blade to induce shear 

stress in the nano-carbon/polymer mixture. During mixing, the energy delivered into the 

mixture solution is equal to the attained shear stress. The shear stress can be expressed as 

s   
 

, where η is fluid viscosity and γ is fluid strain rate.  

The fluid strain  

/R h    

, depending on the rotational speed (ω) of the mixer blade, the radius (R) of the mixer, 

and the spacing (h) between the edge of the blade and the container. The shear stress can 

induce a pulling effect on the nanocarbons to achieve homogenous dispersion of the 

nanocarbons. Our study employed a laboratory shear mixer with a stepping motor 

operated at 300-1000 rpm. For each type of nanocarbons, the rotator speed and the time 

duration were optimized. 

 

2.4 The polymer composites based on carbon nanotubes and graphene  

 

2.4.1 Nanotube/polymer composites  

 

The research on the CNT/polymer composites has been driven by the excellent 

mechanical, thermal, and electrical properties of CNTs. Shaffer and Windle conducted 

the first systematic study of the mechanical properties for such systems was conducted on 

the MWNT/PVA composites [124]. Later, Cadek et al. reported better results on the 

MWNT/PVA composite showing an 80% increase of Young‘s modulus and a 60% 
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increase of hardness with addition of 1 wt. % of nanotubes [125]. Qian et al. studied the 

mechanical properties of CNT/polystyrene composites. They reported a 42% increase in 

the stiffness with 1 wt. % nanotubes [126, 127]. Xu et al. achieved a 20% increase in 

Young‘s modulus of the CNT/epoxy composite with 0.1 wt. % MWNT added [128].  

  CNTs are excellent heat conductors, exhibiting high thermal conductivity 

particularly along the tube axis. The thermal conductivities of SWNT/epoxy composites 

have been evaluated by Biercuk et al., showing a 70% increase at 40 K and a 125% 

increase at room temperature with addition of 1 wt. % SWNT. They reported the 

percolation threshold as between 0.1 and 0.2 wt. % of SWNTs admixed in the 

SWNT/epoxy composite [129]. 

  In comparison to polymers, nano-carbon/polymer composites were also shown 

with improved electrical and optical properties. Sandler et al. reported a 100 Ω-m 

electrical resistivity with as low as 0.1 vol. % of CNTs added [130]. Lozano et al. 

reported the percolation threshold as between 9 and 18 wt. % of CNTs in 

nanotube/polypropylene composites [131]. Adding MWNTs into polyaniline, which is a 

conducting polymer, was also shown to lower the electric resistivity by an order of 

magnitude at room temperature. Because of such a drastic improvement, 

MWNT/Polyaniline composites were used as printable conductors by DuPont [132]. 

CNT/polymer composites can also be used to fabricate light-emitting diodes 

(LED) and photovoltaic device, taking advantage of their excellent optoelectronic 

properties. Adding CNTs in poly(p-phenylene vinylene) (PPV) was shown with up to 

eight orders of magnitude of increase in the electrical conductivity with no degradation of 

the optical properties [133]. Romero et al. fabricated a nanotube/PPV photovoltaic device 
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and successfully demonstrated the diode behavior [134]. Ago et al. also proved that for 

the nanotubes embedded in the polymer the recombination process is remarkably reduced 

and, as such, the excited electron-hole separation is accordingly improved [135]. The 

nanotube/poly(3-octylthiophene) composites were shown with considerable enhancement 

of the photovoltaic effect by Kymakis and Amaratunga [136]. Chen et al. measured the 

third-order nonlinearity on the SWNT/polyimide composites [137]. 

 

2.4.2 Graphene/polymer composites  

 

Pristine single layer graphene is one of the stiffest materials with Young‘s 

modulus of ~1 TPa. This makes graphene an ideal candidate as fillers for developing 

advanced polymer composites. Compared to CNTs, graphene has many advantages. Its 

large surface-to-volume ratio enables graphene to more effectively change the polymer 

matrix than nanotube [138]; its flat structure make grapheme more susceptible to uniform 

dispersion into the polymer matrix without aggregation; its plane-to-plane contact can 

drastically increase the electrical and thermal conductivities [139]; Its wrinkled nature 

leads to strong interface bonding with the polymer matrix; the cost is low for GO and 

RGO and the yields are high. However, the experimental results showed that these 

advantages might be outweighed by the advantages of CNTs such as easy orientation and 

better mechanical properties [140]. 

 Using graphene as the reinforcement has been shown to improve mechanical 

properties of polymers. Adding 2 wt. % of graphene, by the method of directly sonicating 

and exfoliating graphite into PVC matrix, was shown as achieving 130% increase of the 
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tensile strength [141]. Bao et al. reported that the tensile strength and the Young‘s 

modulus increased 66.3% and 66.7% respectively after adding 0.8 wt. % of chemical 

reduced graphene oxidized (CRGO) in PVA [142]. The CRGO/PMMA composite with 

1 wt. % of CRGO was shown to yield 60.7% increase of the tensile strength by Wang eat 

al. [143]. 

 In addition to the improvement in the mechanical strength, grapheme/polymer 

composites can also attain improved electrical properties. A theoretical study by Xie et al. 

suggested that graphene can increase the electrical conductivity for the composites more 

than CNTs [144]. Studies were carried out by adding graphene into polymers such as 

polyolefin, polyester, polyamide, polyurethane, and epoxy. Stankovich et al. found that 

the lowest electrical percolation threshold was 0.1 vol. % CRGO in PS and the 

conductivity can reach 0.1 S·m
-1 

for 1 vol. % CRGO/PS [138]. With graphene foam (GF) 

added at 0.5 wt. %, the GF/PDMS composites were shown with very high electrical 

conductivity of 1000 S·m
-1

 [145].The thermal stability and the thermal conductivity were 

also shown to improve. More The 25 vol. % thermal reduced graphene oxidized 

(TRGO)/epoxy composite was shown with the thermal conductivity increased by a factor 

of over 30 [139]. The 2 wt. % CRGO/PS composite was shown by Fang et al. [146] with 

a 260% increase of thermal conductivity. 

Additionally, adding a small amount of graphene in polymer was shown as 

capable of modifying the catalytical properties [147]. 

 

2.5 Methods of characterization nano-carbon/polymer composites 
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2.5.1 Introduction to Raman Spectroscopy 

 

Raman spectroscopy is the inelastic scattering of light by matter, from molecules 

to crystals. This effect is highly sensitive to the physics and chemical properties of the 

scattering material and to any environmental effect on these materials. That is the reason 

the Raman spectroscopy is seen as one of the most useful tools for developing in nano-

/micro- materials science. 

 

Figure 2.12 The schematic of a Raman spectrometer 

 

Many advantages of using Raman spectroscopy are shown in material 

characterization: the measurement is simple without special sample preparation; can be 

used to study material properties at room temperature and under ambient pressure [148]. 

The schematic of a Raman spectrometer is shown if Figure 2.12. 
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Figure 2.13 The energy levels of a diatomic molecule 

 

 

To illustrate, Figure 2.13 schematically shows the energy levels of a diatomic 

molecule and the normal Raman spectra which include Rayleigh scattering, Stokes 

Raman scattering, and anti-Stokes Raman scattering. When a monochromatic laser beam 

(υ0) enters the sample, it is absorbed or scattered by the sample. Most scattering is 

Rayleigh scattering, which is elastic with the frequency of the scattered light as the same 

as frequency of the incident light (υ0). A small fraction of the incident light is 

inelastically scattered by the molecules and is thus subject to energy transfer. Stokes 

Raman scattering takes place when the photon excites the molecule to a higher level and 

the energy of the scattered photon is red-shifted (υ0 - υm). When the photon excites the 

molecule to lower level and the energy of photon is blue-shifted (υ0 + υm), Anti-Stokes 

Raman scattering occurs. Raman spectrum measures the intensity of the inelastically 

scattered light versus the vibrational frequency (υm) shifted from the incident light 

frequency (υ0) after scattering.  

In the classical theory, to describe Raman scattering process [149], one writes the 

electric field strength (E) of the incident laser beam as: 

            , 
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where E0 is the amplitude of electric field and t is time. 

 The electric dipole moment P of a diatomic molecule is written as 

                , 

where   is the polarizability. When the amplitude of vibration is small, 

     (
  

  
)
 
   , 

where    is the vibrational amplitude 

The nuclear displacement can be shown as: 

             

By combing those equations, we can see 
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So the first term corresponds Rayleigh scattering, and the second term represents 

anti-Stokes         and Stokes Raman scattering        . 

Raman spectroscopy has played an important role in the study of the sp
2
 nano-

carbon materials, such as CNTs and graphenes. Elastic constants, edge structure, 

crystalline size, optical energy gap, doping, defects, strain, number of graphene layers, 

and diameter of nanotube can be evaluated by Raman spectroscopy.  

Fundamentals of Raman spectroscopy can be explained by using solid state 

physics. Vibrations in any crystalline solids can be seen as the superposition of plane 
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waves called the normal modes of vibration. The vibration of these modes are quantized 

as phonons (                 ), which has linear relationship with bond lengths and 

angles. Their wavevectors are shown in reciprocal space called the Brillouin zone. Those 

modes with in-phase oscillations of adjacent atoms are called acoustic vibrations (A) and 

modes with out-of-phase oscillations of adjacent atoms are called optical vibrations (O) 

which usually have higher energy than acoustic vibrations (Figure 2.14). These vibration 

modes can also be classified as out-of-plane modes (o) which are perpendicular to 

graphene plane or in-plane modes (i) which exist in plane of graphene. Besides, the 

phonon vibration modes are divided as longitudinal (L) which is parallel to A-B carbons 

bond and transverse (T) according to vibrations perpendicular to A-B carbon bond 

The unit cell of graphene contains two carbon atoms, A and B. In accordance 

there are six phonon dispersion modes (Figure 2.15) which are iLO, iTO, oTO, iLA, iTA, 

and oTA along the ΓM and ΓK directions. 

The in-plane optical modes corresponding to single phonon process near the Γ 

point. The phonon vibration modes near the K point are very important since these modes 

are related to the Raman D-band and G´-band. 
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Figure 2.14 The transverse phonons in a 1D solid [150]. 

 

For the nano-carbons, there are some special features containing the single 

phonon G-band which is common to the sp
2
 carbon bonds, the radial breathing mode 

(RBM) which depends on the diameter and the optical transition energy, and the double 

phonon resonance features such as the disorder-induced D-band showing the defects level 

and dispersive G´-band providing the electronic and geometrical structure information. 

 

 

Figure 2.15 The calculated phonon dispersion relation of graphene showing the iLO, 

iTO, oTO, iLA and oTA phonon branches [151]. 
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The ideal sp
2
 nano-carbons like CNT and graphene can be seen as a single 

monolayer graphene sheet including two atoms A and B per unit cell in Figure 2.16(a). 

The distance between the two carbons is              . 

Figure 2.16(b) shows the reciprocal space which is rotated 90 degree from the real 

space and it shows some important points of high symmetry in the first Brillouin zone for 

graphene: the Γ point at the zone center, the middle point M of hexagonal side, and 

corner points K and K´.  

 

 

Figure 2.16 (a) The shadowed area is a real-space unit cell of graphene showing the 

inequivalent atoms A and B and unit the vectors a1 and a2; (b) the shadowed area is 

a reciprocal-space unit cell showing the 1
st
 Brillouin zone [151]. 

 

The main special features for nano-carbon materials are listed below: 

 

The Radial Breathing Mode (RBM) 

 

The radial breathing mode for CNTs, which usually appear between 100 cm
-1

 to 

500 cm
-1

, can be used to determine the diameter of the nanotube. Such vibrations are 

(a) (b) 
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radial. Many authors fit the experimental data with RBM = A/dt +B, where constants A 

and B are determined experimentally. The relationship between the RBM frequency and 

the tube diameter is widely accepted by different groups, whereas the values of A and B 

are slightly different and depend on the specific nanotubes as well as the tube 

environment. The RBM also can be used to study the optical transition energy of the 

nanotube. 

 

 

 

 

Figure 2.17 (a) First order G band; (b) one phonon second order D band; (c) two 

phonon second order G´ band [151] 

 

The G-band 

 

The G-band, which is the only band coming from single phonon process, is 

related to the doubly degenerate (iTO and iLO) phonon mode at the Brillouin zone center. 

Γ. The G-band is common to all the sp
2
 carbon materials because it is originated from the 

relative vibration of neighboring carbon atoms. It is similar for graphene and nanotubes. 

The G-band is highly sensitive to strain because the strain can modify the bond length 

and the angles and, thus, it can probe any modification to the flat geometric structure of 

(a) (b) (c) 
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graphene. For SWNTs, it can be observed between 1500 ~ 1605 cm
-1

. Up to 6 G-band 

phonons are Raman allowed and two of those dominate the G-band spectrum: G
+
, which 

reveals the atomic vibration along the tube axis, and G
-
, which shows the atomic 

vibration along the circumferential direction. A G-band single peak is observed for the 

2D graphene. 

 

The Disorder-Induced D-Band and Dispersive G′- Band 

 

The D-band and G´-band are originated from double resonance processes (Figure 

2.17). For the D-band, the double resonance process starts with activating an electron by 

a photon of the induced laser with wave-vector k. The electron is inelastically scattered to 

a point very close to k´ point by a defect (Figure 2.17(b)) or phonon with wave-vector q 

and energy Ephonon (Figure 2.17(c)), and then is scattered back to a k state and emits a 

photon by recombining with a hole. If this process includes one elastic scattering by 

defects and one inelastic scattering by emitting or absorbing a phonon, it is D-band 

process. For the G´-band, two inelastic scatterings and two phonons are involved,. 

The D-band can be observed in the 1250-1450 cm
-1

 region and it is most sensitive 

to characterize the disorder in the sp
2
 bonds. The intensity ratio between the D-band and 

the G-band is usually used to quantify the disorder in nano-carbons. The G′-band appears 

in the range 2500 – 2800 cm
-1

 and it is a second-order two-phonon process and it depends 

strongly on the excitation laser frequency. Because the G′-band depends on any 

perturbation to the electronic and photon structure, it provides a very sensitive probe to 
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differentiate single layer and many layer graphene and to characterize the electronic 

structures of CNTs. 

 

2.5.2 Introduction to X-ray Photoelectron Spectroscopy 
 

The X-ray photoelectron spectroscopy (XPS) was developed in 1967 by Siegbahn 

at the University of Uppsala and can be used to investigate different chemical elements 

under ultra-high vacuum [152]. Because the photoelectron can penetrate through a 

limited depth of only several nanometers, namely, only few layers of atoms, XPS is a 

surface analysis tool.  

 

Figure 2.18 A schematic process image of the X-ray photoelectron spectroscopy 

 

Figure 2.18 depicts the process of XPS. Frequently, the X-ray photons are first 

ejected from an Al-Kα (1486.6 eV) or Mg-Kα (1253.6 eV) source in the X-ray gun. The 

X-ray from X-ray gun is directed into the sample. When an X-ray photo is absorbed by 

an atom, one of its core electrons is ejected with a certain kinetic energy, producing a 

photoelectron. When this occurs, another electron in a higher energy state jumps into the 

vacant inner core state, while releasing energy to another electron which becomes a free 

Photoelectron 
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electron (Auger electron) (Figure 2.19). The ejected electrons, including photoelectrons 

and Auger electrons, are collected and their kinetic energy (KE) are measured to calculate 

the binding energy (BE) of the inner core electron by using following equation. 

          , 

where   is the frequency of the incident X-ray photon and   is a correction factor which 

depends on the spectrometer system. 

By analyzing the XPS spectrum, one can derive the different types and the 

chemical states of chemical elements by fitting binding energy peaks. The chemical 

composition of the sample may be obtained by fitting the XPS spectrum with the known 

binding energy peaks. In such fittings, the atomic sensitivity factors (ASF) for each 

element must also be taken into consideration. 

 

 

Figure 2.19 The schematic diagram of the photoelectric process (purple) and the 

Auger process (yellow). 

 

Previously, XPS was used to investigate the carbon bonds in CNT and graphene. 

Lee et al found that the binding energy of the sp
2
 carbon, sp

3
 carbon, and oxygen atoms 

were 284.3, 285, and 288.5 eV, respectively [153]. Another study from Chen‘s group 
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used XPS to study the difference between the carbon bonds in CNT and in grapheme. 

Their study showed that CNT has weaker C-C bonds than graphene [154]. Besides, some 

other groups like Droppa used XPS to study the structure modification of CNT. C1s was 

shown to have a binding energy shift and an asymmetric broadening [155]. Investigation 

of the mechanisms of formation of nano-carbon/polymer interface was done using XPS in 

this dissertation. 

 

2.6 Stress sensitivity of polymer nanocomposites using Raman spectroscopy  

 

The interface between the reinforcement and the polymer matrix has the key 

effect on the load stress transfer via shear stress. The weaker the interfacial shear strength 

of composites, the lower load it can withstand before the interface fails. Poor interfacial 

bonding behaves like defect centers. Thus, strong interfacial bonding is required to 

achieve high mechanical strength for composites [156]. 

Raman spectroscopy can be used to study the interatomic bonding and to 

characterize the load transfer in composites. For example, Raman spectral shift has been 

used to study carbon and silicon carbide fibers under stress in composites [157, 158]. 

Ajayan et al. used Raman spectroscopy to study the load transfer in an MWNT/epoxy 

system [19]. The enhanced shift in the Raman G′ band during compression was related to 

the higher interfacial shear stress and the higher load transfer to the nanotubes [19]. 

The previous Raman study in this area also probed the interfacial stress transfer in 

graphene monolayer nanocomposite [159]. Graphene monolayer was placed in between a 

layer of PMMA and SU8. The G′- band showed the change linearly up to ~0.4% strain, 
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and demonstrated the potential of using grapheme as reinforcements in composites. More 

recently, Raman spectroscopy was use to study the load transfer for the composites with 

few-layered-graphene consisting of GNPs dispersed in PDMS. Under tensile loading, the 

platelets underwent compression as indicated by the upshift of Raman peaks. Similarly, 

under compressive loading, the platelets underwent tension as indicated by the downshift 

of the Raman peaks [34].  

The Raman sensitivity to the stress change arises from the anharmonicity of the 

atomic bonds of reinforcements (Figure 2.20) [150]. As long as the elongation is limited, 

the bond can be modeled by a spring of length L, reduced mass  , speed of light c, 

constant stiffness k, wavenumber is w  

1

2

k
w

c 
  

2

2

V
k

L





 

Bond energy V(L) can be described below by an anharmonic atom bond model (Figure 

2.20): 

     0 attractive repulsiveV L V V L V L  
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Figure 2.20 A comparison of the “realistic” and the harmonic bond potentials [150] 

 

By using the interatomic potentials of the harmonic bond model and including the 

attractive and repulsive contributions as shown in the above equation (Mie and Gruneisen 

parameters A, R,a, r), the energy of the anharmonic bonds can be expressed as: 

  0

a rV L V A L R L     
 

By using the ―quasi-harmonic‖ approximation, the above equation is equivalent to: 

( 3) ( 3)
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By introducing the bond elongation             (small strain assumption), one can 
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( , )R a r  is a constant which depends on the bonding type. Therefore, there is a direct 

proportionality between the Raman shift and the bond deformation. Under the same strain, 

larger wavenumber change of the Raman peak reveals larger bond length deformation. 

From the above equations, we can then derive the interfacial stress which, can be 

seen, has the same effect of a normal stress, inducing a normal strain 
L : 

( , )

f

f L

E w
E

R a r
 


    ,  

where fE  is the Young‘s modulus of the filler.  

Therefore, the strain induced Raman band shifts is a measure of the change in 

interatomic distances or bond deformation due to the load transferred from the polymer to 

the graphene fillers. Because the eventual mechanical properties of the composites 

inevitably depend on the extent to which the load is transferred from the polymer to the 

graphene filler, the graphene/polymer interface should play the most important role in 

efficient load transfer.  



 

52 

CHAPTER 3 NIR PHOTON-ASSISTED POLYMERIZATION OF 

CARBON NANOTUBE/POLYMER COMPOSITES 
 

 

3.1 Introduction 
 

 

One of the important applications of CNTs is their use as nanoscale fillers to 

improve the mechanical properties of polymeric materials. The high aspect ratio, 

Young‘s modulus, and tensile strength of CNTs make them attractive as nanoscale fillers 

to enable increased load transfer and improved mechanical strength of polymer 

nanocomposites. The nanotube/polymer interface has been demonstrated to play an 

important role in efficient stress transfer to the nanotube and determination of overall 

nanotube/polymeric composite mechanical properties [160]. Ajayan et al., measured the 

load transfer in a MWNT/epoxy system using Raman spectroscopy [19]. The enhanced 

shift in Raman G´ mode during compression demonstrated higher interfacial shear stress 

and load transfer to the nanotubes [19]. Later, numerous reports have demonstrated 

enhanced load transfer to nanotubes utilizing strategies such as surface functionalization 

of nanotubes [20-22], refluxing CNTs with nitric acid to create carboxyl, carbonyl and 

hydroxyl groups [23, 24], sidewall functionalization for better dispersion of nanotubes in 

the matrix [25], alignment of nanotubes in the matrix [26], in-situ melting and 

polymerization [27, 28], melt compounding [29], and more recently using flexible 
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spacers at the nanotube/polymer interface [30]. The work by Zhang et al., is notable in 

that it achieved an impressive Young‘s modulus increase of ~214% for adding just 2 wt. % 

of MWNTs in a polymer matrix [29]. 

SWNTs and MWNTs have been known to absorb significant amounts of NIR 

light, resulting in photo-thermal heating [47]. Applications of such nanoscale photo-

thermal heating include bio-nanotechnology to kill cancer cells [47, 49], targeted drug 

delivery [50], photo-mechanical actuators [51], and laser assisted photo-thermal 

imprinting in polymeric materials [52]. Irradiation of nanotube/polymer composites by 

NIR during crosslinking could potentially result in significant heating of nanotubes inside 

the polymer, thus enhancing the crosslinking process and strengthening the 

nanotube/polymer interface. This is a paradigm in polymerization of the samples by 

enabling crosslinking to start at the nanotube/polymer interface using photo-thermal 

heating of nanotubes. This type of polymerization and strengthening is not possible using 

oven based heating methods as heat flows into the sample from the outside. We compare 

the load transfer and Young‘s modulus of our NIR light treated samples with that of a 

sample by the conventional crosslinking method with oven baking to 125°C for 30 m.  

 

3.2 Results and discussions 

 

Samples containing various fractions (0.01-1 wt. %) of MWNTs in PDMS were 

synthesized by conventional baking method and NIR photon-assisted polymerization in 

Figure 3.1, and those samples are studied by SEM, Raman spectroscopy, mechanical test 

system (See details in Appendix A). 
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Figure 3.1 Schematic of the two different polymerization techniques: (a) oven based 

heating; (b) NIR light treatment. 

 

3.2.1 Characterization of MWNT/PDMS composites 
 

Figure 3.2(a) presents the cross-sectional SEM images of the nanotube/polymer 

interface for various weight fractions of MWNTs (0.01-1 wt. %) in PDMS. Raman 

spectra for both the pure PDMS and the MWNT/PDMS composites are presented in 

Figure 3.2(b). 

 

 

Figure 3.2 SEM images of the MWNT/PDMS samples, scale bar 500 nm; (a) 0.01 

wt. %; (b) 0.1 wt. %; (c) 1 wt. % of MWNT.  

 

The SEM images clearly show dispersion of MWNTs with increasing nanotube 

density with increasing the wt. % of MWNT. In all the three SEM images, one end of the 

MWNT was stretched out of the matrix while the other end was embedded firmly in the 
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matrix. This is indicative of strong interfacial adhesion between the nanotubes and the 

PDMS/polymer [29].  

 

 

Figure 3.3 Raman spectra of the pure PDMS and the 1 wt. % MWNT/PDMS sample. 

 

 

The SEM images of both the oven baked samples and the NIR photon irradiated 

samples qualitatively exhibited the similar results. In the Raman spectra of Figure 3.3, 

one can see all the nine peaks associated with the PDMS in both the samples. The RBM 

mode (219.3 cm
-1

), the disorder induced D band (1328 cm
-1

) tangential mode G band 

(1588 cm
-1
) and 2D or G‘ (2657 cm

-1
) bands of the MWNT are clearly seen in the 

nanotube/polymer sample, demonstrating high purity of sample preparation, subsequent 

crosslinking, and polymerization methods.  

 

3.2.2 Raman-strain sensitivity study of MWNT/PDMS composites 
 

 

Raman spectroscopy has been used by many groups in the past to measure the strains in 

nanoscale fillers such as CNTs [19, 161-168]. When a strain is applied, interatomic 

distances change resulting in a shift in the vibrational frequencies. The G´ band near 2700 
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cm
-1

 in the Raman spectra for MWNTs is highly sensitive to strain. The larger shift in the 

G´ band peak position is indicative of a larger load carried by nanotubes. Since the SEM 

images and Raman signatures of the samples look qualitatively similar before applying 

strain, characterizing wavenumber shift in G´ peak in both the samples indicates strength 

of the nanotube/polymer interface in both of these samples. Figure 3.4 presents the shift 

in Raman peak position of the G´ band for both oven polymerized (Figure 3.4(a-1)) and 

NIR light polymerized 1 wt. % MWNT/PDMS samples (Figure 3.4(b-1)) as a function of 

applied tensile strain. It is clear that oven polymerized samples have a smaller shift to the 

left in the Raman peak position compared to NIR light treated samples.  

 

 

Figure 3.4 Load transfer in the conventional (a-1) and NIR light polymerized 

samples (b-1); the change in the wavenumber is displayed as a function of the 

percentage strain for the conventional (a-2) and NIR light polymerized samples (b-

2). 
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There are several interesting characteristics in the Raman spectra as a function of 

applied strains. For both conventional and NIR photon irradiated methods, at 0% strain, 

Raman signatures look identical (blue line). As we increase the strain to ~50%, oven 

baked samples undergo only a small shift to the left (red line, Figure 3.4(a-1)), while NIR 

light treated method undergoes much larger shift (red line, Figure 3.4(b-1)). The shift in 

Raman peak position at ~ 80% strain is even more predominant for NIR photon 

polymerized samples (green line). It is clear from Figure 3.4(a-1 & b-1) that higher load 

transfer to the nanotubes occurred in samples treated with NIR light compared to oven 

polymerized samples. This may indicate better crosslinking and polymerization of the 

nanotube/polymer interface.  

Figure 3.4(a-2 & b-2) presents the change in wavenumbers as a function of strain. 

For both oven baked samples and NIR light treated samples, there is a decrease in G´ 

mode wavenumbers for 0.5 wt. % and 1 wt. % MWNT/polymer samples. For the oven 

baked method, there was 3 cm
-1

 change in wavenumber for 0.5 wt. % and 9 cm
-1

 change 

in wavenumber for 1 wt. % MWNT/polymer composites for the strain values tested. On 

the other hand, there was 5 cm
-1

 change in wavenumber for 0.5 wt. % and 20 cm
-1

 change 

in wavenumber for 1 wt. % MWNT/polymer composites for the NIR light treated method 

at strains from 0-80%. Samples strained >80% lead to complete failure.  

The past reports on Raman spectroscopy for investigating load transfer on 

nanotube/polymer composites have only been done in a limited range (15% strains) 

before sample failure [19, 169]. Higher strains used here and larger shifts in the Raman 

positions (up to ~20 cm
-1

 wavenumbers) show the greater load transfer to the nanotubes 

than the past reports. It should be noted that for ~0.5 wt. % MWNT/polymer samples the 
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wavenumber shift saturates beyond ~40%. There is no appreciable change in 

wavenumbers at 80% strain, and thus strains are not resolvable beyond ~40%. This is true 

for both types of samples, suggesting that saturation of the Raman signal is related to 

weight fraction of nanotubes in the polymer matrix or number of nanotube/polymer sites 

that undergo strain. This may be related to the percolation threshold (PT) and requires 

further exploration. As nanotube wt. % increases in the matrix, not only is there 

significant increase in load sharing but samples below and above the PT should exhibit 

different Raman shifts. From our past experience, the PT of nanotube/PDMS composites 

is ~0.5 wt. % [170]. Therefore at 1 wt. %, above the PT, load is shared more uniformly 

and the interpenetrating network of nanotubes in the polymer matrix makes wavenumber 

shifts resolvable at higher strains. 

 

3.2.3 Mechanical properties of MWNT/PDMS composites 

 

 

Figure 3.5 (a) Young’s modulus versus NIR light dose for MWNT/PDMS fractions; 

(b) change in Young’s modulus versus weight percentage of MWNT for light treated 

and oven baked methods. 
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Figure 3.5(a) presents Young‘s modulus as a function of NIR energy dose with 

increasing fraction of MWNTs in polymer composites. For small fractions (0.01-0.1 

wt. %) of MWNTs in PDMS, there is only a small change in Young‘s modulus values 

and both curves look similar. However, at ~1 wt. % MWNTs, Young‘s modulus values 

increase by roughly twice for all NIR dose energy levels. This suggests that as NIR dose 

is increased and with more CNTs in the matrix, significant strengthening occurs. This can 

only happen if nanotubes are heating the polymer and strengthening the interface. Figure 

3.5(b) compares the change in Young‘s modulus as a percentage for both samples. It is 

clear that for all wt. % MWNTs, change in Young‘s modulus is higher for NIR treated 

samples compared to the oven polymerized samples. A ~36% increase in Young‘s 

modulus at 1 wt. % MWNTs was observed for oven polymerized samples versus ~130% 

increase in Young‘s modulus for the same wt. % of MWNTs for NIR light polymerized 

samples.  

These impressive results suggest that irradiating samples with NIR light caused 

nanotubes to heat inside the polymer, thereby resulting in enhanced crosslinking and 

polymerization of the nanotube/polymer interface leading to better mechanical properties 

and increased load transfer. Macroscopic temperature rise was measured to be ~75°C for 

NIR photon irradiated samples. However, actual temperature rise at the 

nanotube/polymer interface must be much higher than this value to enable such 

exceptional strength and load transfer. As the nanotubes are well dispersed and with 

increase in weight fraction of MWNTs in the polymer, each nanotube/polymer interface 

must undergo significant heating and therefore improved the overall load transfer to the 

nanotubes thereby enabling higher mechanical strength. Materials such as CNTs or 
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graphene can heat up and cool rapidly (within micro to nano-seconds) and therefore 

future time resolved studies at the nanotube/polymer interface can capture the actual fast 

thermal events that resulted in such exceptional strength of the nanotube/polymer 

interface. 

 

3.3 Conclusion 

 

In summary, we demonstrate photon assisted heating of MWNTs inside a polymer 

matrix that resulted in better polymerization of the nanotube/polymer interface. Dramatic 

enhancement in the load transfer to the embedded nanotubes and the subsequent increase 

in Young‘s modulus were observed. Compared to traditional polymerization techniques, 

NIR method yielded an increase in the Young‘s modulus value of ~130% for adding just 

1 wt. % MWNT in PDMS polymer. Such an increase is greater than the most reported 

values to date. Raman spectroscopy suggested shift in wavenumbers of ~20 cm
-1

 for ~80% 

strain, larger than the most past reported values. These results suggest NIR light-induced 

heating of CNTs at the nanoscale could potentially be used as a scalable 

nanomanufacturing technique for increased load transfer and higher mechanical strength 

for reinforced polymer composites. 

 Looking forward into variety of applications, NIR heating of nanotubes in 

polymers could be used as a fundamental technique to enable large scale cross-linking 

and enhanced mechanical properties of nano-composite materials in general. The method 

reported here could be useful in improving the interfacial shear strength and mechanical 

properties of emerging class of light weight and high strength nanocomposites based on 
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graphene. While surface chemical functionalization of nanotubes/graphene are quite 

attractive, recent reports have shown that improvement in interfacial adhesion due to 

surface functionalization of nanotubes does not always promote substantial improvement 

in mechanical properties [171]. This is due to surface degradation of nanotubes/graphene 

during functionalization. Compared to these techniques, the use of NIR light is benign 

and can render high strength nanocomposites as reported here. The structural properties 

of nanotubes should remain unaffected for both the process. What is being changed is the 

heat flow. In the conventional process, the heat flows from the outside to the insides of 

the sample. Depending on the heat transfer rate in the polymer and the thermal 

conductivity of the filler, one can find localized cold and hot spots that can affect cross-

linking process and eventual mechanical properties. On the other hand, in the NIR 

method, exciting the nanotubes to high temperature, each and every nanotube in the 

matrix should participate in the heating process. As a result, the matrix is crosslinked 

around the nanotube more uniformly that resulted in higher load transfer as suggested by 

Raman spectroscopy. Since the structural properties remain unaffected so should the 

electron transport properties of the composites. 

 On a more practical note, nanotubes/graphene functionalized with sulphur and 

followed by NIR treatment as reported here can enable nano- to macroscopic scale 

vulcanization of rubber materials that is of significant use to many day to day 

applications worldwide. Other applications of nanotube-polymer composites could be 

envisioned in aerospace structures, reinforced laminates, high strength plastics, wear 

resistant and bullet proof textiles, and electrical cables. All these applications could 
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benefit the NIR method reported here for enhanced cross-linking that can result in 

significant load bearing and mechanical strength without damaging the nanotubes. 

 

 

 

 

 

  



 

63 

CHAPTER 4 NIR PHOTON-ASSISTED POLYMERIZATION OF 

GRAPHENE/POLYMER COMPOSITES 
 

4.1 Introduction 

 

While in the previous chapter, the novel NIR polymerization technique was 

demonstrated as a practical way for developing nanotube composites, in this chapter, the 

investigations in graphene/polymer composites for higher load transfer and improved 

mechanical properties is discussed. Like CNTs, graphitic nano-carbons can also be used 

as nanoscale fillers to enhance the load transfer and improve the mechanical properties of 

polymeric materials. The isolation of single layer graphene achieved in 2004 has 

rejuvenated the research in the area of graphitic nano-carbons. Defect free sheets of SLG, 

exfoliated mechanically from graphite flakes, was measured to have a second order 

elastic stiffness of 340 N/m, a breaking strength of 42 N/m, and a Young‘s modulus of 

1.0 TPa [95]. Such excellent mechanical properties of the exfoliated SLG spurred 

investigation of using it as nanoscale fillers in advanced polymer composites. Recently, 

the interfacial stress transfer of exfoliated SLG, after transferred on the top of polymer 

substrate, was demonstrated using Raman spectroscopy [32, 33]. Significant shift in the 

Raman G´ and 2D bands (> -50 cm
-1

/% strain) were observed, demonstrating load 

transfer to the SLG [32, 33]. Several studies on exfoliated graphite based polymer 

composites have shown enhanced mechanical strength, toughness, glass transition 
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temperature and increase in electrical conductivity and gas barrier properties [36-43]. The 

work by Coleman et al., is notable as it yielded an increase of ~100 times in Young‘s 

modulus at 3% strain for samples with 50 wt. % exfoliated graphene drop casted in 

polyurethane [43]. While these studies are impressive reiterating the importance of 

graphene as filler materials in polymer composites, the current methods of fabricating 

advanced polymer composites using mechanically exfoliated graphene face a huge 

challenge. This is due to the fact that at present the yield of mechanically exfoliated 

graphene is limited to 1 wt. % which could be further increased to 7-12% with some 

additional processing [44]. In this context, the use of chemically reduced graphene as 

fillers in polymer composites becomes important and warrants investigation for 

development of low cost and high strength advanced composites. Graphene sheets 

chemically derived from GO using Hummer‘s method and subsequent reduction by 

hydrogen plasma has been heralded as one of the methods for large scale production of 

the graphene suitable for industrial use [45]. Microscopic characterization of such 

graphene sheets has shown large unoxidized graphitic regions in between defective 

clusters and therefore could witness interesting mechanical properties [46]. Recent 

studies have shown that despite the defects in their lattice, such sheets have shown 

extraordinary stiffness with Young‘s modulus E=0.25 TPa, approaching that of pristine 

graphene, with high flexibility and lower built-in tension [45]. Therefore, studying the 

interfacial load transfer and mechanical properties of reduced graphene sheets in 

polymers can make progress in the area of low cost, high strength and scalable 

composites by using graphene. 
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Over the past years Raman spectroscopy has become a powerful tool to 

understand the interfacial load transfer in carbon fibers and nano-carbon fillers such as 

CNTs in polymer composites [19, 172]. The disorder induced 2D bands and tangential 

mode G band has been demonstrated to be sensitive to both the compressive and tensile 

strains in nano-carbon fillers such as CNTs [19, 172]. The Raman stress sensitivity arises 

from the anharmonicity of the atomic bonds [150]. By using the interatomic potentials of 

the harmonic bond model and including the attractive and repulsive contributions (Mie 

and Gruneisen parameters), the previous theoretical work has demonstrated a direct 

relationship between the wavenumber shift in the Raman bands and the bond deformation 

that can be expressed mathematically as:
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, where a and r are 

positive constants depending on the bond type and L is the applied strain [150]. 

Therefore, the strain induced Raman band shifts can be used to measure the change in the 

interatomic distances or the bond deformation due to the load transferred from the 

polymer to the graphene fillers. The ultimate mechanical properties of the composites 

inevitably depend on the extent to which the load is transferred from the polymer to the 

graphene filler and the graphene/polymer interface should play the most important role in 

the efficient stress transfer. Therefore, large shift in Raman wavenumbers signals high 

stress transfer from the polymer to the graphene fillers. This relationship can be 

mathematically expressed using the following equation: 
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    , where 

fE is the Young‘s modulus of the filler material, and w the wavenumber shift. Thus, if 

the filler has the same bond type and assuming that the applied strain field is constant 
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throughout the composite matrix, a larger Raman wavenumber shift means a higher load 

transfer.  

More recently, Raman spectroscopy was employed to measure the load transfer of 

the few layer graphene consisting of GNP in PDMS. Under tensile loading, the platelets 

went into compression corresponding to upshift of Raman wavenumbers and similarly, 

under compressive loading, the platelets went into tension corresponding to downshift of 

the Raman wavenumbers. While these initial studies were quite impressive, practical 

applications of graphene based composites can only be realized through similar strategies 

that were utilized in CNT-based composites in the past such as NIR photo-thermal 

heating and polymerization of nanocomposites [173], surface functionalization [146, 174-

176], refluxing with nitric acid to create carboxyl, carbonyl, and hydroxyl groups, 

solution-based [177-180],
 

in-situ melting and polymerization [181-185], and melt 

compounding [186-190]. However, these studies have not been conducted on graphene 

based nanocomposites. Here, we demonstrate load transfer and improved mechanical 

strength of RGO and GNP based polymer composites fabricated using in situ NIR 

photon-assisted heating of graphene and polymerization of graphene/PDMS interface. 

We focus on two types of graphene with differences in the number of layers to 

investigate how the number of layers can have a profound effect on the mechanical 

properties of the composites.  

 As discussed earlier, the photo-thermal effect in nano-carbons is through 

absorption of NIR photons which subsequently produces heat. For example, because the 

nano-scale fillers such as CNTs are quite small, the localized photo-thermal effects can 

be focused on a small area to kill cancer cells but without harming the neighboring 
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normal cells, thus achieving molecular targeting and subsequent photo-thermal ablation. 

Nanoscale photo-thermal heating has also found applications in targeted drug delivery, 

photomechanical actuators, and laser assisted photo-thermal imprinting in polymeric 

materials. Recently, Xu et al. demonstrated the photo-thermal polymerization of 

nanotube-polymer composites by in situ heating of CNTs using NIR photons. Instead of 

utilizing conventional baking methods in vacuum oven typically used for polymerization 

of samples where heat flows from the outside to the inside, the samples were irradiated 

with NIR photons. It was expected that NIR photons would heat the nanotubes more 

focusedly to high temperatures at the nanotube/polymer interface, thereby strengthening 

the interface. It was found that irradiation of the nanotube/polymer samples with NIR 

photons during cross-linking resulted in enhanced strengthening of the nanotube/polymer 

interface. A ∼36% increase in the Young‘s modulus at ~1 wt. % MWNTs was observed 

for oven polymerized samples versus ∼130% increase in Young‘s modulus for the same 

wt. % of MWNTs for NIR light polymerized samples. Raman spectroscopy showed that 

MWNT/polymer samples that were fabricated using NIR method underwent large shifts 

in its G‘ band from 0-80% strains (20 cm
-1

 at 1 wt. % MWNT) compared to the oven 

baked samples (9 cm
-1

 at 1 wt. % MWNT). This suggested the marked enhancement of 

the load transfer and the higher mechanical strength for nanotube/polymer composites 

using NIR polymerization. However, no such studies have been conducted on 

graphene/polymer composites. Graphene is a 2D sheet compared to nanotubes that are 

quasi 1D. The thermal conductivity of graphene is higher than CNTs and the phonon heat 

transfer can occur in both dimensions of the sheet, whereas for CNTs thermal conduction 

is efficient only along the axial direction. Rigid stack-like morphology and lack of inter-
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plate interactions of GNPs could mean that their dispersion properties and eventual load 

transfer and mechanical strength could be different in polymer composites compared to 

their RGO counterparts. Mixing RGO in polymers could potentially result in folding, 

kinking, doping and defect inducement of the 2D sheet that can lead to D bands, broaden 

G bands and change the intensity of 2D bands. Mixing graphene sheets in polymers can 

result in the edges of the graphene sheet being functionalized thereby resulting in greater 

dispersion, enhanced stiffness, shorter polymer chain lengths and better mechanical 

properties. No information is available on how Raman bands evolve when different types 

of graphene sheets are mixed in polymeric materials. For all these reasons we have 

investigated the NIR photon-assisted polymerization of graphene polymer composites 

using Raman spectroscopy. Our results show significant shifts in G band both in tension 

and compression for the NIR treated method compared to the conventional oven baking 

methods for both GNP and RGO. Full Width Half Maximum (FWHM) data show 

minimum slippage for the NIR photon-assisted polymerization compared to conventional 

oven polymerization. A ~75% improvement in Young‘s modulus was achieved for the 

RGO/PDMS polymerized using NIR method compared to ~30% improvement for the 

conventional oven based polymerization. Several insights are provided as to the 

differences between NIR and conventional polymerization of composites, the use of GNP 

versus RGO and how each type of filler brings in unique characteristics. Finally, 

comparison is made with their CNT counterparts and how dimensionality affects the 

overall mechanical properties of the advanced composites. These results have 

significance in development of advanced polymer nanocomposites based on graphitic 

nanostructures.  
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4.2 Results and discussion: 

 

Homogenous dispersion of graphene (1 wt. % of RGO and GNP for comparison) 

in PDMS was prepared using a shear mixing process. Samples containing 1 wt. % RGO 

or GNP in PDMS were synthesized by both conventional baking method and NIR 

photon-assisted method, and those samples are studied and tested by SEM, Raman, and 

mechanical test system (See experimental details in APPENDIX B). 

 

 

Figure 4.1 Schematic of the two different polymerization techniques: (a) oven based 

heating; (b) NIR light treatment method. 
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Figure 4.1(a) presents the schematic image of the conventional oven 

polymerization. In conventional oven curing, samples are heated in a vacuum oven at 

125 °C for 30 min following addition of cross-linkers and degasing. In this type of heat 

treatment, heat flows from the outside to the insides of the sample. At this time and 

temperatures, the Young‘s modulus values saturate indicative of the end of the 

crosslinking process. Figure 4.1(b) presents the irradiation of NIR photons on the samples 

following addition of cross-linkers and degasing. Irradiation of NIR photons on the 

sample results in in situ heating of the graphene/polymer interface to high temperatures. 

This is a paradigm in polymerization of the graphene nanocomposites as it enables 

crosslinking to start at the graphene/polymer interface using photo-thermal heating of 

graphene. This is analogous to bottom up manufacturing of polymer composites.  

The advantages of NIR photon-assisted polymerization of nano-carbon 

composites include: 1) all the nano-carbons participate in the polymerization process 

simultaneously by absorbing photons and converting them into heat, 2) rapid stiffening of 

the samples due to the entire sample being heated at the nano-scale simultaneously, 3) 

shorter segmental chain length resulting in higher stiffness and better values for Young‘s 

modulus 4) ability to dynamically tune the polymerization process and control over 

stiffness of sample using the NIR dosage, and 5) ability to create selective regions with 

dynamically tunable stiffness in polymers, rubbers and gels.  

 

4.2.1 Characterization of graphene and graphene/PDMS composites 
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Figure 4.2 SEM images of (a-1) GNP; (a-2) GNP/PDMS; (b-1) RGO; (b-2) 

RGO/PDMS 

 

Figure 4.2(a-1) presents an SEM image of GNPs, which are comprised of 3-5 

graphitic layers [79]. Figure 4.2(a-2) presents an SEM image of GNP/PDMS composite. 

One can see that the rigid stack like morphology of GNP is maintained in the polymer 

matrix. Figure 4.2(b-1) presents an SEM of RGO. Figure 4.2(b-2) presents an SEM 

image of RGO/PDMS composite. GNPs show a rigid stack/plate like morphology while 

RGO demonstrate morphology of thin ribbon but with excellent dispersion.  

Figure 4.3(a-1 & a-2) presents the fracture surface of GNP/PDMS and Figure 

4.3(b-1 & b-2) presents the fracture surface of RGO/PDMS samples to investigate 

microscopic morphology of load transfer. Two important observations were made in the 

images. From the morphology of Figure 4.3(a), it looks like GNP fillers were pulled out 

of the PDMS matrix and fell onto the crater surface due to lack of flexibility. This is 
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contrasted by other areas where GNP/PDMS is seen bridging the gaps between the cracks 

(Figure 4.3(a-2)). These images suggest that GNPs act like reinforcers, as they assist in 

bridging cracks between the surfaces and aid in load transfer. However, investigations 

into RGO/PDMS cracks lead to different results. Most RGO (Figure 4.3(b-1)) looks 

similar to their polymeric composite and is still seen to bridge the crack opening.  

 

 

Figure 4.3 SEM images of the cracks (a-1) collapsed GNPs on the crater of the 

micro-crack; (a-2) GNPs aiding load transfer; (b-1) RGO between the crack 

openings; (b-2) cracking of RGO filler after peeling of PDMS. Scale bar: 500 nm in 

all the images. 

 

 

However an interesting result that was seen was the fracture surface from other areas. 

Figure 4.3(b-2) presents the fractured filler inside the crack. It is clear that the layers of 

polymer and RGO plates are seen distinctly with the polymer pulled out of the RGO filler 

before complete failure of the filler. It is seen from these images that the failure 
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mechanisms of RGO is quite different compared to nanotubes which needs to be 

investigated [191]. Nanotube tends to slide between the bundles much more easily than 

break compared to RGO fillers as seen in these SEM images [191]. This warrants further 

investigation depending on the strains applied, crack widths, graphene filler aspect ratio 

and number of graphitic layers.  

 

 

Figure 4.4 Raman spectra of (a) D band, (b) G band, (c) 2D band of GNP, RGO, 

GNP/PDMS, and RGO/PDMS, (d) and (e) ratio of IG/ID and IG/I2D versus shear 

mixing time respectively 

 

Figure 4.4 presents the evolution of the Raman D, G and 2D bands for pure GNP, 

RGO and their polymer counterparts as a function of the mixing process. Multilayer 

configuration of GNPs causes a frequency shift in both peaks as compared to RGO [192]. 
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From the Raman bands, it is seen that both G band (Figure 4.4(b)) and the 2D band ratios 

(Figure 4.4(c)) do not change significantly for GNP and GNP/PDMS samples. 

Comparing RGO and RGO/PDMS samples however, the 2D band decreases significantly 

(Figure 4.4(c)) in intensity and the D band intensity increases (Figure 4.4(a)) and is quite 

intriguing. Plausible causes of change in D and 2D band intensities may suggest damage 

of the RGO due to shear mixing, doping of RGO by the polymer and functionalization of 

RGO sheets by the polymer. In order to ascertain whether the change in Raman D and 2D 

band intensity was result of mechanical damage over 7 days of shear mixing or doping 

and functionalization, the ratio of IG/ID and IG/I2D was measured at different intervals of 

mixing time.  

Figure 4.4(d & e) presents the IG/ID and IG/I2D as a function of mixing time from 5 

minutes to 168 hours. It is observed that within 5 minutes of mixing, the ratio‘s change 

and stays there even after 160 hours. As a comparison the ratio of IG/ID for pure RGO and 

GNP flakes are marked as such in Figure 4.4(d & e). Mechanical damage due to shear 

mixing should demonstrate progressive increase in D band intensity due to increased 

number of defects between shorter and longer intervals of time, which is not observed in 

Figure 4.4(d & e). The instantaneous change in IG/ID and IG/I2D suggests doping and 

functionalization of graphene sheets [193, 194]. The ratio of 2D to G band intensities 

(I2D/IG) is a sensitive probe to monitor the effects of electron-donor and electron-acceptor 

molecules on electronic properties of graphene [193]. Electron-donors markedly decrease 

the (I2D/IG) ratio while electron-acceptor molecules increase this ratio [193]. The ratio of 

ID/IG shows an opposite trend for the RGO/PDMS sample suggesting that as D band 

intensity increases, 2D band decreases [193]. Similarly, broadening of 2D bands and 
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increase in D band intensities could also mean high functionalization densities of the 

polymer as reported in the past [194].  

 

Table 4.1 Raman wavenumbers of D, G and 2D bands and their FWHM 

 

 

D-band 

(cm
-1

) 

FWHM-D 

(cm
-1

) 

G-band 

(cm
-1

) 

FWHM-G 

(cm
-1

) 

2D-band 

(cm
-1

) 

FWHM-2D 

(cm
-1

) 
I

G
/I

D
 I

G
/I

2D
 

GNP 1330.5 59.09 1575.8 18.27 2666.9 74.13 4.57 2.65 

GNP/PDMS

-Baking 
1333.3 61.26 1580.1 24.38 2673.7 76.56 2.17 2.96 

GNP/PDMS

-NIR 
1334.3 59.62 1580.4 19.35 2674.5 74.99 2.61 3.10 

RGO 1336.1 195.25 1568.3 28.37 2654.6 84.97 4.24 3.80 

RGO/PDMS

-Baking 
1351.6 222.48 1592.8 88.31 2673.7 726.72 0.96 21 

RGO/PDMS

-NIR 
1352.5 216.26 1593.6 85.32 2675.1 722.18 0.98 27 

 

Table 4.1 presents the ID/IG ratio and I2D/IG ratio for all samples tested. This table 

presents evolution of Raman bands both in pure and mixed polymer composites 

suggesting both doping and functionalization due to charge injection from the polymer as 

witnessed by the marked decrease in I2D/IG for the RGO samples. Recent reports on 

charge injection as a function of pressure have been quantified using Raman spectroscopy 

[195]. A marked decrease in I2D/IG values were seen in alcohol compared to argon with 

increase in pressure from 0-7 GPa of RGO and BLG samples on SiO2 substrates 

suggesting doping of the samples [195]. Since the experiments in this case were done at 

ambient pressure, the doping and functionalization is a result of the mixing process of the 

polymer interacting with the RGO defective sites. Mixing induced folding can result in 

unique D band and folds can appear as defective sites that can scatter phonons [196]. 

All these observations show that mixing of graphene in polymer such as PDMS 

results in charge injection even at ambient pressure and resulted in doping and 

functionalization. The source of the charge injection may be due to the reactive linkers in 
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PDMS namely silanol (Si-O-H) groups or from the methyl or ethyl groups from the side 

chains that have been used to link molecules to the Si-O backbones. Past work on using 

scanning surface potential microscopy to investigate the origins of gate hysteresis in 

nanotube field effect transistors have shown the charge injection from the silanol groups 

resulted in considerable screening of charges at the nanotube/SiO2/ambient interface 

[197]. So all these past reports mentioned above confirms our results on the effect of 

charge injection due to mixing of RGO in PDMS that resulted in shift in I2D/IG ratio.  

 

4.2.2 Raman-strain sensitivity of graphene/PDMS composites 

 

Figure 4.5(a-1) and Figure 4.5(b-1) presents the shift in G band for GNP and 

RGO respectively. On application of ~10% compressive strain, the G band shifts to the 

left signaling lattice tension. Similarly, on application of 50% tensile strain, the G-band 

shifts right or increasing in wavenumbers. This suggests lattice compression. These 

results are true for RGO/PDMS samples too as shown in Figure 4.5(b-1). These results 

are also in agreement with the earlier work on load transfer in GNP polymer composite.  

Figure 4.5(a-2) and Figure 4.5(b-2) presents the Raman wave number change as a 

function of strain for GNP/PDMS and RGO/PDMS samples. As presented in both the 

figures, the conventional oven baked samples in both GNP/PDMS and RGO/PDMS 

resulted in lower Raman wave number change or less load transfer on application of 

strain. The NIR polymerization produced much higher change in Raman wave numbers 

thereby demonstrating enhanced load transfer from polymer to the filler. Since the SEM 

and Raman signatures of the G band look similar for both baking and NIR polymerization, 
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characterizing wavenumber shift in G peak in both samples upon application of strain is a 

measure of the graphene/polymer interfacial strength. Our results suggest that 

RGO/PDMS sample polymerized using NIR irradiative technique exhibited higher 

interfacial strength compared to their GNP counterparts.  

 

 

Figure 4.5 Load transfer: G band shift in (a-1) GNP/PDMS and (b-1) G band shift; 

change in wavenumbers with strains of (a-2) GNP/PDMS and (b-2) RGO/PDMS. 

 

The change in Raman wavenumbers saturate at ~10-12 cm
-1

 after 20% strain in 

both GNP and RGO counterparts and strains are no longer resolvable > 20%. This 

suggests that the saturation of the Raman signal is related to the number of 

graphene/polymer sites or weight fraction of the graphene in polymer matrix. This was 

also seen in past studies on nanotube/polymer composites. It should be noted that such 
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impressive change in wavenumbers for ~20% strain considering the low fraction of 

graphene (~1 wt %) used in these composites. For GNP/PDMS composites, rate of peak 

shift with strain was ~ 2.4 cm
-1

/% strain in tension and ~1.2 cm
-1

/% strain under 

compression as shown in Figure 4.5(a-2) and rate of peak shift is similar to the earlier 

report [34]. In addition, we also measured the 2D band shifts that were quantified to be 

~0.8 cm
-1

/% strain under tension and ~0.7 cm
-1

/% strain under compression, which was 

smaller than G band, however demonstrating use of 2D band shift in GNP fillers for 

measuring load transfer. On the contrary, the 2D bands were the most sensitive to strains 

in CNTs where 6 cm
-1

/% was witnessed in tension in our past work for the same process 

conditions [173]. Based on the G-band Raman shift, the interfacial stress was calculated 

to be ~80 GPa for the GNP/polymer interface in compression. For RGO/PDMS, rate of 

G-peak shift with strain was ~4.4 cm
-1

/% strain in tension and ~11.2 cm
-1

/% strain in 

compression suggesting enhanced load transfer in compression in bulk. The interfacial 

stress was calculated to be ~410 GPa for RGO interface suggesting fivefold increase in 

stress transfer in compression. For tension, the load transfer of RGO polymer interface 

was calculated to be ~3.5 times that of GNP interface. This also suggest greater load 

transfer of RGO compared to single wall nanotube fillers in tension [34]. Enhanced load 

transfer was witnessed for RGO fillers in both tension and compression compared to 

GNP fillers (Figure 4.5). Such large Raman shifts suggest large bond deformation, 

minimum slippage that must originate only from intimate contact of the RGO with the 

polymer and better dispersion through long mixing. Comparing this to past report on 

nanotube composites have only demonstrated either large Raman peak shift (15 cm
-1

 of 

2D band) in compression and small peak shift in tension [191].  
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Investigating further, full width half maximum (FWHM) of the wavenumbers 

were plotted against strain to investigate the extent of slippage in graphene/polymer 

composites. The extent to which graphene sheets will slip inside the polymeric matrix on 

application of strain is relatively unknown. Depending on the morphology and the 

number of layers, it is expected that RGO will slip less compared to its rigid stack like 

GNP counterparts. Figure 4.6(a & b) presents the FWHM data for both the types of 

graphene and both types of polymerization. First and foremost, graphene/polymer 

composites (both RGO and GNP) undergo slippage in the polymer matrix similar to 

CNTs. For the oven based baking method, GNPs underwent significant slippage 

compared to their RGO counterparts. This can be explained from the rigid plate like 

morphology. GNPs in polymers act as discrete rigid plates and do not interact with the 

polymer. This resulted in the plate sliding in the matrix much more easily on application 

of strain. FWHM data in compression show almost 15 cm
-1

 for 10% compression. The 

sign of the FWHM also change quite dramatically on changing the compression. This 

suggests discrete movement of GNPs in the polymer matrix or slippage. However, for 

RGO, the SEM images from Figure 4.1 show a continuous matrix. RGO due to its one 

carbon layer can weave itself with the polymer creating a continuous matrix. This 

resulted in better dispersion and higher change in Raman wavenumbers upon application 

of strain for both the fabrication methods. The higher integration of RGO also meant 

minimum slippage both in tension and compression for the oven baked samples. For the 

NIR treated method, there is a dramatic difference in GNP based polymer composites. 

The NIR treated method resulted in no slippage of the GNP in the polymer matrix. The 

FWHM data is seen to be almost zero for both compression and tension. This can only 
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happen through better integration of the GNPs in the matrix. On irradiation of NIR light, 

the GNPs edges should heat upto high temperatures at the nano-scale thereby bonding 

with the polymer matrix. This probably does not occur for the oven baked methods. In 

oven baked samples, heat is transferred from the outside to the inside the matrix. 

Depending on the thermal conductivity of the matrix and fillers and the polymer chain 

lengths, hot and cold spots may exist at the nanoscale that can locally change the 

polymerization process. On the other hand the NIR irradiation resulted in heating the 

fillers all over the matrix that may result in shorter segmental chain length of the polymer 

and therefore can result in stiffer composite.  

Similarly, Figure 4.6(b) for RGO composite show minimum slippage for the NIR 

treated method compared to the oven baked method although the result is not as dramatic 

as the GNPs in Figure 4.6(a). This again may be due to the morphology of the RGO 

weaving itself in the polymer matrix that results in better dispersion and integration for 

both polymerization methods. 

 

 

Figure 4.6 G-band FWHM value of GNP/PDMS (a) and RGO/PDMS (b) 

polymerized by conventional baking (blue) and NIR photon-assisted method (red) 

versus strain 
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4.2.3 Mechanical properties of graphene/PDMS composites 
 

Figure 4.7(a-1 & b-1) presents the cyclic stress-strain curves of PDMS, 

GNP/PDMS, and RGO/PDMS samples polymerized by conventional oven and NIR 

photon-assisted method respectively. The area under the hysteresis curve represents 

energy loss during the loading and unloading cycles. The area under hysteresis curve is 

larger for NIR samples indicating 1431% (RGO/PDMS) and 324% (GNP/PDMS) 

improvement in damping capability compared pure PDMS. On the other hand, area under 

the hysteresis loop is smaller for conventional baking samples ~673% increase for 

RGO/PDMS and ~139% increase for GNP/PDMS compared pure PDMS. High 

performance of NIR photon-assisted polymerization is addressed. Besides, RGO/PDMS 

shows higher damping capability than GNP/PDMS using the same polymerization 

method. The large damping capability of RGO fillers demonstrate considerable 

interfacial slippage between the PDMS and fillers and high thermal conductivity [198]. 

This brings in an interesting question of whether the orientation of the graphene with 

respect to the longitudinal or transverse loading can affect energy dissipation and could 

serve as useful design parameter for future composites and is worth investigating in 

future.  
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Figure 4.7 Cyclic stress-strain curves (a-1) and stress-strain curves (a-2) until failure 

of pure PDMS, RGO/PDMS, and GNP/PDMS polymerized by conventional baking 

method; Cyclic stress-strain curves (b-1) and stress-strain curves (b-2) until failure 

of pure PDMS, RGO/PDMS, and GNP/PDMS polymerized by NIR photon-assisted 

method. 

 

Figure 4.7(a-2, b-2) presents the stress-strain curves of GNP/PDMS, RGO/PDMS 

and pure PDMS samples till failure under different polymerization methods. As more 

strain is applied, the polymeric chains in PDMS are stretched out till final failure was 

seen ~160%. RGO/PDMS samples exhibited a linear stress-strain curve with failure at 

~120%, almost 25% lower failure strains. This suggests considerable stiffening of the 

matrix with addition of RGO at these low weight percentages. The increase in Young‘s 

modulus for RGO/PDMS was ~42% while that of GNP/PDMS was ~32% polymerized 

by conventional baking method in Figure 4.7(a-2). Figure 4.7(b-2) presents increase in 
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Young‘s modulus for RGO/PDMS was ~115% while that of GNP/PDMS was ~55% 

polymerized by NIR photon-assisted method. 

Comparing two graphene/PDMS samples polymerized by NIR photon-assisted 

method, this was calculated at 2.20 MJ/m
3
 for RGO/PDMS, 1.76 MJ/m

3
 for GNP/PDMS 

and 0.97 MJ/m
3
 for pure PDMS at 115% end point strain. The flexibility of RGO can 

result in large energy absorption without failing resulting in increased toughness of the 

composite. Finally, energy density values were calculated as ~2.14 kJ/Kg for 

RGO/PDMS, ~1.68 kJ/Kg for GNP/PDMS and ~0.91 kJ/Kg for pure PDMS. This 

suggests an increase in strain energy density of ~233% for RGO fillers in PDMS. The 

high surface area of RGO sheets makes the intimate interaction with the polymer due to 

increased adhesion resulting in higher strain energy densities [199]. In the elastic regime, 

these high densities can be recovered as useful mechanical work thereby making RGO 

highly attractive for realization of advanced composites.  

Figure 4.8(a) presents Young‘s modulus as a function of NIR energy dose with 

1 wt. % RGO/PDMS and GNP/PDMS. For both graphene/PDMS composites, Young‘s 

modulus will increase while increasing NIR dose. Young‘s modulus of RGO/PDMS is 

much higher than modulus of GNP/PDMS due to higher surface area of RGO compared 

to GNP with same weight percentage. Figure 4.8(b) compares the change in Young‘s 

modulus as a percentage for RGO/PDMS and GNP/PDMS polymerized by NIR photon-

assisted treatment. It is clear that for all wt. % graphene, change in Young‘s modulus is 

higher for RGO samples compared to GNP samples.  
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Figure 4.8 (a) Young’s modulus versus NIR light dose for RGO/PDMS (red line) 

and GNP/PDMS (blue line) fractions; (b) change in Young’s modulus versus weight 

percentage of RGO (red line) and GNP (blue line) for NIR light treated. 

 

Calculating the change in Young‘s modulus, Table 4.2 presents the Young‘s 

modulus values and the change in Young‘s modulus with respect to the pristine polymer 

for each of the fabrication method. There was ~32.14% change in Young‘s modulus for 

the GNP/PDMS composite compared to the pristine polymer for the oven based 

polymerization. The change in Young‘s modulus was ~42.86% for RGO/PDMS samples 

for this polymerization method. On the other hand, the NIR treatment resulted in ~115.81% 

change in Young‘s modulus values for RGO/PDMS and ~55.56% change in Young‘s 

modulus for GNP/PDMS. These results suggest that the graphene polymer composites 

are getting stiffer due to NIR irradiation. 

Table 4.2 Young’s modulus and Young’s modulus change of different 

graphene/PDMS composites with different polymerization methods 

 

Composite 
(1 wt. % nano-carbon/PDMS) 

Young’s modulus (MPa) Young’s modulus change 

Pure PDMS-Baking 1.12 ± 0.02 -- 

GNP/PDMS-Baking 1.48 ± 0.02 32.14 % 

RGO/PDMS-Baking 1.60 ± 0.03 42.86 % 

Pure PDMS-NIR 1.08 ± 0.02 -- 

GNP/PDMS-NIR 1.68 ± 0.03 55.56 % 

RGO/PDMS-NIR 2.32 ± 0.01 115.81 % 
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4.3 Conclusion 

 

In conclusion, NIR photon-assisted polymerization of graphene/PDMS 

composites was demonstrated in this chapter. The first and most important conclusion is 

that mixing RGO in polymers can influence its G and 2D band significantly compared to 

its few layer counterparts. The ratio of IG/I2D went from 2.65 for GNP to ~3 for 

GNP/PDMS, while from 3.80 to ~25 for RGO/PDMS counterparts. This suggests 

significant electron doping in line with earlier studies on monolayer graphene. By 

investigating the changes in 2D and G band one can understand the effects of doping, and 

graphene crystallite size due to mixing on the eventual electron-phonon interactions. This 

study investigated two types of polymerization of graphene/PDMS composites namely: 1) 

oven based heating to 125 C for 30 minutes and 2) NIR irradiation. The G bands of pure 

fillers and post fabrication of GNP or RGO/PDMS composites were found to be shifted 

suggesting compressive loading on the filler lattice. The out of plane vibration due to the 

polymer entanglement is coupled to the in plane vibration of the sp
2
 carbon atoms 

suggesting three dimensional entanglement of the polymer to the filler lattice. 

Investigating the two polymerization techniques, it was found that NIR based 

polymerization resulted in higher load transfer and mechanical strength of GNP and RGO 

based composites. The load transfer was higher for RGO/PDMS based composites 

compared to GNP/PDMS based composites for both types of polymerization. The rigid 

stack like morphology of the GNPs and the lack of interplate interactions with the 

polymer using conventional oven based polymerization played an important role in 

slippage during load transfer and lower mechanical strength. On the other hand, RGO 
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sheets were able to weave itself with the polymer thus enabling a continuous polymeric 

composite that enabled higher load transfer and minimized slippage. The NIR treatment 

resulted in ~115.81% change in Young‘s modulus values for RGO/PDMS and ~55.56% 

change in Young‘s modulus for GNP/PDMS showing differences in mechanical strength 

of composites for just few atomic layers of carbon.  
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CHAPTER 5 SYNERGY EFFECT OF BINARY (1D MWNT, 2D RGO) 

NANO-CARBONS/POLYMER COMPOSITES 
 

 

5.1 Introduction
 

In the previous chapter, the use of NIR polymerization of graphene/polymer 

composite was demonstrated. In this chapter, we investigated the use of 2 different nano-

carbons in polymer composites and how their interaction in polymer composites affects 

the overall mechanical properties of the polymer composites. In general use of two nano-

carbons based on different dimensionalities can result in enhanced stiffness of the 

composite and overall improvement in mechanical properties. However, it could also 

show some insights into how two different nano-carbons with different geometric shapes 

can limit deformation in composites. Raman spectroscopy again aids in looking into such 

interesting behavior, therefore extending the possible applications of non-destructively 

studying the internal dynamics of polymer composites. 

An important application of graphitic nano-carbons is their use as 

reinforcers/fillers in polymer composites for enhanced mechanical strength and load 

transfer. In this respect, use of CNTs has been effective due to their high tensile strength, 

high aspect ratio, and one-dimensional (1D) nature leading to directional stress transfer 

and compatibility with surface functionalization techniques [19-24, 26, 29, 160, 164, 166-

168, 200-209]. Recently, two-dimensional (2D) graphitic nano-carbon, namely few layer 

GNPs, have shown impressive load transfer both in tension and compression when acting 
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as reinforcers in polymer composites [34]. A surprising observation was that for large 

strains (>1.5%), GNP fillers went into compression under uniaxial tensile deformation. 

Similarly, under uniaxial compressive load, the Raman signature was one that of tension 

in the lattice. This effect although intriguing is not yet well understood. Further, lack of 

clear understanding of how mechanical strength and load transfer are affected in binary 

mixtures of nano-carbon/polymer composites warrants further investigation. 

 

5.1.1 Synergy in binary nano-carbons in polymer composites 

 

Recent reports have shown extraordinary synergy in binary nano-carbon mixtures 

consisting of SWNT and nano-diamonds (ND), and few layer graphene (FLG) and ND in 

matrix of polyvinyl alcohol (PVA) [210]. The nano-carbons (ND, SWNTs and FG) were 

surface functionalized using acid treatment to form carboxyl and hydroxyl groups that 

could better interact with the PVA matrix [210]. The ~400% enhancement in Young‘s 

modulus of PVA was reported due to the inducement of crystallization of the polymer 

with addition of nano-materials [210]. Since that impressive study, further studies have 

shown synergistic effects of increased toughness resulting from the combination of 

SWNTs and RGO flakes in solution-spun polymer fiber [211]. Similarly, not only 

mechanical strength, synergistic effects in thermal conduction has been reported in hybrid 

GNP-MWNT fillers in epoxy composites. Thermal conductivity enhancement of ~800% 

at ~10 wt. % loading of hybrid nano-carbons in epoxy was demonstrated [212]. 

Synergistic effects of SWNT and GO composite fibers coagulated from acidic PVA 

solution exhibited both high strength and high conductivity and was reported to be 
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promising candidates for actuation applications [213]. While these studies are quite 

impressive and show the synergy between use of binary mixtures of nano-carbons in 

polymers affecting mechanical strength, interfacial thermal conductivity, and device 

actuation, Raman spectroscopy has not been previously employed to investigate actual 

change in lattice expansion or contraction due to cooperative effects of binary mixtures of 

nano-carbons for load transfer/mechanical strength/interfacial thermal conduction.  

 

5.1.2 Raman spectroscopy of binary nano-carbons in polymer composites 

 

Over the years, Raman spectroscopy has emerged as a powerful method in 

understanding load transfer and mechanical properties of single nano-carbon/polymer 

composites. It was Ajayan et al., who demonstrated load transfer in a MWNT/epoxy 

system using Raman spectroscopy [19]. The enhanced shift in Raman G´ mode during 

compression demonstrated higher interfacial shear stress and load transfer to the 

nanotubes [19]. Since then, numerous reports have emerged on the use of Raman 

spectroscopy for studying load transfer and mechanical strength of nano-carbon 

reinforced polymer composites using both G-band shifts and 2D-band shifts [19, 160, 168, 

171, 172, 209, 214, 215]. However, there are no studies on how load is transferred in 

polymer composites consisting of binary nano-carbon mixtures using Raman 

spectroscopy.  

Raman spectroscopy studies on binary mixtures of nano-carbons polymer 

composites in tension and compression can give us a deeper understanding of how strains 

are developed in the lattice and the synergy of two carbons in different dimensional states 
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aiding load transfer. The use of binary mixtures of nano-carbon as reinforcers in polymer 

matrix could have different impacts on load transfer and mechanical strength. 

Extraordinary synergy is only achieved at a specific concentration of the nano-carbons in 

the polymer matrix and therefore is not an additive property. One can envision different 

scenarios of mixing binary mixtures of nano-carbons in polymer matrix: 1) load could be 

shared equally by both the nano-carbons (this could potentially occur at equal weight 

percentages or same dimensional state), 2) load could be shared predominantly by one 

nano-carbon, thereby eliminating influence of the second carbon, 3) one of the nano-

carbons may limit the deformation of the other in the matrix resulting in selective and 

directional load transfer, 4) shape induced anisotropy of the nano-carbons can result in 

enhancement in stiffness and mechanical strength, and 5) adding binary mixtures of 

nano-carbons and subsequent polymerization of the composite can lead to smaller 

segmental chain length and limited extensibility of polymer chains. Finally, 

dimensionality and mechanical properties of individual nano-carbons should also play a 

significant role in enhancing interfacial interactions in determining collective composites 

properties. Therefore, we investigated load transfer and mechanical strength of binary 

mixtures of nano-carbon fillers in PDMS matrix using Raman spectroscopy. PDMS was 

used in this study due to its high significance in many day to day industrial applications. 

PDMS belongs to the group of silicones and is a common polymer used in industries, 

such as medical, food, aerospace, tri-biological, lithographic, cosmetics and microfluidics. 

Recently nano-carbons in PDMS have found applications as photo-thermal 

polymerization agents and photomechanical actuators [79, 173, 216-218]. Such actuators 

have found applications in MEMS as micro-actuators, micro-mirrors, and micro-grippers 
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utilizing photomechanical actuation principle [219-222]. Therefore, the present 

investigations could make an impact in the above mentioned areas where synergy 

between nano-carbons can be exploited for actuation applications. Our results suggest 

small amounts of MWNT0.1 in RGO0.9/PDMS matrix (for simplicity we refer wt. % of 

nano-carbon as subscripts) eliminates the previously reported compressive deformation 

of RGO [34], thereby reversing the sign of the Raman wavenumber changes (from 

positive to negative) in uniaxial tension. This resulted in load transfer to RGO and almost 

fourfold increase in Young‘s modulus compared to single nano-carbon RGO1.0/PDMS 

and MWNT1.0/PDMS counterparts. We discuss a mechanism where strain induced 

orientational order of MWNT and the shorter segmental length and the limited 

configuration of the polymeric chain on MWNT addition can result in the synergistic 

effect of eliminating the compressive deformation of RGO in direction perpendicular to 

the applied strain thereby changing the sign of Raman wavenumbers and increasing the 

Young‘s modulus. 

 

5.2 Results and Discussion 

 

Different binary mixtures of RGO and MWNTs were dispersed in the PDMS 

(Sylgard) matrix and these samples were used to study the synergistic effect on the load 

transfer and the mechanical strength. The prepared samples were first investigated by 

using SEM to examine the sample cross-sections and the nano-carbon/polymer interface. 

Raman spectroscopy was used to ascertain the Raman peak shift with increasing strains 

to compare the load transfer between adding single nano-carbon filler or binary mixtures 
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of nano-carbon fillers in polymer matrix. The elastic moduli (E) were measured for the 

series of samples. (See experimental details in Appendix C) 

 

5.2.1 Characterization of binary mixture nano-carbons/PDMS composites 

 

 

Figure 5.1 The SEM images of (a) MWNT1RGO0/PDMS, (b) MWNT0RGO1/PDMS, 

(c) MWNT0.5RGO0.5/PDMS, each with a scale bar of 500 nm. (d) The Raman spectra 

of (a-c) samples. (e) The comparison of 2D peaks between pure RGO and a series of 

MWNT- RGO/PDMS composites. 

 

Figures 5.1(a), 5.1(b), and 5.1(c) display the cross-sectional SEM images for the 

MWNT1RGO0/PDMS, MWNT0RGO1/PDMS, and MWNT0.5RGO0.5/PDMS samples 

respectively. The SEM image for MWNT1RGO0/PDMS (Figure 5.1(a)) clearly shows 

dispersion of MWNTs in the matrix. One end of the MWNT appears stretched out of the 

matrix while the other end is embedded in the matrix. This is indicative of the strong 

interfacial adhesion between the nanotube and the PDMS polymeric chains [29]. The 

SEM image of MWNT0RGO1/PDMS (Figure 5.1(b)) shows that the plate-like 

morphology is retained in the polymer matrix. The SEM image of the 

MWNT0.5RGO0.5/PDMS (Figure 5.1(c)) shows a combination of the retention of RGO 
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morphology and the nanotubes stretched out of the polymer. Particularly, there are places 

where the nanotubes are seen to bridge the gap between two RGO/PDMS plate structures 

(arrows in Figure 5.1(c)). The SEM images clearly show that the MWNTs covered in 

PDMS act as bridges between two RGO plates. Even in the mixtures, one end of the 

MWNT is seen to stretch out of the matrix while the other end is anchored in the 

RGO/PDMS matrix (Figure 5.2(c)). This again reveals the strong interfacial adhesion of 

the MWNTs in the mixtures.  

The Raman spectra for the three samples are displayed in Figure 5.1(d). All the 9 

peaks associated with PDMS are shown for the samples. For the 

MWNT1.0RGO0.0/polymer sample, the RBM mode at ~219.3 cm
-1

, the disorder induced D 

band at ~1,329 cm
-1

, the tangential mode G-band at ~1,588 cm
-1
, and the 2D or G′-band 

at ~2,657 cm
-1

 are associated, demonstrating the high purity of the prepared sample. For 

the MWNT0RGO1/PDMS samples, the D-band at ~1,344 cm
-1

) and the G-band at ~1,596 

cm
-1

 are clearly measured. The previous Raman study on monolayer graphene on PDMS 

has measured the G-band at ~ 1581.6  15.6 cm
-1 

[223]. Therefore, our measured G-band 

peak is within the fluctuations for monolayer graphene. The 2D band appears at 2680 cm
-

1
 but is very weak for these spectra. The low intensity of the 2D resonance and the 

broadening of the G-band and the D-band indicate high functionalization densities of 

graphene as seen in the past report [194]. This suggests higher level interaction of RGO 

with the polymer.  

Figure 5.1(e) presents the evolution of the 2D band for the pure RGO and the 

RGO/PDMS mixtures with MWNT. For the binary mixtures the 2D peak was seen to 

increase in intensity with addition of MWNT. Ideally, lack of any defect center in RGO 
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should lead to no D-band. The presence of the D-band in the measured spectra, its 

broadening and the lower intensity of the 2D peaks may suggest the folding of the 

graphene sheet induced during the evaporative mixing process [196]. The spatially 

inhomogeneous curvature of the RGO in polymer can act as a smooth one dimensional 

defect line along the fold and therefore can lead to the D-band peak for the RGO/PDMS 

composite [196]. The direct contact of the polymer to the RGO and the process of mixing 

over 24-36 h inside the polymer can lead to folds, kinks, and doping and functionalization 

of the graphene sheets, all of which can induce a D-band, broaden G band and lower the 

relative intensity of the 2D band. While this warrants further investigation, the lower 

intensity of the 2D band suggests that the electronic properties of RGO are directly 

affected by mixing in the polymer. The decrease or increase in IG/I2D compared to the 

pure samples may be indicative of hole or electron doping respectively. Based on the 

intensity values, IG/I2D =10.5 was calculated for the RGO samples and IG/I2D = 132.2 was 

calculated for the RGO/PDMS sample. This may not be the case for FLG as only the top 

layer comes in contact when mixed with the polymer and keeps the layers in between in 

pristine condition. Therefore, the 2D band is expected to have higher intensities even 

when mixed in polymers for FLG compared to their RGO counterparts or no change in 

the electronic properties. For FLG, we found IG/I2D =3.1 and for FLG/PDMS, IG/I2D =3.0 

was found from our measurements. This show that during mixing with polymers RGO is 

affected more by the polymer compared to the FLG. The lack of variation of IG/I2D for 

FLG and FLG/PDMS is remarkable and shows that the electronic properties for FLG are 

not affected by mixing with the polymer. A fundamental result observed in this study is 
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that mixing RGO in polymers can has a profound effect on its Raman bands and could 

have significance in fabrication and characterization of advanced composites. 

For the Raman spectrum of the binary mixture MWNT0.5RGO0.5/PDMS, the D-

band (1,344 cm
-1

), G-band (1593 cm
-1

) and 2D-band (2,654 cm
-1

) are clearly visible. The 

appearance of the 2D band in binary mixtures may suggest that the electronic properties 

of the CNTs are unaffected by the curvature effects [224]. The similarity of the 2D peak 

compared to the pure MWNT/PDMS samples with lower relative intensity may suggest 

the MWNT entanglement atop the graphene sheet, similar to the decrease in relative 

intensity of 2D peaks with increase in number of graphitic layers (FLG) [224]. This is 

quite reasonable as the SEM investigation also suggests the entanglement of MWNTs on 

the RGO plates. Based on the RBM mode of the nanotube/polymer sample, the diameter 

of the nanotube was calculated using equation νRBM = A/d +B, where A = 233 cm
-1

 nm 

and B =10 cm
-1

 are constants. It gives an inner diameter for MWNTs at ~1.06 nm. The 

diameter value based on the RBM mode in the nanotube/polymer samples demonstrates 

the lack of bundling of the MWNTs and excellent dispersions within the polymer 

samples using the evaporative mixing and the NIR cross-linking process [225]. Lack of 

bundling and smaller diameters may also indicate a higher level nanotube/polymer 

interaction, leading to better interfacial adhesion and strength.  

Figure 5.2 presents the SEM images of MWNT0.5RGO0.5/PDMS at three different 

areas. In all the three areas, nanotubes are seen to bridge the RGO plates in the polymer 

matrix. The SEM images show a density of 1-2 MWNT or small bundle bridging 

adjacent RGO plates. This is reasonable given the small weight fraction of MWNTs. 

Figure 5.2(d) presents a schematic model based on the SEM observation of how the 
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MWNTs are arranged among the graphene plates. The 1D nature of MWNTs can cause 

entanglement of the individual tubes between the mesh like RGO lattice in the polymer. 

The long evaporative mixing and subsequent polymerization cause the MWNTs to be 

entangled in the RGO lattice permanently by the polymeric chains. This may warrant 

further investigation as long or short chain polymers can have different effects on the 

entanglement of MWNT that may affect the overall properties of the composites. 

 

 

Figure 5.2 (a-c) The SEM images of MWNTxRGO1-x/PDMS matrix, and (d) the 

schematic representation of the RGO-MWNT/polymer system based on the above 

SEM images. 
 

 

5.2.2 Raman-strain sensitivity of MWNT/PDMS and RGO/PDMS composites 

 

Raman spectroscopy has been used by many groups in the past to measure the 

strain in the nanoscale fillers such as CNTs and graphene [19, 161-168]. When a strain is 

applied, the change of the interatomic distance induces shift in the vibrational frequencies. 
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The G-band (~1,588 cm
-1
) and G′-band (~2,700 cm

-1
) are known to exhibit such shifts 

both for MWNT and RGO, and thus can serve as the Raman signatures [34]. The larger 

shift in the Raman peak position of the G-band or the G′-band is indicative of larger load 

carried by the nano-carbon. A recent study on the graphene/polymer composites, with 

few layer graphene sheets subject to strain on top of different substrates, showed that the 

G-band shift by the rate of ~10 cm
-1

/strain % [34]. In our study, we also used the G-band 

to investigate the load transfer because the 2D band in RGO/PDMS is shown as weak in 

Figure 5.1(c). An increase in the G-band wavenumber with increasing strain signals in-

plane lattice compression, while a decrease in the G-band wavenumber with increasing 

strain signals tensile forces on the nano-carbon lattice. Thus, the shift measurements of 

the G-band peak for the various samples under both tension and compression can 

determine the strength of the nanotube-polymer interface and the comparison study may 

lead to in-depth understanding of the synergistic effects in binary nano-carbon/polymer 

composites. 

In order to use the G-band to investigate the synergistic effects, Raman 

spectroscopy was conducted on MWNT1RGO0/PDMS and MWNT0RGO1/PDMS 

separately under tension and compression. Figure 5.3((a-1) & (b-1)) presents the shift in 

G-band peak position from −10% to 50% strain. The G-band peak under 0% strain was 

measured at ~1,588 cm
-1

. Similar to the past report on MWNTs [225]. By contrast, the 

opposite trend was observed on the MWNT0RGO1/PDMS (Figure 5.3(b-1)). Under 10% 

uniaxial compression the G-band peak shifted to a smaller wavenumber (inferring a net 

tensile strain) and under 50% uniaxial tension the G-band shifted to a larger wavenumber 

(inferring net compression). This observations in line with the recent report for the GNP 
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polymer composites [34]. This suggests that the application of uniaxial tension in one 

direction induces compression of the RGO lattice in the other. This may be due to that the 

polymeric chains extend along the direction of the strain owing to the lower glass 

transition temperature and rubbery elasticity [34].  

 

 

Figure 5.3 (a-1) & (b-1) plot the Raman intensity versus the shift in wavenumber 

under uniaxial tension and under uniaxial compression for MWNT1RGO0 and 

MWNT0RGO1, respectively; (a-2) & (b-2) plot the change of the shift in 

wavenumber versus the strain under uniaxial tension and under uniaxial 

compression for MWNT1RGO0 and MWNT0RGO1, respectively 

Figures 5.3((a-2) & (b-2)) show the change of the Raman peak in wavenumber as 

a function of the applied strain for MWNT1RGO0/PDMS and MWNT0RGO1/PDMS, 

respectively. In Figure 5.3(a-2), the change of the Raman shift in wavenumbers is 

~10 cm
-1

 under compression while it is only ~5 cm
-1

 under tension shows that larger load 
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is transferred to the MWNT filler under compression. For the MWNT0RGO1/PDMS, 

there was ~10 cm
-1

 change in wavenumbers in both tension (50%) and compression 

(10%), but in the opposite direction as MWNT fillers (Figure 5.3(b-2)). Again, the shift 

in wavenumbers was 1 cm
-1

/% strain in compression and 0.2 cm
-1

/% strain in tension, 

suggesting that larger load is transferred under compression. It should be noted that there 

is no linear relationship between the Raman wave number change and the tension and 

compression strain. 

 

5.2.3 Synergy effect of binary mixture nano-carbon/PDMS composites 

 

Using the Raman signature to probe the binary mixtures (Figure 5.4), the 

synergistic effects on the load transfer are revealed for the MWNTxRGO1-x/PDMS 

samples. First, as shown in Figure 5.4(a) for MWNT0.1RGO0.9/PDMS under the −10% 

strain (Figure 5.4(a)), the G-band peak is shifted to the larger wavenumber (inferring 

compression) from to the zero-strain peak position. Similarly, under the ~50% tensile 

strain, the G-band peak is shifted to the smaller wavenumber (inferring lattice tension). 

This is surprising because MWNT0RGO1/PDMS (Figure 5.3(b-2)) showed the opposite 

trend. Indeed it is intriguing that for MWNT0.1RGO0.9/PDMS, the Raman signature 

completely changed signs from compression to tension. Figure 5.3(b) presents the 

wavenumber change versus the strain for the samples. An increase of 4 cm
-1

 in 

wavenumber was observed under 10% compression and a decrease of ~8 cm
-1

 decrease in 

wavenumber was observed under 50% tension.  
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Figure 5.4(c) presents the Raman peak shift in wavenumber as a function of the 

relative weight ratio of MWNT in the binary filler measured under the 50% uniaxial 

tension. Positive wavenumber change was observed for 0-0.01 wt. % of MWNTs in the 

binary filler. It suggests on average compression dominates the RGO lattice under 

uniaxial tension, similar to results in Figure 5.3 (pure 1 wt. % RGO/PDMS). For ~0.1 wt. % 

MWNTs in the binary filler, a negative wavenumber change was observed, suggesting 

that a net tension is built on the lattice under the applied tensile strain. The complete 

reversal in the wavenumber change with a small change of the relative ratio of MWNTs 

in the binary filler suggests synergy between RGO and MWNTs.  

Further increase of the relative ratio of MWNTs does not change the sign of the 

wavenumber change, namely, the samples are under tension. When the relative weight 

ratio of MWNTs is between 80% to 100%, the wavenumber change is saturated. The total 

change in wavenumber is ~20 cm
-1

 per 0.1 wt. % MWNT, or 200 cm
-1

/wt. %. This rate is 

quite remarkable transformation of the Raman signal given the small weight fractions 

used.  

 

 

A plausible mechanism of how MWNTs aids in limiting deformation of RGO in 

the direction of applied strain has been suggested. Without any MWNTs, the collective 

Raman signature of MWNT0RGO1/PDMS is one of compression. This was also seen in 

the recent report on the FLG/polymer composites [34]. The mobile large chain PDMS 

network in the direction of applied strain can lead to compressive force on RGO resulting 

in net Raman peak shift for compression [34]. The earlier understanding was that the 
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tension along one direction can cause the graphene plate to compress along the 

perpendicular direction. This may be possible for the case under small strain. The more 

plausible mechanism is that wrapping of the polymer chains around RGO can make it 

fold, thereby causing RGO to compress. The D-band of RGO/PDMS may suggest folding 

of the RGO lattice where the fold can appear as a defect center for scattering [196]. One 

or more foldings of the RGO sheet can thus exert a net compressive stress on the RGO 

lattice.  

 

 

Figure 5.4 Load transfer (G-band) in RGO0.9MWNT0.1/PDMS: (a) the Raman 

intensity versus wavenumber; (b) the change of the Raman peak in wavenumber as 

a function of the strain; and (c) the Raman peak shift in wavenumber versus the 

relative weight fraction of nano-carbons under 50% uniaxial tension. 
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Stretching the polymer sample leads to an increase of the potential energy in the 

sample. Therefore, the elastic free energy, which is also called the Helmhotz free energy 

(A = U−TS), of the sample should increase [226]. Since the internal energy (U) and 

temperature (T) of the polymer system are both assumed to remain constant, the entropy 

(S) of the system must decrease. This qualitatively makes sense as well, as stretching the 

sample results in polymeric chains going from a high entropically disordered state 

(unstrained configuration), to a low entropically ordered state (strained configuration) 

[226]. Assume the entropy of the system to equal          [    ], where S0 is the 

initial entropy, k is the Boltzmann constant, and W(r) is the density distribution of the 

end-to-end polymeric chains [226]. Substituting these results into A, the          

    [    ] . In other words, the elastic free energy is dependent on the density 

distribution of the end to end polymeric chains. Assuming that the polymeric chain length 

follows a Gaussian distribution, the density distribution is the number of configurations 

allowable to the polymeric chain. Shorter chains result in a stiffer polymer [226].  

While the mechanism of molecular reinforcement is poorly understood [226], we 

believe that the addition of the two carbon nanostructures to the polymer results in 

different polymeric chain/carbon configurations. Because of the 2D mesh-like structure 

of RGO, it is likely that the polymer chains can be entangled in the mesh or warp around 

RGO. The polymer chains wrapping around the RGO can fold the RGO or make the 

lattice go to a net compressive state which is seen in the Raman data. CNTs however, 

likely present a different mechanism for shortening the polymeric chains. Because of the 

high aspect ratio, 1D CNTs likely present opportunities for polymeric chains to become 

much more entangled along the axis of the nanotube. The CNTs cannot fold as the 
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RGO‘s and therefore always remain in tension on application of uniaxial tension. 

Therefore, for the same wt. % additive, CNT/PDMS composites should be stiffer than 

RGO/PDMS composites, which have been confirmed experimentally by our results in the 

next section. The expression for the true strain can therefore be written as    

     ∑          
 ⁄     

    ⁄ 
    and can be evaluated for the x, y and z dimensions 

[226]. The shorter polymeric chains due to the CNTs could result in limiting the strain in 

the x and y directions (assuming uniaxial tension is applied in the z direction). Since the 

chains are polymerized from inside by NIR illumination, the effective segmental length 

must decrease with the addition of MWNT or making it stiffer. The entanglement of the 

MWNT onto the RGO as the SEM suggest can also make the net polymeric chain length 

shorter during the polymerization process. [226]. The shorter polymeric chains due to the 

CNTs could result in limiting the strain in the x and y directions (assuming uniaxial 

tension is applied in the z direction). Since the chains are polymerized from inside by 

NIR illumination, the effective segmental length must decrease with addition of MWNT 

or making it stiffer. The entanglement of the MWNT onto the RGO as the SEM suggest 

can also make the net polymeric chain length shorter during the polymerization process.  

 

5.2.4 Orientational ordering: A 2D model 

 

Another factor that may affect the load transfer is the orientational order of the 

nano-carbons in the presence of strain. By using nanotube as an example, we developed a 

2D model to calculate the change in the angular orientation of the nanotube with shift in 

Raman wavenumbers. Orientation of the nanotube should play an important role in load 
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transfer. When a uniaxial tensile strain is applied to MWNT/PDMS composite, the 

MWNT will align itself or undergo change in orientation in the direction of the strain. 

This has been shown to improve photomechanical stresses in the past for actuation 

applications [218, 219]. Figure 5.5 presents the shift in Raman wavenumbers (measured) 

versus the orientational angle (calculated) of the CNTs. The calculation is based on the 

model that describes the movement of a rigid rod in polymer matrix as shown in Figure 

5.5(a). The average change in the angular orientation of the nanotube in polymer matrix 

can be written as: 

2

'
0 0

0

arctan( ) ( )x P d
L




     

 

where                      , is the change in length in the x′ axes on change in 

orientation of the nanotube in the presence of uniaxial tension;                 

  ,       is the orientational probability distribution of the nanotube and this is a flat 

distribution of 
 

  ⁄
. The change in the orientational angle can therefore be calculated 

based on the applied uniaxial tensile strain using the above equation.  

 

Figure 5.5 (a) Model describing the change in orientation of the nanotube in 

polymer on application of a uniaxial tensile strain, (b) the change in Raman 
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wavenumbers for G and 2D band (measured) versus change in orientation angle 

(calculated) for different uniaxial tensile strains applied to the sample. 

 

Figure 5.5(b) presents the shift in Raman wavenumbers versus the calculated 

change in orientation angles using the above model. Surprisingly a linear relationship is 

established between the calculated angles and the actual measured Raman values. The 

linear relationship between the orientation angle and the Raman wavenumber shift for 

both the G and 2D band suggest that the load transfer is closely related to the orientation 

ordering of CNTs in the matrix.  

For RGO, similar angle change can be expected if it is treated as a rigid 2D sheet 

on a 2D plane. However, for the mixtures, a 3D model might be required to take into 

account the entanglement of CNTs between 2 RGO plates as observed in the SEM 

images. This is beyond the scope of the PhD work and future atomistic modeling may 

reveal the actual synergy between the nano-carbons and how the orientation of the nano-

carbons affects the synergy. Nevertheless, the model described here gives some insights 

into the change in the Raman wavenumber as a function of the calculated orientation 

angle. 

In principle, such change in the Raman wavenumber with the orientation angles 

could be useful for design of nanoelectronic devices based on strains. Furthermore, under 

uniaxial tension 1D MWNT are better reinforcers compared to 2D RGO sheets in 

polymer composites. The single dimensionality and high strength of the nanotubes can be 

expected to exhibit much higher load transfer along the axial direction compared to 2D 

RGO sheets in tension.  
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Figure 5.6 The Full Width Half Maximum (FWHM) data for the different 

compositions of MWNTxRGO1-x/PDMS: (a) the FWHM versus weight fraction of 

the nano-carbon; (b) the FWHM change versus percentage strain for 

MWNT1RGO0/PDMS; (c) the FWHM change versus strain for 

MWNT0RGO1/PDMS; and (d) the FWHM change versus strain for 

MWNT0.1RGO0.9/PDMS. 

 

Investigating further, the Full Width Half Maximum (FWHM) of the G peak 

could indicate the measure of the stress distribution of the nano-carbon in the composite. 

Slippage is expected due to the high level of strains used in these experiments and the 

viscoelastic nature of the polymer. It should be noted that the past reports on load transfer 

of nano-carbon composites using Raman spectroscopy has investigated only limited 

uniaxial tension and compression (20%) [19, 161-168]. Figure 5.6(a) presents the 

FWHM versus weight fraction of the nano-carbon. The FWHM is almost a constant for 

all the weight fractions of the binary mixtures in PDMS under zero strain. Figure 5.6(b) 

presents the change in FWHM versus strain for MWNT1RGO0/PDMS sample. Smaller 

change in a FWHM means uniform stress distribution and no slippage on applied tension 

or compression. In Figure 5.6(b) one can see change in FWHM of almost 6 cm
-1

 from 10% 
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compression to the unstrained state. The FWHM change data in tension is better (4 cm
-1

) 

suggesting less slippage in tension and more uniform stress distribution achieving 

saturation in the values with increasing strain. One can see that the FWHM change is 

almost constant between -5% to 30% at 2 cm
-1

 suggesting uniform load transfer at these 

strain values. Figure 5.6(c) presents the FWHM change versus strain for 

MWNT0RGO1/PDMS sample. Similar trends are seen here in compression accompanied 

by slippage and in tension more uniform stress distribution. Although we see values of 

6 cm
-1

 for FWHM change in compression, it should be noted that the change in FWHM is 

less than ~10% of the actual FWHM values (74 cm
-1

) presented in Figure 5.6(a). 

Therefore, this is not a significant effect and load is still transferred in compression more 

than in tension. Figure 5.6(d) presents the FWHM versus strain for the synergistic 

mixture MWNT0.1RGO0.9/PDMS. This sample shows that the FWHM is almost constant 

in both uniaxial compression and tension. The FWHM change is seen to be reduced by 3 

times (from 6 cm
-1

 change in FWHM for MWNT0RGO1/PDMS to 2 cm
-1

 change for 

(MWNT0.1RGO 0.9)/PDMS). This is only ~2.7% of the actual FWHM values and can be 

practically considered as no slippage. The change in FWHM in tension for all strains is 

almost zero suggesting no slippage and stress distribution remaining constant throughout 

the matrix or the same as un-strained sample. The use of binary nano-carbons therefore 

minimized slippage and made the stress distribution constant throughout with narrow 

FWHM change. This can only happen if the effective segmental chain is reduced and 

severe entanglement of MWNT and RGO with the polymeric chains giving the chains 

limited extensibility. It should be noted that even the 6 cm
-1

 values of the FWHM change 
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for pure samples is still narrow (<10%) suggesting uniform load transfer and minimum 

slippage in both compression and tension.  

 

5.2.5 Mechanical properties of binary nano-carbon/PDMS composites 

 

Table 5.1 Synergistic effects in Young’s modulus of MWNTxRGO1-x/PDMS 

composites 

 

Composite 
Young‘s modulus 

(MPa) 
Young‘s modulus change 

PDMS 0.96 ± 0.03 0 

MWNT
1
RGO

0
/PDMS 1.72 ± 0.04 76% 

MWNT
0.99

RGO
0.01

/PDMS 1.56 ± 0.05 63% 

MWNT
0.9

RGO
0.1

/PDMS 1.49 ± 0.04 55% 

MWNT
0.5

RGO
0.5

/PDMS 1.57 ± 0.03 64% 

MWNT
0.1

RGO
0.9

/PDMS 1.95 ± 0.06 103% 

MWNT
0.01

RGO
0.99

/PDMS 1.87 ± 0.05 94% 

MWNT
0
RGO

1
/PDMS 1.19 ± 0.02 26% 

 

The Raman results on the enhanced load transfer and the synergistic effects in 

binary nano-carbon mixtures are also supported by the measurements of elastic moduli. 

Table 5.1 presents the measured Young‘s modulus values of pure PDMS, 

MWNT1RGO0/PDMS, MWNT0.99RGO0.01/PDMS, MWNT0.9RGO0.1/PDMS, 

MWNT0.5RGO0.5/PDMS, MWNT0.1RGO0.9/PDMS, MWNT0.01RGO0.99/PDMS and 

MWNT0RGO1/PDMS. Young‘s modulus values were measured to be ~ 0.96 MPa  0.03 

for pure PDMS, ~1.72 MPa  0.04 for MWNT1RGO0/PDMS, ~1.19 MPa  0.03 for 
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MWNT0RGO1/PDMS and finally ~1.95 MPa  0.06 for MWNT0.1RGO0.9/PDMS. Table 

5.1 also presents change in Young‘s modulus for all the samples.  

An impressive increase of ~103% in Young‘s modulus was observed in the 

binary-nano-carbon sample compared to the pristine polymer. By comparison, the 

Young‘s modulus value increase of MWNT0RGO1/PDMS was only ~26% compared to 

the pristine polymer. This may be due to the defects, kinks and folding of RGO in the 

polymer that lowers the Young‘s modulus values in tension. The change in Young‘s 

modulus value for all the other mixtures are reported to be 55 - 94%. It is seen that with 

increasing relative weight ratio of MWNT, the change in Young‘s modulus increases, 

reaches a maximum, and then decreases again. It suggests that the synergy is optimized 

~0.1 wt. % of MWNT. Because the Young‘s modulus values were measured under 

tension, compressive deformation of RGO due to folding could lower the increase in 

Young‘s modulus. Adding small amounts (~0.1 wt. %) of MWNTs limits this 

deformation and therefore increases the Young‘s modulus value of almost ~4 times. This 

means, adding small amounts of MWNT must make the effective segmental chain length 

smaller due to severe entanglement and lead to stiffer RGO/PDMS matrix. In other words, 

MWNTs limit deformation of RGO, enabling larger load transfer in tension, minimum 

slippage and enhanced Young‘s modulus values.  

 

5.2.6 Halpin-Tsai model for predicting Young‘s modulus of composites 

 

 Investigating further, one can develop a simple model to predict the change in 

Young‘s modulus of the composites based on the rule of mixtures and the Halpin-Tsai 



 

110 

equations as shown in the past [227]. Using simple rule of mixture approach, we predict 

the Young‘s modulus of the MWNTXRGO1-X/PDMS composites by assuming the 

composite to be an isotropic and elastic matrix filled with binary nano-carbons. In the 

case of rule of mixtures, it is assumed both RGO and MWNT are well bonded and 

homogenously dispersed. The strain is assumed to be the same and equally distributed in 

both the nano-carbons. The Young‘s modulus of RGO is ~250 GPa [45], MWNT is 

~300 GPa [228] and PDMS is 0.96 MPa (measured). The Young‘s modulus of the 

composite using rule of mixtures can be written as:
  

( ) ( )m o l MWNT PDMS MWNT o l f SLG PDMS SLG PDMSE E E w E E w E             

o  is orientation efficiency factor, l  is the length efficiency factor and 
f  is the 

topological efficiency factor. Since RGO can undergo folding or change in topology, this 

may affect the eventual Young‘s modulus values and therefore is quite reasonable to have 

such efficiency factors. The l  is the length efficiency factor is described by the equation: 

( )
1l

LTanh a
D

La
D




 


 

where a can be described as: 

3

2 ln( )

PDMS

carbon carbon

E
a

E w

 


   

The length efficiency factor approaches unity as aL/D becomes large. This 

suggests that high aspect ratio fillers give better Young‘s modulus values. Since the 

Young‘s modulus values of the both MWNT1RGO0/PDMS and RGO1MWNT0/PDMS 

are known, these experimental values can be used in these theoretical equations to arrive 
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at L/D and L/W values. The L/D for MWNT was calculated as ~61 and for RGO L/W of 

~10 was used [229]. Assuming RGO to be rolled out CNT, and setting D = W/, gives us 

L/D for RGO = 31.4. In both cases the L/D values of >10 underscores that both MWNT 

and RGO are good choices as reinforcers for polymer composites. The orientation 

efficiency factor is assumed to be 0.2 for randomly aligned fibers and the topological 

efficiency factor f is suggested to be 0.9. The topological efficiency factor assumes that 

RGO retains most of its plate like configuration and the defects are quite small. As the 

number of defects increase, the f  value will decrease. One can develop a relationship 

between defect density and topological efficiency that could be included in the model for 

future calculations. Further, a relationship could be developed based on the Raman D 

band changes that can predict the topological efficiency more accurately depending on 

the defects, folds, kinks and doping. However, such complex model is beyond the scope 

of the current PhD work.  

 

 

Figure 5.7 The Young’s modulus versus weight percentage of nano-carbon filler for 

MWNTXRGO1-X/PDMS composite calculated using the rule of mixtures and 

compared to the experimental data. 
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Figure 5.7 presents the Young‘s modulus of the  MWNTxRGO1-x/PDMS versus 

weight fraction of the nano-carbon using the above described theoretical model. The 

actual experimental data is also plotted for comparison. A linear relationship is 

established for the Young‘s modulus of the composite with different fractions of MWNT 

and RGO. However, looking at the experimental values, the model cannot accurately 

predict the synergy between 2 nano-carbons. There is a cross-over point shown in dotted 

lines where the model and the experimental values agree at 0.5-0.7 wt. % MWNT or 

equal mixtures. There are several reasons why the model does not accurately agree with 

the experimental values. The model cannot predict events such as folding of graphene 

sheets, dimensionality of the sheets affecting mechanical strength and how MWNT may 

be bridging between 2 graphene sheets thereby eliminating the compressive deformation.  

While, these physical events are reflected in the Raman data, highly sophisticated 

atomistic simulations are needed to predict events such as synergy which is beyond the 

scope of this PhD work. This also suggest that simple models that were previously used 

to predict the mechanical properties of single nano-carbon fiber in polymer composites 

cannot be fully extended to the use of 2 nano-carbons if there is synergy between the 

nano-carbons. Nevertheless, the theoretical equation above is still quite useful for 

predicting the Young‘s modulus of the composite with 2 nano-carbons where synergy 

may not be involved (Ex: nano-carbons of the same dimensional states but different 

elastic properties such as CNT and carbon nano-fiber). The experimental results show 

that use of 2 nano-carbons is better than one nano-carbon and that could be a fundamental 

basis on which both the model and experimental data agree. Again, it should be made 
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clear that synergy may only be observed with 2 nano-carbons of different dimensional 

states in polymer composites.  

 

5.2.7 Photomechanical responses of binary mixture nano-carbons/PDMS 

composites 

 

In recent years, there has been increasing number of studies on the use of nano-

carbon/ elastomers for photomechanical actuation. NIR light induced stimuli responsively 

has been demonstrated in nanotube/polymer, GNP/polymer, and RGO/polymer 

composites [51, 79, 216-219, 230]. Such photomechanical studies on nano-

carbon/elastomers have led to applications such as MEMS based micro-actuators, micro-

grippers, micro-mirrors and nano-positioners [220-222, 231]. Therefore, as an application 

to actuation, binary nano-carbon/elastomer composites were explored as 

photomechanical actuators. 

 

 

Figure 5.8 The photo-mechanical responses and the actuation stress response of 

binary mixture nano-carbons polymer composites actuator for 15% pre-strain. 
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Figure 5.8 shows the photomechanical actuation and relaxation kinetics during a 

15% pre-strain test. The test composites undergoes five cycles of NIR illumination on for 

60 s, followed by NIR illumination off for 30 s. The magnitude of actuation is highly 

repeatable for each test sample (See details in Appendix C). 

 

 

Figure 5.9 (a) Actuation and (b) relaxation of the binary mixutre nano-carbons 

polymer composites actuator 

 

Figure 5.9 shows the experimental actuation and relaxation of MWNTxRGO1-

x/PDMS. MWNT1RGO0/PDMS sample shows significantly fast actuation and relaxation 

response compared to MWNT0RGO1/PDMS and other binary mixture composites due to 

highly interconnected network of CNTs. 
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Figure 5.10 The comparison of increasing photomechanically induced stress change 

in binary mixture nano-carbons polymer composites actuator as a result of NIR 

illumination: (a) plain PDMS; (b) MWNT1RGO0/PDMS; (c) MWNT0RGO1/PDMS; 

(d) MWNT0.1RGO0.9/PDMS. 

 

Figure 5.10 illustrates the steady-state photomechanical actuation of pure PDMS, 

MWNT1RGO0/PDMS, MWNT0RGO1/PDMS, and MWNT0.1RGO0.9/PDMS. These plots 

show the photomechanical response from 3% to 25% pre-strains. From figure 5.10(a), 

pure PDMS actuator shows negligible response because of its optical loss for NIR 

illumination. However, by a concentration of 1 wt. % nano-carbon, the photomechanical 

response becomes clearly observable. All the composites exhibit that low pre-strain 

values result in expansion while high strain values result in compression. Some 

interesting results were observed here: MWNT0RGO1/PDMS sample shows lower 

contraction stress than MWNT1RGO0/PDMS sample under high strains, by adding 

0.1 wt. % MWNT/PDMS to 0.9 wt. % RGO/PDMS, the contraction stress is much higher 
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than single nano-carbon polymer composites. Under 10% strain, both 

MWNT1RGO0/PDMS and MWNT0RGO1/PDMS show expansion stress, however binary 

MWNT0.1RGO0.9/PDMS shows contraction stress. The balance strain, which means no 

photomechanical force, for the binary nano-carbon/PDMS moves to smaller pre-strain 

than the value of MWNT/PDMS and RGO/PDMS. 

 

 

Figure 5.11 The average photomechanically response versus the pre-strain of binary 

mixture nano-carbons polymer composites actuator with different weight ratio 

 

Overall, binary nano-carbons polymer actuator shows lower expansion stress 

under lower pre-strain and higher contraction stress under higher pre-strain than single 

nano-carbon polymer actuator. 

Looking forward, the synergy between two or more nano-carbon fillers could 

enhance load bearing capability, limit deformation, and improve the mechanical 

properties of polymer composites. Graphene is a 2D structure and therefore entanglement 

of the polymer during the mixing process can result in folding of the lattice thereby 

exerting a net compressive stress. This could mean reduced/increased overall mechanical 

properties depending on tension/compression. Small amount of MWNTs entangled in 
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RGO during mixing and subsequent polymerization reduced the chain length and 

eliminated the folding of RGO completely. The method of using NIR polymerization as 

reported here could also be useful in improving the interfacial shear strength and the 

mechanical properties of nano-composites. While surface chemical functionalization of 

nanotubes/graphene are quite attractive for better interaction with polymers, recent 

reports have shown that improvement in interfacial adhesion due to surface 

functionalization of nanotubes does not always promote substantial improvement in 

mechanical properties [171]. This is due to surface degradation of nanotubes/graphene 

during functionalization. Realization of advanced mechanical properties in graphene 

based composites may depend on the extent to which folding of the RGO can be 

minimized in polymers.  

 

5.3 Conclusion 

 

In conclusion, this chapter reports how synergy is achieved in binary nano-carbon 

mixtures using Raman spectroscopy. Significant shifts in the G-bands were observed both 

in tension and compression for single as well as binary nano-carbon mixtures in polymer 

composites. Addition of small amounts of MWNT (~0.1 wt. %) dispersed in RGO 

(0.9 wt. %)/PDMS samples reversed the sign of the change of the Raman wavenumber 

from positive to negative values demonstrating the complete reversal of lattice stress. A 

wavenumber change from 10 cm
-1

 in compression to 10 cm
-1

 in tension was observed for 

MWNT0.1RGO0.9/PDMS under applied uniaxial tension. MWNTs limited the 

deformation of RGO in one direction by providing limited extensibility to the chains and 
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thereby improving the Young‘s modulus by ~103% compared to the pristine polymer. 

Such impressive results suggest the cooperative action of two nano-carbon fillers is better 

than single nano-carbon for better interfacial strength, mechanical properties and load 

transfer. The synergy between 2 nano-carbons in polymer materials could be highly 

useful in the development of sensors, actuators, and in general mixed dimensional 

systems based on carbon [216]. Higher photo-mechanical response under high strain and 

lower photo-mechanical response under low strain are also shown for mixture nano-

carbons/polymer composites compared with pure nano-carbon/polymer composites under 

high tension strain. 
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CHAPTER 6 THE MECHANISM OF NEAR INFRARED PHOTON-

ASSISTED POLYMERIZATION 
 

6.1 Introduction 

 

As discussed in the earlier chapters, we developed the NIR photon-assisted 

polymerization method and used it successfully a to synthesize carbon-nanotube/polymer 

[173], RGO/polymer, GNP/polymer, and binary nano-carbons/polymer composites [232]. 

This method was shown to enhance the interfacial connection between the nano-carbons 

and the polymer matrix. For example, as discussed above, under compression the 

measured large shift of the Raman G′-band peak demonstrated high interfacial shear 

stress and load transfer to the nano carbon. The measured stress-strain curves on the 

nano-carbon composites prepared by the NIR photon-assisted polymerization method 

also showed higher toughness than those with the conventional baking method. 

This method is based on photothermal heating. Nanoscale materials, such as 

nanotubes [47, 49], graphene [233-235], nanoshells [236-238] and other nanoparticles 

[239, 240], are known to efficiently absorb NIR light and induce photothermal heating. 

Such photothermal heating effect was demonstrated on RGO using a photographic flash 

camera [241], and it was used to reconstruct the entire surface of CNTs into nano-horns 

to enhance drug delivery [242], for photodynamic therapy [243], photo-thermal actuators 

[79, 217] and even photo-thermal therapy to kill cancer cells in vivo [234]. However, 
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light induced heating may not be the only mechanism of enhanced interfacial shear 

strength and associated increase in mechanical properties. Nano-carbons such as RGO are 

known to have several chemical groups such as carboxyl, hydroxyl, carbonyl and other 

C-O groups on its surface. Further, defects such as dangling bonds in graphene can also 

enhance interaction with the polymer. 

In this chapter, we investigate the mechanisms using X-ray photoelectron 

spectroscopy first to probe the chemical groups of nano-carbons and next to examine the 

chemical bonds at the interface. We show that using NIR mediated polymerization of 

nano-carbons dispersed inside the polymer causes internal oxidation of the nano-

carbon/polymer interface. For example, for the RGO/PDMS composites, it activated the –

OH/=O groups on the RGO and opens the carbon-carbon double bonds of the PDMS 

oligomer, thereby assisting in the formation of C-O bonds between the PDMS matrix and 

the graphene filler. High absorption of NIR photons causes the free radical reaction 

between the –SiH group on the PDMS crosslinker and the hydroxyl/carbonyl groups on 

the RGO. The increase in C-O and Si-O bonds was confirmed by XPS and is direct 

correlated to the overall improvement in the mechanical properties for these composites.  

 

6.2 Results and discussions 

 

Homogenous dispersion of 1 wt. % MWNT and graphene (RGO or GNP for 

comparison) in PDMS was prepared (See details in APPENEDIX B). The XPS 

measurements were performed on a MultiLab 3000 VG Thermo Scientific surface 

analysis system. Mg Kα (1253.6 eV) radiation was used as the excitation source and the 
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measurements were performed at room temperature and under the ultra-high vacuum 

(UHV) condition with the pressure in the 10
−9

 Torr range. Charging of the samples was 

corrected by setting the binding energy of the adventitious carbon (C 1s) at 284.6 eV. The 

PASS energy for scanning was set as 50 eV. Gaussian profile was used to fit the XPS 

peaks in XPSPEAK software. For each nano-carbon/PDMS composite, a set of five 

different samples were studied. An AQ-6315A optical spectrum analyzer (Ando) was 

used to measure the spectrum profile of the halogen lamp, an NIR light source. 

 

 

Figure 6.1 The spectrum profile of halogen lamp with UV filter 

 

 

The spectral profile produced by Halogen lamp with UV filter is presented in 

Figure 6.1. The halogen lamp shows high energy density in NIR range between 650 nm 

to 1400 nm. The spectrum of halogen lamp shows that it can be used as the NIR photon 

source to polymerize nano-carbon composites. 
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6.2.1 XPS characterization of nano-carbons (1D MWNT, 2D RGO, 3D GNP) 
 

 

 

Figure 6.2 The XPS spectra of (a-1) GNP, (b-1) RGO, and (c-1) MWNT; C 1s binding energy of (a-2) 

GNP, (b-2) RGO, and (c-2) MWNT; O 1s binding energy of (a-3) GNP, (b-3) RGO, and (c-3) MWNT. 

 

Using XPS, we first investigated the MWNTs, GNPs and RGO in order to 

understand the surface chemical groups and morphology of the nano-carbon fillers. The 

XPS spectra of the MWNT, GNP and RGO fillers are shown in Figures 6.2(a-1), 6.2(b-1), 

and 6.2(c-1), respectively. The fittings of their corresponding C1s peaks are shown in 

Figures 6.2(a-2), 6.2(b-2), and 6.2(c-2), respectively. The fittings of their corresponding 

O1s peaks are shown in Figures 6.2(a-3), 6.2(b-3), and 6.2(c-3), respectively. The curve 

fittings of the C1s and O1s peaks were performed using Gaussian peak shapes for 
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different carbon and oxygen bonding groups after performing the Shirley background 

correction. 

From Figures 6.2(a-2), 6.2(b-2), and 6.2(c-2), the fitted ratio and binding energy 

for different carbon bonding groups are summarized in Table 6.1 for MWNT, GNP and 

RGO. The binding energy of C1s is assigned to 284.5 eV in the C=C bond, 285.5 eV for 

the C-C bond, 286.5 eV for the C-O bond, 287.8 eV for the C=O bond, and 289.3 eV for 

the C(O)O bond. The highest percentage of the C-C (sp
2
) bond, ~ 69.2%, is found in 

GNP, compared to 61.7% in MWNT and 61.6% in RGO. The high percentage of the sp
3
 

carbon, ~18.2%, is found in RGO, likely due to hydrogen reduction of the GO. The 

percentages of the C-O, C=O, and C(O)O bonds are higher in RGO and MWNTs than in 

GNP. It infers larger amounts of OH, COOH, and C=O in MWNT and RGO, indicating 

the existence of more functional groups.  

 

Table 6.1 The fitted ratio and the binding energy of all the carbon bonding groups 

in the MWNT, RGO and GNP fillers 

 

 

 

 

 

 

 

The information obtained by fitting the O1s peaks in Figures 6.2(a-3), 6.2(b-3), 

and 6.2(c-3) can complement the data from the C1s peaks. Because the O1s peaks is 

surface specific due to the reduced kinetic energy and sampling depth, these values could 

Carbon 
Binding 

energy (eV) 
MWNT RGO GNP 

C=C (sp
2
) 284.5 61.7% 61.6% 69.2% 

C-C (sp
3
) 285.5 15.9% 18.2% 14.3% 

C-O 286.5 12.5% 11.1% 11.1% 

C=O 287.8 7.3% 6.1% 4.6% 

C(O)O 289.3 2.6% 3.0% 0.8% 
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be useful in assigning the carbonylic and carboxylic functional groups [138]. Clearly, 

MWNT, GNPs and RGO have similar defective groups like hydroxyl, epoxy (1,2-ether), 

carbonyl, and carboxyl groups on the surface, which was also indicated in the previous 

work [78, 244]. 

 

6.2.2 Mechanism of synthesizing MWNT/PDMS by NIR photon-assisted method 
 

 

Figures 6.3(a-1), 6.3(a-2), and 6.3(a-3) plot the XPS peaks of O1s, C1s, and Si2p, 

respectively measured for the MWNT/PDMS composite synthesized by the conventional 

baking method. Figures 6.3(b-1), 6.3(b-2), and 6.3(b-3) plot the XPS peaks of O1s, C1s, 

and Si2p, respectively measured for the MWNT/PDMS composite synthesized by the 

NIR photon-assisted polymerization. The binding energies of O1s for the O= and −O− 

atoms are 532.5 eV and 533.8 eV, respectively. These values are in good agreement with 

the previous work [245]. Comparing the O1s peaks in Figure 6.3(a-1) and in Figure 

6.3(b-1)), the NIR treated composite exhibits a higher area percentage of the −O− 

bonding and a lower area percentage of the O= bonding than the conventionally baked 

composite. The oxygen double bond usually contains a weak p-bond and a strong σ-

bond. Under NIR irradiation, this p-bond can be easily opened and thus can easily react 

with other atoms. 

The C1s peaks are fitted by two sub-peaks: one corresponds to the carbon atoms 

connected with hydrogen or other carbon atoms including the sp
2
 and sp

3
 bonds; the other 

peak corresponds to the carbon atoms covalently bonded with oxygen atom, including the 

carbon atoms in hydroxyl, epoxy, carbonyl and carboxylic groups. Comparing the C1s 
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peaks in Figure 6.3(a-2) and in Figure 6.3(b-2), it shows that the NIR treated composite 

possesses a higher percentage of carbons bonded with oxygen and a lower percentage of 

carbons with the C-C/C-H bonds that the conventionally baked composite. It infers that 

the NIR heat treatment is more effective in oxidizing carbons. The oxygen atoms in 

PMDS connects with two silicon atoms, which have very low value of Gibbs free energy 

and are thus difficulty to react [246]. By contrast, the oxygen atoms on the surface of the 

nano-carbons are much easier to react. The carbon-carbon double bond also has a weak 

p-bond and a strong σ-bond. Corresponding to the C1s XPS peaks, the oxygen atoms on 

the nano-carbons bond covalently with the carbon atoms on PDMS and are shown in the 

O1s XPS peaks.  

Figure 6.3(a-3) and Figure 6.3(b-3) plots the Si2p peaks measured in the 

conventionally baked composite and the NIR treated composite, respectively. The Si2p 

peak of the NIR treated composite shifts by 0.15 eV to larger binding energies. It means 

higher average effective electrostatic force for the Si-O bonds in NIR treated composite 

[247]. Compared to the conventionally baked composite, the NIR treated composite also 

displays a slightly higher percentage of silicons bonded with three or four oxygens. 

Overall, the trends in the O1s, C1s, and Si2p peaks are in good agreement indicating that 

the oxygen atoms on the nano-carbons are bonded with the carbon atoms and the Silicon 

atoms in PDMS. 
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Figure 6.3 The XPS peaks of O1s, C1s, and Si2p measured for the MWNT/PDMS 

composites synthesized by (a) the conventional baking method and (b) NIR photon-

assisted polymerization. 

 

Table 6.2 lists the ratios between the two different oxygen bonds, the ratios 

between the two different carbon bonds, and the ratios between different silicon bonds 

atoms for the MWNT/PDMS composites prepared by oven baking and by NIR heating. 

These ratios are obtained by fitting the O1s, C1s, and Si2p XPS peaks. For 
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MWNT/PDMS, the 
  

   
 ratio is about 7.4 and 4.5 for the conventionally baked sample 

and the NIR treated sample, respectively; the 
   

   
 ratio is about 11.0 and 6.4 for the 

conventionally baked sample and the NIR treated sample, respectively; The 
      

       
 ratio 

is about 2.5 and 2.2 for the conventionally baked sample and the NIR treated sample, 

respectively.  

 

Table 6.2 The ratios between the two different oxygen bonds, the ratios between the two different 

carbon bonds, and the ratios between different silicon bonds atoms are listed for MWNT/PDMS 

composites prepared by oven baking and by NIR heating. 

 

6.2.3Mechanism of synthesizing graphene/PDMS by NIR photon-assisted method 
 

 

Figures 6.4(a-1), 6.4(a-2), and 6.4(a-3) plot the XPS peaks of O1s, C1s, and Si2p, 

respectively measured for the RGO/PDMS composite synthesized by the conventional 

baking method. Figures 6.4(b-1), 6.4(b-2), and 6.4(b-3) plot the XPS peaks of O1s, C1s, 

and Si2p, respectively measured for the RGO/PDMS composite synthesized by the NIR 

photon-assisted polymerization. Figure 6.4 displays the similar contrasts between the 

RGO/PDMS composites prepared by the two methods as seen in Figure 6.3.  

 

Area ratio 
𝑶  

 𝑶  
 

  C

  O
 

O     O

 n O    
 

MWNT/PDMS-Baking 7.4 ± 0.3 11.0 ± 0.3 2.5 ± 0.1 

MWNT/PDMS-NIR 4.5 ± 0.2 6.4 ± 0.2 2.2 ± 0.1 
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Figure 6.4 The XPS peaks of O1s, C1s, and Si2p measured for the RGO/PDMS composites 

synthesized by (a) the conventional baking method and (b) NIR photon-assisted 

polymerization. 

 

Again, when compared to the conventionally baked RGO/PDMS composite, the 

NIR treated RGO/PDMS composite shows a higher percentage of the −O− bonding and a 

lower percentage of the O= bonding, a higher percentage of carbons bonded with oxygen 

and a lower percentage of carbons with the C-C/C-H bonds, a higher percentage of 

silicons bonded with three or four oxygens.. The Si2p peak of the NIR treated 

RGO/PDMS composite shifts by 0.5 eV to larger binding energies, in comparison to the 
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conventionally baked RGO/PDMS composite. The GNP/PDMS composites showed 

lower percentages of oxygen groups. The NIR treated GNP/PDMS composite and the 

conventionally baked GNP/PDMS composite were measured to exhibit smaller contrast 

that those in the cases of MWNT/PDMS and RGO/PDMS.  

 

Table 6.3 The ratios between the two different oxygen bonds, the ratios between the two different 

carbon bonds, and the ratios between different silicon bonds atoms are listed for RGO/PDMS, and 

GNP/PDMS composites prepared by oven baking and by NIR heating. 

 

 

Table 6.3 lists the ratios between the two different oxygen bonds, the ratios 

between the two different carbon bonds, and the ratios between different silicon bonds 

atoms also for the RGO/PDMS and GNP/PDMS composites prepared by oven baking 

and by NIR heating. For the RGO/PDMS composites, the 
  

   
 area ratio is around 6.8 and 

3.0 for the conventionally baked sample and the NIR treated sample; the 
   

   
 area ratio is 

around 10.6 and 3.7 for the conventionally baked sample and the NIR treated sample; the 

      

       
 area ratio is around 2.5 and 2.1 for the conventionally baked sample and the NIR 

treated sample. For the GNP/PDMS composites, the 
  

   
 ratio is around 10.7 and 10.1 for 

the conventionally baked sample and the NIR treated sample; the 
   

   
 area ratio is around 

7.6 and 7.5 for the conventionally baked sample and the NIR treated sample; the 
      

       
 

Area ratio 
𝑶  

 𝑶  
 

  C

  O
 

O     O

 n O    
 

RGO/PDMS-Baking 6.8 ± 0.6 10.6 ± 0.6 2.5 ± 0.1 

RGO/PDMS-NIR 3.0 ± 0.2 3.7 ± 0.3 2.1 ± 0.1 

GNP/PDMS-Baking 10.7 ± 0.3 7.6 ± 0.3 2.6 ± 0.1 

GNP/PDMS-NIR 10.1 ± 0.2 7.5 ± 0.1 2.4 ± 0.1 
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area ratio is around 2.6 and 2.4 for the conventionally baked sample and the NIR treated 

sample. 

 

6.2.4 Mechanism of NIR light induced polymerization of nano-carbon/polymer 

composites 

 

Figure 6.5(a-1) depicts the chemical structures of the oligomers and the cross-

linkers of PDMS and RGO. The Epoxy, hydroxyl, carbonyl and carboxyl groups are 

shown on the surface of RGO. In Figure 6.5(a-2), the green circle depicts the crosslink 

process between the PDMS oligomers and the PDMS crosslinker. The red circle and the 

purple circle depict two reactions between PDMS and RGO during NIR photon-assisted 

polymerization. Figure 6.5(a-3) shows the model of near NIR photon-assisted 

polymerization. The crosslinking reaction depicted in the green circle still takes place due 

to the heat generated from the nano-carbons by photothermal heating. We found 

macroscopic temperature increase of 70 °C by using photon assisted heating. This value 

compares well with past photo-thermal heating of nanotubes [47, 49], graphene [233-

235], nanoshells [236-238] and other nanoparticles [239, 240]. The reaction in the red 

circle shows the p-bond is opened and is connected with the hydroxyl group on the 

surface of RGO. As depicted in the purple circle, the silicon atom of the SiH group, 

which also efficiently absorbing NIR light, reacts with the carbonyl group on the surface 

of RGO. Such two reactions create new covalent bonds between the carbon atoms in 

PDMS and the oxygen atoms on RGO, thus greatly strengthening the interface and 
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improving the mechanical properties of the nano-carbon composites. These formations 

have also been shown in past work with photon-assisted [248-250]. 

 

 
Figure 6.5 (a-1) The chemical structures of the PDMS oligomer and the PDMS cross-linker; (a-2) the 

reaction model of the conventional baking polymerization; (a-3) the reaction model of the NIR 

photon-assisted polymerization. 

 

 

6.3 Conclusion 

 

This chapter compares the NIR treatment polymerization and the conventional 

baking polymerization by using three different nano-carbons (MWNT, GNP and RGO) to 
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prepare the nano-carbon/polymer composites. XPS was used to analyze and compare the 

interfacial bond formation of the nano-carbon/polymer composites synthesized by both 

methods. 

It was found that, the NIR treated composites contained more C−O, −O−, Si−O 

bonds than the conventionally baked composites when all three types of nanocarbons 

were used as the fillers. It indicates that more covalent bonds are formed between the 

nano-carbons and the polymer matrix in the NIR heating-assisted polymerization, which 

helps to strengthen the interface. This result is also in agreement with the earlier Raman 

measurements that under strain the smaller change of the FWHM for the Raman peaks 

and the larger shifts for the Raman peak positions were observed for the NIR treated 

composites. This type of interfacial strengthening is not achievable by the conventional 

oven baking method because heat flows from the outside to the inside of the composite 

and thus strong depending on the thermal conductivities of the entire polymer matrix and 

the nanocarbon fillers. 

Further, the XPS studies show direct correlation between bond formation and 

overall improvement in mechanical properties such as Young‘s modulus, strain energy 

density, toughness, and load transfer. The NIR light induced heating and oxidation is one 

method that can claim no interfacial damage to the nano-carbon during functionalization. 

Further, instead of using acids and chemicals for functionalization, this is an 

environmentally friendly process. Such process could be highly useful in scalable nano-

manufacturing of laminates of composites with controllable properties, no achieved using 

oven based polymerization methods.  
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CHAPTER 7 FLEXIBLE SANDWICHED-STRUCTURE STRAIN 

SENSOR FABRICATED BY NEAR INFRARED PHOTON-

ASSISTED POLYMERIZATION 
 

7.1 Introduction 

 

Strain sensors are used to detect structural damage and measure local deformation, 

characterize and study the fatigue properties of materials [251]. William Thomson et al. 

first investigated the resistance change versus elongation in iron and copper in 1856 [252]. 

After 80 years, Edward Simmons reported the first bonded metallic strain gauge, and 

calculated its gauge factor about ~2[251, 253]. In 1950, Bardeen et al. first suggested 

relatively large conductivity changes with deformation in single crystal semiconductors 

leading to semiconductor based strain gauges[254]. First silicon strain gauge was 

reported first in 1957 by Mason et al., and the sensitivity was 50 times higher than 

conventional metal based strain sensors [255]. Although the conventional strain gauges 

shows high strain sensitivity at low cost [251], they still have drawbacks namely: 1) they 

cannot remain active and electrically stable under large mechanical deformations like 

conductive flexible polymer composites [256]; 2) low resolution at micro- and nano- 

scale; 3) most of them can only be used to measure strains in specific direction; Besides, 

the conventional strain sensors are difficult to integrate into structural materials [257]. 

The discovery of CNT [10] and graphene [11] has rejuvenated the area of strain 

sensing. Nanocarbons such as nanotubes and graphene has excellent physical properties 



 

134 

namely: low density, high Young‘s modulus, high electrical conductivity and compatible 

to be integrated into the structural material in the form of reinforcements [257]. Also, it 

has been shown that the compression and tension strain has an important influence of 

electronic band-gap changes of CNT [258] and graphene [259].  

 

Table 7.1 Comparison with different types strain sensors 

 

Strain sensor material Gauge Factor Reference 

Metal 2 (5% maximum strain) [251] 

Individual nanotube 1000 [260] 

Carbon black/TPE composites ~20 [261] 

SWNT/PDMS composites 0.06~0.82 [256] 

CNT/Epoxy 23 (0.6% maximum strain) [262] 

CNT/PMMA 15 (1% maximum strain) [263] 

MWNT/PDMS composites ~2 [264] 

CVD grown graphene/PET 6.1 [265] 

CVD grown graphene/PDMS 2.4 (< 1.8% strain) [266] 

Graphene ripples/PDMS ~2 [267] 

 

Several studies have used nano-carbon/polymer materials for strain sensing 

(Table 7.1). It is reported that the strain sensor with individual nanotube can reach the 

gauge factor of ~1000 [260]. However this type of sensor is difficult to fabricate, the 

orientation and strain test range are also quite limited. Liu et al. reported the work of 

dispersing ~9 wt. % of CNTs into PDMS to fabricate a strain sensor with gauge factor 

(GF) ~2 with large strain range and high repeatability [264]. Carbon black/thermoplastic 



 

135 

elastomer (TPE) composites strain sensor is reported to have a GF value of ~20 [261]. 

CNT are dispersed into epoxy and poly(methyl methacrylate) (PMMA) to fabricate strain 

sensors were reported to have GF values of 23 and 15 respectively. Lee et al. reported the 

chemical vapor deposition (CVD) grown graphene based strain sensor with a GF of 6.1 in 

2009 [265]. Similarly, Fu et al. demonstrated strain sensors with a monolayer graphene 

with high strain sensitivity, however it failed to recover when the strain was larger than 5% 

[268]. In 2013, Bae et al. investigated a transparent and stretchable strain sensor based on 

CVD-grown graphene up to 7.1% strain, and the GF of 2.4 when the strain was lower 

than 1.8% [266].  

Although some of strain sensors shown in Table 7.1 have a large GF value, they 

only tolerated a small maximum strain (<1%). Under a small strain, CNT and graphene 

can stick well to the polymer matrix by weak van der Waals interaction. However, under 

a large structural deformation, sliding, slippage or even fracture are expected for nano-

carbons on their supporting polymer due to the rigid nature of nano-carbons [267]. Strong 

interface between nano-carbon reinforcements and supporting polymer is required. 

Therefore, we investigated whether the use of RGO with NIR photon-assisted 

polymerization of the interface could lead to enhanced strain sensitivity. 

The NIR photon-assisted polymerization of MWNT/PDMS [173], RGO/DPMS, 

and GNP/DPMS composites were discussed in the previous chapters. Large load transfer, 

high toughness and strong nano-carbon/polymer interface were observed. Thus, the NIR 

photon-assisted polymerization method is advantageous for fabricating nano-

carbon/polymer composites to produce strain sensor. Compared to CVD grown graphene, 

RGO (ACS chemicals) can be cheaply produced from graphite oxide. RGO is much 
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cheaper than CNTs and pristine graphene. Similar to pristine graphene, RGO also has a 

high toughness and can be used to improve mechanical properties. 

In this chapter, we discuss a new type of strain sensor with a PDMS/RGO/PDMS 

sandwiched-structure fabricated by using NIR photon-assisted polymerization. The 

strong interfaces between RGO and PDMS enhance the repeatability and the sensitivity 

of strain sensor under large structure deformation. 

 

7.2 Experimental section  

 

7.2.1 The fabrication process of the strain sensor 

 

We use PDMS, crosslinker (Sylgard 184, Dow Corning), and RGO (ACS 

chemicals) to fabricate RGO/polymer lamina composite. A layer of paralyene (~1 μm 

thick) is first uniformly coated on a silicon wafer (SCS). Then, PDMS is spun on top of 

the substrate at speed of 500 rpm for 30 s. PDMS is about 150 μm thick and is then cured 

by using NIR heating.  

A transfer method was used to deposit a thin layer of RGO on top of PDMS, 

which is shown in Figure 7.1. To prepare a RGO layer on top of the PDMS layer, we 

used a vacuum filtration method, which has been used widely in the past to produce CNT 

film [269, 270], Briefly, RGO is first dissolved in IPA and the solution is ultrasonicated 

for 4 h. Then, the RGO suspension is filtered through a commercial mixed cellulose ester 

(MCE) filter with an average pore size of 50 nm. When the suspension is filtered through 

MCE filter, the liquid passes through the pores whereas the RGO film becomes lodged on 
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top of the MCE filter (Figure 7.1(b)). The thickness of the RGO film is determined by the 

concentration of RGO in the suspension and the volume of the suspension. 

 

 

Figure 7.1 The schematic of the RGO film transfer process 

 

Before transferring the RGO film, the PDMS surface is treated by using oxygen 

plasma to change the surface energy (Figure 7.1(a)). Then, the MCE filter with the RGO 

film is slid down onto the surface modified PDMS layer (Figure 7.1(c)) and gently wetted 

with IPA. A compressing load is applied for 5 min to increase the adherence between the 

RGO film and the PDMS layer (Figure 7.1(d)). After removing the compressing load, the 

MCE filter and the RGO film are separated by themselves during the self-drying process. 
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The yield of the RGO film by using this transfer process is nearly 100%, indicating that 

the van der waals force between the RGO film and the PDMS layer is sufficiently strong. 

Photolithography is then used to define the RGO patterns. Commercial 

photoresist S1813 is used as the etching mask for patterning the RGO film. After 

patterning the photoresist, oxygen plasma is used to etch the RGO film. After etching, 

acetone rinsing is used to remove the etching mask and to clean the RGO film. Next, 

another layer of PDMS is spun on the top and is cured under NIR light heating to attain 

full crosslinking. At the end, the laminar composite can be easily peeled off from the 

substrate due to the low adherence between PDMS and the paralyene film.  

The synthesized PDMS/RGO/PDMS laminar strain sensor is shown in Figure 7.2. 

Figure 7.2(a) displays the patterned RGO stripe sandwiched between the two PDMS 

layers. Figure 7.2(b) displays the sandwich-structured PDMS/RGO/PDMS strain sensor 

free of strain. Figure 7.2(c) displays the sensor under ~80% stretch. High stretchable 

ability of the strain sensor is addressed here. 

 

 

Figure 7.2 The demo structure of strain sensor 
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7.2.2 The experimental setup for the strain-resistance relationship of the 

sandwiched-structure strain sensor 

 

 
Figure 7.3 The test setup to measure the strain-resistance relationship of the strain 

sensor: (a) a schematic diagram of the test setup, strain is applied to the both ends of 

the sensor, and two-probe electrode connections are made at both ends of RGO film 

using copper wires; (b) the strain sensor free of strain; (c) strain sensor under 100% 

strain 

 

Figure 7.3(a) shows the schematic experimental setup for testing the strain-

resistance of the synthesized strain sensor. It is anchored and supplied with different 

strain by using a RSA. To make a two-probe connection, both ends of the sensor are 

connected to copper wires and a digital multi-meter (Keithley, 2400 series) is used to 

record the resistance value during the stretching and relaxing processes. All the data are 

collected by the LABVIEW software. Figures 7.3(b) shows the strain sensor free of strain 

(a) 

(b) (c) 
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and 7.3(c) shows the strain sensor under the 100% stretch. After removing the strain, 

there is no obvious structural damage to the strain sensor. 

 

 

7.3 Results and discussion 

 

 
Figure 7.4 (a) The SEM images of the RGO film under different magnifications; (b-

1) the XPS spectrum of the RGO film; (b-2) the C1s and (b-3) the O1s peaks with 

multiple-component simulation. 

 

 

Figures 7.4(a-1), 7.4(a-2), and 7.4(a-3) display the scanning electron microscopy 

(SEM) images of the synthesized RGO film. Large surface area of RGO and uniform 
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RGO film are shown. Figure 7.4(b) shows the XPS spectrum of the RGO film. The C1s 

and O1s peaks are analyzed to identify the chemicals in RGO, and the analyses are 

displayed in Figure 7.4(b-2) and Figure 7.4(b-3), respectively. 

After performing the Shirley background correction, the C1s and O1s peaks are 

fitted with multiple Gaussian shapes. As fit, many functional groups such as -OH, -

COOH, and -C=O were shown by the C1s peak. The O1s peak also shows two different 

oxygen groups on the RGO film.  

As shown in Figure 7.5(a), the parallel patterned RGO stripes, about 100 µm in 

width and 200 nm in thickness, were fabricated by etching away the unwanted RGO 

using oxygen plasma. Figure 7.5(b) shows well defined and sharp edges. It is of note, 

even finer structures can be patterned by photolithography. 

 

 
Figure 7.5 (a) The clear pattern of the ~ 80μm RGO stripes with ~20 µm spacing; (b) 

the sharp pattern edge formed by etching. 
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Figure 7.6(a) displays the SEM cross-section image of the flexible strain sensor. 

Uniform RGO film, which as a conductive layer, can be clearly seen between the top and 

bottom PDMS layers. The high transparency of the flexible sensor with a 280 nm 

thickness RGO film is shown in Figure 7.6(b). Figure 7.6(c) indicates the relationship 

among sheet resistance, transparency and thickness. Low sheet resistance of 1.5×10
5
 Ω/□ 

is observed at the thickness of 382 nm with ~20% transmittance at 600 nm wavelength. 

 

 
Figure 7.6 (a) The SEM cross-section image of the sandwich-structured strain 

sensor; (b) the large diameter ~ 10 cm sandwiched structure laminar composites; (c) 

the sheet resistance and the transmittance at 600 nm of different thickness. 
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To further study the strain-dependent resistance of the nanocomposite device, 

multiple cycles of stretching and relaxation were applied by using RSA (Figure 7.7(a, 

blue line)). A 5% tension strain is applied for 100s, it is then off for 100s, and such a 

cycle is repeated for 100 times. Although some initial time dependence is seen from the 

experiment, the resistance response becomes repeatable after several tests. That is 

because the long chain molecule will move and establish in a low state energy. The red 

line in Figure 7.7(a) shows the resistance response during tensile strain loading cycle. 

High repeatability of the strain sensor is addressed. The inset image shows five cycle in 

detail. The resistance varied from about 4.1 to 4.9 MΩ, giving rise to a relative change of 

~20%. It should be noted that the resistance changes after switching the strain due to 

polymer chain mobility.  

The gauge factor (GF) of the strain sensor can be calculated as: 

   
  

 
   

, where 
  

 
 is a relative resistance change and   is the strain applied.  

Figure 7.7(b) presents the linear relationship between the resistance change at 20% 

tensile strain applied to the sensor. The linear function (blue line) is used to fit the 

original data (red dots) in Figure 7.7(b). The average GF of this flexible strain sensor, 

which is the gradient of the fitting linear function, is 8.75, higher than that of 

conventional strain sensor [251]. 

Figure 7.7(c) presents the cyclic stress-strain curves for the PDMS/RGO/PMDS 

composite strain sensor. These curves are similar as those of pure PDMS. At lower strain, 

the elasticity of the composites is restored to the initial configuration after the strain is 

removed. Under large strain, it takes longer time for the polymer chains to restore the 
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initial configuration. It is noted that the composites with different thickness of RGO film 

show similar strain-stress curves. Obviously, to a degree the PDMS layers shield the 

RGO film from the external force. The Young‘s modulus of the composite is ~1.1 MPa 

which is a little larger than pure PDMS because the load is transferred to RGO film 

through the interface. 

 

 
Figure 7.7 (a) The resistance of the strain sensor over time under 100 times cyclic 

loading of 5% tension strain, the inset is five times cyclic loading in detail; (b) 

resistance change versus strain of strain sensor; (c) the cyclic stress-strain curves of 

strain sensor; (d) the resistance change of the strain sensor under cyclic loadings of 

different maximum strain. 

 

  

Figure 7.7(d) shows the relationship between loading cycle and the resistance 

change. The strain sensor is applied with cyclic tension strain with the same strain rate. 

The linear resistance change during the strain loading process is shown in the inset of 

Figure 7.7(d), with the maximum strain at ~5%. Measurement with different maximum 
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strain resulted in similar curves. Additionally, different strain change rates were also 

applied, similar curves were still observed. During the loading process, the resistance 

changes linearly with strain. However the resistance does not change linearly during the 

unloading process, the hysteresis response was observed. Similar hysteresis response was 

also addressed in the previous MWNT/PDMS strain sensor [264]. As shown in Figure 

7.7(d), the resistance does not return to the initial value when the strain is removed. Only 

after long relaxing time, does the resistance return to the initial value. Another 

observation of the hysteresis response is the resistance drops faster after strain changes 

direction, and after a certain strain point the resistance drops at a slower rate. It is 

probably due to the polymeric chain mobility and the viscoelastic properties of PDMS. 

Besides, the sensor shows less sensitivity after lots of repeated test similar to previous 

report due to Mullins effect, describing a phenomenon of a reduction in stress after the 

initial extensions [271]. 

Figure 7.8 shows the mechanism of the resistance response during the loading 

process. As shown in Figure 7.8(a), graphene layers are embedded inside of PDMS 

matrix. When no strain is applied, electrons can tunnel or flow through the adjacent RGO 

layers in the overlapping area (red zone). In Figure 7.8(b), when a uniaxial strain is 

applied along the horizontal direction, both PDMS and RGO films are stretched. The 

resistance change of the strain sensor mainly due to the modification in intrinsic 

resistance of RGO film and the interlayer resistance of RGO films. Related to the 

intrinsic resistance, the single RGO film is stretched under uniaxial strain, causing the 

interatomic distance increase. And following electrical band structure changes results in 

the intrinsic resistance of RGO film increases. Previous studies shown the intrinsic 
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conductivity of graphene changes exponentially with the applied strain [272]. In the 

aspect of interlayer resistance, two types resistance, which include contact resistance and 

tunneling resistance, need to be concerned. Compared to intrinsic resistance of graphene 

film, interlayer resistance is much larger depending on arrangement of molecules across 

the interface and extent of the interfacial surface [273]. When a uniaxial tensile strain is 

applied, RGO films are pulled away from each other due to the load transfer from PDMS 

to RGO through the PDMS/RGO/PDMS interface. As a result, the overlapping area is 

getting smaller and contact points between different RGO films are losing, increasing the 

interlayer resistance of RGO films. Overall, the total resistance of the strain sensor 

increases when the uniaxial strain is applied. After removing the strain, the RGO films 

are to relax and the original resistance can be restored.  

Weak interface between RGO film and polymer matrix will result in slippage, 

sliding, and even failure under low strain. Bae et al. studied the strain sensor with CVD 

grown graphene on top of PDMS. The 300 nm Ni catalyst layer was first deposited on 

SiO2/Si using e-beam evaporator, following CVD method to grow the graphene on Ni 

catalyst layers. The photolithography and oxygen plasma were used to pattern the 

graphene film. After that, patterned graphene film was attached to PDMS cured at the 

temperature 70 °C and the substrate was etched to fabricate the strain sensor. The linear 

region of this type sensor only can be observed within 1.8% strain, and gauge factor ~1.4 

is reached. The relationship between resistance and the strain get nonlinear in the range 

between 1.8% and 7.1%. And the strain sensor will be failure after 7.1% tensile strain 

[266]. Compared with the strain senor Bae et al. studied, the strain senor fabricated by 

NIR photon-assisted polymerization shows larger strain sensor range and large linear 
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range between resistance and tensile strain due to stronger interface between RGO and 

polymer.  

There are limitations that needed to be addressed here. Factors that can affect 

electrical resistance and gauge factor of the strain sensor are namely: 1) temperature 2) 

pressure, 3) dispersion method of graphene, 4) defect densities, 5) sonication times and 

polymer material properties.  

 

Figure 7.8 The mechanism of PDMS/RGO/PDMS sandwiched structure strain 

sensor: (a) the strain sensor free of strain; (b) the strain sensor under the tensile 

strain. 

 

 

7.4 Conclusion 

 

This Chapter describes a new film transfer method used to deposit RGO film and 

fabricate strain sensors based on NIR polymerization method. The thickness of RGO film 

can be precise controlled by the concentration and the volume of the dispersion solution. 

Wafer size and uniform RGO film deposited by transfer method are also shown. 
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 NIR photon-assisted polymerization method is successfully used to fabricate 

transparent and flexible sandwiched strain sensor made of the PDMS/RGO/PDMS 

laminar composite synthesized. High capability of polymerizing large scale flexible film 

is also demonstrated. While it has not been directly compared to conventional 

polymerization methods, it is expected from all our previous experiences that the gauge 

factor of the NIR polymerized samples should be significantly higher.  

Photolithography and oxygen etching are used to successfully pattern the RGO 

film. Fine patterning and sharp edge of patterned RGO film is observed. Larger gauge 

factor of about 8.75 is achieved on the PDMS/RGO/PDMS strain sensor compared to 

conventional strain sensor. Large linear range between electrical resistance and tensile 

strain is shown. High repeatability and linear functional properties of PDMS/RGO/PDMS 

strain sensor are observed. 

Looking forward, the applications of RGO will be explored in the field of 

nanotechnology in near future since RGO is a great substitute of graphene and CNT with 

great mechanical, thermal properties and low cost. And NIR photon-assisted 

polymerization can also be widely used to fabricate large scale nano-carbons‘ electronics 

and as a fundamental technique to enable large scale cross-linking and enhanced 

mechanical properties of nano-composite materials in general.  

 



 

149 

CHAPTER 8 CONCLUSIONS AND FUTURE RESEARCH 
 

 

8.1 Conclusions 

 

This dissertation reports the novel NIR photon-assisted polymerization method 

for synergizing nano-carbon/polymer composites to improve load transfer and 

mechanical properties. Nano-carbons are first blended into the polymer matrix using 

either shear mixing or evaporation dispersion techniques. After spin casting the polymer 

composite mixtures onto glass substrates, a NIR light source is used to supply NIR 

photons to crosslink the composites and synergize flexible composites films. 

First, NIR photon-assisted polymerization of CNT polymer composites was 

investigated. This study demonstrated photon-assisted heating of MWNTs inside a 

polymer matrix that resulted in better polymerization of the nanotube/polymer interface 

as compared to traditional convention heating methods. Using this new method, dramatic 

enhancements in load transfer from the matrix to the nanotubes and subsequent increases 

in Young‘s modulus was observed. Compared to traditional polymerization techniques, 

the NIR method yielded an increase in Young‘s modulus value of ~130% for just 1 wt. % 

MWNT in PDMS polymer, greater than most other methods reported to date. Raman 

spectroscopy revealed wavenumber shifts of ~20 cm
-1

 for ~80% strain, larger than most 

past reported values. These results suggest NIR light-induced heating of CNTs at the 
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nanoscale could potentially be used as a scalable nanomanufacturing technique for 

increased load transfer and higher mechanical strength for reinforced polymer composites 

Following this initial investigation, NIR photon-assisted polymerization of 

graphene polymer composites were also studied. Two types of graphene were used: 2.5D 

GNPs and 2D RGO. The G bands of pure fillers and post fabrication of GNP or 

RGO/PDMS composites were found to be shifted, suggesting compressive loading on the 

filler lattice. Mixing RGO in polymers resulted in doping and functionalization that was 

characterized using shifts in I2D/IG ratio. Significant decrease in I2D/IG was observed for 

RGO fillers in polymer composites.  

While investigating the two polymerization techniques, it was found that NIR-

based polymerization resulted in higher load transfer and mechanical strength of GNP 

and RGO based composites. The load transfer was higher for RGO/PDMS based 

composites compared to GNP/PDMS based composites for both types of polymerization. 

The rigid stack-like morphology of the GNPs and lack of inter-plate interactions with the 

polymer using conventional oven-based polymerization played an important role in 

slippage during load transfer and lower mechanical strength. RGO sheets, on the other 

hand, were able to weave themselves within the polymer, thus creating a continuous 

polymeric composite that enabled higher load transfer and minimized slippage. For a 

1 wt. % RGO/PDMS composite, NIR polymerization resulted in ~116% increase in 

Young‘s modulus, ~227% increase of toughness, ~1431% increase of damping capability, 

and ~233% increase in strain energy density.. For a 1 wt. % GNP/PDMS composite, NIR 

polymerization resulted in a ~55.56% increase in Young‘s modulus, ~181% increase in 

toughness, ~324% increase in damping capability, and ~184% increase in strain energy 
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density. The comparison between these two composites highlights the differences in 

mechanical strength achieved by just few atomic layers of carbon. Such excellent 

mechanical property improvement for small fraction of chemically derived RGO and 

GNP presents opportunities for developing advanced low-cost graphene-based 

composites.  

By applying NIR photon-assisted polymerization, the synergistic effects of binary 

nano-carbon mixtures is achieved using Raman spectroscopy and polymer physics 

principles. Significant shifts in G-bands were observed both in tension and compression 

for both single as well binary nano-carbon mixtures in polymer composites. Addition of 

small amounts of MWNT (~0.1 wt. %) dispersed in RGO (0.9 wt. %)/PDMS samples 

reversed the sign of the Raman wavenumbers from positive to negative values 

demonstrating complete reversal of lattice stress. A wavenumber change from 10 cm
-1

 in 

compression to 10 cm
-1

 in tension was observed for MWNT0.1RGO0.9/PDMS with 

applied uniaxial tension. MWNTs limited the deformation of RGO in one direction by 

providing limited extensibility to the chains and thereby improving the Young‘s modulus 

by ~103% as compared to pristine polymer. Such impressive results suggest cooperative 

action of two nano-carbon fillers is better than single nano-carbon for better interfacial 

strength, mechanical properties, and load transfer. Synergy between two nano-carbons in 

polymer materials could be highly useful in development of sensors, actuators, and in 

general mixed dimensional systems based on carbon [216]. Higher photo-mechanical 

response under high strain and lower photo-mechanical response under low strain are also 

shown for mixture nano-carbons/polymer composites compared with pure nano-

carbon/polymer composites under high tension strain. 
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XPS is used to analyze and compare the interface chemicals of nano-carbon 

polymer composites synergized by NIR photon-assisted and conventional baking 

polymerization. As found, the NIR treated composites contain more C−O, −O−, Si−O 

bonds than the conventionally baked composites when all three types of nanocarbons 

were used as the fillers. It indicates that more covalent bonds are formed between the 

nano-carbons and the polymer matrix in the NIR heating-assisted polymerization, which 

helps strengthen the interface. This result is also in agreement with earlier Raman 

measurements that showed under strain the smaller change of the FWHM for the Raman 

peaks and the larger shifts for the Raman peak positions were observed for the NIR 

treated composites. This type of interfacial strengthening is not achievable by 

conventional oven baking method because heat flows from the outside to the inside of the 

composite and thus strong depending on the thermal conductivities of the entire polymer 

matrix and the nanocarbon fillers. 

As a demo application of the NIR photon-assisted polymerization, the flexible 

sandwiched strain sensor made of the PDMS/RGO/PDMS laminar composite synthesized 

by NIR photon-assisted polymerization was developed. High capability of polymerizing 

large-scale flexible film is demonstrated. Photolithography was used to pattern the RGO 

film. A large gauge factor of about 8.75 is achieved on the PDMS/RGO/PDMS strain 

sensor. High repeatability and linear functional properties of PDMS/RGO/PDMS strain 

sensor were observed. 
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8.2 Future research 

 

A variety of types of future research can follow the work presented in this 

dissertation. With respect to the materials aspect, this dissertation introduces three types 

of nano-carbons (MWNT, RGO, and GNP) dispersed into PDMS composites and 

polymerized by NIR photo-assisted method. In the future, it could be valuable to study 

C60/PDMS, GO/PDMS and graphite/PDMS composites using NIR photon-assisted 

polymerization and compare the difference effects of different dimension fillers in the 

process of NIR photon-assisted polymerization. We only use one type of silicone 

polymer PDMS as a matrix polymer, other kinds of polymer are suggested to be studied 

as matrix materials. In this dissertation, halogen lamp with wide range of NIR photons is 

used to synergize nano-carbon/polymer composites, however specific wavelengths of 

NIR have not been studied.  

In the physical aspect of NIR photon-assisted polymerization, we used Raman to 

analyze average signal on the sample surface with 1 μm × 1 μm. Alternatively, a co-

localized Raman-AFM system can be used to study the precise interface area which is on 

sub-micrometer scale, offering more precise results. Besides, this dissertation studied the 

mechanism by using XPS. Many other techniques can be used towards progress in the 

future. Nuclear magnetic resonance (NMR) can be a good try. Polymer oligomer, 

crosslinker and nano-carbons can be first functionalized with other groups including 
13

C 

and then synergized by different polymerization methods. Following 
13

C can be tested in 

NMR system to fully understand the bonds change during NIR photon-assisted 

polymerization. 
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In this dissertation, we report high Young‘s modulus and high load transfer in 

those NIR light treated nano-carbon/PDMS composites due to strong interface. It is 

possible that strong interface will also enhance the electrical and thermal properties of 

nano-carbon/polymer composites. Investigation of these properties will give more 

perspective angles of NIR photon-assisted polymerization. 

In engineering aspects, plenty of potential applications can be developed. The 

RGO film transfer method shown in Chapter 7 can be used to transfer large RGO film or 

GNP films, and those films patterned into complex electrical circuits. NIR photon-

assisted polymerization can be potentially used to develop nanocarbon/polymer 

composites MEMS device with high toughness. Since NIR photon-assisted 

polymerization does not need a conventional oven, which enables fast and large-scale 

film polymerization. 
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APPENDICES 
 

Appendix A 

 

Sample preparation and test of MWNT/PDMS composites 

 

Samples were comprised of small amounts (0.01-1 wt. %) of MWNTs (98.4% 

carbon, Applied Nanotechnologies) dispersed within PDMS (Sylgard 184), a widely 

available commercial polymer. Homogenous dispersions of MWNTs in PDMS were 

prepared using a recently developed evaporative mixing fabrication process which 

involved sonicating an MWNT and isopropyl alcohol (IPA) solution for 4 h, evaporative 

mixing of PDMS base compound with the MWNT-IPA suspension for 24 h at 65 °C, 

addition of crosslinker (base compound: curing agent ratio is 10:1) and subsequent degas, 

crosslinking and polymerization, spin coating and baking, and finally post-bake 

relaxation for ~12 h [170]. In conventional curing, samples are heated in a vacuum oven 

at 125 °C for 30 m following addition of crosslinker and degasing (Figure 3.1(a)). At this 

time duration and temperature, the Young‘s modulus values become saturated indicating 

of the end of the crosslinking process. For the NIR light treatment, samples were exposed 

to varying levels of NIR radiation following crosslinker addition and degasing (Figure 

3.1(b)). 
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The processing time and the NIR power level were optimized to achieve 

saturation in the Young‘s modulus values of pure PDMS. Following sample preparation, 

scanning electron microscopy (SEM) was used to investigate sample cross-sections and 

the nanotube/polymer interface.  

In order to compare the load transfer values between conventional baked 

polymerization and NIR light treated polymerization, Raman spectroscopy was used to 

ascertain shift in the wavenumbers with increasing strains. The 632.8 nm line beam of a 

helium-neon laser in an inVia RENISHAW micro-Raman spectrometer was focused onto 

the sample surface through a ×50 objective lens, forming a laser spot ~3 μm in diameter. 

Strains were applied to the sample under the micro-Raman spectrometer by stretching the 

sample to a pre-determined length using a linear actuator. Raman measurements were 

conducted in at least 4 - 5 different locations in each sample for statistically confident 

values. 

Finally, samples containing various fractions (0.01-1 wt. %) of MWNTs in PDMS 

were prepared and tested for their elastic moduli using both oven-baked and NIR photon 

irradiated samples. The specimen was prepared with 150 μm in thickness, 3 mm in width, 

and 8 cm in length. The initial test length for the specimen is 4 cm. The Young‘s moduli 

of the samples were determined by calculating the stress-strain data within initial 0.5%. 

The strain rate for Young‘s modulus is 0.1 mm/s. For each composite, 3 specimens are 

tested. The effect of improvement in Young‘s modulus for different weight fractions of 

MWNTs and different levels of NIR radiation were studied. The change in Young‘s 

modulus was calculated based on the Young‘s modulus of the pure PDMS for both the 
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methods, and the percentage change was calculated based on increasing weight fractions 

of MWNTs for the same time and NIR power.  
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Appendix B 

 

Sample preparation and test of RGO/PDMS and GNP/PDMS composites 

 

Commercially obtained RGO (92% carbon, <8% oxygen) produced via thermal 

exfoliation reduction and hydrogen reduction of single layer graphene oxide) was 

purchased from ACS Materials. The RGO was used in its original form and not surface 

modified at any time. GNPs were purchased from Cheap tubes Inc. and were prepared by 

plasma exfoliation with >99% purity and ~3-5 layers. The number of layers were verified 

using SEM and was characterized in the past using layer dependent shifts in Raman 

spectroscopy [79]. Sylgard 184 silicone elastomer (Fisher Scientific) was chosen as the 

matrix because it is commonly used in industrial/scientific research and biocompatible.  

Homogenous dispersion of graphene (1 wt. % of RGO and GNP for comparison) 

in PDMS was prepared using a shear mixing process. Steps included mixing known 

weight percentages of graphene fillers in PDMS base compound using a laboratory shear 

mixer at 300 rpm for 7 days at 25 C, addition of cross linkers (10:1 base compound: 

curing agent ratio), degas procedures, cross-linking and polymerization, spin coating and 

NIR photon-assisted polymerization. 

SEM imaging was conducted on a Zeiss SUPRA 35VP field emission scanning 

electron microscope. The ~632.8 nm line beam of a helium-neon laser in an inVia 

RENISHAW micro-Raman spectrometer was focused onto the sample surface through a 

×50 objective lens, forming a laser spot approximately 3 μm in diameter. Tension trains 

were applied to the sample under the micro-Raman spectrometer by using a linear 

actuator that was able to precisely stretch the sample to predetermined length. For 
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compression strain, the composites films are bonded with PDMS bulk by plasma and 

compressed by linear actuator. A Gaussian profile was used to fit the Raman peaks. 

Raman measurements were conducted in at least 4-5 different locations in each sample 

for statistically confident values. 

Samples containing 1 wt. % RGO or GNP in PDMS were prepared and tested for 

their Young‘s modulus until failure. Stress-strain curves and cyclic stress-strain curves 

were measured using a Rheometric Mechanical Analyzer (RMA, TA instruments-Waters 

LLC) for both RGO and GNP composites. The specimen was prepared with 150 μm in 

thickness, 3 mm in width, and 8 cm in length. The initial test length for the specimen is 

4 cm. The Young’s moduli of the samples were determined by calculating the stress-

strain data within initial 0.5% and the strain rate is 0.1 mm/s. For the cyclic mechanical 

test, three steps are provided: Step 1 is with 0.1 mm/s strain rate during 200 s; Step 2 is 

without strain change and keep for 130 s; Step 3 is with – 0.1 mm/s during 200 s. Cyclic 

mechanical testing was conducted on 10 samples for each RGO/PDMS sample to 

investigate stress-strain curves, toughness and strain energy density of the composites. 
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Appendix C 

 

Sample preparation and test of MWNTXRGO1-X/PDMS composites 

 

In our work, different binary mixtures of RGO and MWNTs were dispersed in the 

PDMS (Sylgard) matrix and these samples were used to study the synergistic effect on 

the load transfer and the mechanical strength. Because one can be viewed as 2D plates 

and the other are quasi-1D tubes, RGO (2D ACS Materiel) and MWNTs (98.4% carbon, 

Applied Nanotechnologies) were chosen for our study. It should be quite interesting to 

how the load transfer is changed when changing the relative weight ratio between the two 

nano-carbons in the binary nano-carbons/polymer composites. Specifically, a series of 

composites were prepared and investigated, including the composite with 1 wt. % of 

MWNTs as the reinforcement, the composite with 1 wt. % of RGO, and the composites 

with 1 wt. % of binary RGO/MWNT nano-carbons but with different relative ratios 

between RGO and MWNT.  

To homogenously disperse the nano-carbons in PDMS, the above-mentioned 

evaporative mixing method was used, through sonication of the nano-carbon fillers in 

isopropyl alcohol (IPA) solution for 4 h, evaporative mixing of PDMS base compound 

with the nano-carbon-IPA suspension for 24 h at 65°C, addition of cross-linker (base 

compound: curing agent ratio of 10:1) and subsequent degas, cross-linking and 

polymerization using NIR light for 240 min, and finally post-bake relaxation for 12 h. 

The process times and the NIR dose were optimized to achieve saturation of the Young‘s 

modulus values for pure PDMS. NIR cross-linking and polymerization of those samples 

through optical absorption and subsequent heating of the fillers to cross-link is a 
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paradigm that has been shown recently to improve both mechanical properties and 

interfacial shear strength without causing degradation to the nano-fillers [173]. Unlike the 

conventional crosslinking processes where samples are heated in a vacuum oven between 

~90-120°C for 30 min, the NIR polymerization enables heating of nanotubes inside the 

polymer matrix by illumination with NIR light (700-1100 nm). As discussed above, this 

has been reported to significantly strengthen the nanotube/polymer interface and enable 

higher load transfer [173]. The samples were prepared in batches using evaporative 

mixing and cross-linking. Each batch yielded five different samples both for 

characterization and measuring the mechanical property.  

The prepared samples were first investigated by using SEM to examine the 

sample cross-sections and the nano-carbon/polymer interface. Raman spectroscopy was 

used to ascertain the Raman peak shift with increasing strains to compare the load 

transfer between adding single nano-carbon filler or binary mixtures of nano-carbon 

fillers in polymer matrix. The ~632.8 nm line beam of helium-neon laser in the inVia 

RENISHAW micro-Raman spectrometer was focused on the sample surface with the 50 

objective lens, thus forming a laser spot of ~3 m in diameter. Under the micro-Raman 

spectrometer, the tensile strain was applied to the samples by stretching the samples to 

the pre-determined length using a linear actuator. The compressive strain was applied to 

the sample by anchoring one end of the sample while using a linear actuator to push the 

other end to the pre-determined length. Raman measurements were conducted in at least 

4-5 different locations in each sample for statistically confident values. Gaussian fittings 

were performed on all the interested Raman bands.  
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 The elastic moduli (E) were measured for the series of samples. . The specimen 

was prepared with 150 μm in thickness, 3 mm in width, and 8 cm in length. The initial 

test length for the specimen is 4 cm. The synergistic effects in the Young‘s modulus were 

extracted by comparing the change in the E values of the pure PDMS, MWNT1.0/PDMS, 

RGO1.0/PDMS, and the composites with binary MWNT/RGO mixtures. The Young‘s 

moduli of the samples were determined by calculating the stress-strain data within initial 

0.5%. The strain rate for Young‘s modulus test is 0.1 mm/s.The change in the Young‘s 

modulus was calculated with respect to the original Young‘s modulus of the pure PDMS. 

The percentage change was calculated for each sample.  

For the photo-mechanical response study, the actuator samples of PDMS 

composites were mounted vertically between two clamps. The bottom clamp was 

attached to a weighted (70 g) base and placed on a high accuracy balance (Acculab ALC-

80.4). The upper clamp was attached to an automated linear actuator that was in turn 

mounted to a high accuracy manual positioning stage. The laser diode was placed 75 mm 

from the middle of the test strip such that the illumination impacted perpendicularly to 

the PDMS surface. The deformation in the composite strips as a result of the NIR 

illumination caused a change in the weight reading on the balance. The stress test on each 

sample was conducted with the pre-strain value ranging from 3% to 25%. The timing 

sequence for each pre-strain value was 1 min relaxation wait followed by five cycles of 

NIR illumination: on for 60 s and then off for 30 s. The photo-mechanical stress was 

calculated by dividing the change of the induced force between the illumination-on state 

and the illumination-off state by the cross-sectional area of the samples. 
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