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Resumen 

 
Síntesis y caracterización de materiales compuestos  polímero / nanotubo 
de carbono: Impacto del injerto de polímero a la su perficie de los CNx 
MWNTs sobre las propiedades eléctricas y mecánicas de los nano-
compuestos: 
 
Unos nuevos materiales híbridos, proviniendo del injerto de poliestireno a la 
superficie de unos nanotubos de carbono dopados con nitrógeno (CNx MWNT), 
fueron sintetizados y usados en la elaboración de nano-compuestos a matriz 
polimérica. En esos trabajos hemos estudiado el impacto de esos nanotubos 
injertados sobre las propiedades mecánicas y eléctricas de unas matrices de 
poliestireno (PS) y poli (butedieno-co-estireno) (PSBS). Los nanotubos 
injertados presentan una mejor dispersión en una matrice de PS en 
comparación con los nanotubos sin tratamiento químico. Sin embargo ese tipo 
de funcionalización no permite bajar el umbral de precolación eléctrica dado 
que el injerto aísla eléctricamente los CNx MWNTs. Por otra parte, el refuerzo 
mecánico de matrices poliméricas (PS) es mejor con injerto, sobre todo cuando 
los nano-compuestos están sometidos a grandes deformaciones mecánicas. 
En el caso particular de una matriz nano-estructurada (PSBS), observamos un 
refuerzo mecánico mucho más importante. La conexión, vía los CNx MWNTs 
injertados, de los nano-dominios de PS de la matriz, permitió llevar a cabo la 
aparición de una red percolante rígida con umbral de percolación muy bajo (Pc 
< 0.05 vol.%). 
 
 
 
Título de la Tesis: Síntesis y caracterización de materiales compuestos 
polímero / nanotubo de carbono: Impacto del injerto de polímero a la superficie 
de los CNx MWNTs sobre las propiedades eléctricas y mecánicas de los nano-
compuestos 
 
PALABRAS CLAVE: modificación química, ATRP, modificación de superficie, 
materiales híbridos, nanotubos de carbono, materiales compuestos, 
propiedades eléctricas, propiedades mecánicas, copolímero bloque 
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Abstract 
 

New hybrid materials from the grafting of polystyrene on the surface of nitrogen 
doped carbon nanotube were synthesized. These chemically modified 
nanotubes were further used in the fabrication of polymer based nano-
composites. In these works, we studied the impact of the polymer grafted 
nanotubes on the electrical and mechanical properties of a polystyrene (PS) 
and a poly (butadiene-co-styrene) (PSBS) matrices. The grafted nanotubes 
have a better dispersion in a PS matrix as compared to the as received ones. 
Nevertheless, this kind of functionalization does not lower the percolation 
threshold since the grafted polymer layer electrically isolates the nanotubes 
each others. On the other hand, the mechanical reinforcement (PS matrix) 
increases when the nanotubes are polymer grafted. Furthermore, a stronger 
mechanical reinforcement is observed for large strain deformation. Concerning 
the nano-structured PSBS matrix, we observed a stronger mechanical 
reinforcement as compared to the PS matrix. The PS grafted nanotubes permit 
to connect the PS nano-domains of the matrix and consequently forms a 
percolating rigid network with a very low threshold (PC<0.05 vol.%).  
 
 
Thesis title: Synthesis and characterization of polymer/carbon nanotubes 
composites: Impact of polymer grafting on the surface of CNx MWNTs on the 
electrical and mechanical properties of the nanocomposites. 
 
 
KEY WORDS: chemical functionalization, ATRP, surface modification, Hybrid 
materials, carbon nanotubes, composite materials, material electrical properties, 
material mechanical properties, block copolymer. 
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Introduction  
 
 
Nowadays the material industry focuses a considerable part of its investigation 

on composite materials. A composite material is defined as a material that is 

constituted of two or more phases. Generally, the continuous phase is named 

the matrix; this phase being surrounded by the other(s) phase(s), named 

filler(s). The fillers exhibit physical (mechanical, electrical, magnetic, etc…) or 

physico-chemical properties (flame retardant, gas barrier, oxidant properties) 

very dissimilar to those of the matrix. The aim of the introduction of fillers is to 

modify the main bulk properties of the matrix. This kind of materials exists in 

various forms: metal / metal composites, metal / ceramic composites, ceramic / 

ceramic composites. Nevertheless, most of the industrial applications are found 

in polymer-based composites. Polymer matrices are attractive due to in their 

low weight (density ≈1 g.mol-1), nevertheless some of their physical properties 

are not satisfactory, and thus it is necessary to modify them by adding specific 

fillers.  

The last few years, the scientific community has focused on nanometer scale 

fillers. Indeed, nanometer scale fillers are advantageous because they could 

exhibit enhanced binding forces with the matrix. Moreover, as compared to a 

micrometer scale filler, the distance between nano-particles within the matrix is 

lower, and thus becomes comparable to the gyration radius of a 

macromolecular chain (amorphous matrix) or to a crystalline domain (semi 

crystalline matrix). However, the modification of the filler surface results in an 

increase of the attraction force between nano-particles (i.e, electrostatic force, 

van der Waals forces) and finally a novel problem arises: the nanoparticle 

dispersion. 

When the filler process enhanced mechanical properties when compared to the 

matrix it is named reinforcing filler. In the area of polymer-based composites we 

should mention the use of glass particles (spherical particles or fibers) or carbon 

black, highly representative of the interest of the scientific community. Both 

types of fillers have been used as a reinforcing agent: modulus enhancement, 

change in plastic deformation, modification of the fracture mechanism. We 

should point out that carbon black, as well as carbon nanotubes, can be 
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considered as conductive fillers. These materials could modify at least two 

physical characteristics of the matrix (multifunctional filler).  

 

Few years ago, in 1991, S.Iijima [1] identified the structure of the carbon 

nanotubes. Due to their fascinating physico-chemical properties, carbon 

nanotubes still remain an important subject that is being investigated worldwide. 

In particular, academic and industrial researchers still consider that these long 

fibers could be good candidates to enhance simultaneously the mechanical and 

electrical properties of polymers even better than carbon black.  

One of the most important problems found in the literature when using 

nanofillers in a polymer matrix is to reach good dispersions and a strong 

interfacial adhesion. Indeed, non bonding interactions like van deer Waals 

forces make those particles to aggregate easily. In order to take advantage of 

the nanotube aspect ratio (the ratio between their mean length and mean 

diameter), it is necessary to disperse them uniformly within the matrix. From our 

point of view, many techniques could be used, but the one that should be the 

most efficient and the better controlled would be to graft a polymer onto the 

nanotube surface.    

 

The subject of this PhD thesis is to study the mechanical and electrical 

properties of various polymers filled with Nitrogen-doped Multiwalled Carbon 

Nanotubes (CNx MWNTs). CNx MWNTs are very unique multiwalled carbon 

nanotubes. Indeed, unlike conventional MWNTs, CNx MWNTs find their 

originality in their nitrogen content and their characteristic bamboo-like 

morphology. This bamboo-like structure seems to be particularly attractive for 

the enhancement of the mechanical properties of polymers, since concentric 

sheets cannot slide one on another. Furthermore, the nitrogen doping induces a 

very distinct physico-chemical nature through the presence of electron-donor 

defects (the nitrogen atoms), which enhances the surface chemical reactivity. 

An important outcome of this work is devoted to polymer grafting on the surface 

of CNx MWNTs using a recent controlled free radical polymerization named 

Atomic Transfer Radical Polymerization (ATRP). The PS-grafted CNx MWNTs 

are then used as mechanical and electrical fillers in two different polymers. In 
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this PhD thesis we will study their role on the mechanical and electrical 

properties of polystyrene and poly (butadiene-co-styrene). 

The comparison of all the results with those obtained on the same polymers 

filled with as-produced CNx MWNTs will permit us to understand how the 

physico-chemistry of the system, and particularly the presence of the grafted 

polymer layer, influences the mechanical and electrical behavior of the 

nanocomposites. 

 

After a brief review related to nanotubes and polymer composites (chapter 1), 

the second chapter reports some theoretical elements on which we based our 

work. The first theoretical point deals with the carbon nanotube chemistry and 

on the ATRP polymerization technique. The second relevant theoretical point is 

related with the morphology of block copolymers and the adhesion between 

carbon nanotubes and polymer matrices. The third point describes percolation 

theories and the evolution of the electric conduction for small fibers embedded 

in composites. Finally, we present the mechanical properties of the polymer 

composites, emphasizing the state of the art concerning carbon nanotubes / 

polymer composites. 

The third chapter describes the experimental techniques used to synthesize the 

different polymer composites. 

The fourth chapter concerns the study of the nano-composite properties. The 

first part presents the grafting of polystyrene on the CNX MWNTs surface. The 

second part gives microstructural analysis of the nano-composites. The third 

part, present the electrical properties of the same composites, and finally in the 

fourth part it is presented the mechanical properties of the nanotube filled 

composites. Here we will compare our results with those presented in the 

literature. 

Finally, conclusions will be draw and perspectives will be discussed in chapter 

five. 
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A.1 Generalities on polymers  

 

Polymers can be defined as macromolecules composed of long chains of one 

(homopolymer) or various (co-polymer) elementary units named monomers. 

The polymer synthesis belongs to the organic chemistry area. The reactions 

consist in assembling molecules. It can be instanced the most famous 

processes known: addition, radical propagation. From these processes, it can 

be generated a lot of polymer types, among which: homopolymers, statistical 

co-polymers and block co-copolymers. A homopolymer is constituted of long 

macromolecular chains composed of the same monomer (C.f. Figure 1 a.). The 

most characteristic parameters which define this kind of materials are the glass 

transition temperature and the molecular weight. In the following paragraph we 

will summarize the physical meaning of these parameters. If the 

macromolecular chains contain several types of monomers, we define it as a 

co-polymer. Co-polymers can be either statistical or block co-polymers. Figure 1 

b) and c) is a schematic representation of a co-polymer macromolecular chain. 

It is named statistical co-polymer when the monomer units (type A or type B in 

Figure 1) are randomly assembled along the macromolecular chain. On the 

contrary to statistical copolymers, the monomer units constitute larger units of 

the same composition (the so-called blocks) within the block co-polymer 

macromolecular chain. Typically these materials have properties of both 

polymers A and B (on Figure 1 c.). Moreover, the physical behavior of block co-

polymers is function of the molecular weight and molecular weight 

polydispersity of each block. It is detailed later in the chapter IV part B 

(morphology and interfacial adhesion of CNx MWNT composites) that the 

microstructure is deeply dependent of those parameters too.  
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Figure 1: Schematic representation of a) a homopolymer b) a statistical copolymer c) a block 

copolymer 

 
A.1.1 Characteristic temperatures of polymers: 

 
From the liquid state to lower temperatures, the thermodynamic dimensions of a 

polymer will change because of the structural evolutions that occur in the bulk 

material. In some cases, a decrease of the temperature permits a 

rearrangement of the structure and a partial crystallization of the system occurs. 

Those materials, named semi-crystalline materials, have a typical response in 

differential scanning calorimetry tests, represented by an endothermic peak at a 

given temperature (crystallization temperature). Most of the monomers generate 

purely amorphous chains that do not offer this opportunity. 

The glass transition (at a temperature Tg) represents the variation from a 

metastable state into an out of equilibrium state, and is always observed in 

amorphous materials (amorphous polymer or amorphous phase of a semi-

crystalline polymer). When the temperature decreases from the liquid state, at a 

given temperature value named glass transition temperature (Tg) the molecular 

mobility is not high enough to maintain the material in the liquid state. 

Consequently, molecules pass into a glassy state. Tg, is usually determined by 

Differential Scanning Calorimetry (DSC) and is a function of the temperature 

scan rate. At the glass transition temperature (Tg), the structural rearrangement 
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is comparable to the experience time. On the contrary, below Tg the material 

evolves slowly to its equilibrium state. This phenomenon is known as physical 

aging and could be responsible for changes in the mechanical behavior.  

 

Commonly confused with the glass transition, the α relaxation represents a 

cooperative movement in the material. It occurs at a temperature Tα, defined as 

the temperature of the maximum energy dissipated by mechanical dynamical 

solicitation. Tα is function of the solicitation frequency. 

 

A.2 Nanotubes  

A.2.1 Generalities: Discovery of other allotropic 

forms of carbon (C 60 and identification of carbon 

nanotubes) 

In 1985 the journal Nature [2] published the discovery of a new material which 

constitutes the starting point of a new era in carbon materials. These materials 

consist of carbon cage molecules known as fullerenes. C60 is the most stable 

fullerene molecule and consists of 60 carbon atoms exhibiting hexagonal and 

pentagonal faces (sp2-like hybridization) similar to a “soccer-ball” (Figure 2). 

 

Figure 2: Molecular model of the C60 structure 

 
Later, in 1991, Sumio Iijima, while he was working on producing C60 by arc-

discharge, found nested graphene cylinders on the cathode deposit [1]. These 

structures are known as nanotubes. Carbon nanotubes (CNTs) are thus 

composed of rolled-up co-axial graphene sheets closed by fullerene 
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hemispheres. The main body of a perfect Carbon Nanotube tube (CNT) is 

composed of carbon atoms exhibiting sp² hybridization, whereas the end caps 

have the structure of fullerenes (sp3-like hybridization). CNTs can exist in two 

main forms: Single-Walled Carbon Nanotubes (SWNTs) and Multi-Walled 

Carbon Nanotube (MWNTs), depending on the number of coaxially rolled-up 

graphene sheets. Moreover, SWNTs can exist in several chiral forms, 

depending on the way the graphene sheets are rolled-up, see Figure 3.  

 

Figure 3: Theoretical structures of two particular types of chiral single walled nanotubes a) zig-zag 
structure b) armchair  structure [3] 

 

CNTs rapidly attracted the interest of the scientific community. Indeed, many 

physicists and chemists were fascinated by their incredible physico-chemical 

properties. The electronic properties of SWNTs [4, 5] appear to be dependent 

on the chirality and the diameter of the tubes, and they can exhibit either a 

metallic or a semiconducting behavior, contrarily to MWNTs which always 

display conducting properties. More interestingly, both SWNTs and MWNTs 

have an incredible longitudinal Young’s modulus [6, 7] combined with a large 

transversal flexibility [8] and a extremely high aspect ratio (length to diameter 

ratio). This explains why the composite material community is very interested in 

using the CNTs as nanofillers. 

 

A.2.2 Nanotube synthesis processes 
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As mentioned above, nanotubes could be found in the carbon soot of a graphitic 

cathode after an arc evaporation experiment [1]. However, these quantities did 

not allow complete investigations of this type of nanotubes. The first gram 

production was performed when the pressure of Helium in the arc evaporation 

method was increased [9]. Nowadays, other processes are used to produce 

carbon nanotubes: pyrolysis of hydrocarbons on metal particles, laser 

vaporization of a graphite target [10, 11], solar carbon vaporization [12, 13], and 

electrolysis of graphite electrodes in molten ionic salts [12]. We will describe 

below the process of pyrolysis of hydrocarbons on metal particles because this 

process can be modified to produce nitrogen-doped MWNTs (CNx MWNTs). 

 

Figure 4: carbon nanotubes produced by different methods; a) MWNTs produced by spray 
pyrolisis methods [14], b) overwiew of the carbon concentric carbon shells on the micrograph (a) ; 
c) carbon nanotubes produced in hydrogen arc discharge conditions [15], and d) carbon nanotubes 
produced using a CVD process [16] 

 

In Figure 4 it is shown carbon nanotubes produced by different synthesis 

process. The process of pyrolysis of hydrocarbons over metal particles, also 

known as Carbon Vapor Deposition (CVD), consists of the pyrolysis of 

hydrocarbon gases over a metal catalyst (Co, Ni, Fe, and Pt). It generates 
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nanotubes, C60, and different nanotubes-like structures. Many works have been 

performed in order to describe and understand the growth of CNTs. Three 

important models exist: carbon diffusion through the catalytic particles [17], the 

top carbon diffusion on catalytic particles [18], and the bottom carbon diffusion 

through catalytic particles [18, 19].  

 

Figure 5: Different growth mechanisms occurring in CVD processes A) growth mechanism 
postulated by Baker et al. [17]  for the formation of carbon filaments by pyrolysis of acetylene on 
metal particles; B) growth mechanism proposed for carbon fibers and filaments by pyrolysis of 
benzene over metallic particle [15] and C) growth mechanism proposed for carbon filament 
synthesis from Fe-Pt / C2H2 system [16,17].  

 

Figure 5 illustrates the differences among the different growth models. The 

carbon diffusion through the catalytic particle is depicted in Figure 5 A); here 

carbon fragments diffuse through the catalytic particle and precipitate at the 

other side of the particle as graphene sheets (colder zone). This process was 

proposed to explain the formation of CNTs from acetylene on metal particles. 

Figure 5 B) sketches the mechanism of top carbon diffusion on catalytic 

particles. This model postulates that the carbon diffuses on the end of the 

catalytic particle as solid carbon (graphite) and precipitates at the other side. 
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Finally, Figure 5 C) represents the bottom carbon diffusion through catalytic 

particles. In this case, the carbon diffusion occurs from the bottom to the top of 

the catalytic particle. On the contrary to the other models, the catalytic particle 

remains at the bottom of the substrate. 

It has been shown that a vapor composed of a metal catalyst and carbon atoms 

can also be pyrolysed in order to produce carbon nanotubes. The metal carbon 

vapors are usually produced by heating metallocenes with organic molecules 

(for example: ferrocene/benzene [20]). The structure of the carbon nanotubes 

can be controlled via different experimental parameters: pressure of the inert 

gas, temperature of the furnace, carbon gas source, and metallocene type. 

 

A.2.3 Physico-chemical properties of Multiwalled 

Carbon Nanotubes 

The nature and form (size) of the catalyst particle allows to synthesize either 

SWNTs or MWNTs. In the following section, we will describe essentially 

MWNTs, since they were used in this thesis work because of their lower fragility 

during chemical functionalization. MWNTs are characterized by the presence of 

concentric cylinders of graphene (C.f. Figure 6). The number of layers that 

composes the MWNT depends on various parameters that include the 

synthesis route, the carbon source, the catalyst type, etc. 

  

 
Figure 6: HRTEM micrograph of a multiwalled Carbon nanotube. The graphene sheets are visible 
when observed edge-on and appear in black. The distance between two consecutive graphene sheets 
is 0.34 nm [21]. 
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A.2.3.1 Electrical Properties of carbon nanotubes 

CNTs belong to the family of fullerenes. Different electronic properties can be 

observed, depending on the nanotube helicity (c.f. Figure 7). 

 

Figure 7: Different electronic properties depending on the helicity 

 

The electronic behavior of CNTs has been largely investigated from the 

theoretical point of view. Recent experimental studies on the conductivity of the 

nanotubes (measured on aligned bundles) show that nanotubes as conducting 

rods [22-25]. Scanning Tunneling Microscopy (STM) and Scanning Tunneling 

Spectroscopy (STS) are two powerful techniques that are used to characterize 

the transport phenomenon in CNTs. Thanks to these equipments, it is possible 

to observe the local electronic density and conclude about their metallic or 

semi-conducting character. Using these techniques, it has for example been 

shown that SWNTs behave as metals or semiconductors depending on their 

helicity. Bulk transport measurements moreover indicate that the conducting 

behavior of nanotubes is temperature dependent [25], but the values are 

different when compared to SWNTs [26]. It can therefore be concluded that 

each nanotube has its own electronic behavior [26], which depends on its 

chirality, diameter, defect concentration, number of layers, cristallinity.  
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Defects in the structure of the tubes can largely modify their electronic behavior 

[11, 27]. For example the introduction of hexagonal and pentagonal rings can 

change the chirality and thus the conducting or semi-conducting character of 

the CNTs. It is also predicted that nanotubes with periodic arrangements of 

pentagons, hexagons and heptagons can behave as metals or even 

superconductors[28].  

 
A.2.3.2 Mechanical properties of carbon nanotubes 

One of the main advantages of carbon nanotubes is their outstanding 

longitudinal Young’s modulus. It was indeed expected that CNTs have at least 

the modulus of graphene sheets (1.03 TPa). Because of their nanometric size it 

is quite difficult to measure accurately the modulus of CNTs. Direct 

measurements on SWNTs using a bending force with an Atomic Force 

Microscope (AFM) revealed a Young’s modulus between 0.32 and 1.47 TPa 

[29]. Indirect measurements of the MWNT Young’s modulus from their 

vibrational energy provide a narrower range of values: 1-1.8 TPa [6]. 

Most of the moduli measured in the literature are presented in Table 1. The 

parameters explaining the differences between the measured Young’s moduli of 

the CNTs are their diameter, crystallinity, and helicity [30-32]. 

 

Reference Kind of tube tested  

Treacy et al.[6]  MWNT E = 1.8±1.4 TPa 
Wong et al.[7]  MWNT E =1.28±0.59 TPa 

Krishnan et al.[33]  SWNT E = 1.25±0.45 TPa 
Pan et al.[34]  MWNT E = 1.72±0.64 TPa 

Walter et al [35]. SWNT E = 45±7 GPa 
Poncharal et al.[36]  MWNT E = 1 TPa 
Salvetat et al.[37]  MWNT E= 810±410 GPa 
Salvetat et al.[38]  SWNT E = 1 TPa 

Yu et al. [29] SWNT 13< E  < 52 GPa 
Yu et al. [39] MWNT 270 < E < 950 GPa 
Zhu et al.[40]  SWNT 49< E < 77 GPa 

Demezyk et al.[41]  MWNT E = 0.91 ± 0.18 TPa 
Qi et al.[42]  MWNT E = 0.91 – 1.24 TPa 

 

Table 1: Young’s moduli of several SWNTs and MWNTs reported in the literature. 
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A.2.4 Nitrogen Doped Multiwalled Carbon Nanotubes 

(CNx MWNTs) 

A.2.4.1 Chemical properties and structure of the CNx 

MWNTs 

Figure 29 shows the experimental equipment used to synthesize nitrogen 

doped MWNTs. Using this process it is possible to produce large quantities of 

material (g/day). In addition the nitrogen concentration varies from 1 to 7 at.% 

using this technique. Nitrogen atoms can be introduced in the graphitic structure 

into two forms. It can be present as substitutional atoms, where nitrogen acts in 

the structure as a carbon does: substitutional nitrogen atoms are bound with the 

adjacent carbon atoms of the network by three covalent bonds. In the second 

possible structure, nitrogen atoms can form pyridine-like groups, as shown in 

Figure 8. Moreover, it was also shown that nanotubes sometimes encapsulated 

gaseous nitrogen. It indeed appears that nanotubes synthesized using this 

process are also good gas containers [43]. 

 

 
Figure 8: Theoretical representation of pyridine (pink atoms) and tertiary amine (green atoms) 
nitrogen sites in a CNx MWNT  
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On the contrary to boron doped nanotubes, nitrogen seems to be 

homogeneously distributed along these tubes [44]. In reference [45], it is 

mentioned that the presence of nitrogen in the graphene plane tends to lower 

the crystalline order of the network [46]. A Recent work, using Raman 

spectroscopy analysis [47] demonstrated that dopping nanotubes with nitrogen 

increases the D-band intensity. D-band is associated to the disorder on the 

contrary to the G band, which represents the graphitic level of the carbon 

material. As a consequence, the higher nitrogen concentration is, the lower the 

crystallinity of the tubes becomes [44]. Last results, bamboo-type structures are 

always observed in CNx MWNTs. 

 

A.2.4.2 CNx MWNTs might be more chemically 

reactive: 

It is well known that pure graphite is chemically inert. So, the reduced 

crystallinity of the CNx MWNTs let us expect that the presence of nitrogen will 

promote the formation of anchoring sites. The grafting of chemical groups on 

the CNx MWNT surface might thus be more efficiently performed on CNx 

MWNTs rather than on undoped nanotubes.  

 

A.2.4.3 CNx MWNT are electrically conductive  

One advantage of the CNx MWNTs is that they are always electrically 

conductive. Nitrogen is an electron donor dopant; which is a key point for 

grafting molecules on their surface (c.f. Chapter II part A. 1.4: chemical 

structure and reactivity of CNx MWNTs). M. Terrones [45] provides references 

related to the electronic behavior of CNx MWNTs. STEM and STS analysis on 

N-doped nanotubes revealed that they are purely metallic [45]. Considering that 

substitutional nitrogen is an electron-donor doping atom, electrons are present 

in the conduction band [45]. This leads to a negative thermoelectric power 

(TEP) response characteristic of an electron-like conduction. The same work 

revealed a value of the conductivity equal to about 10 S.m-1. 
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A.2.4.4 Nitrogen doping, bamboo-like tubular 

structures and mechanical properties 

Theoretical calculation [45] have been performed to estimate the Young’s 

modulus of CNx MWNTs [48]. They revealed that the modulus should be 

inferior to that of undoped MWNTs because of the presence of defects (nitrogen 

atoms) within the carbon network. The calculated Young’s modulus was indeed 

estimated to be 0.5-0.8 TPa, instead of 1 TPa for undoped MWNTs. Another 

published work reports measurements of the CNx MWNT modulus [49]. The 

results confirmed a drastic decrease in the Young’s modulus; the experimental 

value being equal to 30 GPa. The very low value obtained was attributed to the 

very high concentration of nitrogen defects (≈2-5%). It is thus expected that 

lower concentrations of nitrogen atoms will not alter significantly the Young’s 

modulus.  

However, unlike pristine MWNTs [50], the bamboo type structure of the tubes 

permits an increase in the interaction between all concentric layers. They have 

a bamboo-like structure that avoids telescopic sliding of concentric cylinders 

within each tube upon tensile tests; therefore we should expect a better 

mechanical reinforcement for large strains. 

 

A.3 Carbon nanotubes-polymer composites  

The fabrication of polymer-based composites involves more and more nano-

scale materials as fillers. Indeed, by reducing the dimensions of the fillers, it is 

possible to increase the surface/volume ratio. Indeed, as compared to micron 

scale fillers the nanoscale fillers exhibit a higher contact surface with the matrix. 

Thus, they are expected to improve the mechanical reinforcement by increasing 

the load transfer (C.f: Chapter II mechanical behavior of the polymer 

composites). In particular, carbon nanotubes are excellent candidates for 

fabricating nanocomposites. Indeed, the carbon nanotubes are not only rigid 

fillers (longitudinal modulus ≈ 1 TPa) but they are also good for producing 

electrically conductive fillers. In addition, carbon nanotubes exhibit a very high 

aspect ratio. As a consequence, they are expected to form an electric 

percolating network at very low volume fractions. 
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Nevertheless, when nanoparticles are added to the matrix the number of 

contacts among particles increases, and consequently enhances attractive 

interactions among them (e.g. via van der Waals or electrostatic forces).This 

effect induces agglomeration of nanoparticles that do not lead to good 

dispersions in the matrix. Many researchers have tried to achieve good 

dispersions of the carbon nanotubes in different matrix. First, we should 

mention the use of different physico-chemical processes in the fabrication of 

polymer / carbon nanotubes nano-composites in order enhance the dispersion 

of nanotubes in polymer matrices. For example, P. Pötschke [51], using melt 

mixing to disperse MWNTs in polycarbonate, reached the electric percolation 

threshold at 1 wt.%. Moreover, the work by M. K. Seo and co-workers [52] 

should be mentioned, in which they used the same technique to disperse 

MWNTs in a polypropylene matrix and observed an electric percolation 

threshold in the range of 1-2 wt.%. As a consequence, we can deduce that the 

physico-chemistry of the matrix / carbon nanotube interface has an important 

influence on the dispersion efficiency. Other groups preferred to use the solvent 

casting technique, which generally consists of dispersing nanotubes in a solvent 

by ultrasonication and finally maintaining the dispersion with a vigorous 

mechanical stirring during the solvent evaporation. For example, J. K. W. 

Sandler et. al [53] dispersed MWNTs in an epoxy matrix and found a very low 

electric percolation threshold, at 0.0025 wt.%. On the contrary, S. Barrau [54] 

reported an electric percolation threshold at 0.3 wt.% for a dispersion of SWNTs 

in an epoxy matrix. The difference observed between these results could be 

attributed to an aggregation phenomenon of the tubes. Finally, as it will be 

detailed in chapter IV, chemical functionalization has been used to modify their 

surface in order to improve their dispersion. It has been shown [55] that grafting 

aromatic rings on the carbon nanotube surface permits to reach a better 

dispersion in benzenic solvents  such as toluene or benzene. We should also 

mention the works of J. Chen [56], who obtained a specific dispersion in polar 

solvents by grafting –OH groups using strong acid treatments. Finally, it was 

demonstrated [57] that grafting macromolecules on the surface of carbon 

nanotubes should decrease their cohesive forces in a particular media. 
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A.4 Conclusions  

In this chapter, we summarized the important concepts related to the fabrication 

of nano-composites. We have presented the principal physical properties of the 

CNTs. It appears that their high aspect ratio associated to their electrical and 

mechanical properties make them good candidates as polymer modifiers. 

SWNTs are difficult to use in the synthesis of nanocomposites. Indeed, they 

generally contain many impurities. Consequently we prefer to use MWNTs in 

this work.  

We have shown that the CNTs tend to aggregates when dispersed in a polymer 

matrix. Furthermore, it appears that they have a low interfacial adhesion with 

polymers. As a consequence, we decided to carry out the grafting of polymer on 

the CNT surface. In this chapter, we have also detailed the chemical properties 

of MWNTs. We have shown that they tend to be chemically inert (graphene 

sheets). Since the nitrogen dopping induce defects in the structure of MWNTs, 

we believe that they are more chemically reactive. Moreover, the bamboo-like 

structure resulting from the nitrogen dopping, might avoid the sliding of 

concentric tubular sheets when working under longitudinal stress. As a 

consequence, the nanotubes we have used in this works are CNx MWNTs. 

Finally, in a first part we will focus our works on the grafting of polystyrene on 

the external layer of CNx MWNTs. Thus, these chemically modified CNTs will 

be used in the fabrication of nanocomposites. Then, we will study and discuss 

the mechanical and electrical properties of these nanocomposites. The polymer 

matrix, we choose are: polystyrene, and a poly (styrene-co-butadiene). The first 

one has the same nature than the grafting, and the second one will permit to 

observe the effect of the grafting on its microstructure.  
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Part A    Chemical 
modification of carbon 
nanotubes 

 
 
 
The chemical addition of functional groups, on nanotube surfaces, modifies their 

chemical environment, allowing selective dispersions of nanotubes in a 

particular media. The literature is abundant regarding the modification or 

functionalization of carbon nanotubes [57-60]. For example non-covalent 

modifications [61] (i.e, physical adsorption) could change the nanotube 

electronic and surface properties. Also, by using non-ionic surfactants in the 

polymers fabrication processes, it has been shown [62, 63] that the introduction 

of 1 wt. % of carbon nanotubes results in notable effects on the mechanical 

characteristics of the composite material. Many efforts have been carried out in 

order to disperse nanotubes in solvents. However, the mechanical and electrical 

properties of the composite materials highly depend on the dispersion of the 

nanotubes in the polymer matrix. Unmodified nanotubes tend to aggregate due 

to high Van der Walls forces. This phenomenon is not desired in the 

modification of polymers with carbon nanotubes (either SWNTs or MWNTs). As 

mentioned earlier, functionalization of the nanotube surface helps to overcome 

this problem. For example carboxylic groups have been chemically bonded to 

the nanotube surface in order to permit the dispersion in polar solvents [40] or 

to allow other reactions on the tube surface such as esterification [64]. It can 

also be mentioned that, hydrothermal treatments at high pressures and 

temperatures modify the chemistry of the nanotube surface [65]. A more 

classical process such as Bingel Reactions has demonstrated that SWNTs 

could be surface modified [66]. Other authors have demonstrated much higher 

efficiency to modify the surface of nanotubes by novel processes: free solvent 

organic modification [67]. However, one should emphasize that graphite is 

chemically inert and similarly large diameter nanotubes are expected to have 

similar inertness.  
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One should also note that CNx MWNTs are a special kind of carbon nanotubes. 

The defects induced by nitrogen doping are expected to improve the chemical 

reactivity of carbon nanotubes. Moreover these nanotubes always display a 

bamboo-like structure that ensures that all layers of CNx MWNT are 

interconnected and will not slide telescopically. We believe that this structure 

could have a major effect on the mechanical properties of nanocomposites 

when compared to classical rested cylinders. 
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A.1 Chemical modification of carbon 

nanotubes.  

These last few years the interest in chemical modifications on the external layer 

of carbon nanotubes has increased. These surface modifications are important 

for enhancing the tube reactivity and produce reinforced nanocomposites.  

Recent reviews point out the importance of chemical modifications of nanotubes 

[57-60]. In this section we will try to point out the chemical path of the nanotube 

chemical reactions discussed in these reviews. The chemical reactions can be 

classified in: thermally activated, electrochemical or photochemical processes 

[59]. Other researchers preferred the terms “covalent” and “non-covalent” 

processes [57]. Finally, some reports focused their works on the localization of 

the chemical modification: end caps, on defect sites or side nanotube walls [60].  

A.1.1 Surface modification of CNTs by physico-

chemical interactions  

Non-covalent interactions between carbon nanotubes and organic molecules 

have the main advantage that they preserve the intrinsic sp2 hybridized 

structure of the material, and as a consequence it permits to retain their electric 

and mechanical properties. It has been reported that poly(vinyl pirrolydone) and 

poly(styrene sulfonate) can wrap up nanotubes [68]. This phenomenon has 

been attributed to π-stacking or should need van der Walls interactions between 

the carbon nanotube surface and organic molecules. It has also been reported 

that it is possible to immobilize biological molecules on the nanotube surfaces. 

In 1998, Z.J. Guo and co-workers reported [69] that peptides nucleic acids, and 

proteins can be attached to nanotubes surfaces by a “wrapping” phenomena. 

It is also important to mention the use of surfactants to modify the surface of 

nanotubes [70]. As mentioned above, all these references point out that this 

kind of processes are effective to reach good dispersions of carbon nanotubes 

in polymer matrices and preserve the structure of the CNTs. Nevertheless, pure 

CNTs display a lack of adhesion with the polymer matrix when compared with 

covalently bonded functionalized CNTs. 
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A.1.2 Covalently linked chemical modification 

A.1.2.1 Carboxylation of carbon nanotubes 

It is reported [60] that end capped carbon structures, such as fullerenes, have a 

higher reactivity due to the presence of pentagons (highly curved structures). 

Highly curved nanotubes induce the formation of sp3 hybridization and makes 

easier the opening of the carbon bonds (either σ or π bonds) [62]. Opened 

MWNTs demonstrated their capacity to react with carboxylic acid due to the sp3 

hybridized carbon atoms that hanged at the end of the tubes. Figure 9 shows 

the results of a strong acid treatment initially performed to open SWNTs (D), 

and the following oxidation of the carbon covalent σ bond (C).  

 

Figure 9: Representation of different defects observed in CNTs: defect A are heptagonal or 
pentagonal rings in the framework that lead to a bend in the tube (topological defects); B defects 
are sp3 hybridized defects (with hanged molecules); C are holes produce by strong oxidative 
conditions that leave –COOH groups and D are opened ends oxidized by a strong acid treatment. 

 

As a consequence defects are favourable sites that are able to react chemically. 

Indeed, it was shown that side wall defects, which are defined as non-

hexagonal structures (pentagonal sites named Stone Wales defects, hanged 
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particles, vacancies in the structure [71] C.f. Figure 9 A., B), would have a lower 

resistance to oxidation [72]. Generally, chemical reactions on defects are 

carried out using strong acid treatments, and they involve a two step (or more) 

surface transformation followed by the grafting of new functional groups by 

esterification, amidisation, subsitution etc… 

 

Figure 10 summarizes different secondary reactions obtained after strong acid 

treatments. There are numerous treatments that permit the oxidation of CNTs : 

it can be mentioned the use of HNO3, KMnO4 / H2SO4, Oxygen gas, K2Cr2O7 / 

H2SO4 or OsO4 [73-75]. According to S. Barnajee [60] it has been shown that 

using strong acid treatments on the surface of the carbon nanotubes permits 

further chemical modification. For example it was possible to attach molecular 

moieties, particles and quantum dotes, bio inspired moieties, and 

macromolecular moieties [76, 77]. The attachment of molecular moieties has 

shown its efficiency to improve the solubility of CNTs in a particular solvent (i.e. 

tetrahydrofuran (THF), chloroform, toluene, CHCl3)[78, 79]. As an example we 

can mention the reaction of oxidized nanotubes with thionyl chloride to generate 

acyl chloride groups [72]. Moreover, quatum dotes such as Au or Ag metal 

particles have been anchored to oxidized CNTs that were previously treated 

with 1 - ethyl - 3(3 – dimethylaminopropyl) carbodiimide hydrochloride (EDC) 

[80].Finally, it should be mentioned that calculations predict a lose of 15% of the 

SWNT buckling force at 1% carbon functionalization [81]. 
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Figure 10: Summary of diverse second step reactions done after an oxidizing treatment ( first step) 
[60]  

 
A.1.2.2 Carbon nanotube structure and chemical 

reactivity. 

As shown in Figure 11, CNTs are comparable to a graphene sheet: all carbons 

in the CNT structure exhibit a theoretical sp2
 hybridization. Consequently, 

carbon atoms have two σ bonds in the xy plan, with a π bond corresponding to 

the overlap of the Z-axis orbitals. In a first approximation, for a time infinitely 
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short, the external layer of CNTs can be represented as that shown in Figure 

11: 

 

Figure 11: Representation of the chemical structure of CNTs 

 
It is well known that graphite is quite difficult to modify because of its crystalline 

form: hexagonal compact symmetry. The C-C single bond is one of the 

strongest bonds in nature; as a consequence it is very difficult to open this 

hexagonal network. Moreover the opening of the C-C single bond would 

generate defect in the main carbon structure of the CNTs. A highly modified 

CNT could lead to the collapsing of the nanotube. 

In order to modify CNTs external layer, it should be interesting to open the C=C 

double bond. The opening of the carbon double bonds presents the advantage 

to preserve part of the tube structure. Indeed, chemical reactions should be 

carried out with the electrons of the π bonds; consequently the σ bonds remain 

intact. Thus it should be possible to preserve the tube structure of a grafted 

external layer. 

It should be pointed out that this hypothesis implicates that the diameter of 

CNTs has an effect on the multiwalled carbon nanotubes reactivity. A rapid 

geometry analysis of the system allows us to understand this phenomenon. 

Indeed, by attacking the carbon/carbon double bonds it is possible to transform 

sp2 hybridized sites into sp3 hybridized areas. But as shown in the Figure 12 sp3 

carbon has a tetragonal form and occupies three space dimensions, whereas 

sp2 carbon is a planar configuration. This suggests that the external layer has to 

be deformed, and the CNTs crystalline order is broken. 
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Figure 12: on the left sp2 carbon hybridation, on the right sp3 carbon hybridation 

 

The geometry of nanotubes shows that as the diameter of the tubes increases 

the pyramidalization angle: θ becomes less acute (cf. Figure 13). Thus, as 

mention previously, the external layer of the MWNT can be considered as a 

planar graphitic sheet: chemically neutral. Consequently, small diameters CNTs 

(more reactive) tend to induce a sp3 like hybridization. Moreover Figure 13 a) 

shows that the Z orbitals overlap is lower for smaller diameters tubes. As a 

consequence, the C=C double bond for small diameter CNTs is weaker and 

easier to break. Some published articles about nanotube modification mention 

that when the diameter increases, the reactivity of nanotubes decreases [82]. 

Moreover, it has been reported that the tube ends are easier to functionalize 

due to the presence of pentagons, responsible of highly curved surfaces [83]. 

The same work shows that sonication is able to bend the tubes and induces a 

sp3 hybridization; these authors concluded that the reactivity of nanotubes is 

higher when sonication is used. Finally, considering that large diameters induce 

lower reactivity in the tubes, MWNTs are less reactive than SWNTs. It should 

be mentioned that the functionalization of the external layer of MWNTs needs to 

be highly energetic due to the change in carbon hybridization: sp2- sp3 

transformation. Moreover, it has been reported [62, 78] that misalignment of the 

Z-orbitals is a important factor in the stability of the π carbon double bond (C.f. 

Figure 13 c). 
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Figure 13: Orbital structure of the CNT external layer, a) transversal representation of the overlap 
of the carbon Z orbitals in CNTs; b) representation of the angle induced by the pyramidalization 
due to a sp3 hybridization compared to a trigonal configuration (sp2 hybridization) [62]; c) 
representation of the misalignment between carbon z-orbitals in SWNTs. 

 

Indeed, the misalignment between carbon z-orbitals observed in SWNTs, 

generates torsional strains and the relief of these strains will control the 

chemical reactivity of carbon nanotubes. Finally, the pyramidalization as well as 

the misalignment of the carbon z-orbitals, are inversely proportional to the 

diameter of the nanotubes [71]. Therefore, MWNT are indeed less reactive 

when compared to SWNTs or fullerenes.  
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A.1.2.3 Addition reactions 

As mentioned earlier, in order to functionalize the external layer of MWNTs it is 

possible to open the sidewall C=C π conjugated bond by chemical addition. The 

chemical addition consists in opening the π carbon double bond by a homolytic 

or heterolytic cleavage in order to covalently link moieties, whereas acid 

treatments generally disrupt the carbon σ single bond. The chemical addition 

can be a polar addition (nucleophilic addition) or neutral (homolytic cleavage of 

the carbon π double bond).  Finally, the chemical addition, as compared to acid 

treatments, presents the advantage to react with unsatured carbon atoms, and 

consequently it does not generate vacancies in the hexagonal framework. For 

end-closed CNTs, the addition on the carbon double bond has to be in the cis 

position. 

Figure 14 summarizes the possible addition reactions on SWNTs or MWNTs 

according to S. Barnajee [60]. As an example of the chemical addition on CNTs 

external layer, it can be mentioned the fluorination of the CNTs side wall at 150-

325°C [84]. The C-F bond instability permits secondary reactions such as allylic 

displacement when fluorinated CNTs react with alkyllithium precursors to 

generate side wall alkylated CNTs [85]. Interestingly, alkyltated CNTs recover 

their original structure (pristine CNTs) when oxidized in airflow. Other addition 

processes such as 1,3-dipolar-cycloaddition have been reported in the addition 

of ozone [86] or nitrile imine [87]. The reaction of CNTs with diazonium 

coupounds using a thermal activated free solvent process, permits to highly 

functionalize CNTs [67]. Chemical addition reactions appear to be very 

interesting to select semi-conductors and metallic nanotubes. It can be pointed 

out that free radical addition is one of the reactions depicted in the Figure 14. 

Many of these chemical reactions are very useful to disperse CNTs in a 

particular media or to carry out particular secondary reactions.  
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Figure 14: side wall addition chemical reaction on SWNTs or MWNTs [60] 

 

Unlike to carboxylation of CNTs by acid treatment, the chemical addition 

reactions can initiate on the intact parts of the CNTs sidewall [59].  Thus, 
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defects in CNTs should lower the overlapping of the z-orbitals making, easier 

the cleavage of different moieties. 

The additions of organic molecules based on the opening of the carbon π 

double bonds generally tend to “catch” electrons that are involved in the 

electrical conduction process. Based on this, any chemical modification of the 

external layer of the CNTs should modify significantly their electric properties. 

Furthermore, when carbon nanotubes begin to lose their graphitic structure, the 

mechanical properties are also altered and it is observed changed in their 

mechanical properties [81]. As a conclusion, the chemical addition on CNTs 

should improve their dispersion in a particular solvent, but it results in altered 

electrical and mechanical properties. 

 
A.1.3 Polymer grafting: “grafting to” or “grafting 

from” techniques 

We can distinguish two forms of polymer grafting on the nanotubes: “grafting to” 

and “grafting from”. The “Grafting to”  method corresponds to a double step 

reaction where polymers are grafted to the nanotube surface occurring due to a 

chemical function previously attached to the CNT. Most reports concerning the 

“grafting to” method, the carbon nanotubes have been functionalized with an 

acid that reacts with a functional group in a polymer leading to esterification or 

amidification reactions. In the review by Liu [57] there is an indication of several 

polymers and copolymers grafted using the “grafting to” method: poly (propiony-

ethylenimine-co-ethylenimine) (PPEI-EI) [88], poly (styrene-co-

aminomethylstyrene) (PSN) [89], poly (ethylene oxide) (PEO) [90], poly 

(styrene-co-hydroxymethylstyrene) (PSA) [72],  poly (styrene-co-p-(4-(4’-

(vinylphenyl)-3-oxobutanol)) (PSV) [64], poly vinyl alcohol (PVA) [91],etc… 

There are also reports on “grafting to” using a free radical chemical addition 

process. A living polystyrene controlled by 2,2,6,6-tetramethylpiperidine-1-oxide 

(TEMPO) has been grafted to MWNTs by a polymer termination step according 

to a radical process [92]. 

 

“Grafting from”  is an alternative way to graft polymers on the external layer of 

MWNTs. In this particular technique the CNT contains the polymerization 
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reaction initiator grafted on its surface. The reactional groups on the surface will 

react with monomers. The macromolecules grow-up from the surface through a 

polymerization reaction. As an example, Liu [57] reports reactions by Atomic 

Transfer Radical polymerization (ATRP) brushes based on the polymerization of 

Methyl Methacrylate (MMA) [93] monomer , styrene monomer [92] or 

Polystyrene-b-Poly (acrylic acid) (PS-b-PAA) [94] 

There are other reports on controlled polymerization on the nanotube surface 

such as the ring open polymerization and anionic polymerization [57, 95]. In 

general all the routes using the “grafting from” in-situ polymerization are living 

controlled polymerizations.  

 

A.1.4  Chemical structure and reactivity of CNx 

MWNTs 

This work focuses on the use of CNx MWNTs as the basis for the chemical 

grafting of polymers. As described in the first chapter, CNx MWNTs exhibit a 

bamboo-like structure due to the introduction of nitrogen atoms in the carbon 

structure of the nanotubes [45]. The bamboo-like structure could help to prevent 

the telescopic sliding of the concentric shells of MWNTs during mechanic 

stretching, but also could allow easier chemical modifications due to the 

presence of N atoms containing additional electrons useful to improve reactivity. 

Kamalakaran et al. [14] reported Raman spectra which demonstrated that CNx 

MWNTs containing 2% mol. of nitrogen display a D-band peak more intense 

than classical pure MWNTs. D-Band represents the disorder in the carbon 

nanotube structure. As a consequence, we can think that nitrogen atoms break 

the symmetry of the hexagonal carbon framework implying a higher reactivity of 

the nanotubes shell. Furthermore, nitrogen atoms are introduced in the carbon 

structure in two ways: Substitutional tertiary amine nitrogen (three coordinated 

N), or pyridinic functions (two coodinated N). The substitutional tertiary amines 

represent nitrogen atoms that replace C atoms, whereas the pyridinic nitrogens 

make a double bond with a carbon atom [45]. These chemical functionalities are 

responsible of the disorder because they cause a hole in the structure. As an 

example M. Terrones and co-workers reported some chemical modifications of 
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CNx MWNT using acid treatment [96], able to decorate CNx MWNTs with Au 

nanoparticles. 

 

A.1.5 Hypothesis about carbon nanotubes chemical 

reactivity 

As a first approximation we should consider that the main structure of MWNTs 

is comparable with alkenes: all carbons are composed of two σ single bonds 

and one π double bond. However, CNTs can be modified only in the cis  

addition way. Indeed, just one side of the double bond is accessible (because of 

the tubular geometry of the material). It means that the addition reaction that 

can be carried out on nanotubes follows the anti-Markovnikov rule. 

In 1870, Markovnikov, thanks to experiments, described an empirical rule that 

permitted to conjecture the position of the addition on alkene molecules. The 

anti Markovnikov rule generally represents the additions to an alkene that adopt 

the CIS configuration. If we consider that nanotubes have an alkene-like 

structure, it should be expected that all addition reactions following the anti-

Markonikov rule will react chemically with CNTs. For, example free radical 

addition, carbene addition, epoxydation, cis hydroxylation etc…Most of these 

reactions are mentioned in the literature (C.f. Figure 14) [60]. 

 

A.2 Atomic Transfer Radical Polymerization  

(ATRP) 

A.2.1 Generalities 

The Atomic Transfer Radical Polymerization (ATRP) belongs to the class of 

polymerization reactions named controlled radical polymerization, and it is a 

pseudo living type of polymerization. Let us define the meaning of this 

expression term by term.  

Controlled  means that the growth is regulated by specific processes that permit 

to reduce and almost eliminate the termination step of the polymerization 
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reaction. The molecular weight of the resulting macromolecular material is a 

function of time. 

Living means that the reaction, generally thermally activated, can be stopped 

and initiated repeatedly. The expression “dormant” chains will be used when 

referring to a non reactive (but potentially thermally activated reactive) 

molecule. 

Radical  refers to growth polymerization mechanism. This process is based on 

the propagation of a free radical by adding a monomer to the end of the 

macromolecular chain that will transfer the free radical. 

Figure 15 describes the general mechanism of Atomic Transfer Radical 

Polymerization [97].  

 

Figure 15: General mechanism of ATRP process 

 

The free radicals are generated through a reversible redox catalyzed process. 

The initiator is generally an alkyl halide: R-X (where X is a halogen atom), which 

oxidizes the catalyst complex transition metal (Mt
n/ ligand), from its lower 

oxidation state (n) to the next state (n+1), thus generating a free radical. The 

presence of this free radical permits the growth of the polymer chain, due to a 

free radical propagation process [97]. 

Because the redox reaction equilibrium is displaced on the dormant species 

side, the catalyst goes back to its reduced state and the free radical is caught 

by the halogen atom. Once the free radical is deactivated, a dormant polymer 

chain is obtained that still continues growing once it is activated. The oscillation 

frequency between active / dormant species is one of the most important 

parameters of the control process. Indeed, if the halogen-containing molecule 

remains for long times in the dormant specie state, the probability to oxide the 

catalyst with the impurities in the solution increases, and the reaction can be 

permanently inhibited. On the other extreme, if the reaction keeps active for a 
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long time, the probability for the polymer living chains to find each other and go 

through a termination step is higher. So, in order to find the best reaction 

control, it is necessary to investigate about the activity of initiator with a 

particular catalyst complex. The nature of the metal and the nature of ligand are 

crucial parameters that define the redox reaction equilibrium constant.  

 
A.2.2 Hybrid material synthesis using ATRP 

ATRP technique has been used in the past to graft polymers on an inorganic 

surface. Several cases have been reported of in-situ controlled polymerization 

on inorganic surfaces (C.f. Figure 16) 

 

 

Figure 16: schematic presentation of hybrid materials produced by ATRP process [97]. 

 

For example, silica nano-particles have been grafted with different monomers 

using ATRP [97, 98]. Other nano-particles functionalized with silane 

halogenated molecules permit the polymerization of benzyl acrylate, styrene, 

and homo or block copolymers [99]. The interest in using this technique is the 

control of the polymer interface size. The functionalized surface acts as macro-

initiator, the controlled reaction allows a good definition of the polymer layer 

thickness [100]. 
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A.2.3 ATRP initiator 

As mentioned previously, alkyl halides are effective initiators for ATRP. Many 

compounds have been used for this purpose such as: halogenated alkanes 

[101, 102], benzylic halides [103, 104], α-haloesters [105, 106], α-haloketones 

[107, 108], α-halonitrile [109, 110] and sulfonyl halides [111, 112]. 

The stabilization of the radicals depend on the functional group next to the alkyl 

halide, for example a tertiary alkyl halide is a better initiator that a secondary, 

and a secondary is more efficient than a primary [113, 114]. The halogen specie 

(F, Cl, Br or I) used is also important. Depending on the bond strength (R-X), 

the system will be more or less active. Generally only Br and Cl are used in 

ATRP systems. The polarity of the F atom is too high and the chemical bond (R-

F) is too stable to be reduced. Iodine on the contrary is more reactive but the 

unusual reactivity of iodine with metals or metal atoms complicate the control of 

the reaction [115]. 

To carry out a successful reaction, the initiation has to be faster than the 

propagation in order to reduce side reactions that can occur. 

 

A.2.4 ATRP catalyst 

The catalyst is certainly the key element of ATRP processes. Generally that is a 

transition metal in its oxidation state (n) that is oxidized to a state (n + 1). “The 

ideal catalyst should be highly selective for atom transfer and should not 

participate in other reactions” [97]. Transition metals are highly sensitive to 

oxidation, and therefore need high purity conditions during the polymerization 

process. Each polymerization needs its equilibrium constant and for this reason, 

many metals have been investigated for the different monomer system. The 

following metals have been reported in the study of ATRP catalysts: 

Molybdenum and chromium (group 6) [98, 99], rhenium (group 7) [100, 101], 

ruthenium and iron (group 8) [101, 116], rhodium (group 9) [117], nickel and 

palladium (group 10) [118, 119] and copper (group 11) [120]  
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A.2.5 ATRP ligand 

The ligand is used to solubilize the transition-metal catalyst in an organic 

solvent, and to adjust the redox potential for a given reaction [97]. The two main 

categories of ligands are the nitrogenated and phosphorus containing 

macromolecules. In the copper mediated systems nitrogen ligands are often 

used [110, 121], while phosphorus ligands have been used with the other 

transition metals mentioned in the precedent paragraph. Moreover, it is reported 

that steric effects belonging to the ligand can reduce the activity of the 

transition-metal and as a consequence the type of ligand is adjusted depending 

on the monomer used [121]. 

 

A.2.6 Kinetics and molecular weight : theoretical 

elements 

A.2.6.1 Kinetic 

Figure 15 shows a general mechanism for ATRP, from this equilibrium 

equation, we established an equilibrium constant Keq of the redox reaction:  

Eq. 1  
k

k
  K

d

a
eq = , 

Where ka is the activation rate constant and kd is the deactivation rate constant. 

 

Following this argument, if we express ka and kd in function of the reactant 

concentrations, Keq can be written: 

Eq. 2 
 u(I)]X][ligandC-[R

(II)X]][ligandCu[R
K eq

•

=  

 

The polymerization rate (Rp) is giving by substituting each term by its equivalent 

in concentration in the following equation: 

Eq. 3 
dt

Md
Rp

][−= : 
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Eq. 4 
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We can reduce this mathematical expression in a simple way: 

Eq. 5 [M] k  R app
pp = , 

Where kp
app is defined as:  

 

Eq. 6 
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kp
app represents the apparent propagation rate. These equations show how 

important is to preserve the ratio [Cu(I)] / [Cu(II)] to control the reaction. In a 

semi-logarithm graph, if [Cu(I)] / [Cu(II)] is constant, the conversion against time 

would be linear, a result that is consistent with a first order reaction. Any 

deviation could indicate that it Cu(II) species are generated and the control on 

the chain size is lost. 

 

A.2.6.2 Molecular weight 

ATRP presents inherent advantage to the “living” character of the 

polymerization such as low polydispersity: Mw / Mn < 1.5 [97]. 

 Mn can be defined in the following equation: 

Eq. 7 0
0X]-[R

[M]
  M )Μ(× 







 ∆= wn  

 
In equation 7, ∆[M] represents the concentration of consumed monomer, [R-X]0 

the initial concentration of initiator and (Mw)0 the molecular weight of monomer. 

 

The polydispersity is defined by: 

Eq. 8  1)-
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Where [D] represents the concentration of deactivator and p the monomer 

conversion [97]. Eq. 8, shows that if the concentration of the initiator is constant, 

a representative plot of Mn against conversion is linear. Moreover, Eq. 8 
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explains that when the conversion increases, the polydispersity decreases. 

However it can be deduced that if the rate of propagation is high, the polymer 

will have a broader M w dispersion. Consequently, if the radical propagation rate 

is too high between each redox process, the control on polymer polydispersity 

will be lost. If this is the case, then kdeact is too high. 
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Part B    Microstructure of the 
polymer/ carbon nanotubes 
composites 

 
 
 

 

In this section we will emphasize the physico chemical properties of polymers 

and polymer composites. Indeed, the use of a structured block polymer in the 

fabrication of carbon nanotube composites involves complex nanostructural 

changes. Therefore, the physico-chemical phenomenons such as molecular 

electrostatic interactions will be described. We will summarize the basic 

knowledge necessary to understand how CNx MWNT interacts with the polymer 

matrix (either PS than PSBS).  

It has been shown that carbon nanotubes have a poor adhesion with most 

polymer matrices [122-125]. This lack of adhesion between the polymer matrix 

and the carbon nanotube is observed by a pull-out phenomenon[122-125].  

We will discuss on the behavior of the carbon nanotubes in a polymer matrix 

when subjected to mechanical stresses. It is clear that the chemical 

functionalization of the CNx MWNTs might influence the matrix / filler adhesion 

and consequently the fracture of the composites upon deformation 
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B.1 Polymers morphology  

B.1.1 Physico-chemistry of the polymer miscibility 

B.1.1.1 Atomistic and molecular interactions 

In order to describe the miscibility of two chemical components, let us explain a 

conventional example of a liquid penetrating a solid surface. When a drop of 

liquid is deposited on a solid surface, the adhesive forces of the solid tend to 

attract the molecules of the liquid, whereas the cohesive forces of the liquid 

tend to maintain the liquid molecules together. In Figure 17, the equilibrium 

state of the drop of liquid on the solid surface is represented. At the equilibrium 

between the liquid cohesive forces and the solid attractive forces, the contact 

angle θ represents the wetting of the drop on the substrate. If the substrate 

attractive forces are largely superior to the liquid cohesive forces, the angle θ is 

close to zero. In the opposite case (liquid cohesive forces largely superior to the 

substrate attractive forces), θ is close to π.  

The same experiment with two liquids can well account for the miscibility or the 

phase separation of the solvents. This experiment is a good representation of 

the interpenetration of two chemical substances. 

 

Figure 17: Representation of the behavior of a liquid drop on a solid substrate. θθθθ is the contact 

angle, and is representative of the compatibility of the chemical substances.  

The cohesive and attractive forces between two substances originate from 

electrostatic forces, van der Waals forces or steric repulsions, but it is easier to 

speak about attractive and repulsive forces. Repulsive forces generally originate 

from the electrostatic interactions or steric repulsion forces, whereas attractive 

forces are essentially the results of the van der Waals forces [126].  
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a. Electrostatic interactions 

The electrostatic interactions result from ion-ion, ion-dipole or dipole-dipole 

interactions. The dipole can be induced or permanent. The ion-ion interactions 

are predominant at large distances. This kind of interaction can be attractive or 

repulsive, depending on the sign of the electric loads involved.    

b. Van der Waals forces 

The van der Waals forces exist between non polar molecules, and are the result 

of interactions between the non permanent induced-induced dipoles or 

permanent-induced dipoles. The asymmetric position of an atom electronic 

cloud around the nucleus can induce a dipolar moment. This instantaneous 

dipole can induce on the neighboring molecules a dipolar moment. Finally, the 

resulting force is an attractive force. 

c. Dispersion London Forces  

The oscillation of electrons around the nucleus can induced dipolar moments 

due to the distortion of the electronic cloud. Even if the temporal average of the 

dipolar moment is equal to zero, it can punctually induce a dipolar moment in 

the neighboring molecules. 

d. Steric repulsion 

When two atoms are very close, the electron clouds generate a repulsive force 

that prohibits their interpenetration. This force drastically increases when the 

distance between the atoms is lower than their radii. The steric repulsion forces 

involved between non spherical molecules also depend on their orientation. For 

example, a ramificated molecule will exhibit a lower boiling point than the same 

linear molecules, since the ramifications prohibit their alignment and 

consequently the intermolecular interaction decreases. 

e. Hydrophobic interactions 

The non polar molecules, when they are introduced in an aqueous media 

become isolated from each other because the polar water molecules tend to 

form tetrahedral structures by hydrogen bonds (polar interactions). This 

description of the molecular interactions allows our understanding of the 

physical fundamental phenomenon involved in the miscibility of two liquids. 

 

B.1.1.2 Polymer miscibility 
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On the contrary to matricial solution theories, the Flory-Huggins theory is able to 

describe the behavior of polymer solutions [127, 128]. It was the first model that 

gave a mathematical expression of the combinatory entropy for mixtures of 

macromolecules with different lengths. This model takes into account the fact 

that the polymers are long flexible chains, where the positions of the segments 

are dependent on each others. The Flory-Huggins model cannot describe with  

good precision the thermodynamic properties of a polymer mixture; 

nevertheless, it provides a good prediction of the solution stability. 

In order to describe the solutions with a non-charge mix enthalpy, the parameter 

χ (called the Flory-Huggins parameter) was introduced in the original Flory-

Huggins theory [129]. The Flory-Huggins parameter is expressed by the 

following mathematical expression: 

kT

w=χ  

Where w is the energy necessary to interchange the segment positions (J . 

segment -1). 

The sign of the Florry-Huggins parameter permits the prediction of the 

miscibility of polymers. Indeed, a positive χ indicates the presence of a 

repulsive force between the molecules (either electrostatic or steric repulsive 

forces), and consequently the polymers are not miscible. If the repulsion is 

strong enough, this should lead to a phase separation. On the other hand, if χ is 

negative, the polymers are miscible.   

 

B.1.2 Structural changes in the morphology of block  

copolymers 

When a block copolymer is composed of two immiscible blocks, the molecules 

have to rearrange their structure in order to minimize the energy of the system. 

Figure 18 depicts how a di-block copolymer will order its chains so as to respect 

the immiscibility of each block. Indeed, the chains A of a copolymer will orient 

towards the A chains of on other copolymer (the same for B chains), thus 

leading to a structured material. 
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Figure 18: Representation of a structured di-block copolymer (A-B), which blocks are composed of 

immiscible polymers.  

Miscibility and organization of polymer chains in a block copolymer are 

generally described by a phase transition graph, where the phase changes 

depending on thermodynamic dimensions like “f” or χN. “f” represents the 

volume fraction of a block.  

 

Figure 19: Transition phase diagram for conformationally symmetric block copolymer, where χχχχN 
is a function of f   [130] 
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As mentioned previously, χ is the Flory-Huggins parameter that reflects the 

interactions between each block. Finally N is the degree of polymerization. 

When the product χN exceeds a critical value (order-disorder critical value), the 

system separates itself into separated organized micro-phases (5-500 nm). The 

diagram observed in Figure 19 is a computed diagram using the self-consistent 

mean field theory [131, 132]. It represents the different possible morphologies 

for a symmetric di-block copolymer, such as poly (styrene-co-butadiene) 

(PSBS). The structures that exist for a linear diblock copolymer are: body 

centred cubic, gyroid, lamellae, and hexagonal packed.  

 

B.2 Chemical functionalization and filler / 

matrix interfacial adhesion strength: pull 

out phenomenon  

It is commonly accepted that high interfacial adhesion strength between the 

filler and the matrix would increase the reinforcement by enhancing the load 

transfer. Nonetheless, a good interfacial adhesion of the filler within the matrix 

should induce different fracture behaviour of the composite. The literature 

reports numerous papers about pull-out effects in carbon nanotubes during the 

breakage of the composite [122-125]. As an example we can mention the work 

by M. Wong [133] and co-workers on polystyrene / MWNTs composites, where 

the fracture propagated along the nanotube surface. In the same paper, it is 

mentioned that the nanotubes, without any chemical treatment (chemical bond 

functions), do not have a good interfacial adhesion with polymers. Indeed, it has 

been shown elsewhere by computer simulations that the interaction forces 

between carbon nanotubes and a polymer matrix essentially originates from 

electrostatic interactions and van der Waals forces [134]. The energy necessary 

to extract a nanotube from the polymer matrix has been calculated by 

considering the work necessary to pass from a fully embedded carbon 

nanotube to a totally pulled-out tube (C.f. Figure 20a.). It has been shown that 

depending on the polymeric matrix used, the stress necessary to completely 

pull out a tube will depend on the system studied, being equal to: 186 MPa for 
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SWNT / PS [133], 138 MPa for SWNT / Epoxy [133] and 500 MPa for SWNT / 

polyurethane [135]. Finally, it has been shown theoretically that the defects in 

the structure of carbon nanotubes can lead to an increase of this value [136] 

(C.f. Figure 20 b.). 

As far as functionalized CNTs / polymer composites are concerned, the few 

reports published demonstrate that the increase of the interface cohesion 

results in a good adhesion matrix / filler, and consequently the breakage of the 

tubes during fracture tests, instead of pull-out phenomenon [137, 138].  

 

Figure 20: a) Computer simulations permitting to calculate the work necessary to completely pull 
out a SWNT from a polystyrene matrix [134]; b) Computer simulation demonstrating the effect of 
the tubes form defects on the pull out phenomenon (“interlocked tubes”) [136]. 

 
Interestingly, G.L. Hwang and co-workers studied the effects of grafting poly 

(methyl metacrylate) on the surface of MWNTs by studying PMMA-grafted 

MWNTs in a PMMA matrix by TEM in-situ tensile tests, and compared their 

behaviour to that of pristine MWNTs non-grafted in the same matrix [138]. First, 

they showed that the grafted tubes did not pull out of the matrix, whereas the 

pristine tubes did. They also found that a high cohesion between matrix and 

filler could result in an alignment of the tubes during the tensile test. 
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Part C    Percolation theory 
and electrical behaviour of 
polymer / carbon nanotube 
nanocomposites 

 
 
 
 
The literature contains numerous papers related to the electrical behavior of 

carbon nanotubes polymer nanocomposites (with either SWNTs or MWNTs). 

For example, it can be mentioned the work J.N Coleman et. al in 1998 who 

observed a percolation threshold at 8.5 wt. % of nanotubes in PMPV matrix 

[139]. This percolation threshold is very high and far from those expected by 

theory. Subsequently, other papers were published on CNT / polymer 

nanocomposites electrical behavior using different polymer matrices: Epoxy [53, 

54], Poly (methyl metacrylate) [51], Polystyrene and Polycarbonate [51]. These 

papers, depending on the polymer matrix used, reveal percolation thresholds at 

different volume fractions of filler, as well as different critical exponents. This 

indicates that the physico-chemistry of the system has an effect on the 

nanotube dispersion. Moreover the dissimilar results reported using the same 

matrix (i.e. [51] or [53, 54]), clearly indicate that the processes involved in the 

synthesis of carbon nanotubes polymer / nanocomposites are crucial.  
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C.1 Introduction to the percolation theory.  

C.1.1 History and general concept. 

The concept of percolation appears in 1954 with Broadbent and J.M. 

Hammersley when they were studying the water penetration in a labyrinth 

composed of open / closed doors.  

From the definition of Roussenq, the percolation concept can be described as a 

communication problem on a large distance, where locally there are some sites 

that can relay the information. Below a given concentration of links between 

each site, the information will not cross through the domain (supposed infinite) 

because it does not exist any continuous path. Above a given critical threshold 

value (pc) of links, the active sites can cross-link and the probability to transmit 

the information becomes equal to 1. In other words, the percolation theory 

permits to describe critical phenomenon due to the random dispersion of a 

phase A in a phase B. Numerous studies have used this concept: disease 

propagation in a population (stemmed / propagated), composite materials 

(conductors / insulators), flow of liquids in a porous media (local humidity, flow 

trough the system), etc… 

The concept requirements to study a system using percolation theory are: 

 

- The dimensions of the domain are very large compared to the 

dimensions of link elements. 

- The relation (contact) between links is local. 

- This relation (between links) relies on random phenomenon. 

 

C.1.2 Link percolation 

In the percolation theory, elementary sites can be categorized either as: 

percolation sites, or percolation links. In this research, we will focus on the link 

percolation: we postulate that nanotubes, when they are dispersed in a polymer 

matrix, can be considered as links.  

From the percolation theory, linked networks can be visualized as a network in 

which each link can be active with the probability p, or inactive with the 
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probability 1-p. P defines the fraction of active sites. In Figure 21 a percolating 

link network with a fraction of active elements p lightly superior at the critical 

fraction pc is represented. We observe the presence of an infinite cluster that 

links both parts of the domain. We can easily imagine that by lowering the 

fraction p this cluster will break due to the absence of links called “sensible 

links” (Figure 21 link B).  

 

 

Figure 21 : Schematic of a link percolating network 

 
An increase of the active fraction p will multiply links such as link C, which 

increase the “communication” path through the sample. Finally, we can notice 

the presence of “dead arms” branches, represented by link A, that do not 

participate in the communication phenomenon. 

 

Percolation threshold: definition 

 

In a network X where links are active with a probability p, the percolation 

threshold pc is defined as the concentration p at which an infinite cluster 

appears. If p > pc, there is a pathway between the two sides of the network. If p 

< pc such a pathway does not exist. 

 

C.1.3 Percolation statistical representative values  
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In a percolating problem there are some statistical fundamental values that 

permit monitoring the evolution of the system as a function of the fraction of 

active links (p): (a) the quantity of s length normalized clusters, (b) the 

probability to belong to an infinite cluster, (c) the average length of finite clusters 

and (d) the critical lengths. 

 

C.1.3.1 Quantity of s sized clusters normalized by the 

quantity of possible network links. 

The quantity of possible links will be named ns, where ns represents the 

networks containing N sites. Therefore, the average value of clusters which 

length is s could be described as: 

 

N

clusterslengthnofTotal
n s

s =  

 

The probability of s sites to be active is ps. In order to describe a cluster of size 

s, we have to mention that all the sites around this cluster are inactive. So it is 

defined by the letter u, the perimeter of the cluster which not only physically 

represents the inactive sites around the active sites cluster, but also holes in the 

cluster. Consequently, the inactive perimeter of the s sized cluster has the 

probability (1-p)u to occur. We define gsu as the quantity of clusters with length s 

and a perimeter u. The mathematic expression of ns normalized by the quantity 

of sites can be written as [140]: 

( )∑ −=
u

u
ssus ppgn 1  

As a consequence the total number of sites is the sum of all s length sites: 

∑=
s

snpG )(   

 
C.1.3.2 Probability to belong to the infinite cluster 

The probability P∞(p) that a link belongs to an infinite cluster can be expressed 

as: 
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sitesactiveofQuantity

clusterunfinitetheinlinksofQuantity
pp =∞ )(  

 

Before the percolation there are no infinite clusters. So the probability of a site 

to belong to this cluster is zero. Above the percolation threshold, the probability 

P∞ (p) increases drastically. We will describe later that this value increases 

following an exponential tendency, and P∞ (p) is the parameter that described 

the order of the percolation transition. In fact, at the percolation threshold [ dP∞ / 

dp](p) exhibits a vertical tangent [141].  

 

p∞(p) = 0 if p < pc 

p∞(p) = 1 if p > pc 

 

C.1.3.3 Size of finite length clusters. 

In the same way we defined the infinite cluster, we can calculated the 

probabability to belong to a finite cluster. The probability to belong to a finite s 

length cluster is s.ns. Consequently, the probability for site to belong to any 

cluster of any s length is Σs s.ns 

 

∑ =
s
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So, in order to calculate the length of a finite cluster, we define ws as the 

probability for a cluster to have s active sites. 
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Finally, the average length of a finite cluster can be expressed as:  
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S(p) is adimensional, it does not represent a physical distance in the analyzed 

system. 

C.1.3.4 The characteristic length 

ξ( p) is the characteristic length; it is representative of the distance between two 

sites of the same cluster. The correlation function C (p, r) is defined as the 

probability to find an active site to be at distance r from another site being 

active, and belonging to the same cluster. This value is normalized so that: C 

(p, r) = 1 for a distance r = 0. 
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C.1.4 Scale law 

We have mentioned that the percolation behavior was assimilated to a phase 

transition. The percolation occurs by observing a drastic change of the 

quantities S(p), G(p),  P(p) and ξ(p). Figure 22, illustrates how those values 

evolve. 

 
 

Figure 22 : Simulated statistical dimension in a 3D cubic site percolating network, P∞∞∞∞(p) is the 
probability for a site to belong to an infinite cluster, XA(p) is the portion of active sites that belong 
to the infinite cluster, XB(p) is the portion of active sites that belong to the back bone, XI(p) the 
portion of  isolated active sites.  
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The probability for a site to belong to an infinite cluster quickly increases to 1. 

The portion of active sites that belong to an infinite cluster increases 

dramatically above pc. These important changes are can be expressed with the 

following scale law: 

( ) exp±−∝ cppX  

 

The exponent is a function of the dimension of the system in space and is 

named universal exponent. Table 1 summarizes the values of the critical 

exponents in different space dimensions. 

Size Exponent Scale law 1D 2D 3D 
P(p) β (p-pc) β  0 5/36 0.4 
S(p) γ |p-pc|-ν 1 43/18 1.8 
G(p) α |p-pc|2-α 1 -2/3 -0.6 
ξ(p) ν |p-pc|-ν 1 4/3 0.89 

Table 1: value of the universal critical exponents for different parameter in function of the space 
dimension. 

 
In this work, as demonstrated by De Genne [142], we will focus our attention on 

the backbone effects, which has been demonstrated to be responsible of most 

of the physical changes in combined systems. 

 

C.2 Application of percolation theory to 

carbon nanotubes nanocomposites 

electrical properties  

 
The introduction of carbon nanotubes in a polymer matrix generates changes 

on its physical properties. It has been shown that for a given volume fraction of 

CNTs, it is observed an electrical percolation [51, 53, 54, 143]. This 

phenomenon can be modeled by a scale law described by Stauffer [140]: 

 

( ) c
t

c pppourpp >−=
0σ

σ  
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Where σ0 is the conductivity when the material has 100% of the filler, and t is a 

new critical universal exponent.  

pc highly depends on the filler dispersion, and the filler aspect ratio. The low 

percolating volume fractions reported are generally attributed to the high aspect 

ratio of nanotubes. The aspect ratio is define by: Ldf /= , where d is the 

diameter of the nanotube (≈ 50 nm for MWNTs), and L the length of the tube (≈ 

1 µm for MWNTs). 

It has been reported the influence of the aspect ratio of the fiber on the value of 

the percolation threshold. Favier [144] calculated the influence of the aspect 

ratio on the percolation threshold using Monte Carlo simulations in a 3D 

network. It has been demonstrated that one should expect the percolation to 

occur at 0.1% vol. for f ≅ 10, whereas for f ≅ 100 it is expected a percolation at: 

Pc < 0.01%vol. 

Furthermore, as shown in the first chapter, carbon nanotubes have a low flexion 

modulus. It results in highly twisted tubes when introduced in a polymer matrix. 

Some works studied the influence of the fiber waviness in a 2D network [145]. 

As shown in Figure 23, they calculated the evolution of the percolation threshold 

value against the curvature of the fiber, and demonstrated that the percolation 

threshold should increase when the fibers are very twisted.  

 

Figure 23 : a) Definition of the waviness of a fiber between 2 contacts [70], b) evolution of the 
percolation threshold in a 2D network against the waviness of the fiber [145] 
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The literature [140, 146, 147] reported that the theoretical critical exponent 

ranges between 1.6 and 2.0. However, published experimental results showed 

that critical exponents can occur between 1.2 to 3.1. A Recent works by F. 

Dalmas et. al [148], have shown that the contact resistance between nanotubes 

is function of the volume fraction of nanotubes. This hypothesis considers that 

the higher the volume fraction, the lower the contact resistance. As a 

consequence it is observed an effect on the critical exponent t. Moreover, in this 

work, it is reported numerical calculations considering the effect of the waviness 

angle of the fiber. Using a constant contact resistance between the tubes, it is 

shown that the critical exponent is higher for tubes that are more twisted. 

 
C.2.1 Electrical properties below the percolation 

threshold  

The introduction of metallic particles in an insulator matrix results in a local 

polarization between each filler. These type of materials can be modeled by a 

serie-parrallel network of capacities and resistances [149]. Thus below the 

percolation threshold the material conductivity is frequency dependent. The 

higher the frequency is, the higher the conductivity: 0".. εεωσ = . If the quantity 

(volume fraction) of fillers is increased, an increase in the quantity of local 

capacity is expected, thus the material is more capacitive. It has been reported 

that metallic filled polymers near to the percolation threshold reveal a change in 

the electrical properties following a power law rule: xcp ωωσ ∝),( . 

 

C.2.2 Electric properties above percolation thresho ld 

The percolation threshold is represented by the existence of a continuous 

conductive path through the material. Carbon nanotubes are physically in 

contact. Because the contact is not perfect, the continuous path should be 

modeled with series of resistors, where each resistor represents a contact 

between tubes. Thus, the conducting phenomenon is essentially ohmic, and as 

a consequence frequency independent [149]. 

Nevertheless, close to the percolation, dead arms or isolated tubes still remain 

in the material. These particles are acting as local nano-capacitors. Thus the 
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behavior observed is the sum of an electrical capacity and an ohmic electrical 

transport [149]. As shown in Figure 24, for a given frequency (namely the critical 

frequency), the capacitive effect exhibits a higher value than the ohmic effect. 

For higher filler volume fractions, the resistance of the system dramatically falls 

and the capacitive transport is dominated by the ohmic conduction. 

.  

Figure 24 : Electrical conductivity against frequency next to the percolation threshold 
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Part D    Mechanical 
properties of polymer 
composites and polymer / 
carbon nanotubes 
composites 

 
 
 
 
The literature presents numerous papers dealing with the mechanical properties 

of polymer / carbon nanotubes composites. By adding carbon nanotubes to a 

polymer matrix, it is expected an increase of the Young’s modulus and the 

tensile strength of the nanocomposite. Nevertheless, results obtained are very 

dependent on the volume fraction, the kind of matrix, the synthesis process, and 

other parameters. The Young’s modulus enhancement ranges from some 

percents to a factor 3 [45, 58, 124, 137, 143, 150-154]. For example Y. Breton 

et al. [137] have investigated the effect of the MWNTs on the mechanical 

properties of epoxy / MWNT nanocomposites. They reported an increase of the 

Young modulus of 16% with 3% of CoxMg(1-x)O catalytically grown MWNTs; 

whereas using a Co/NaY catalyst, the Young modulus of the composite 

increases by 32%. Other works [125] demonstrated that the composite 

synthesis process used (i.e, resin infiltration method or melt mixing) permits to 

reach a highly entangled nanotube network. It resulted in materials with different 

mechanical properties (increase of 50% using infiltration method, and 40% 

using melt mixing method). Depending on the chemical nature of the matrix 

involved, the physical-chemical bonding between nanotubes and the matrix 

changes, and subsequently the load transfer seems to be affected by a poor 

adhesion between the matrix and nanotubes [58, 124, 150, 154]. It has been 

also reported, that in semicrystalline polymeric matrices, nanotubes can act as 

nucleant agent. The matrix increases its crystalline level, which in turn results in 
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an increase of the load transfer because of the better adhesion between the 

matrix and filler [155]. However, the Young’s modulus increase (by about 2 for 

0,01% vol. fraction) can be attributed to the higher content of crystallites rather 

than the amorphous phase. Finally, each system, depending on its physical-

chemical properties, seems to have its own mechanical reinforcement behavior. 

Some theoretical calculations explained the phenomenon involved in the 

mechanical reinforcement of carbon nanotubes composites. Halpin-Tsai rule of 

mixtures predicts results in good agreement with experimental data for low 

volume fractions of aligned carbon nanotubes (<2.5%) [155, 156]. Nevertheless, 

the load transfer is lower than the predicted value. The lack of dispersion as 

well as the poor matrix / filler adhesion are involved in the low mechanical 

properties observed experimentally [151, 157]. Other molecular dynamics or 

molecular mechanics calculations applied to a pull out experiment confirmed 

these results [158]. As a consequence, we should expect that the chemical 

functionalization or the grafting of polymeric chains on the carbon nanotube 

surface would be a solution to prevent the aggregation phenomenon as well as 

to improve the physical interactions between matrix and fillers.  

 

In this part, we will briefly recall the basic knowledge necessary to understand 

the mechanical behavior of polymers, block copolymers and polymer-based 

composites. These elements are necessary to understand the mechanisms 

involved in the deformation of CNx MWNTs / Polymer nanocomposites.  

We will discuss in this section the effect of the introduction of rigid fillers on the 

mechanical behavior. Several issues from the literature will be presented in 

order to understand the properties of the composites which are studied in this 

work. 
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D.1 Nanotube composites: A review  

D.1.1 Mechanical behavior of polymers: 

The response to a mechanical deformation of an amorphous polymer is a highly 

complex viscoelastic / viscoplastic behavior. As a first approximation, we can 

divide the deformation mechanism into three components. The elastic  behavior 

takes place in the beginning of the mechanical test. The strain is instantaneous, 

reversible and proportional to the stress [159, 160]:  

εσ .E=  

 

 

Figure 25: a) Evolution of the compliance during a creep test, Jel is the elastic compliance, Jan is 
the anelastic compliance, Jvp is the viscoplastic compliance; b) representation of the strain 
behavior against stress for thermoplastic polymer tensile tests. 
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For a longitudinal stress, E is commonly called the Young’s modulus. At the 

same time, it is observed an anelastic component, which characterizes the fact 

that the strain is reversible with time or temperature, and that the stress is a 

function of the strain rate. At higher strains, a viscoplastic component appears 

and gradually increases, which is non-reversible with time or temperature (at 

least for temperatures below the glass transition temperature) [159, 160]. 

Figure 25:a) illustrates the creep behavior of a polymeric material. In this 

scheme the evolution of the compliance J (defined as the ratio strain/stress, 

under linear conditions) is represented versus the experimental time. When a 

deformation is applied to a polymer, it is usual to observe three compliance 

components. The elastic compliance Jel is instantaneously recovered when the 

deformation is annealed. The anelastic compliance (Jan) is recovered below Tg 

within a time which strongly depends on temperature. The third component, the 

viscoplastic compliance (Jvp) cannot be recovered below Tg (and is usually 

recovered above Tg due to entropic forces) [159, 160].  

Figure 25b) presents the behavior of a polymer during a tensile test at constant 

strain rate. The three domains displayed in the Figure correspond (i) to the 

elastic and anelastic response, (ii) to a softening of the material, and (iii) to a 

steady state corresponding mainly to the viscoplastic response. It is classically 

followed by a hardening due to the macromolecules stretching; occurring at high 

strains. However, the evolution of the three components permits the analysis of 

the deformation mechanism [159, 161]. Zone I: The elastic strain starts at the 

beginning of the tensile test to reach a maximum at the yield stress (σy). The 

slope at the origin is close to the Young’s Modulus. At the same time, the 

anelastic strain gradually increases. Zone II: The elastic strain reaches a 

constant value. At the same time, the anelastic strain still increases gradually 

and the viscoplastic strain starts to appear. The resulted stress decreases to 

reach an almost constant value against the deformation. Zone III is 

representative of the the plastic deformation. This leads to a hardening of the 

material due to the elongation of the macromolecular chains until the fracture of 

the bulk material occurs. 

 
D.1.2 Generalities of composites materials 
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A composite material can be defined as a material which contains two or more 

distinct phases. The interest in introducing a dispersed phase (filler) in a 

continuous phase (matrix) is to modify the properties of the original material 

(matrix). The literature on composite materials based on a polymeric matrix is 

abundant. Among other things, it is reported various mechanical effects as a 

function of the filler: high impact behavior (HIPS) for fillers softer than the 

matrix, whereas for fillers stiffer than the matrix, increase of the Young’s 

modulus, shifts of the glassy temperature, etc... Moreover, the fillers can have 

other effects on the physical behavior of the matrix like flame retardation, 

modification of the electrical properties (conductors), modification of the 

magnetic properties (paramagnetic, ferromagnetic etc.), bio-sensitive behavior, 

etc. Obviously, the effects of the filler relie on its physical properties and 

chemical nature. A review by Péla Kunkánszky [162] summarizes the effects of 

the surface nature of the filler, its size and the state of the fabrication of 

composite materials.  

 

D.1.3 Importance of the matrix-carbon nanotube 

interfaces 

The use of nano-scale fillers is important because an increase of the area in 

contact with the matrix occurs. By increasing this area, interfacial effects can be 

amplified. The fraction of interphase (zone surrounding the filler where the 

properties of the matrix differ from that of the bulk) in the bulk material may also 

be increased. Finally, compared to microscopic fillers using the same volume 

fractions, the use of nano-scale fillers permits a decrease in the filler-filler 

distances, which may become of the same order of magnitude as the gyration 

radius of a macromolecule. All these effects may enhance the mechanical 

reinforcement [155].  However, the presence of nanoparticles aggregates may 

lower the developed area and thus the reinforcing effects. Indeed, Y. Wang 

[163] reported that nanotubes aggregate at high concentrations. Consequently, 

he observed a reduced mechanical reinforcement.  

As mentioned above, the matrix may have a different behavior near the 

interface with the nano-filler.  It has been reported that the polymeric chains 

may be wrapped (physical interaction) to the surface of the nano-filler, so that 
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the molecular mobility of the macromolecule can be reduced. In some cases, an 

increase of the glass transition temperature is observed. But the literature 

reports also some examples where it seems that the molecular mobility is 

increased close to the filler surface.  

Y.T. Sung et al.[143], carried out experiments with polycarbonate / carbon 

nanotubes composites. They observed by dynamic mechanical analyzes the 

presence of a double peak of tan (δ). The higher transition corresponded to the 

glass transition of the polymer that has partly lost its mobility near the carbon 

nanotube surface. Indeed, it has been shown that the amorphous polycarbonate 

develops a semicrystaline behavior in presence of MWNTs [164]. In the same 

paper [143] it was shown by X-ray diffraction analysis and DSC, that 

polycarbonate exhibits a more regular structure next to MWNTs. Other 

references [152] have used ionic surfactants to disperse carbon nanotubes and 

observed a similar phenomenon. We should mention that the addition of 

surfactants may have an effect of plasticizer on the polymeric matrix, so that in 

this case, it is difficult to attribute the change in the glass transition temperature 

(Tg) to carbon nanotubes. Finally, up to the date there is no clear evidence of 

an increase of Tg due to the presence of carbon nanotubes reported in the 

literature. 

In a semicrystalline polymeric matrix, carbon nanotubes can act as nucleating 

agents [155, 165, 166]. The presence of crystallites at the interface has a 

drastic impact on the elastic modulus of the polymer, especially for 

temperatures above Tg.  

Finally, it has been reported that during tensile tests, at high strains, pull out 

phenomenon occurs due to sliding of the nanotubes and the polymeric matrix at 

the interface [167]. As a consequence, we should expect to avoid the pull-out 

phenomenon and observe a higher reinforcement effect at high deformations if 

a good adhesion between the nanotubes and the matrix is achieved (for 

example by a chemical treatment). 

D.1.4 Elastic mechanical properties of two-phase 

composites 
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The Reuss and Voigt limits describe the two extremes for the mechanical 

behavior of two-phase composites. The series model, namely Reuss model, 

which is the lower limit, consists of series associations of two materials. Most of 

the strain is supported by the soft component, and thus the elastic modulus 

evolution with the volume fraction of the rigid phase is weak. The parallel model, 

namely Voigt model, which is the upper limit, supposes that the strain is 

homogeneous in the material, and the stress is mainly due to the hard phase. 

Such a situation may occur when very strong interactions between stiff fillers 

lead to the formation of a continuous network, forming a continuous rigid phase 

through the matrix. 

 
Figure 26: Representation of the upper and lower limit of the mean field theory 

 
From Figure 26 G is the modulus of the composite, Gf the modulus of the fiber, 

Gm the modulus of the matrix, φ is the volume fraction of filler. This figure 

describes the theoretical differences between Voigt and Reuss models. The 

equations showed in this figure permit to calculate the resulting modulus of the 

composite as a function of the filler volume fraction. These two models are 

generally far from reality and are not representative of the reinforcement caused 

by fibers in a polymer matrix. 

 

D.1.4.1 Mean field theory 
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In 1956 Kerner [168] proposed a self consistent model of three phases where 

the fillers (phase 1) are surrounded  by the matrix (phase 2), these phases 

being in turn embedded in a phase (3) which has the properties of the 

composite itself. This model takes into account the connectivity of the matrix.  

Nevertheless it does not take into account the geometry of the filler. Halpin and 

Tsai (1969) [169] developed a model for unidirectional short-fibers composites 

based on equations similar to those described by Kerner. The advantage of this 

model is that it takes into account the aspect ratio of the fiber. Finally, Halpin 

and Kardos extended this result to isotropic short fiber composites in 1972. In 

the Halpin-Kardos approach [170], the authors reformulate the Halpin-Tsai 

equation considering four layers oriented at 0°, +45°, 90°, -45°(Cf. Figure 27). 

We have to point out that the Halpin-Kardos model considers that there is no 

interaction between the fibers. However, it has the particularity to take into 

account the aspect ratio and the anisotropy of the mechanical properties of the 

fillers.   

 

Figure 27:  4 Halpin Tsai layer used model to generate Halpin-Kardos Model 

 

Parameters of each layer are given by the Halpin-Tsai equation: 
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where, Efii is the Young’s modulus of the fiber in the direction i (i=1,2). Gf and 

Gm are the shear modulus of the fiber and the matrix, respectively. Xf is the fiber 

volume fraction. γ is the matrix Poisson’s factor. ξii represents the geometry of 

the fiber: 
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L, l, e are respectively the length, the width and the thickness of the fiber. 

Finally the calculation gives the equation of Halpin-Kardos (laminates 

description): 
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Where γ12 and γ12 are obtained by the following equations, γf being the fiber 

Poisson’s factor:  
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D.1.4.2 Mechanical percolating network theory 

The percolation concept, previously described in the Chapter II part C, has been 

extended to their mechanical properties in order to explain the drastic changes 

observed in a material for a given rigid phase volume fraction [142, 171]. In this 

model, strong interactions between the fillers are considered. Ouali et al. [172], 

in a  study of polymer blends, implemented the percolation concept to the 

series-parallel model of Takayanagi [173]. Figure 28 represents the Takayanagi 
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series – parallel model adapted to the mechanical percolation concept. On this 

scheme P(ψ) represents  the volume fraction of the percolating rigid phase. 

 

Figure 28: Model of Takayanagi adapted to percolating system. 

  

This model has been successfully used to describe the mechanical behavior of 

cellulose fiber polymer nanocomposites, where fibers have strong OH 

interactions between  each other [149]. 

The percolation theory defines the volume fraction of the infinite percolating 

cluster P. In this case, P can be calculated as a function of the filler volume 

fraction (ψ) [172, 174]: 
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where ψc is the percolation threshold and b is the critical exponent. 

Finally, we have to consider a soft phase “S” in series with a rigid phase “R”, 

and on the other branch we represent the percolating rigid phase. Then the 

shear modulus can be defined by the following equation: 
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where Gs and Gr are the shear moduli of the soft phase and the rigid phase, 

respectively. 

 

D.1.4.3 Entangled fibers and impact on 

nanocomposites properties. 

In chapter I, we described the physical properties of nanotubes. One of the 

most important properties of carbon nanotubes is their very high aspect ratio. 

As a consequence we should expect that the entangled fibers would behave as 

a rigid network, and thus one should observe a mechanical reinforcement 

similar to those of cellulose whiskers in a polymer matrix [149]. Nonetheless, 

the literature does not relate such a behavior of the composites. Most of the 

reinforcement mechanisms are attributed to a load transfer phenomenon [122, 

137]. 

It has been reported that entangled nanotubes are able to increase the 

temperature at which the polymeric composite starts to flow [70, 148]. 

Moreover, using tensile tests coupled with electrical measurements, the authors 

demonstrated that depending on the preparation method of the composite,  the 

nanotubes could be entangled or not. In the same work, they described the 

existence of two kinds of contact: simple contacts between different nanotubes 

forming coils, and contacts at the entanglement between two nanotubes. For 

the sake of simplicity, we will call these two types of contacts, simple contacts 

and entangled contacts. On the other hand, O. Meincke [175] studied the 

effects of the carbon nanotubes in polyamide-6. Using rheological analysis and 

plotting the loss tangent versus the frequency, he demonstrated that a 

mechanical percolation threshold can be observed by the presence of a liquid-

solid transition such as gelation (tan (δ)is frequency independent).  



Chapter II       Theoretical part and hypothesis 

 81 

Part E    Conclusions of 
chapter II 

 

 

In the previous sections, we summarized the state of the art concerning the 

chemical modification of the carbon nanotubes. It was shown that one can 

distinguish the chemical modification of CNTs from a destructive point of view. 

The strong acid treatment is considered as a highly destructive process and 

should be avoided to preserve the properties (conductivity, Young’s modulus, 

etc…). Grafting polymers on nanotubes might be an alternative route to 

functionalize nanotubes without inducing extended damage. However, the 

nanotubes may be as inert as graphite and it may be difficult to carry out 

grafting on their surface. On the contrary, CNx MWNTs might be more 

chemically reactive. Indeed the defects induced in the carbon graphene sheet 

by the nitrogen atom might lower the stability of the π carbon double bonds. We 

have shown that few papers used the ATRP as an in-situ polymerization to graft 

polymers on carbon nanotube surfaces. Furthermore, the literature has shown 

that this polymerization technique is a suitable process to generate 

homogenously grafted hybrid materials.  

 

It was presented the basic knowledge concerning the physico chemistry of a 

two phase mixtures. We expect that the polymer grafting can be a solution to 

lower the aggregation of carbon nanotubes when dispersed in a polymer matrix. 

A description of micro-structured block copolymers was done by describing 

atomic interactions between macromolecules. Indeed we are interested in 

studying the effect of the polymer grafting on the block copolymer 

microstructure. Finally, we emphasize on the effects of the matrix / filler 

interaction during a mechanical test. It appears that the polymer grafting on the 

surface of the CNx MWNTs might avoid the pull out phenomenon. Therefore, 

we expect that the plastic deformation and the fracture properties of the 

nanocomposites will be largely affected when using polystyrene grafted CNx 

MWNT as a mechanical reinforcement. 



Chapter II       Theoretical part and hypothesis 

 82 

 

Concerning the electrical properties of carbon nanotube polymer composites, 

we did a review on the percolation theory basic knowledge and its applications 

with nanocomposites polymer /carbon nanotubes. It appears that the electrical 

percolation can be described by using two main parameters: the percolation 

threshold (pc) and the critical exponent (t). Pc is a function of the filler: 

dispersion, aspect ratio, and waviness. On the other hand t is dependent of the 

waviness and the contact resistance between carbon nanotubes when 

introduced in a matrix. Then we decided to study the effect of the carbon 

nanotube polymer grafting on these parameters.  

 

Finally, we presented the basic knowledge concerning the mechanical 

properties of polymers composites and its applications to carbon nanotube 

composites. The literature has demonstrated that when added carbon 

nanotubes in a polymer matrix, it increases the composite Young’s modulus 

(when increasing the carbon nanotube volume fraction). In order to understand 

the elastic behavior of our composites we described two theoretical models: 

Halpin-Kardos model, and mechanical percolating model. The Halpin-Kardos 

equations permit to calculate the elastic modulus for composites using 

homogeneously dispersed short straight rigid fibers. In this model the fibers are 

considered without interactions between each other. On the contrary the 

percolating mechanical model permits to describe the reinforcement for 

composites where the fibers have strong interactions as compared to the matrix 

modulus. The grafted nanotubes are a special case where the fibers are long, 

flexible and the grafting can modify the interactions. Thus, we will study which of 

both models is more adapted to describe our system. 
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Part A    Matrix and CNx 
MWNTs: synthesis and 
characteristics 

 
 

A.1 CNx MWNTs  

The CNx MWNTs where given by the IPICYT. As shown in Figure 29 The 

process to synthesis CNx MWNTs consist in pyrolyzing a mixture of ferrocene 

Fe(C5H5)2 and C6H5CH2NH2 (0.2 g of Fe(C5H5)2 in 2 mL C6H5CH2NH2) at 850-

900 °C (0.2 g of Fe(C 5H5)2 in 2 mL C6H5CH2NH2). The decomposition of the 

organics compounds takes place above below 350°C. T he organic residues are 

transported in a gas carrier stream (e.g., Ar) and precipitate as CNx MWNTs in 

the pyrolysis zone [176].   

 
Figure 29: schematic snap shot for the spray pyrolysis to synthesize CNx MWNTs. 

In Figure 30 it is represented the growth mechanism for CNx MWNTs during 

gas pyrolysis. A) The CN species liberated from the solvent mixture pyrolysis 

further fragment on the surface of the metal catalyst creating CN radicals, 

gaseous N2 and carbon. B) and C) The carbon and possibly the nitrogen 

precipitate on or diffuse through the metal catalyst, forming nanotubes or fibers. 

D) Nanotubes growth until the leading catalytic particle is deactivated [176].  

 

Solvents: carbon, 
nitrogen, 
metalcatalyst 
source 
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Figure 30: growth mechanism for CNx MWNTs 

 

As shown in Figure 31 the CNTs obtained are bamboo-like structured. The 

nanotubes we observed by SEM are 20 µm long and have a diameter about 50 

nm [177]. It leads to an aspect ratio (length diameter ratio) of 400. 

 
Figure 31: bamboo-like structured CNx MWNTs TEM photomicrograph [176]. 

 

A.2 Polystyrene  

The polystyrene is an amorphous polymer which glassy temperature is about 

100°C. The polymer is generally obtained by radical  propagation of styrene 

monomers (C.f.Figure 32). The PS matrix was obtained from Resirene (model 

HH-104). 
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Figure 32: Styrene monomer. 

 

A.3 Poly (butadiene-co-styrene)  

The PSBS used was produced by anionic polymerization in an industrial 

reactor; the butadiene monomer is described in Figure 33. Its glassy transition 

is about -90°C. The polymer we used was provided by  resirene (model 1205). 

This polymer is a linear block copolymer.  

The PSBS molecular weight is Mn =100,000. The PS block has a molecular 

weight Mn = 10,000. 

 

 

Figure 33: Butadiene monomer 

CH2 CH CH CH2 

CH2 CH2 
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Part B    CNx MWNT 
Chemical modification 

 
 
 

B.1 Chemical modification of CNx MWNTs: 

chemical mechanisms  

B.1.1  Synthesis route for Surface Phenyl Grafted 

CNx MWNT 

In the previous section we defined that in ATRP the chemical form of a macro-

initiator has to be an alkyd halide [97]. Furthermore, it has been reported that 

free radicals are able to chemically react with SWNTs [178]. Authors report that 

mixing benzoic peroxide with SWNTs under heating, lead to the grafting of 

aromatic rings on the nanotube external layer. One of the aims of this section is 

to demonstrate that even if MWNTs are less reactive (because of their 

diameter) it is possible to make them chemically active. 

Based on this report, we carried out a reaction mixing Benzoil Peroxide (BPO) 

and CNx MWNTs in a solvent at high temperature. Indeed, BPO is composed of 

an aromatic ring and has styrene-like structure; and consequently it is a good 

candidate to be used as an ATRP macroinitiador. Previous studies reveal that a 

70% percent of benzoic peroxide initiates benzoic free radicals, and some 30% 

liberate phenyl free radicals with CO2 gas (C.f. Figure 34). For the sake of 

simplicity, we will further refer to phenyl radicals, even though benzoic peroxide 

radicals are present. 

 

 

Figure 34: BPO free radical liberation mechanism 
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As depicted in Figure 35, in the presence of CNx MWNTs, we expect that π 

double bonds of the carbon structure will be attacked by the free radicals. The 

homilytic opening of the carbon double bond would allow the stabilization of a 

free radical. The other electron of the π double bond should resonate in the 

carbon structure of the CNx MWNT until it becomes stabilized by another free 

radical in solution or by an impurity.  

 

Figure 35: Chemical mechanism of free radical addition on the CNx MWNT external layer 

 

The product of this reaction is expected to be CNx MWNTs covered by phenyl 

groups (Cf. Figure 36) 

 
Figure 36: CNx MWNT covered by phenyls groups 

 
 

B.1.2  Atomic Transfer Radical Polymerization 

Macroinitiator grafted CN X MWNTs 

After CNTs have been grafted with aromatic rings they are subjected to a 

process where a proton of the aromatic rings is substituted for a Bromine atom. 
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It has been reported that proton aromatics rings can be substituted by bromine 

in presence of FeBr3 and molecular Br2 at 55°C (Cf. Figure 37). 

 

 + Br2

CuBr3

55°C

Br

 

 

Figure 37: Chemical reaction equation of the proton aromatic ring substitution 

 

Then, the halogened radical exhibits all the characteristics to initiated ATRP in 

the presence of CuBr (ATRP catalyst reaction).  

 

B.1.3  In-situ PS polymerization of CNx MWNTs using  

ATRP 

CNTs containing macroinitiator molecules for ATRP will then be used to carry 

out a polymerization on the CNTs surfaces. The modified nanotubes will serve 

to make a polymer chain grow by propagation of the free radical using a 

controlled redox process. In  

Figure 38, we can observe that the reaction is composed of three parts. The first 

part corresponds to the initiation of the redox mechanism that will permit the 

liberation of controlled free radicals. Subsequently, it is represented the addition 

of the monomer (styrene in this study), by free radical propagation. The 

mechanism that will control the chain growth is the oscillation of the Br element 

from the end of the chain to the catalyst. The temperature will permit to adapt 

this oscillation, and as a consequence control the polydispersity of the polymer 

molecular weight. After some time, nanotubes will be highly coated with a layer 

of PS. 
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Figure 38: CNx MWNT following the ATRP process 

 
 

B.2 Experimental protocol for Polystyrene 

grafted CNx MWNTs  

B.2.1 Phenyl Grafted CNX MWNTs synthesis 

Nanotubes were functionalized by a free radical process using Benzoil 

peroxide. 10 mg of CNx MWNTs were dispersed in reactive grade toluene 

(98,5% purity) by sonication for 30 min. This first treatment permits to remove 

residual silica and metal catalysts resulting from the CNx MWNT growth. Then, 

the solution was filtered with a whatman 500 nm porous paper filter. We believe 

that most of metal and silica nanoparticles (≈ 50 nm) will pass through the filter 

and that the MWNTs (≈ 20 µm length) will be kept on the paper. The paper is 

kiln-drained at 120°C. 10 mg of dried CNx MWNTs wer e then dispersed using 

sonication for additional 30 minutes. The suspension was mixed with 1% 

solution in weight of BPO and finally heated at 105°C for five hours, with 

vigorous agitation in a sealed flask (Cf. Figure 39). 
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Figure 39: Experimental scheme of the addition of BPO to CNx MWNTs 

 

Subsequently, the CNTs were collected by filtering in an ashless whatman filter, 

and washed with reactive grade toluene. The residual solvent was removed by 

evaporation at 90°C under reduced pressure.  

 
B.2.2 Macroinitiator-grafted CN x MWNT synthesis  

CNx MWNTs from the previous step (grafted with phenyls) were chemically 

modified in order to attach a bromine atom in the para position. A proton of the 

grafted benzoil was substituted by a Bromine atom, at 55°C with Aldrich 98% 

purity Br2, and FeBr3 (Aldrich, 98%) as catalyst. CCl3 was used as the solvent, 

since the C-Cl bond has a higher electronegativity compared to C-Br and thus it 

is not possible for it to affect the reaction. 

10 mg of previously phenyl grafted CNx MWNTs were dispersed in 20 mL of 

reactive grade solvent (99% purity) CCl3 using sonication for 30 minutes. The 

proportions of catalyst CuBr3 and molecular Br2 added to the reactive solution 

are described in Table 2. 

 

Magnetic stirrer 

T°C : 105°C 

s 
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mole of grafted 
BPO 

mole of 
Br2 

mass of 
CuBr3 

n 1.1 n ≈ 1 mg 

 

Table 2: Proportion of  reactants used during the bromine / proton aromatic ring substitution. 

 

The reaction was carried out for 3 hours under vigorous stirring. Finally, CNx 

MWNTs were filtered on an ashless whatman filter and washed with an excess 

of diverse solvents: CCl3, Tetra Hydrofuran (THF) in order to perfectly wash the 

sample and eliminate impurities (neutral or more electronegative). Lastly, 

collected macroinitiator grafted MWNTs were dried at 80°C under reduced 

pressure for 24 hours. 

 
B.2.3 Synthesis of PS grafted CN x MWNTs 

A requirement to carry out a successful ATRP reaction is that all reactants are 

dried, and oxygen free. Reactive grade Toluene (98,5% purity) was dried over 

silica in a chromatographic column (C.f. Figure 40). The Inhibitor was removed 

from Reactive grade Styrene (99% purity) with 10% weight NaOH solution. 

Then, it was dried over silica in a chromatographic column. Lastly, oxygen 

diluted in the solvent is removed by passing N2 through for 30 minutes. 

 

 

 

Figure 40: Scheme depicting the solvent drying process 

 

Pump 

N2  

Gas flow regulator 

Dried silica + 
solvent to dry 

Dried solvent 
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All these reactants were preserved in a sealed bottle container.  

To carry out ATRP reaction CuBr(I) was stirred for 24 hours in glacial acetic 

acid to remove CuBr(II). Then, CuBr(I) (98%, Aldrich) was dispersed in a 

solution of dinonyl bipyridine (Aldrich, 98% purity) in dried toluene, and strongly 

stirred for several hours to disperse all CuBr(I) molecules. The mixture was 

prepared under a N2 atmosphere (in a glove box) to avoid water and oxygen 

catalyst oxidation. The proportion ligand / catalyst is respectively 2:1. Shlenk 

reactors were connected to a special line where a switch offers primary vacuum 

or N2 gas (Figure 41). Reaction mixture: toluene / styrene, is vacuumed and 

nitrogen filled three times to assure the absence of any oxidation agent (H2O, 

O2) during the polymerization. The reaction was conduced in diluted media: 

50/50% (volume), toluene/styrene, using vigorous stirring at 120°C. The same 

proportion of nanotube / total volume of reactant is preserved: 10 mg → 20 mL.  

 

Position 1
N2

1 2

Position 2

 

 

Figure 41: Experimental scheme of the ATRP line 

 

After completing the reaction, the samples were filtered three times through a 

ceramic filter (50 nm porous large), and washed with an excess of reagent 

grade toluene. 

T°C = 120°C 
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B.3 Chemical analysis tools  

B.3.1 Fourrier Transformed Infra Red (FTIR) 

 
A molecule exposed to infrared rays can absorb photons with a wavelength 

corresponding to functional vibration of its chemical functional groups. On 

Figure 42, it is represented the classical harmonic oscillator, which can model 

the behavior of a chemical bond between two different atoms. If we consider 

two atoms A and B, and µ the reduced mass of the A-B atom system, k the 

bond force constant bond force of the equivalent hairsping, we can define the 

adsorption frequency by:  

µπν k
c2

1= . 

 

Figure 42: Harmonic oscillator model for a bi-atomic system 

 

This simple model permits us to understand that each chemical bond will have 

its specific absorption frequency. Nevertheless, infrared spectroscopy is not so 

simple. This technique is accurate enough to distinguish most of the organic 

molecules, depending on their polarity or their chemical nature of the covalent 

bond. Depending on the polarity of the chemical bond, the absorption peak will 

vary in intensity or in line-width. In order to be IR active, a molecule needs to 

have a changing dipole. 
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Figure 43 represents the experimental scheme of an FTIR analyzer. The 

process to obtain FTIR spectra consist in irradiating the sample with IR waves. 

Then, the absorbed IR beam passes through a NaCl prism that permits to 

spatially separate the different wavelengths. The reference beam (background) 

is subtracted to the previous information, thus permitting the elimination of noise 

from the analyzer box. Finally, an analyzer (computer) constructs the FTIR 

spectrum. 

 

Figure 43: Experimental schematic of an FTIR analyzer 

 
 

B.3.2  Coupled gas Chromatography / Mass 

Spectrometer (GC-MS) 

This technique is the combination of two chemical analytical techniques: gas 

chromatography and mass spectrometry. The first one consists in separating 

the different organic elements in time from the material that is being studied. 

Organic molecules, depending on their chemical properties will pass more or 

less quickly through the chromatographic column. The gas spectrometer ionizes 

molecules due to the electron beam, and the fragmented molecular ions 

obtained can be analyzed as a function of their weight and electric charges. The 

combination of these two techniques is a powerful tool to study complex 

compositions and low concentration materials (some ppm). An experimental 

scheme is depicted in Figure 44. 

 

- Gas chromatography 
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Chromatography is a physico-chemical test which separates the different 

components of a mixture (gas, liquid) by passing it over a stationary phase (in 

our case a solid) using a mobile phase (gas in this work). The sample can be 

sublimated by an electric discharge and subsequently introduced in the gas 

chromatography column. Consequently, every component is subjected to a 

retention force due to the stationary phase and a mobile force. There are 

numerous types of chromatographic tests, in this thesis we used a gas/ solid 

chromatography. This kind of tests can be defined as an adsorption 

chromatography. Indeed, the stationary phase retains the different components 

by physical interactions like dipole - ion bonding, dipole - dipole bonding or van 

der Waals interactions. Finally, we obtain spectra of the separated organic 

components in time. 

 

- Mass spectrometry 

The material that is analyzed is introduced in the mass spectrometer and 

ionized by an energetic ion beam (generally 70 eV). The ions produced are 

called molecular ions, and permit to determinate the molecular mass of a given 

molecule. Subsequently, these fragments are selected by the ratio mass / 

electric charge due to an electric or magnetic field, and finally collected by a 

detector. The fragments constitute the mass spectra which analyze permits to 

define the molecular composition of the original molecule. 

 

Figure 44: Experimental scheme of the GC-MS spectrometer 



Chapter III      Material and expererimental techniques 

 97 

 
 

B.3.3  Thermogravimetric Analysis 

The thermogravimetric analyses (TGA) consist in measuring the mass loss 

during heating treatment. Because molecules fracture during a heating process, 

this technique does not permit to do qualitative analyses. However, it should 

reveal very accurate quantitative measurements. The gas injected in the 

furnace should permit to select the degradation process. For example, oxygen 

will generate oxidation and nitrogen permits a simple thermal degradation of 

organic molecules in the material.  In this work, TGA has permitted to calculate 

the quantity of molecules grafted on the carbon nanotube surface. 

 

B.3.4  Electron Energy Loss Spectroscopy / Energy 

Dispersing Spectroscopy (EDS) 

- EELS 
 
An electron beam of a few hundred of keV which passes through a material 

causes different excitations that can be observed by different microanalyses 

techniques. An EELS signal corresponds to the transmitted electrons which 

have lost an energy ∆E. EELS analyses are very adequate to study organic 

systems because it permits to analyze light elements like carbon, nitrogen. 

EELS spectra are obtained from inelastic interactions between the incident 

electrons and the material. The energy losses are characteristic not only of the 

elements present in the material but also of their chemical environment. The 

energy looses less than 50 eV come from inelastic interactions with the external 

layers of the electronic clouds, whereas energy losses superior to 50 eV come 

from transitions of an electron from a core level to an antibonding orbital. In both 

cases, informations can be obtained about the nature and the valence of the 

analyzed species. K. Varlot [179] has demonstrated that it was possible to 

distinguish many organic bonds such as σ c-c, σ c=c, σ o-c in polymers and 

consequently distinguish two different polymers using EELS. 
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Concerning this work, EELS was a powerful technique that permitted to study 

the composition of the grafted layer on the CNx MWNTs. 

 

- Energy Dispersing Spectroscopy (EDS) 
 
After the excitation of the materials atoms by the electron beam, a radiative 

desexcitation may occur, and the material emits x-ray photons which energies 

are characteristic of the elements present in the material. 

In these works, the very low detection threshold of EDS permitted to confirm the 

presence of brome in the PS grafted CNx MWNTs.  

 
B.3.5 Raman Spectroscopy 

Raman spectroscopy relies on the inelastic scattering of monochromatic light 

with a material. In Raman scattering, the energies of the incident beam and 

scattered photons are different. If IR modes are due to changes in the dipole 

moment, Raman activity is due to a change of the polarizability. As a 

consequence, Raman spectroscopy is highly sensitive to the material 

crystallinity, orientation and temperature. Raman spectroscopy is useful for 

analyzing molecules without a permanent dipole moment which would not show 

up on an IR spectrum. For example in carbon nanotubes, this technique can be 

used to determine the graphitic level of the material. It is commonly accepted 

that it exists a G band that represents the graphitic level of the tubes, and a D-

band that is responsible for the introduction of disorder in the system (sp3, 

defects, etc…). 

In this work, we used this technique to analyze the disorder induced in the 

graphene layers by grafting organic molecules on the surface of the CNx 

MWNTs. It should be mentioned that the most common light source used with 

this technique is a tunable Ar-ion laser. 

 
B.3.6  Electron Spin Resonance (ESR)  

Electron Spin Resonance, known as well as Electron Paramagnetic Resonance 

(EPR), is a spectroscopic technique that permits to detect unpaired electrons. 
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Unlike to nuclear magnetic resonance (NMR), which excites the spin of the 

atom nucleus, ESR excites electron spins. As a consequence ESR is useful to 

detect free radicals in organic molecules or oxidation state transitions in 

inorganic metal complexes. An unpair electron has a magnetic moment µB. This 

magnetic moment, when introduced in an magnetic field B0 with a specific 

frequency, will resonate for a certain energy defined as: 

∆E = hν = geµBBeff 

where ge is the gyromagnetic ratio of the electron. Beff = B0(1-σ), so the 

precedent equation can be written as: ∆E = hν = geµBBeff =g µB B0. Because free 

electrons are sensitive to their environments, g factor is representative of each 

chemical component. 

Two ESR aquisition processes are possible. The first one consists in scanning 

the absorbance frequency with a constant external field. In the second process 

or alternatively the external field changes with a constant frequency radiation.  

This technique has permitted to confirm that the brominated phenyl grafted CNX 

MWNTs could initiate the ATRP redox process in the presence of CuBr (I), and 

it also confirmed that the process was temperature reversible. 

We carried out ESR experiments at different temperatures. In order to carry ou 

this kind of experiment, we mixed in reagent grade toluene, CNx MWNT-BPO-

Br, CuBr(I) and  4,4’-dinonyl 2,2’-bipyridine (dNbpy) in the molecular proportion 

1:1:2. The solution was heated at different temperatures (90°C to 130°C) during 

ESR measurements. 
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Part C    Polymer / CNx 
MWNT composite : synthesis 
and microstructural 
characterization 

 
 
 

C.1 Polymer / CNx MWNT nanocomposite 

synthesis  

Four types of nanocomposites were synthesized. Table 3 summarizes the 

conditions and reactants used for the different composites. Two kinds of 

matrices were used in this work. The PS matrix was obtained from Resirene 

(model HH-104). The PSBS matrix is a linear block copolymer styrene-

butadiene-styrene (30% styrene, 70 % butadiene) was provided by Resirene 

(model 1205).  

Figure 45 shows the process used to synthesize the nanocomposites. 

Ungrafted CNx MWNTs were sonicated for 30 minutes in reagent grade toluene. 

Subsequently, the polymer (PS or PSBS) was added to the solution and 

magnetically stirred for a couple of hours in order to disperse the materials. The 

magnetic stirring was maintained while the solvent was evaporated using an air 

flow over the solution. Finally, when the preparation became viscous, the 

residual solvent was evaporated under vacuum and heat for 48 hours.  

PS grafted CNx MWNTs were dispersed by stirring in solvent for 8 hours.  

Sonication was not used in this process to avoid damaging the grafted layers. 

Subsequently, the same process as described above was used to prepare the 

nanocomposites with PS grafted CNx MWNTs. 

Details of the solvent sonication time and evaporation temperatures used are 

contained in Table 2.  
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Filler Matriz Solvent 
Prior nanotube 
sonication time  Evaporation temperature  

CNx MWNT PS Toluene 30 min 110°C 
CNx MWNT SBS Cyclohexane 30 min 80°C 

PS-CNx MWNT PS Toluene none 110°C 
PS-CNx MWNT SBS cyclohexane/toluene none 80°C 

Table 3: Synthesis conditions for preparing composites with PS or PSBS. 

 

Films of about 0.6 mm to 0.8 mm thickness were obtained by pressing the 

solvent-free nanocomposites for 15 minutes over their glassy temperatures, i.e: 

150°C for the PS matrix, and 85°C for the SBS matri x. 

 
Figure 45: Polymer / CNx MWNT composite synthesis process 
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C.2 Electronic microscopy characterization  

C.2.1 Transmission Electronic Microscopy (TEM) 

A droplet of the polystyrene grafted CNx-MWNTs suspension was deposited on 

a microscopy copper grid (300-mesh) covered with a holey carbon film. HRTEM 

observations were carried out on nanotubes that were passing over the holes of 

the carbon film. For these observations we used a JEOL 2010F microscope, 

equipped with a Field Emission Gun, and operating at 200 kV. Micrographs 

were acquired with a Gatan Slow Scan CCD camera.  

 

C.2.2 Scanning Electronic Microscopy (SEM) 

The produced nanocomposites were fractured at room temperature. The 

fracture surfaces were observed without any metal coating with a field emission 

SEM (model FEI XL30) under high vacuum. The accelerating voltage was set to 

800 V. Secondary electrons were used to form the images. 

 

C.3 Differential Scanning Calorimetry (DSC)  

As shown in Figure 46, the differential scanning calorimeter consists of two 

sealed pans: a sample pan and a reference pan. During the experiment, the 

instrument detects differences in the heat flow between the sample and the 

reference. This information is treated and results in a plot of the differential heat 

flow between the reference and sample cell as a function of the temperature. 

When there is no thermodynamic physical or chemical process during 

measurement the heat flow should slightly increase or decrease: the baseline. 

An exothermic or endothermic process within the sample results in a deviation 

in the difference between the two heat flows. Glass transitions may occur as the 

temperature of an amorphous solid is increased. These transitions appear as a 

step in the baseline of the recorded DSC signal. This is due to the sample 

undergoing a change in heat capacity; no formal phase change occurs. To 

ensure that the sample is all the time at the casi-thermodynamic equilibirum we 

have to use a very low temperature ramp rate. In this work the temperature 
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ramp rate was chosen about 1°C.min -1. The sample pans were aluminium pans. 

All the experiments were run under a nitrogen flow (60 mL.min-1) 

 
Figure 46: Experimental scheme of DSC device 
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Part D    Electrical and 
mechanical analysis tools 

 
 

D.1 Dielectric measurements  

The complex conductivity measurement consists in applying an alternative 

tension to the sample: 

)(0 tSinUU ω=  

and measuring the resulting intensity. This intensity is shifted in phase (angle φ) 

with the tension: 

)(0 φω += tSinII  

 

The electric field used is weak, thus ensuring the proportionality between 

polarization and conductivity. The conductivity is deduced by calculating the 

I*/U* ratio and expressing it as: σ* = σ’ + iσ”. The real and imaginary part of the 

complex conductivity can be calculated using the following mathematical 

expressions: 

σ’ = |σ*| cos φ  and  σ” = |σ*| sin φ 

Finally, the phase shift between the real and the imaginary part of the complex 

conductivity (tanφ ) represents the energy loss in the material caused by Joule 

effects. 

• Dielectric measurements 

All AC measurements were performed with a solartron 1226 bridge. The 

frequency analysis ranged from 10 mHz to 1 MHz, and the AC voltage 

amplitude was set to 1 V. Before measurements, the nanocomposite extremities 

were coated with a silver paint in order to ensure a good electrical contact 

between the electrode and the nanocomposite. 
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D.2 Dynamic Mechanical Analysis  

Dynamic Mechanical Analysis (DMA), also known as Dynamic Mechanical 

Spectroscopy, is a useful tool that permits the determination of the viscoelastic 

properties of the material. The test consists in applying a sine wave mechanical 

force to the sample in the linear domain (elastic or viscoelastic domain), and in 

measuring the response of the system versus temperature (isochronal 

measurements) or versus frequency (isothermal measurements). 

The sine wave force can be described either by its strain or by its stress  
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The response of the sample to this mechanical force is out of phase with an 

angle δ: 
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Then, the complex modulus (shear modulus in our experiments) can be 

deduced: 
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Tan (δ) is a very useful parameter often called “internal friction coefficient”, that 

represents the energy dissipated as heat during an excitation cycle. Variations 

of G* or tan(δ) against temperature (as well as against frequency) are 

representative of various relaxation phenomena. In polymeric materials, the α 

relaxation (or main relaxation) is representative of long distance motions of the 

macromolecular chains. When the experiment is performed in the isochronal 

mode and measured at 1Hz, it is generally considered that the G” peak 

temperature (Tα) is close to the glass transition. However, Tα also depends on 
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the mechanical coupling between the matrix and the filler. It is thus preferable to 

determine the glass transition temperature by differential scanning calorimetry. 

The equipment we used is a home made device built at the GEMPPM (France) 

and commercially available (Metravib SA). A schematic representation of the 

apparatus  is given in Figure 1. A magnet between two Helmholtz coils where 

an alternative current is injected creates the shear stress. The torque is 

transmitted to the sample by a metallic hard stick. The material strain is 

detected by a reflected laser diode and transmitted to the computer interface for 

calculation. The particularity of this device is its ability to measure the complex 

mechanical modulus with a very high accuracy, and the sample thickness 

section dimensions can range from 100 µm to few mm. All the measurements 

were carried out at 1Hz, using a heating rate of 3 K/min. 

 

Description of the equipment: 

 

Figure 47: Skeme of the Shear Dynamic Mechanical Analysis device used. 

 
 

 

1: Mechanical pulley and 
weight 
2: Magnets 
3: Helmholtz coil 
4: Furnace 
5: Sample 
6: Metal wire 
7: Shock absorber 
8: Mirror 
9: Photovoltaic cell 
10: Laser 
11: Mobile clamp 
12: Rigid rod 
13: Amplifier 
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D.3 Tensile tests  

Tensile tests were performed at room temperature, on a MTS 1/ME tensile test 

device. The equipment permits to measure the force induced by the machine on 

the sample with a constant strain rate. The strain rate was about 0.4 s-1 for the 

PSBS matrix. The samples used were of barbell type, with L = 9.60 mm, l = 

3.00 mm, 0.50 mm < e <0.75 mm. For all the samples the tensile tests were 

carried out five times. The extremities of each sample were glued to the grips in 

order to avoid any sliding what would create measurement errors. 

These data permit to calculate the stress in the sample against strain. Nominal 

stress and nominal strain can be defined by the following expressions: 

0
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Where S0 and L0 represent the initial section and the initial length of the sample, 

∆L and F correspond to the measured length and force at a given time 

respectively. 

The true stress and true strain take into account the evolution of the section 

dimensions during the tensile test, and can be defined as:  
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D.4 Compression tests:  

Some polymers like PS have a highly brittle mechanical behavior. If this kind of 

material is studied by tensile test, a rapid break of the sample would prohibit the 

analysis of its mechanical behavior under large stress conditions (plastic 

behavior). On the contrary, compression tensile test is known to allow higher 

deformations than tensile tests.  
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The compression tests were performed using an INSTRON standard 

mechanical testing machine equipped with parallel plateaus. The samples we 

used consisted of cylinders with a diameter of 4.5 mm and a length of 8 mm. 

The diameter/length ratio allows us to eliminate undesirable deformations such 

as the “flambage”. Furthermore, in order to restrain “tonneau” deformation 

mechanism, the contact surfaces of the sample were polished and lubricated 

with molybdenum disulphide (MoS2). 

 

 

Figure 48: Compression tensile test device used in this work. 

 

 To ensure an accurate measurement of the stress, we used a video device 

which is able to follow the deformation of the samples because reference marks 

were etched previous to experiment (Figure 48). A first step for measuring the 

stress consists of determining the distance between the marks when the 

compression plateaus are in contact (zero reference). Then a simple calculation 

using the data collected during the experiment permits an accurate 

measurement of the nominal stress. Finally, we found that the strain rate was 

about 10-4 s-1 for the PS matrix.  
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Part A    Efficient coating of N-
doped carbon Nanotubes 
with PS using Atomic 
Transfer Radical 
Polymerization (ATRP). 

 

 

Soon after the identification of the carbon nanotubes [1], various researchers 

focused their efforts on the nanotube synthesis and their applications. 

Nanotubes (single- and multi-walled) possess fascinating physico-chemical 

properties [41, 45, 180]. In particular, the surface of multi-walled carbon 

nanotubes (MWNTs), which usually exhibit large diameters (e.g. 10-50 nm), is 

similar to that of neutral graphite (planar). An additional and inherent 

characteristic of nanotubes (single- and multi-walled) is that they tend to form 

aggregates when dispersed in an aqueous medium due to the presence of van 

der Waals interactions. This phenomenon is not desired when fabricating 

polymer composites containing carbon nanotubes because the tube dispersion 

is not homogenous within the matrix. Therefore, in order to modify the inert 

surface of MWNTs, making them chemically reactive, nanotube 

functionalization is required [66, 181]. This process modifies the surface of the 

carbon nanotubes and makes them prone to a selective dispersion in a 

particular medium. The literature related to modified or functionalized carbon 

nanotubes is abundant [58, 60]. For example non-covalent modifications [61] 

(i.e. physical adsorption) have shown to alter their electronic and surface 

properties. It has also been demonstrated that when carboxylic groups are 

chemically bonded to the nanotube surface (tube ends or tube waist), these 

groups promote a uniform dispersion in a polar solvent [182] that could be then 

used to fabricate composites. Alternatively, non-ionic surfactants could be 

employed in the production of carbon-nanotubes/polymer composites [63, 183]. 

Here, the introduction of 1 wt % of carbon nanotubes in a polymeric matrix has 



Chapter IV         Experimental Results and discussions 

 111 

proved to have significant effects on the glass transition temperature and the 

mechanical characteristics of the material [63, 183]. Unfortunately, the presence 

of non-ionic surfactants around the nanotube does not maximize the interaction 

between the nanotubes and the polymer matrix. One way of maximizing this 

interaction when fabricating a nanocomposite, consists of grafting covalently 

polymer chains on the outer surface of CNTs [91, 184]. In this context, a recent 

and novel approach, known as Atomic Transfer Radical Polymerization (ATRP) 

has been reported [97]. This redox process is thus able to grow polymer chains 

from solid surfaces. In this process, the initiator is a halogenated organic 

molecule (with Br or Cl) that allows the synthesis of polymers via an open-close 

mechanism. Recently, Peng Liu [57] reviewed “grafted from” processes used in 

nanotube polymer grafting. ATRP has been recently used for modifying the 

surfaces of SWNTs or pure carbon MWNTs [93, 185-187]. Different kinds of 

monomers were involved in these polymerization reactions: Methyl 

Methacrylate, n Butyl Methacrylate, Styrene and ter Butyl Acrylate. One 

advantage of such polymerizations consists in controlling the relative size and 

architecture of the synthesized polymer (e.g. block copolymer, alternate 

copolymer, random copolymer). The grafting of polystyrene by ATRP on CNx 

MWNTs external layer is a new investigation area. Indeed, few papers report 

the grafting of polymer by free radical controlled process. Furthermore, most of 

them reported in-situ polymerization SWNTs (since they appear to be more 

chemically reactive). 

In this chapter, we describe a controlled free radical synthesis route that is able 

to functionalize CNx MWNTs. These functionalized tubes could then be used to 

grow uniformly PS chains on their surface using ATRP reactions. We used CNx 

MWNTs because they exhibit an intrinsic bamboo-like structure. Such stacked-

cone morphologies are expected to provide enhanced mechanical properties if 

embedded in polymers, due to the absence of pull-out telescopic effects 

observed when stretching the composites; the telescopic effect is a common 

drawback experienced by co-axial MWNTs (undoped). Moreover, we believe 

that the presence of nitrogenated defects in the graphitic structure of CNx 

MWNTs promotes the stabilization of free radicals on the nanotube surface, and 

therefore could improve the efficiency of the ATRP reaction. Unlike conventional 

functionalization techniques, our chemical route does not require any acid 
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treatment, and the tubes are subjected to a process in which the surface is first 

modified with organic molecules containing aromatic rings. Subsequently, each 

of these aromatic rings is modified by the substitution of a ”hydrogen atom” by 

Br. The resulting material is then used as a macroinitiator in styrene living 

polymerization via ATRP.  

Many techniques were used to analyze different chemical synthesis steps. The 

first two steps, which consist in the grafting of an ATRP macro initiator on the 

CNx MWNT surface, were quantified and confirmed by Fourier Transformed 

Infra Red (FTIR) spectroscopy, Thermo Gravimetric Analysis (TGA), coupled 

gas chromatography / mass spectrometry (GC/MS) and Raman Spectroscopy. 

These techniques permit to confirm that the ATRP initiator was covalently 

bonded to the CNx MWNT external layers. Electron Spin Resonance (ESR) was 

used to confirm the abality of the ATRP initiator to generate controlled free 

radicals that allowed us to control the addition of monomer by free radical 

propagation (polymerization). Finally, the grafted nanotubes, were observed by 

High Resolution Transmission Electron Microscopy (HRTEM) which confirmed 

the presence of an amorphous polymer coating on the external layer of CNx 

MWNTs. Complementary information was obtained by Electron Energy Loss 

Spectroscopy (EELS), and EDS in order to confirm that the amorphous layer 

observed consist of polystyrene polymerized by in-situ ATRP process. 
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A.1 Phenyl grafted nanotubes and ATRP 

macroinitiator grafted nanotubes  

The literature supplies numerous examples of addition reactions on nanotube 

surfaces [60]. One of those processes concerns the free radical addition. Ying 

et al. reported the grafting of aromatic rings on the side walls of SWNTs [178]. 

In the present chapter, we carried out a kindred reaction onto CNx MWNTs and 

verified that conjugated π carbon double bonds and various defects could react 

efficiently with free radicals in order to graft aromatic rings. The theoretical 

reaction process is described in Figure 49. At 105°C, benzoic peroxide 

decomposes into free radicals. These free radicals open the conjugated π 

carbon double bond, and could also react with defective sites within the CNx 

MWNTs surface in order to stabilize them on the side walls of CNx MWNTs. The 

second step of the chemical surface modification consists in substituting a 

proton from the aromatic ring by a Br atom. This process was accomplished by 

reacting phenyl grafted CNx MWNT with molecular Bromine at 55 °C in the 

presence of FeBr3. The brominated phenyl molecules can then act as 

macroinitiators for the ATRP polymerization in the presence of a complex 

catalyst-ligand (CuBr(I)-dnBpy in this case), and styrene at 110°C [97].  
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Figure 49: Theoretical schematic diagram showing the different stages of the functionalization 
process of CNx MWNTs. First the grafting of aromatic rings takes place, subsequently the 
bromination of such rings occurs. These brominated molecules then act as macroinitiators during 
the ATRP reaction of PS. 

 

A.1.1 Identification of the phenyl grafted molecule s 

The phenyl grafted CNx MWNTs were analyzed by FTIR and the spectrum 

compared with that of as-produced CNx MWNTs. The FTIR spectra are 

depicted in Figure 50. The spectrum corresponding to as-produced CNx MWNTs 

(Figure 50 ), shows bands between 1400 - 1800 cm-1 that arise from the 

contributions of the ambient gas (noise), and a wide shoulder located between 

800 cm-1 and 1200 cm-1 could be attributed to the “graphitic” structure of the 

nanotubes. The signal is very weak and does not allows us to observe 

substituted nitrogen elements present within the graphene layers [45]. However, 

after the reaction with BPO, the spectrum of the nanotubes is clearly different. 

This indicates that the external layers of CNx MWNTs were modified. The band 

located at 1730 cm-1 is usually associated with the stretching of OC =  bonds. 

The band at 1270 cm1 can be assigned to the stretching of OC − covalent 

bonds. The association of these two bands implies that ester groups are 

present in the functionalized material. The upshift witnessed for the 
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OC − stretching band could indicate that these ester groups are linked to 

aromatic rings. Finally, the presence of aromatic rings (phenyl groups) is 

confirmed by the weak signal placed at 735 cm-1, representing the resonance of 

5 adjacent hydrogen atoms. Therefore, it is possible to conclude that these are 

aromatics groups are chemically attached to the CNx MWNTs after reaction with 

BPO. 

In addition, tertiary amine groups linked to two radicals R, and a phenyl group is 

characterized by the presence of a band at 1376 cm-1. Phenylic tertiary amines 

could arise from pyridinic nitrogen sites, which are chemically reactive. In 

addition, the band at 1457 cm-1 is representative of the HC − covalent bond 

stretching. This signal indicates that the external layer of the CNx MWNT could 

be distorted due to the sonication process used prior to the reactions. 

 

Figure 50: FTIR spectra of: As-produced CNx nanotubes, and phenyl grafted CNx MWNTs.  

 

A.1.2 Proof of the grafting by Raman spectroscopy 

We reported before that Raman spectroscopy is a very powerful test that 

allowed the measurement of the graphitic level of nanotubes. It is reported [188, 

189] that the existence of the graphitic peak, G-line, located at 1590 cm-1. The 
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G-line peak is generally decomposed in three peaks G(+), G(-1), G(-2)), which 

could represent the level of graphitization of the carbon nanotubes. On the other 

hand it exists an additional peak, namely D-line, centered at 1390 cm-1 that 

represent the disorder in the graphitic structure. It was reported, that the side 

wall functionalization of CNx MWNT tend to transform sp2 carbon-carbon bond 

into sp3. As a consequence, the modification of the external layer of CNx MWNT 

might be observed by the relative increase of the D-line against the G-line. 

Annex I shows the results we obtained for as produced CNx MWNT and BPO 

chemically reacted CNx MWNT. Spectra were normalized and fitted by three 

gaussian curves: G-line centered at 1590 cm-1, D-line at 1390 cm-1 and finally 

amorphous carbon broad peak (1100-1500 cm-1). 

The fitted-normalized spectrum of as produced CNx MWNTs (annex I.a.), 

reveals the presence of a peak at 1590 Cm-1 (graphitic G-line), representing a 

high graphitization level of the material. Nevertheless the presence of the D-line 

at 1360 Cm-1 means that the nitrogen doping of CNx MWNTs induce disorder in 

the hexagonal carbon lattice. Similar results were obtained for aromatic rings 

grafted CNx MWNTs (annex I.b.) Nevertheless the fitted curve data demonstrate 

a relative increase of the D band for BPO CNx MWNTs. The ratios between 

areas of D-line and G-line are respectively 0.43 for as produced CNx MWNT, 

and 0.475 for aromatic rings grafted CNx MWNTs. All results are summarized in 

Table 4. These results imply that Benzoic free radicals chemically react with 

CNx MWNTs. 

 

 Peak center gravity (cm-1)  Peak area (%) 

As produced CNx MWNT    
 D-line 1354 9.32 
 G-line 1590 21.62 

 
amorphous 
carbon 1401 69 

BPO-CNx MWNT    
 D-line 1353 11.43 
 G-line 1587 24.08 

 
amorphous 
carbon 1404.5 64.48 

Table 4: Raman Spectroscopy data obtained from CNx MWNTs and BPO-CNx MWNTs. 
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We could point out that the weight of the amorphous peak is lower for BPO-CNx 

MWNTs. We think that sonication, and filtering process during functionalization 

should influence the loss of amorphous carbon. Indeed, sonication should 

blastoff some amorphous carbon layer present on the external cap of CNx 

MWNTs. This observation leaded us to sonicate as produced nanotubes before 

reacting with BPO or before being introduced in the polymer matrix. 

 

A.1.3 Quantification of the grafting (TGA) 

Thermogravimetric analyses (TGA) of the products, from the different stages of 

the reaction, are shown in Figure 51. It is clear that as-produced CNx MWNTs 

exhibit a good stability at high temperatures, i.e. up to 650°C. They do not loose 

weight, so they are not destroyed while heating under nitrogen. However, BPO-

reacted CNx MWNTs have a different thermal behavior. At around 200°C, there 

is an initial loss of weight that continues until the temperature reaches 425°C; 

the weight mainly loss is about 6 % of the sample’s total weight. The weight loss 

occurs around 350°C (4% of the total weight loss). This loss could be attributed 

to the release of phenyl groups. TGA experiments on BPO-reacted CNx 

MWNTs are in agreement with FTIR analyses because the weight loss 

observed for the phenyl grafted nanotubes appears to be a combination of 

grafted side wall aromatic rings, and the distorted fragments of the external tube 

layers produced after functionalization (2% of the weight loss). CNx MWNTs 

containing grafted brominated aromatic rings (CNx MWNTs-BPO-Br), undergo a 

slightly larger weight loss when compared to those that are simply grafted with 

BPO (CNx MWNTs-BPO). The maximum weight loss is about 8 % of the total 

weight, thus the molecules released could have a higher molecular weight. It 

can be therefore concluded that the bromination of aromatic rings was efficient. 

This 2% increase of the weight loss is then attributed to the Br substitution. 

Finally, after polymerization (CNx MWNTs-PS), the weight loss indicates that 

the amount of PS grafted on the nanotubes side walls is about 40% of the total 

mass.  
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Figure 51: TGA plots for different types of modified CNx nanotubes, carried out under a N2 
atmosphere. 

A.1.4 Coupled gas chromatography / mass 

spectrometer 

The analyses of the composition of the gases released during TGA experiments 

were carried out using a couple gas chromatograph/mass spectrometer. The 

results obtained are presented in Table 5. The table shows the chemical 

composition of the released gases during heating. TGA experiments revealed 

that grafted chemical functionalities are released above 300 °C.  

 

The schematic diagram shown in Figure 49, shows the way aromatic rings are 

anchored to the nanotube surface, and this scheme could be confirmed in our 

mass spectrometry experiments. For example, molecules containing aromatic 

rings (Benzoic acid, Benzaldehyde and Toluene Benzene) comprise about 60% 

(mol.) of the gas released. Most of these grafted molecules originate from the 

reaction between CNx MWNTs and BPO. The presence of CO2 is attributed to 

the fragmentation of benzoic acid during pyrolysis. Benzantracene, biphenyl, 

naphthalene and other molecules may arise from fragments detached from the 

carbon nanotube skeleton. The latter molecules represent about 30% (mol.) of 

the total weight loss observed. Similar results (not shown here) were obtained 
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on brominated phenyl grafted nanotubes (CNx MWNTs-BPO-Br). The presence 

of bromated aromatic rings, about 30% (mol.) of the pyrolized gas, ensures that 

the generation of ATRP macroinitiators on the nanotube side walls was 

successfully achieved. We also find amine molecules in the residues (<1-2%) 

that could be related to nitrogenated sites within the functionalized CNx tubes; 

this value is consistent with the N content of as-produced CNx MWNTs (ca. 2 % 

at.). 

 

Molecules 

detected  
% mol.  

CO2 

Benzoic acid 

Benzaldehyde 

Toluene Benzene 

Naphtalene 

Biphenyl 

Benzantracene 

9.3 

34.4 

3.2 

23.9 

1.6 

5 

7.3 

Table 5: Molecules detected by mass spectrometry during the pyrolysis of BPO modified CNx 
MWNTs (CNx MWNTs-BPO). 

 
A.1.5 Operating grafted ATRP macroinitiator: 

Electron spin resonance (ESR) 

Literature [97] reported the trace of ATRP reaction kinetics as a function of time. 

We mentioned that the catalyst (metal transition) is oxidized by the 

macroinitiador (halogened organic molecule) in order to liberate a free radical. 

This free radical oscillates between its dormant state and active state, which 

allows to control the radical polymer chain growth (Cf. Figure 15: General 

mechanism of ATRP process). ESR is able to detect unpaired electrons like 

free radicals and complex metal transition atoms. Thus, this technique permits 

to detect and measure the quantity of free radicals generated during the ATRP 

reaction as well as the quantity of oxidized free catalyst. Because both element 

concentrations are linked together by the equation described in Figure 15, ESR 

might help to find the efficiency of the CNx MWNT macroinitiator we 
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synthesized. In this study, the use of ESR confirmed the capacity of CNx 

MWNT-BPO-Br system to initiate the ATRP reaction, and consequently obtain 

the ideal working temperature during polymerization.  

ESR spectra are presented in Annex II. Spectrum A), shows the results 

obtained for pure oxidized catalyst: CuBr(II) at ambient temperature. We 

obtained a peak attributed to CuBr(II) for g = 2.1426, what will be used as 

reference. The catalyst in its oxidized state is ESR sensitive because of its 

unpaired electrons. It means that when the equilibrium reaction is highly 

displaced on the dormant species side, we should not observe any ESR signal. 

However, at specific temperatures the reaction might start and generates free 

radicals that will appear by the presence of the CuBr(II) peak. More over, we 

described before that ATRP reaction is a thermically activated livingness 

controlled free radical polymerization. As a consequence, the system should 

initiate and inhibit polymerization several times, meaning that the polymerization 

reaction is controlled. Spectrum B in annex II shows the experimental results we 

obtained at 120°C. We observed a peak for g = 2.1953 what is representative of 

CuBr(II). Finally, spectrum C of the annex II, which is the system at ambient 

temperature, confirmed the absence of CuBr(II), implying that the redox process 

is reversible and the system returns-back to equilibrium. 

ESR experiments were very useful to confirm that the CNx MWNT ATRP 

macroinitiator was able to generate controlled free radicals and as consequence 

in-situ Polystyrene chains. Nevertheless, the experimental protocol did not allow 

us to make more accurate measurements, for example about kinetics, 

macroinitiator turnout, etc… The first point was that the ebullition temperature of 

the solvent (toluene) is about 120°C, meaning that while running the 

experiments, the concentration of the reactant was changing as well as the 

reaction kinetics. Consequently, we could not observe equilibrium 

polymerization states that permit the kinetic calculation. More over, when CNx 

MWNTs are not polymer grafted, the tubes tend to aggregate (not 

homogeneous). Finally, because the experiment tube is not sealed, we would 

have expected that for long time measurements, the catalyst would have been 

oxidized and the polymerization would have been inhibited. 
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A.2 Polystyrene grafted CN x MWNTs 

A.2.1 HRTEM of Polystyrene grafted CN x MWNTs 

Figure 52 depicts HRTEM micrographs of as-produced CNx MWNT (a), and PS-

grafted CNx MWNT (b-d). Figure 52a. shows the external layers of a typical CNx 

MWNT without any treatment. We observed that the CNx MWNTs exhibit 

external diameters ranging between 20 and 50 nm. We also notices that the 

surface of the as produced CNx nanotubes is composed of a well graphitized 

layer (no amourphous carbon layer coating the nanotubes). In contrast, after the 

ATRP reaction, the CNx MWNTs exhibit an amorphous layer (identified as PS 

from EELS; see below) that could be clearly seen (Figure 52 b-d).  

 

Figure 52: TEM micrographs of: a) as produced CNx MWNT showing the external surface of the 
tube and the lack of amorphous carbon deposited around the outer layer; b) PS-grafted CNx 
MWNT exhibiting a homogenous layer of PS coating the CNx nanotubes; c-d) HRTEM 
micrographs of PS grafted CNx MWNT showing the morphology of the amorphous layer and the 
“graphitic” walls of the tubes (shown by white lines); the PS coating is also indicated in figures (c ) 
and (d). 
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Polymers synthesized by ATRP usually have very low polydispersity (<1.5), 

meaning that the polymer chains should exhibit similar lengths. The fact that the 

amorphous layer is relatively uniform on the surface of the tube (Figure 52 b.) 

leads us to conclude that the polymer chains efficiently grew from the nanotube 

surface. The average thickness of the PS amorphous layer was estimated to be 

about 3-5 nm. HRTEM images of the polymer/CNx MWNT interface are shown 

in Figure 52 c-d. These images confirm that the graphitic-like walls of the CNx-

MWNTs were preserved after the ATRP polymerization process. It is 

noteworthy that both the external graphitic cylinders and the bamboo structure 

of CNx MWNTs were not affected after polymerization.  

 

A.2.2 EELS and EDS Analysis of the PS grafted 

layers 

EELS analyses are able to efficiently distinguish different carbon/carbon bonds 

[179]. In Figure 53 a., low-loss EELS spectrum of as-produced CNx MWNTs 

exhibits a peak located at 5.4 eV, which corresponds to the π→π*  

 

Figure 53: a) Low loss EELS spectra of as-received CNx-MWNTs (top spectrum), the ATRP 
reacted CNx MWNT (middle spectrum) and polystyrene (bottom spectrum); b) EDX spectrum of 
the tube ATRP reacted CNx MWNT coated with PS (also shown in Fig. 4c). It is clear the presence 
of Br, which was attached to the phenyl groups prior to polymerization. Therefore, the ATRP 
reaction took place efficiently. Note that Cu signal comes from the TEM grid and the Si signal from 
the quartz tube where the tubes were produced. 
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transition in conjugated C=C bonds (e.g. graphitic-like structure of the CNx-

MWNTs). The spectrum of pure commercial PS exhibits a peak at 6.9 eV  wich 

correspond to the π→π* transition of aromatic rings [179]. Interestingly, the 

EELS spectrum of PS-grafted nanotubes exhibits both peaks at 5.4 and 6.9 eV. 

It is thus confirmed that the amorphous layer coating the CNx MWNT contains 

aromatic rings and is related to PS grown by in-situ ATRP polymerization.  

 

Finally, Figure 53 b. represents an EDX spectrum showing the elements found 

in the same tube studied by EELS (see tube from Figure 53 c). Copper clearly 

comes from the microscopy grid and from the specimen holder. The presence 

of nitrogen arises from the CNx MWNTs. Carbon and oxygen can also arise 

from the holey carbon film. Iron is present due to the catalyst used during the 

synthesis of the CNx nanotubes. Silicon are impurities that may have come from 

the quartz tube used to prepare the CNx material. Interestingly, a peak 

characteristic of bromine is observed. This is attributed to the Br atoms that are 

attached on all polymer chain ends that coat the CNx MWNTs. This analysis 

confirms that the polymer layer was grown by the redox of ATRP. Thus, 

meaning that the ATRP open/close mechanism, responsible of growing polymer 

chains, is possible with the grafted macro-initiator that we synthesized. 
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A.3 Conclusion about Efficient coating of N-

doped carbon Nanotubes with polystyrene 

using Atomic Transfer Radical 

Polymerization.  

 

Our results demonstrate that it is possible to use a free radical reaction to 

chemically modify the CNx MWNTs surface. An ATRP reaction was used to 

efficiently graft PS chains on CNx-MWNTs by an in-situ reaction (“graft from” 

method). It is noteworthy that the tubes did not require any acid treatment prior 

to the funtionalization or ATRP reaction. Although some minor degradation was 

found by FTIR and TGA during sonication, we confirmed by HRTEM that the 

main body of the nanotubes remained almost intact, and the tubes were 

homogenously covered with an amorphous layer of PS (3-5 nm thick). Our 

ATRP approach is able to wet completely the surface of the doped nanotubes. 

We expect these grafted tubes to be efficient fillers for the fabrication of 

reinforced polymer, as the presence of grafted polystyrene should increase the 

polymer-nanotube interactions, thus ensuring an excellent load transfer. 
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Part B    Morphology and 
interfacial adhesion of the 
CNx MWNT / polymer 
nanocomposites 

 
 
 
In order to observe the quality of the CNx MWNTs dispersion in polymer 

matrices, Transmission Electron Microscopy (TEM) and Scanning Electron 

Microscopy (SEM) [124, 125] are commonly used. Moreover, SEM is a very 

useful tool to observe the fracture surfaces of the composites [124, 125, 137], 

thus permitting to obtain information related to the adhesion of the fillers within 

the matrix. Nevertheless, it is very difficult to quantify the dispersion from either 

TEM or SEM images. Other techniques, such as conductivity measurements 

should permit to obtain information related to the dispersion. Nevertheless, in 

chapter IV part C, we will show that the electric percolation threshold is highly 

dependent on the process used to fabricate composites, on the matrix 

morphology and on the tubes aspect ratio; consequently it is only able to 

provide a comparative evaluation of the dispersion. Finally, the observation of 

the sedimentation rate in glass vials is also used to estimate the stability of the 

dispersion in a solvent [60].  

In this chapter, we will focus our discussion on the grafting effects on CNx 

MWNTs dispersion. We will demonstrate that the adhesion of the nanotubes 

within the matrix is highly increased when the CNx MWNTs are PS covalently 

grafted. Lastly, we will discuss about the influence of CNx MWNTs on the 

structure of a di-block copolymer (Poly (butadiene-co-styrene)). 

 
For the sake of simplicity, we will further refer t o a-CNx for as received 
CNx MWNTs, and PS-g-CNx for PS grafted CNx MWNTs. 
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B.1 Dispersion of the CNx MWNTs in a 

polymer matrix  

B.1.1 Dispersion of the CNx MWNTs in a polystyrene 

matrix 

Unfortunately, there is no technique able to provide quantitative data on the 

nanotube dispersion in a polymer matrix. As a consequence, in order to study 

the effect of the polystyrene grafting on the nanotube dispersion and, we 

decided to perform a comparative (qualitative) description of the composites 

synthesized, using electron microscopy.  

 

Figure 54: SEM photomicrographs at a low magnification of a) PS-g-CNx / polystyrene 
nanocomposites and, b) a-CNx / polystyrene nanocomposites. 
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Figure 54 represents SEM photomicrographs of the nanocomposites using a PS 

matrix using either a- CNx or PS-g-CNx. We observed these systems after 

fracture the material at ambient temperature. The low magnification permits a 

clear an overview of the samples. 

In Figure 54a., we can observe the PS-g-CNx / PS nanocomposites at 2.5 vol.% 

nanotubes (weight of carbon nanotubes without the PS layer). As compared to 

the a-CNx / polystyrene at 2.5 vol. % (Figure 54b); the polystyrene grafting 

seems to lead to a better dispersion of the nanotubes within the PS matrix. 

Indeed, only small heterogeneities could be seen within PS-g-CNx composites, 

whereas bigger agglomerates (about 10 microns) are observed with composites 

containing a-CNx for example at the center of the Figure 54 b. Those 

agglomerates may be groups or bundles of CNx MWNTs that were not 

separated by ultrasonication 

Finally, it should be mentioned that  there are aggregates in both composites, 

even with PS-g-CNx MWNTs. Y. Wang et al. [163] reported that above 1 vol. % 

of randomly dispersed nanotubes, the nanotubes should saturate the matrix, 

and consequently start to form aggregates. This could explain the presence of 

small aggregates even in PS-g-CNx / PS composites (C.f. Figure 54a.), 

although the dispersion seems quite homogenous. 

 

B.1.2 Dispersion of CNx MWNTs in a poly (butadiene-

co-styrene) matrix. 

Similar results are obtained when CNX MWNTs are introduced in a PSBS 

matrix: the dispersion of PS-g-CNX seems to be more homogeneous than that 

of a-CNX (see Figure 55, obtained on nanocomposites after cryogenic fracture) 

This comparative description of the CNx MWNTs dispersions in both polymeric 

matrices tends to confirm that grafting of PS on the carbon nanotube external 

layer lowers the cohesive forces (van der Waals, electrostatic forces) among 

carbon nanotubes. Therefore, it means that the solvent (as well as the polymer) 

increases its cohesive forces (lowering the interface energy) with the 

nanotubes, thus resulting in a better adhesion between the polymeric matrix 

and the carbon nanotubes. 
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Figure 55: SEM photomicrographs of a) and b) PS-g-CNx / PSBS nanocomposites; c) and d) a-CNx / 
PSBS nanocomposites after cryogenic fracture.  

 
Nevertheless, we should mention that the density of carbon nanotube is twice 

more important than the density of the polymer solution. As a consequence, the 

polymer grafting may be a good way to enhance the dispersion of nanotubes, 

but it does not avoid the sedimentation of the carbon nanotubes due to gravity. 

Thus, it is necessary to maintain vigorous stirring during the composite 

fabrication process in order to avoid sedimentation of the nanotubes. 

 

B.1.3 Polymer / CN x MWNTs interfacial adhesion 

As mentioned above, the grafting of polystyrene on the external layer of CNx 

MWNTs seems to increase the cohesive forces between the nanotubes and the 

matrix. It is expected that the increase of the cohesive forces between the 

matrix and the filler also results in a better interfacial adhesion. G.L. Hwang and 

co-workers found that the important cohesion forces between the matrix and the 

fillers result in an alignment of the carbon nanotubes in the strain direction 
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during a tensile test [138]. On the contrary, other authors who used untreated 

nanotubes reported that the fracture should propagate through the weak 

interface between the carbon nanotubes and the matrix [190]. In Figure 54, we 

observe a large view of the CNx MWNTs/PS nanocomposites. There we see 

that a-CNx are parallel to the fracture and seem to have propagated the 

fracture, whenever PS-g-CNx are perpendicular to the fracture and cut.  

 

 

Figure 56: SEM micrographs of the CNx MWNTs / PS nanocomposites after breaking at ambient 
temperature; a) PS-g-CNx / PS nanocomposite with white circles indicating cut tubes,  b) a-CNx / PS 
nanocomposite.  The black circles indicate holes or pulled out tubes.  On the right side is 
represented the proposed mechanisms of fracture. 

 

Figure 56 a) also depicts the fracture surface of the PS-g-CNx / PS 

nanocomposites after breaking the composite at ambient temperature at higher 
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magnification. We can observe that the tubes were cut (see white circles) 

meaning that the adhesion at the PS-g-CNx / PS interface is strong enough to 

propagate the fracture through the nanotube and not along the tubes. On the 

contrary in Figure 56 b) depicts the fracture surface of a-CNx / PS 

nanocomposites. The black circles indicate the presence of pulled-out tubes 

and holes, what should be representative of a poor adhesion between a-CNx 

and PS. Indeed, the black circle at the bottom of the photomicrograph indicates 

that the matrix released the stress during the fracture by nanotubes sliding. 

Finally, the holes are representative of the tubes that slide within the matrix 

(poor adhesion). Schemes representing the fracture mechanisms are 

represented in Figure 56. 

 

Figure 57: TEM micrographs of an ultramicrotomic cut of a-CNx / PS nanocomposites. The white 
circles on the photomicrograph a) indicate tubes pulled-out from the matrix. b) depict a white circle 
probably indicating a hole left by a pull-out effect during the preparation process.   
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TEM analyses were performed to better describe the nanocomposites 

materials. They permit to confirm that untreated tubes have a lower adhesion 

within the matrix. Indeed, Figure 57 a) and b) show TEM micrographs obtained 

from a-CNx MWNT / PS nanocomposites. The white circles in Figure 57 a) 

represent the tubes that are coming out of the material surface plane, indicating 

that they were pulled out from the matrix during the ultramicrotome preparation 

process. On the other hand, Figure 57 b reveals the presence of a hole which is 

highlighted by a white circle, which could be a piece of evidence of the pull-out 

phenomenon. These observations are representative of a lack of adhesion 

between the matrix and the a-CNx.  

 

 

Figure 58: TEM photomicrographs of the PS-g-CNx / PS nanocomposites. 
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Figure 58 a) and b) show TEM photomicrographs obtained from the PS-g-CNx / 

PS nanocomposites. On the contrary to as-received carbon nanotubes, most of 

the tubes are cut and not pulled out from the matrix (during the ultramicrotome 

preparation process). This reveals a better adhesion to the matrix. 

 

Finally, in order to confirm the idea that grafting of PS on the external layers of 

CNx MWNTs leads to an increase of the cohesive forces between the 

nanotubes and the matrix, a micrograph of a cut tube was acquired at higher 

magnification (see Figure 59).  

 

 

Figure 59: TEM micrographs of the PS-g-CNx / PS nanocomposites low and high magnification 
showing the cross-section of a PS-g-CNx that is well attached to the PS matrix  
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This micrograph shows a PS grafted nanotube cut perpendicularly to its axis. A 

hole was created during the preparation by ultramicrotomy. Despite the 

presence of this hole neither ultramicrotomy induced pull-out of the nanotube 

nor its displacementis is obsrerved, wich confirms that the adhesion of the 

nanotube with the matrix was improved. Note that a darker layer surrounding 

the nanotube can be observed. This may be attributed to the grafted PS layer, 

which density would be higher than that of the PS matrix.  
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B.2 Effect of the CNx MWNTs on the PSBS 

copolymer microstructure  

B.2.1 PSBS Morphology 

From the structure of the SBS macromolecule and the styrene to butadiene 

ratio, the expected structure of the poly (butadiene-co-styrene) used exhibits a 

hexagonal packed structure. Indeed, it is well known that polybutadiene and the 

polystyrene are not miscible due to London dispersive forces [191]; it means 

that the product χN exceeds the order–disorder critical value. Therefore, we 

expect that the block copolymer we will tend to arrange into ordered phases and 

more particularly into the hexagonal packed cylinder structure.  

 

 

Figure 60: TEM micrograph of the PSBS matrix (after ruthenium staining). The dark regions 

correspond to the butadiene blocks and the bright ones to the styrene blocks. 
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Figure 60 a) and b) display TEM micrographs of the PSBS. Due to ruthenium 

staining, the dark regions represent the polybutadiene blocks, and the bright 

ones the polystyrene blocks. The photomicrograph is representative of either 

lamellae or hexagonal packed cylinders. Knowing that the expected structure is 

the hexagonal packed cylinder structure, the observation of lamellae would 

mean that the film of pure PSBS exhibits a uniform morphology. If we conseider 

that the hexagonal packed cylinder structure is observed, the polystyrene 

cylinders that lie in the observation plane would be highly oriented and each 

domain of hexagonal packed copolymer would be greater than 3 µm2. 

 

B.2.2 CNx MWNT / PSBS nanocomposite 

microstructure 

B.2.2.1 As received CNx MWNT / PSBS 

The introduction of long fibers such as carbon nanotubes may induce a 

modification of the block copolymer microstructure. 

  

 

Figure 61: TEM micrographs of a-CNx / PSBS nanocomposites. The bright regions of the 
copolymer are the polystyrene phase, and the dark areas represent the polybutadiene phase. 
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In Figure 61 four micrographs of the PSBS-based nanocomposites with 2.5 vol. 

% a-CNx are displayed. Due to staining with ruthenium tetroxide, the bright 

regions in the copolymer are the polystyrene phase, and the dark ones are the 

polybutadiene phases. A lot of carbon nanotubes can be seen in Figure 61 a), 

and they largely disturb the microstructure of the PSBS matrix. Indeed, we did 

not observe the hexagonal packed structure anymore but a disordered bi-

phased material. Figure 61 c) also displays a region with several nanotubes, 

forming an aggregate. We also observed a kind of disordered bi-phased 

material induced by the presence of the carbon nanotubes. On the contrary, 

Figure 61 b) and d) present the cases of isolated tubes in the PSBS matrix. On 

these micrographs, it can be observed that the hexagonal packed structure is 

not largely affected by the presence of the CNx MWNTs. Next to the surface of 

the tube, the disorder is more important than far from the tube (≈ 100 nm). 

Moreover, it seems that a-CNx have a preferential interaction with one of the 

blocks of the copolymer, which locally perturbs its hexagonal packed order. 

Indeed, on Figure 61 d), local changes in the microstructure of the copolymer 

appear on the surface of CNx MWNTs, with the appearance of PSBS micelles. 

This phenomenon is certainly caused by the locally higher attractive forces 

between the CNx MWNTs and one part of the block copolymer (namely the P.S 

blocks), which may result in a higher concentration of this block at a given point. 

These microstructural changes can result from an increase of the local electro-

negativity due to the presence of amine, or bipyridine sites in CNx MWNTs. 

 

B.2.2.2  PS grafted CNx MWNTs in a PSBS matrix 

In Figure 62 a) and b) are represented TEM micrographs of the PSBS-based 

nanocomposite with 2.5 vol. % PS-g-CNx. In this case, the introduction of CNX 

MWNTs has a very different impact on the microstructure of the PSBS matrix. 

On the contrary to the composites synthesized with a-CNx, the hexagonal 

structure is well preserved. Nonetheless, we should mention the hexagonal 

packed domains are smaller that those of pure PSBS matrix. Figure 63 shows 

undoubtedly that the PS-g-CNx has a preferential interaction with the PS block. 

It clearly appears that the PS grafted layer interacts with the PS block in order 

to induce new hexagonal packed domains. Consequently, the morphologic 
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interaction between the PS-g-CNx and the matrix depends on the diameter of 

the carbon nanotube. Thus, we will distinguish the cases of small and large 

nanotubes in the following discussion. 

 

B.2.2.2.1 Small tubes 

 
In Figure 62, white circles are drawn in order to indicate the presence of small 

tubes that are embedded in a PS cylinder of the hexagonal packed structure. 

This phenomenon is not observed for larger tubes. We can imagine that the 

smallest tubes are small enough to behave as PS block cylinders.  

 

Figure 62: TEM micrograph of the 2.5 vol. % PS-g-CNx / PSBS nanocomposite. The bright regions 
of the copolymer are the polystyrene phases, and the dark regions are the polybutadiene phases. 
The white circles indicate PS-g-CNx encapsulated in PS cylinders. 
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Therefore, on Figure 62 a) and b) it is possible to distinguish a group of two or 

three tubes that are aligned in the cylinder axis. For higher diameters of CNx 

MWNTs, the radius of the hybrid material would be too large to behave as a PS 

block cylinder. 

 
B.2.2.2.2 Large tubes 

 
In the case of large tubes, their diameters prohibit them to act as if they were a 

cylinder of the hexagonal packed structure. Thus, as shown in Figure 62 b), the 

PS-g-CNx can be crossed over by the hexagonal packed structure. On the other 

hand, we observed that they can be aligned in the axis of the PS cylinder 

direction (C.f.Figure 62 b). 

 

 

Figure 63: Morphology details of the PS-g-CNx in the PSBS matrix. 

The image displayed in Figure 63 is a very useful micrograph that explains how 

the PS grafted layer interacts with the matrix. On the contrary to a-CNx, the PS-

g-CNx have a constant interaction with the PS blocks all along the tube (due to 
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the PS grafted layer). The copolymer seems to be oriented in a radial form all 

along the PS-g-CNx, as the PS grafted chains are.  

Figure 64 a) describes the proposed orientation of the block copolymer around 

the small diameter PS-g-CNx, which might result in a hexagonally packed 

structure, where the nanotubes act as if they were PS block cylinders. Based on 

the structure observe on Figure 63, Figure 64 b) indicates how the PS grafted 

layer induces aligned PS cylinders in the axis of the CNx MWNTs. Finally, 

Figure 64 c) represents another structure which can describe the formation of 

PS block cylinders perpendicular to the CNx MWNT axis (miscelleous like 

structure). This structure could explain the observation of PS cylinders that 

seems to cross over the CNx MWNTs (Figure 62; top-right of the micrograph). 

 

 

Figure 64: Proposed structure of the CNx MWNTs / PSBS matrix next to the tube surface; a) the 
tube is small enough to act as a PS block cylinder, b) the PS grafted layer interacts with the PSBS 
matrix and induces aligned PS block cylinders along the CNx MWNT axis, c) the PS grafted layer 
interacts with the PSBS matrix and induces PS block cylinder perpendicular to the CNx MWNT 
axis.    
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B.3 Glass transition temperature of the CN X 

MWNT / PS nanocomposites.  

Differential Scanning Calorimetry permits to define the influence of a-CNX and 

PS-g-CNX on the glass transition temperature of the nanocomposites using PS 

as a matrix. The results obtained are shown on Figure 65. 

 

Figure 65 : Glassy transition temperatures determined by DSC of the PS matrix, a 2.5 vol. % a-
CNX / PS nanocomposite, a 2.5 vol. % PS-g-CNx / PS nanocomposite, pure PS-gCNx. 

 

Pure PS exhibits a glass transition at 99.5°C, in agreement with values reported 

in the literature [192]. Nanocomposites with as high as 2.5 vol. % of a-CNX do 

not exhibit any significant change in the matrix glass transition: Tg = 98°C. 

Nevertheless polystyrene grafted on CNX MWNTs surfaces have a lower glass 

transition temperature: Tg of pure PS-g-CNX is found to be 83.5°C. (cf. Figure 

65). C.Buenviaje [192] demonstrated that the polystyrene glass transition is 

constant for molecular weight (Mn) over 1.105. Below this value, the glass 

transition temperature starts to decrease, following an exponential tendency 

Pure PS 

2.5 vol.% PS -g-CNx 

2.5 vol.% a-CNx 

100% PS-g-CNx 
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(C.f. Figure 66), (in fact the empirical relationship is often given as Tg = Tg∞.- 

k/Mw, where k is a constant). 

 

Figure 66: Glass transition temperature of polystyrene against its molecular weight  [192]. 

 

It means that the low glass transition temperature we observed for 100 % PS-g-

CNx results from the polystyrene molecular weight. From the exponential 

dependence of Tg on the molecular weight, we conclude that the molecular 

weight of the polystyrene we grafted on the external layer of the CNX MWNTs is 

about 104 g.mol-1. Moreover, K. Matyjaszewski [97], showed that ATRP grown 

polystyrene generally have low molecular weight, which is consistent with the 

value found in this work. 

Moreover, the glass transition phenomenon is representative of the thermal 

activation of the macromolecular mobility; it means that long macromolecular 

chain movements are possible above this temperature. We mentioned 

previously that for molecular weights below 104, the glass transition temperature 

highly depends on the molecular weight [192]. As a consequence, for low 

molecular weights, a high polydispersity may result in an increase of the glass 

transition temperature range. Because the DSC thermogram shows that the 

glass transition temperature range of 100 % PS-g-CNx is not wider than for 

pure polystyrene, we think that the grafted polystyrene has a rather low 

polydispersity. These results are in agreement with those of K. Matyjaszewski 
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[97], who confirmed that the ATRP synthesis permits to reach a very low 

polydispersity, because the macromolecular chains grow with a controlled 

process at very low speed (12 hours: Mn < 2.104).  

 

 

Figure 67: A) For the composites with a-CNx, the matrix have the same glass transition than pure 
PS; B) For the composites with PS-g-CNx the PS matrix next to the PS grafted layer (Tg < Tg pure 
PS) has a lower glass transition: the low molecular weight PS grafted layer act as a plasticizer. 

 

Finally nanocomposites with 2.5% vol. of PS-g-CNX present a glass transition 

temperature shifted down to 92°C and the transition ranges from 80°C to 99°C 

(Cf. Figure 65).The transition temperature of composites with 2.5 vol. % of a-

CNX ranges from 90°C to 105°C. It should mean that 2.5  vol. % wt. of PS-g-CNX 

modified the mobility of the PS matrix.  

Figure 67 depicts what should happen when PS-g-CNX or a-CNX are introduced 

in a PS matrix. As mentioned previously, there is no change of the molecular 

mobility at the interface between a-CNX and the PS matrix. As a consequence 
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the DSC thermogram exhibits a narrow transition that corresponds to the pure 

PS matrix glass transition (Fig. 9A).  

In Figure 67 B),  we assume that the PS grafted layer acts as a plasticizer so 

that, the PS matrix near the PS grafted layer should have a lower glass 

transition, whereas the PS matrix far from the PS grafted layer should not be 

affected. Therefore, as shown in Figure 67 B), this gradient of molecular 

mobility should be observed on the DSC thermogram as a wide transition. This 

transition should start from the lower temperature of the PS grafted layer glass 

transition that corresponds to the shortest molecules, and should rise up to the 

temperature of the bulk PS matrix glass transition.  

This comment is consistent with our data. Nevertheless, for PS-g-CNX we 

observed that the glass transition temperature range is overall shifted to lower 

temperatures (80°C to 99°C) whenever bulk PS glass transition ranges from 

90°C to 105°C. This means that the average distance  between carbon 

nanotubes is smaller than the interphase thickness, which in turn indicates that 

PS-g-CNX are rather well dispersed.  
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B.4 Conclusion about the morphology and 

adhesion of CNx / Polymer composites  

 

It is difficult to have quantitative information on the nanotube dispersion. 

Nevertheless, grafting a PS layer onto CNx MWNTs seems to improve the 

dispersion of the CNx MWNTs in both matrices. It is also noteworthy that PS 

grafted CNx MWNTs exhibit a better adhesion to the matrix. Indeed, the 

chemical nanotube functionalization permits to prevent the pull-out 

phenomenon of carbon nanotubes.  

In a structured polymer matrix such as PSBS, the introduction of carbon 

nanotubes has different effects. It was shown that CNx MWNTs might have 

local preferential affinities with a part of the block copolymer, which could 

originate from the nitrogen dopants atoms. Thus the as produced nanotubes 

generate a kind of disorder within the hexagonal packed structure of the PSBS. 

On the other hand, PS grafted CNx MWNTs tend to preserve the hexagonal 

packed structure. We observed that small tubes can integrate the PS blocks 

within the hexagonal packed structure, whereas large tubes cross the matrix 

and induced a preferential orientation of the PS cylinders (with their axis either 

parallel or perpendicular to the nanotube axis).  

Finally, DSC analysis has permitted to obtain more information about the 

thermal behavior of the interface PS / CNx MWNTs. Moreover, this analysis has 

permitted to highlight the molecular characteristics of the PS-grafted layer. 

Indeed, it has been shown that its molecular weight is lower than 10-4 Mn, and 

consequently it acts as a plasticizer in a matrix of the same nature (PS). 
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Part C    Electrical properties 
of the CNx MWNT / polymer 
composites 

 
 
 

The literature presents a massive number of references of nanocomposite using 

MWNTs as electric conductive fillers. The percolation threshold (pc), that 

represents the appearance of a continuous conductive nanotube network 

through the matrix, is found to vary significantly possibly due to the preparation 

method. Below the percolation threshold, these nanocomposites act as 

dielectric materials. They exhibit a capacitive behavior, where the conductivity is 

a function of the AC frequency [193]. Above the percolation threshold, the real 

conductivity increases as the fraction of nanotubes is increased. In this context 

we would mention the work by J.N. Coleman [139] who found pc = 8.4% in 

poly(p-phenylenevinyle-co-2,5-diotoxy-m-phenylenevylene). More recently, 

dispersing SWNT in poly(butylene terephtalate) using in-situ poly condensation 

[194] led to a low pc of 0.2 wt.% of filler. Depending on the matrix used (i.e. 

thermoplastic or thermoset), the percolation network does not reach the same 

pc [51, 53, 54]. Some papers show results obtained from a Poly-epoxy  matrix 

[53, 54]; the authors show that depending on the kind of nanotubes and on the 

process involved in the fabrication of nanocomposites, the percolation threshold 

could dramatically change (ranging from 0.0025 wt.% to 0.3 wt.%). Other works 

discussed on the effect of the chemical treatment of the MWNT surface. It was 

observed that depending on the intensity of the chemical treatment (Strength of 

the acid treatment), the percolation threshold in polyepoxy varied (0.01 vol.% to 

0.06 vol.%) [146]. The literature also reports various examples that illustrate the 

importance of the process and the matrix used in the synthesis of MWNT 

polymer in nanocomposites percolation threshold. 

The semiconductor or conductor behavior of MWNTs depends on their chirality, 

diameter, and degree of crystallinity [26]. It has been reported elsewhere that 

nitrogen-doped carbon nanotubes (CNx MWNTs) exhibit unusual electrical 
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properties. By Using a Carbon-Nitrogen gas pyrolysis over transition metal 

atoms such as Fe, Cu or Ni the generated MWNTs produced contain nitrogen 

atoms that substitute carbon atoms in the graphitic network. The presence of 

nitrogen in the carbon layers tend to inject electrons in the conduction band and 

as a consequence the tubes could display  a metallic behavior [136]. CNx 

MWNTs are the fillers used in this work. 

In this section we present results related to the electric behavior of numerous 

CNx MWNTs / polymer composites. First, we realized dielectric analyses of 

polystyrene (PS) / CNx MWNTs nanocomposites using as produced tubes. This 

system was studied and compared with other results found in the literature. 

Subsequently, we introduced in the PS matrix, polystyrene grafted CNx 

MWNTs. Results demonstrated very dissimilar electrical behavior. For example, 

studies revealed that PS grafted layer tend to isolate CNx MWNTs, thus 

frustrating the electrical conductive percolating route. 

 Finally PSBS was used as a matrix. This polymer has the particularity to be 

composed of two covalently linked blocks. Moreover, one part is a thermoplastic 

polymer, whereas the other phase is an elastomer with glass transition 

temperatures about -90°C. Comparing the results obtained for both matrices, 

we expect an electrical percolation change (percolation threshold, critical 

exponent etc…). As well as for PS matrix, we introduced PS grafted CNx 

MWNT in the PSBS matrix. This ultimate nancomposite allowed us to 

understand the effects of using grafted CNx MWNTs. 
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C.1 Electrical behavior of CNx MWNT / 

polymer nanocomposites  

C.1.1 Nanocomposites using as produced CNx 

MWNTs 

The complex electrical conductivity σ(ω) was measured at room temperature. 

Figure 68(a-b) presents the results obtained for nanocomposites with as 

produced CNx nanotubes as electric conductive filler on PSBS (Figure 68 a.) or 

PS (Figure 68b.). Non percolating materials have a typical dielectric response 

where the complex conductivity modulus σ(ω) is a function of the frequency: the 

AC current increases with the frequency from 1.10-13 S.m-1 at 10 mHz to 1.10-5 

S.m-1 at 1MHz.  

Moreover, for those materials, σ(ω) increases with the volume fraction of CNx 

MWNTs. This phenomenon is due to the capacitive effect of CNx MWNTs in the 

matrix. Each tube acts as an isopotential metallic filler, and locally forms a 

nano-capacitance with its neighbors. As a consequence, the higher the CNx-

MWNT volume fraction is the lower the distance between metallic particles.  
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Figure 68 : Complex conductivity modulus σσσσ(ωωωω) of nanocomposites containing a-CNx at different 
volume fractions: a) PS matrix and b) PSBS matrix.  
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Above a critical volume fraction (pc), we observed the appearance of a 

conductivity plateau, independent of the frequency. For both matrices, it is 

observed a dramatic change in the conductivity, of about ten orders of 

magnitude. Above pc, the conductivity increases with the volume fraction of CNx 

MWNT. This phenomenon, called percolation, is due to the appearance of a 

continuous CNx MWNT conductive network within the matrix that controls the 

conductivity. Percolation theory allows us to describe the insulator-conductive 

transition of the materials synthesized. The scaling law that is the resulting 

mathematical equation to describe a percolating system is given by:  

( )tc
o

pp−=σ
σ  for p > pc. σ0 is a constant, pc is the percolation threshold, and t is 

the critical exponent which describes how the system reaches the saturation in 

conductivity [140]. We could point out that above a critical frequency (ωc), the 

conduction starts to be frequency dependent. As we demonstrated before, the 

continuous plateau is representative of the ohmic conduction due to a 

continuous network of nanotubes embedded within the matrix. However, for low 

volume fractions of nanotubes, many isolated nantoubes are still acting as 

nanocapacitors. As a consequence, for a given frequency the capacitive 

transport effect (frequency dependent) starts to be more important than the 

ohmic transport [54, 195].  

 Figure 69 (a-b)  represents the modulus of the complex conductivity obtained at 

1Hz for a-CNx nanocomposites using a Polystyrene matrix (Figure 69 a.) and a 

poly(butadiene-co-styrene) matrix (Figure 69 b.), versus the volume fraction of 

filler. The fitted scale law reports different percolation behaviors when using a 

PS matrix or a PSBS matrix. For the PS matrix, the percolation threshold was 

found at 0.4 vol.% with a critical exponent t = 2.44; whereas for the PSBS 

matrix it was found that pc = 0.9 vol.% and t = 3.2. The low value of pc can be 

attributed to the high aspect ratio of the CNx MWNTs that allows the formation 

of a conductive network at low volume fractions of filler. However, the difference 

observed between the two percolation thresholds comparing the two different 

matrices (using the same nano-composite synthesis process), suggests that the 

physico-chemical interactions between the matrix and the filler influence the 

dispersion of CNx MWNTs.  
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Previous works reported that nanotubes would disperse better in phenylic 

solvents such as benzene or toluene than in aliphatic or highly polar solvents. 

Therefore we believe that butadiene does not ensure a good dispersion of CNx 

MWNT and pure styrene would disperse better CNx MWNTs.  

 

Figure 69 : Experimental conductivity results and fitted scaling law for a-CNx polymer nano-
composite a) with PS matrix and b) with PSBS matrix. 
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Moreover, in a conductive network fiber dead branches do not participate in the 

conductivity. It has been reported a double percolating phenomenon, where 

MWNTs tend to preferentially segregate from a polymer A to another (named B) 

[175]. In this paper, two conditions are necessary to reach the bulk electric 

percolation: percolation of MWNTs in the polymer A, and percolation of the 

polymer A in the phase B. If CNx MWNTs tend to fill the polystyrene phase 

preferentially in the PSBS block copolymer; we could imagine that in this 

system (matrix PSBS), the quantity of dead branches increases and rises up 

the percolation threshold.   

On the other hand, the literature [140, 146, 147] reported that the theoretical 

critical exponent ranges between 1.6 – 2.0. However, published experimental 

results show critical exponents varying between 1.2 to 3.1. Some publications 

mention that the curvature of MWNTs within the matrix has an influence on the 

critical exponent [148]. It was demonstrated theoretically for a random tube 

network that if the nanotubes are very twisted, the critical exponent increases 

because MWNTs tend to have a sphere-like structure. Furthermore, it could be 

extrapolated that MWNTs are apparently shorter, and thus the aspect ratio is 

smaller. Considering that CNx MWNTs have a lower dispersity in the 

polybutadiene phase, it is possible that they tend to twist in order to keep in the 

PS phase. As a consequence, this hypothesis could justify the higher 

percolation threshold we found using PSBS matrix. 

 
C.1.2 Nanocomposites using PS-g-CNx MWNTs 

In a similar way, PS-g-CNx were introduced in both matrices: PS and PSBS. 

Grafting polystyrene chains on the external layer of CNx MWNT improves the 

compatibility of the filler with the matrix, and thus should enhance its dispersion.  

PS-g-CNx nanocomposites materials (with either PS or PSBS matrices) were 

submitted to complex electric conductivity measurements. Results obtained 

(C.f. Figure 70) demonstrated very dissimilar electric behaviors of those 

materials.  PS-g-CNx / PS nanocomposites present a percolation threshold at 1 

vol.%  of filler and at 2.5 vol.%, the materials exhibit a plateau of conductivity at 

1.10-6 S.m-1. In addition, PS-g-CNx / PSBS samples reveal a percolation 

threshold between 1-2.5 vol.% of filler. 
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Figure 70 : Complex conductivity modulus of the Ps-g-CNx nano-composites against the frequency 
at different volume fractions of filler; a) PS matrix, b) PSBS matrix. 
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Compared to data obtained for a-CNx nanocomposites, it appears that the 

percolation threshold was shifted towards higher concentrations of nanotubes 

after grafting the nanotubes with PS, i.e. from 0.45 vol.% ungrafted tubes  to 1 

vol.% grafted tubes  in a PS matrix, and from 1 vol.% ungrafted tubes to almost 

2.5 vol.% grafted tubes in a PSBS matrix. We believe that even if dispersion 

was improved by grafting polystyrene on the CNx MWNT surface, fillers were 

isolated from each other by an insulating polymer. S. Li [196] reported that the 

grafting of chains with different molecular weights on the surface of MWNTs 

increases the solubility of MWNTs and as a consequence the conductivity of the 

nano-composites decreases. However, this work [196] does not mention the 

concentration of molecules by unit surface, and the electrical conductivity starts 

to decrease for grafted chains above 10 monomers long. In our work, the 

molecular weight of the grafted polymer chains seems to be high enough to 

inhibit the electrical conductivity. 

However, in order to explain the presence of electrical percolation thresholds 

even if nanotubes are coated with an insulating layer, we should discuss the 

efficiency of the chemical reaction. We propose the existence of two types of 

CNx-MWNTs. In the first type, all the nanotubes are completely coated, 

whereas in the second kind, the nanotubes did not participate in the in-situ 

polymerization and are not coated at all. This means that the first type of CNx-

MWNTs would not participate in the electrical conduction, whereas the second 

type acts like a-CNx. It was measured that the fraction of a-CNx will percolate in 

the PS matrix at 0.4 vol.%. In the case of PS-g-CNx / PS nano-composites, the 

electrical percolation threshold is observed at 1 vol.%. If we consider a double 

CNx MWNT population, 60% of the CNx-MWNTs are insulating (grafted), and 

40% are conductive CNx MWNTs (ungrafted). However, the nano-composite 

using 2.5 vol.% of PS-g-CNx exhibits a conductivity of 1.10-6 S.m-1. Following 

the previous hypothesis, 2.5 vol.% of PS-g-CNx correspond in fact to only 1.5 

vol.% conductive CNx MWNTs. From the results obtained on a-CNx in a PS 

matrix, we should reach, with 1.5 vol.% conductive CNx MWNTs, a conductivity 

of 0.1 S.m-1. This is not in agreement with the observed conductivity of the PS-

g-CNx / PS nano-composites. Thus, the hypothesis of a double population 

(insulator, metallic) has to be rejected. Furthermore, the hypothesis of a double 



Chapter IV         Experimental Results and discussions 

 154 

population did not seem to be in agreement with previous Transmission 

Electron Microscopy observations because all the nanotubes we observed were 

coated with a PS layer. Alternatively, it is possible that the polymer layer is not 

perfectly homogeneous and its thickness varies along the tubes. Thus, there 

would be a dispersion of contact resistances: from an infinite resistance (contact 

between two PS-coated portions of nanotubes) to a given value (contact 

between two uncoated portions of nanotubes). Because the distance between 

tubes is higher when they are polymer grafted, the contact resistance has to 

increase. This could explain the low conductivity value observed for 2.5 vol.% 

PS-g-CNx. Furthermore, the hypothesis of a contact resistance distribution 

should justify an increase of the percolation threshold we observed. Indeed, part 

of the nanotubes would possess an infinite contact resistance and as a 

consequence would act as insulator, thus the volume fraction of CNx MWNTs 

has to be higher in order to reach the percolation threshold.  
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C.2 Conclusion  

 
In this section, we showed that CNX MWNTs behave as good electrical fillers in 

a polymer matrix. They permit to reach low percolation thresholds (0.4 vol.% in 

PS and 0.9 vol.% in PSBS) above which the conductivity increases with a 

power scaling law. It is also demonstrated that the physico-chemical nature of 

the matrix plays an important role in the dispersion of CNX MWNTs in the 

polymer. Indeed different percolation thresholds were observed for two different 

matrices. However, it is shown that a coating of polymer chains on the external 

layer of CNx MWNTs dramatically lowers those conductive properties by 

insulating the nanotubes. In this case it should be interesting to simulate the 

electric behavior of a 3D network using a distribution of contact resistances to 

represent the inhomogeneity of the contacts between the PS-g-CNx. 

 



Chapter IV         Experimental Results and discussions 

 156 

Part D    Mechanical 
properties of the CNx MWNT 
polymer nanocomposites 

 

In this part, we will discuss the effect of carbon nanotubes and polymer grafted 

carbon nanotubes on the mechanical properties of polymers. In order to analyze 

the nanocomposites we synthesized we used DMA, compression test and 

tensile test. For an easier understanding of the text, we will use the abbreviation 

a-CNX for the as received CNx MWNTs and PS-g-CNX for Ps grafted CNx 

MWNTs. 

 

D.1 Nanocomposites using PS matrix: 

mechanical properties  

D.1.1 Compression tensile test: elastic mechanical 

behavior 

D.1.1.1 Experimental Results 

Data displayed in Table 6 are the experimental Young modulus obtained from 

compression tensile tests at room temperature. The results obtained for 

nanocomposites reinforced by a-CNx in a PS matrix are consistent with those 

reported by the literature [125, 137]. Below the glass transition temperature, 

with 2.5 vol.% of a-CNX, we observed an increase of 20% of the Young modulus 

(PS =  2.02 GPa; 2.5 vol. % a-CNX composite = 2.51 GPa). 

The results obtained with nanocomposites that use PS-g-CNX, and with 

nanocomposites using a-CNx, are quite different. For 2.5 vol.% of filler, we 

observed an increase of 33% of the elastic shear modulus (PS = 2.02 GPa ; 2.5 

vol. % PS-g-CNx = 2.71 GPa).  
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Material 
Young Modulus 

(GPa) 

  
PS 2.02 

  
0.05 vol.% a-CNx 2.32 
0.25 vol.% a-CNx 2.37 
0.5 vol.% a-CNx 2.04 
2.5 vol.% a-CNx  2.51 

  
0.05 vol.% PS-g-CNX 2.04 
0.25 vol.% PS-g-CNX 2.15 
0.5 vol.% PS-g-CNX 2.25 
1 vol.% PS-g-CNX 2.62 

2.5 vol.% PS-g-CNX 2.72 

Table 6 : Experimental results obtained during compression tensile test at ambient temperature for 
a-CNx and PS-g-CNx nanocomposites using a PS matrix 

 
The literature reports numerous of references that demonstrate a reinforcement 

of polymers by introducing MWNTs o SWNTs [125, 137, 175, 197, 198]. For as 

produced MWNT, it is reported that the reinforcement effect is largely supported 

by the interface between matrix and filler. Indeed, it has been shown that the 

high aspect ratio of MWNT, and as a consequence its very high surface contact 

permits to reach a better mechanical reinforcement compared to carbon black 

fillers [125, 175]. Nevertheless, experimental results obtained are weaker than 

those expected by theoretical calculations. G.M. Odegard [157], using 

molecular dynamics and an equivalent-continuum model, surmised an increase 

of 300% of the elastic modulus for 5% of randomly dispersed long carbon 

nanotubes. Many factors can explain the gap between experimental results and 

theoretical calculations.  

The first argument points out the bad dispersion of carbon nanotubes. Some 

works confirmed that aggregates tend to minimize the effect of carbon 

nanotubes mechanical properties enhancement [125, 165]. It has been 

demonstrated that nanotubes tend to aggregate due to van der Waals forces. It 

results in a poor CNX MWNT / matrix contact area, which minimizes load 

transfer. We can point out that the reinforcement is slightly higher for PS-g-CNX. 

We think that the better dispersion of PS-g-CNx, as previously observed by 

SEM and TEM Microscopy (Part B: morphology of the CNx MWNT composites) 

permits to increase the matrix / filler contact area. Furthermore it is believed that 

the load transfer could be increased by a stronger interface between the matrix 
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and the filler. As a consequence, the covalent bounds of PS on the external 

layer of CNX MWNTs certainly improve the compatibility of the filler with the 

matrix.  

On the other hand, the nanotubes we used are nitrogen doped (CNx MWNTs). 

It was published that nitrogen atoms induce defects in the main carbon structure 

of the CNX MWNTs [45], which most likely tend to lower the longitudinal 

Young’s modulus of the CNX MWNTs. Theoretical calculations conjecture that 

CNx MWNT longitudinal modulus ranges from 700 to 800 GPa [48]. Then, we 

think that the effective modulus of randomly dispersed CNx MWNTs should be 

lower than that of classical MWNTs and consequently lowers the mechanical 

reinforcement too. 

 

To summarize, the low reinforcement of the a-CNx and PS-g-CNx should be 

attributed to: 

- A low dispersion of the nanotubes 

- Longitudinal elastic modulus of the CNx MWNTs is lower than 

conventional carbon MWNTs 

Nevertheless, it should be considered that the polymer grafting permits to 

slightly improve the reinforcement because of a better dispersion. 

 
 

D.1.1.2 Comparison with the Halpin Kardos Model 

In order to fit the experimental Young modulus we obtained for PS-g-CNx 

composites, we used the Halpin Kardos model (HK equation). Halpin Kardos 

approach [170], reformulates the Halpin-Tsai equation considering four layers 

oriented at 0°, +45°, 90°, -45°.  Nevertheless this model is not perfectly adapted 

to our system, since the authors considered that fillers are straight rigid fibers, 

and nanotubes have a low flexion modulus (≈ 20 GPa).  

I we use the CNT set of parameters required by the HK equation, we get for the 

nanocomposites, Young modulus values much higher than the experimental 

data. In order to further analyze the reinforcement mechanisms in our materials, 

we tried two different ways: (i) we keep the CNT elastic constants given by the 

literature, and consider the shape factor as adjustable to fit our experimental 
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data; or (ii) we keep the average shape factor (roughly determined from our 

observations) and consider the longitudinal modulus as adjustable.  

 

Figure 71: Young modulus experimental results for a-CNx nanocomposites: (-�-); PS-g-CNx 

nanocomposites (-����-); theoretical results calculated from Halpin Kardos theory ( –– ). 

 

Thus, as a first attempt, we decided to use (i) a theoretical longitudinal modulus 

of  750 GPa (according to the literature, [48]) and (ii) the nanotube aspect ratio 

(f) as a free parameter. We should mention that the volume fraction of grafted 

carbon nanotubes we used in the calculation is the volume fraction of 

nanotubes without the grafted polymer. Indeed, since the PS matrix has the 

same properties than the grafted layer, we should consider that the 

reinforcement effect is mainly supported by the CNX MWNTs themselves. 

Figure 71 displays the results we obtained. We reached the best fit of the PS-g-

CNx composite experimental results by using the aspect ratio: f = 80. This 

aspect ratio seems to be very small compared to the real one. Indeed, the 

aspect ratio is the ratio of the tube length by the tube diameter. The HK model 
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fit well with experimental results for nanotubes concentrations up to 1 vol.%. On 

the contrary, we can observe at 2.5 vol.% of PS-g-CNx that the material 

presents a modulus far from those calculated with the Halpin Kardos model. It 

has been shown that for high volume fractions, CNx MWNTs might "saturate" 

the matrix. Y. Wang et al. [163] reported, for fraction above 1 vol. % in a 

polyethylene matrix, similar results: a high volume fraction of MWNTs leads to a 

decrease of the mechanical properties of the nanotube composite. They 

attribute this phenomenon to the apparition of aggregates, observed by SEM. In 

this case, the tubes cannot be considered as perfectly dispersed, and 

consequently they do not follow the hypothesis of Halpin Kardos where tubes 

are completely embedded in the matrix. This phenomenon can lower the load 

transfer and thus explains the differences between calculations and 

experiments observations. 

Concerning the aspect ratio we obtained (f = 80), we have shown in “Part B” 

that a-CNx MWNTs have an average length of 20 µm and an average diameter 

of 50 nm, which corresponds to an aspect ratio of about 400. As a 

consequence, the low aspect ratio we determined by fitting experimental data 

with the HK equation must be representative of the high waviness of the CNX 

MWNTs within the matrix. Nonetheless this result is far from the expected one 

to explain the mechanical reinforcement of our composites.  

 
The second way to fit experimental data consists in taking the CNX Young 

modulus as an adjustable parameter accounting with the true shape factor. We 

obtained the best fit by using an aspect ratio of 400, and a longitudinal 

nanotube modulus of 240 GPa. It is clear that the very high longitudinal 

modulus value of 750 GPa cannot be used since the nanotubes, when 

dispersed in a polymeric matrix, are far to be perfectly stretched [199]. For 

example,  J.N. Coleman [122], using a Krenchel’s rule of mixture to model his 

experimental results, showed that catalytically grown MWNTs dispersed in 

chlorinated polypropylene have an effective modulus of 191 GPa what is 

consistent with the fitted modulus we obtained. 

To conclude, both HK fits we have done are not representative of the system 

we studied. Indeed, the first case has permitted to highlight that the carbon 

nanotubes in a polymeric matrix are twisted which results in a lower aspect ratio 
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factor. Thus, one twisted nanotube appears to be equivalent to a set of straight 

segments, independent each from each other.   

The second case confirms that the nanotubes cannot be considered as straight 

rigid fibers. Therefore it is necessary to take into account the low flexion 

modulus of the carbon nanotubes in the calculation in order to describe properly 

our system. Thus, the curvature of the carbon nanotubes leads to a weaker 

reinforcing effect as compared to those expected by theoretical calculation 

[157]. 

 

D.1.2 Dynamic Mechanical analysis: above the glass 

transition temperature 

As recalled in the chapter III, the drastic dependence of the thickness sample 

(a) on its stiffness (b) in torsion mode (b~a3) leads to a strong uncertainty on 

shear modulus measurements. In order to correct this uncertainty in the 

calculation of the conservative modulus induced by the measurement of the 

samples thickness (≈ 0.5 mm), we chose to calibrate the DMA curves from 

tensile test data. All the results are presented in Figure 72 and Figure 73. 
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Figure 72: DMA results for the a-CNx / PS composites, a) storage shear modulus as a function of 
the temperature and b) tangent of the loss angle as a function of the temperature 
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Figure 73: DMA results for the PS-g-CNx / PS composites, a) storage shear modulus as a function 
of the temperature and b) tangent of the loss angle as a function of the temperature 
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D.1.2.1 α Transition temperature 

Figure 72 b. and Figure 73 b. show tanδ as a function of the temperature. Both 

composites exhibit a decrease of tanδ at increasing volume  fraction of CNx 

MWNTs. a-CNX (0 to 2.5 vol.% of CNX MWNTs) nanocomposites exhibit a 

relative stability of Tα temperature: 384 K – 385 K; in agreement with previous 

measurements of Tg by DSC (C.f. Figure 65). However, some  papers have 

shown that the use of carbon nanotubes could increase the tanδ peak 

temperature  [143, 152]. This phenomenon is explained by the limitation of the 

molecular mobility near the nanofillers surface. Our results do not fit these 

predictions.  

Results obtained for PS-g-CNx / PS nanocomposites seem interesting. 

Contrarily to the theory of limited macromolecular mobility near the surface of 

nanofillers, we observed a shift of Tα  toward the lower temperatures when 

increasing the quantity of PS-g-CNx (PS Tα = 385 K, 2.5 vol. % PS-g-CNx Tα = 

379,8 K). This result is in accordance with the DSC experiments we exposed in 

Figure 65, and is representative of an increase of the molecular mobility. 

Nevertheless, the position and the broadness of the tanδ peak for 2.5 vol.% PS-

g-CNX (shifted toward lower temperatures) should mean that most of the PS 

matrix has a higher molecular mobility than the original PS. It could mean that 

most parts of the matrix are in contact or very close to the chemically modified 

CNX MWNTs. As a consequence and as well as we commented previously with 

DSC experiments, it might be a proof that PS-g-CNx are rather well dispersed.  

 

D.1.2.2 Pseudo plateau characteristics  

Above the glass transition temperature, the storage shear modulus of both 

nanocomposites has different evolutions. In Figure 72 a), we can observe that 

by increasing the quantity of a-CNx we increase the temperature Td, at which 

the material starts to flow. Therefore, above 0.25 vol. % of a-CNx the material 

never flows up to 500 K (maximum temperature reached in these experiments); 

whereas pure PS flows at 420 K. On the other hand PS-g-CNx nanocomposites 

reveal a weaker flowing thermal resistance (cf. Figure 73 b). Most of the PS-g-
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CNx composites have a flowing temperature that corresponds to pure PS (420 

K). Nevertheless, we can point out that the flowing temperature of composites 

with 2.5 vol. % of PS-g-CNx starts to increase (Td = 460 K). 

Rheological analysis of liquid polymer filled with MWNTs demonstrated that 

above a given volume fraction of carbon nanotubes (the percolation threshold) a 

solid-liquid transition is observed [124, 175] comparable to the gelation of a 

viscoelastic liquid; extensively described by Winter et al. [200]. O. Meincke and 

co-workers [175] assume that this phenomenon is due to a mechanical 

percolating network, formed by interlocked tubes. Moreover, F. Dalmas et al. 

[70] have shown, that nanotubes dispersed in a poly(styrene-co-butyl acrylate) 

can form a mechanical percolating network when the nanotubes are entangled. 

They also reported that a simple contact (C.f. Figure 74) between nanotubes is 

not sufficient to increase the flowing temperature of the nanocomposites.  

In the case of PS-g-CNx composites, the grafted polymer layer has a 

temperature dependent behavior. Above its glass transition temperature (lower 

than that of the pure PS matrix) the viscosity near the tube surface decreases 

allowing the nanocomposite to flow more easily than for a-CNx. It is interesting 

to compare these results with previous works done on electrical behavior of the 

same nanocomposites (Part C: electrical properties of nanotubes composites). 

We demonstrated that the grafting electrically isolate the CNX MWNTs from 

each other. However, the appearance of an electrical percolation threshold for 

higher volume fractions of PS-g-CNx permits to prove that not all the tube 

surfaces are well coated by the polymer. This can explain why the temperature 

at which composites with 2.5 vol.% of PS-g-CNx start to flow,  is higher than for 

lower fractions PS-g-CNx. As mentioned above, the increase of the flowing 

temperature is an indicator of the presence of a mechanical percolating 

network. As we observed with electrical properties of the composites, 

imperfectly coated tubes should have direct CNX MWNTs surface contacts, 

which mechanical properties are almost temperature independent. Thus, it 

explains why for high volume fractions of PS-g-CNx, we observed an increase 

of the flow temperature.  

Furthermore, we have mentioned that PS-grafted CNx over 1 vol. % tend to 

"saturate" the matrix and start to aggregate [36]. We should think that 

aggregates are composed of highly entangled tubes that are more difficult to 
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separate. Consequently the composite require higher temperatures (more 

energy) to flow. 

 

Figure 74: representation of the possible contacts behavior between carbon nanotubes: a) schema 
of simple contact; b) schema of entangled contact [70] 

 

D.1.2.3 Pseudo plateau characteristics: storage 

modulus   

From DMA experiments, storage shear modulus of the different materials at 

420K, are plotted versus the filler volume fraction. They are compared with the 

Halpin Kardos model using the same parameters as those obtained for 

composites below the glass transition (i.e. Young modulus of the fiber: 750 

GPa, and the aspect ratio f = 80). All the results are shown in Figure 75. 

 

Figure 75: Experimental shear storage modulus at 420 K of PS filled with a-CNx MWNTs (……) 

or PS-g-CNx MWNTs (- ���� -), and shear modulus from Halpin Kardos calculation (—).  
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Here again, above Tg the mechanical behavior for a-CNx composites and for 

PS-g-CNx composites is different. Storage shear modulus of both CNx MWNTs 

composites, with volume fractions less than 0.5 vol. %, are in good agreement 

with the theoretical prediction from the Halpin Kardos model. For higher volume 

fractions, both composite exhibit a stronger modulus than predicted by the HK 

equation. PS-g-CNx composites are less stiff than a-CNx MWNTs composites. 

Figure 76 represents homogeneously dispersed MWNTs in the matrix without 

any interaction. As a consequence it seems consistent to conclude that the 

Halpin Kardos model corroborate experimental results for T> Tg when the 

volume fraction of filler is below the percolation threshold.  

 

Figure 76: T >> Tg matrix; when the filler volume fraction lower than the percolation threshold the 
tubes do not have any interaction and may be modeled by the Halpin Kardos model. For volume 
fraction of filer higher than the percolation threshold, the interaction between tubes should be 
considered as strong interaction compared to the shear modulus of the matrix. 

 
These deviations of the mechanical behavior are in agreement with the previous 

discussion about entangled fibers (C.f Figure 76), thus corroborating the results 

obtained on the flowing temperatures. Indeed, the mechanical interactions 

between a-CNx MWNTs have to be considered as strong interactions as 

compared to the matrix shear modulus when the volume fraction of a-CNx 

MWNTs is above the percolation threshold. So, the Halpin Kardos model is no 
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more adapted to describe the modulus evolution of the composites. 

Furthermore, as we observed in the previous paragraph, the PS grafted layer 

permits the sliding of some interlocked nanotubes and consequently shifts 

toward higher volume fraction of filler the mechanical percolation threshold. 

 
D.1.3 Large strain deformation 

 
Figure 77: Compression tensile test curves of: a) a-CNx,  b) PS-g-CNx. 
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As shown in Figure 77 and Table 7, it is noteworthy that the addition of CNx 

MWNTs increases the yield stress in both cases. For nanocomposites with 2.5 

vol.% of a-CNx the yield stress increases by 12% , whereas it increases by 19% 

with 2.5 vol.% of PS-g-CNx. At higher strain, i.e. in the steady state region, 

experimental curves (Figure 77) exhibit two different behaviors for as produced 

tubes and for grafted tubes. For as produced tubes, stress appears to be 

constant, whereas, for grafted tubes at increasing the nanotubes fraction, a 

hardening phenomenon appears very clearly.  

 

Material Yield Stress (MPa)  Yield strain (%)  Stress at 27.5% strain (MPa) 

       
PS 142 7.9 122.1 
       

0.05% a-CNx  154 8.1 135 
0.25% a-CNx  151 7.9 132 
0.5% a-CNx  150 9.7 138 
2.5% a-CNx  160 7.9 133.5 

       

0.05% PS-g-CNX  153 8.1 130 

0.25% PS-g-CNX  160 8.2 148.5 

0.5% PS-g-CNX  162 7.4 153 

2.5% PS-g-CNX  169,5 6.9 171 

 

Table 7: Experimental results obtained during compression tensile test for a-CNx and PS-g-CNx 
with a PS matrix, respectively Yield stress, Yield strain, and stress at 27.5 % strain. 

 
These results confirm the previous dynamic mechanical analysis results we 

presented previously: grafted CNx MWNTs are better dispersed because they 

have a better physical-chemical compatibility with the matrix. Thus, it permits to 

increase the load transfer, and as a consequence the yield stress increases. 

This hypothesis was confirmed by a theoretical study [158] where individual 

tubes (equivalent to highly dispersed tubes) are more efficient to reinforce 

polymer matrices than aggregated tubes. 

Concerning the steady state, the hardening is a complex phenomenon that is 

still being investigated. Generally it is attributed to the limit where the inter-

crossed polymer chains are highly stretched and consequently the strain 

against stress increases rapidly. In a composite material using rigid fillers, the 

plastic deformation corresponds to the matrix deformation. It is reported that the 
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main reinforcement phenomenon for as produced nanotubes is due to local 

shear stress at the interface nanotubes matrix [154]. As mention previously the 

addition of a-CNx does not have any effect on the PS matrix plastic 

deformation. It probably means that at these deformations the interface a-CNx / 

PS is broken and consequently the matrix/nanotube load transfer is not efficient 

any more. It means that in the case of as-produced CNx MWNTs the activation 

of pull out phenomenon appears at the matrix yield stress, and it permits to 

release internal stress by sliding nanotubes through the matrix.  

On the contrary, we believe that the polymer grafting permits to preserve the 

interface even for high strain. V. Favier [201], has shown that a hard coupling 

between the filler and the matrix permits to increase the reinforcement at high 

strain due to the physically intercrossed polymer chains that still interacting we 

the filler until the fracture. The hardening behavior we observed, confirms that 

PS-g-CNx are chemically bound to polystyrene and moreover we believe that 

the grafting limits the pull out phenomenon. This behavior is in agreement with 

TEM analysis we did where we showed that PS-g-CNx do not slide (pull-out) in 

the matrix.  
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D.2 Nanocomposites using SBS matrix  

D.2.1 Dynamic Mechanical analysis 

Dynamic mechanical analysis was used to analyze the viscoelastic behavior of 

nanocomposites we synthesized using PSBS matrix. Shear modulus and tanδ 

are represented as a function of the temperature in Figure 78u and Figure 79. 

Results were normalized to 1GPa below the glass transition temperature in 

order to correct the uncertainty induced by sample dimensions measurements. 

By the way we cannot do any comments on the effect of CNx MWNTs in a 

PSBS matrix for experiments below Tg. However we should expect a behavior 

similar to that of composites using PS matrix below Tg. Indeed, introduced in a 

stiff matrix, nanotubes should increase the modulus following mean field 

approach. 
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Figure 78: DMA results for the a-CNx / PSBS composites, a) storage shear modulus as a function of 
the temperature and b) tangent of the loss angle as a function of the temperature 
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Figure 79: DMA results for the PS-g-CNx / PSBS composites, a) storage shear modulus versus 
temperature and b) tangent of the loss angle versus temperature 
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D.2.1.1 α Transition temperature 

Regarding the evolution of tanδ, as for composites using PS matrices, we can 

conclude that the introduction of CNX MWNT and PS-g-CNx do not have effect 

on the α-relaxation temperature. DSC experiments did confirm this result: the 

polybutadiene glass transition occurs at -93ºC for all composites. 

It has previously been shown that there is no change in the glass transition 

temperature for a-CNx / PS composites when increasing the volume fraction of 

filler. In this case (PSBS matrix), we observe a similar phenomenon, thus 

confirming that there is no loose of molecular mobility on the surface of a-CNx 

for both polymeric matrices. For PS-g-CNx / PSBS composites there is no effect 

of the grafting on the polybutadiene glass transition. Indeed, PSBS we used is a 

block copolymer and each block has its own glass transition. Moreover PS and 

PB are well known to be immiscible. Therefore, the grafting on the nanotubes 

surface does not disturb the macromolecular mobility of PB blocks. 

  

D.2.1.2 Storage shear modulus 

Both composites (a-CNx and PS-g-CNx) present an increase of the shear 

modulus when increasing the filler volume fraction. For 2.5 vol.% of a-CNx at 

room temperature the modulus of the original matrix is increased by about 2.5. 

For PS-g-CNx, the increase is even higher: at 0.05% volume of filler, the shear 

modulus increases by a factor 2 the modulus of pure PSBS, whereas for a-CNx 

the increase was of few percents. For 2.5 vol.% of PS-g-CNx, at room 

temperature, the increase is more than 5 the modulus of PSBS.  

To explain the differences between these materials we need to recall some 

results from Part B: Morphology of the composites. In Figure 80 we observe a 

micrograph of the PSBS matrix when adding a-CNx.  
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Figure 80: SEM micrograph of the a-CNx in PSBS; a) original SEM micrograph and, b) treated 
micrograph to highlight the disorder in the PSBS matrix   

As shown previously, the introduction of a-CNx in PSBS induces disorder in the 

hexagonal packed structure: the PSBS has a more chaotic structure. From 

Figure 80, we can assume that most of the CNX MWNTs are larger than the 

matrix heterogeneity. Therefore, we should consider that the matrix mechanical 

properties are uniform along the nanotubes surface. As a consequence the 

system could be considered as homogenous polymer filled by nanotubes. Then, 

the a-CNx composites might be described using the mean field approach, and 

consequently the results should be described by using the Halpin Kardos 

model. Thus it explains why we observe a low reinforcement for low 

concentrations of as produced nanotubes.  

On the other hand, we have commented that the introduction of few percents of 

PS-g-CNx results in a strong reinforcement of the PSBS matrix. Indeed the 

morphology of the PSBS matrix is not disturbed when adding PS-g-CNx. 

Contrarily to composites reinforced by a-CNx, by using PS-g-CNx the 

hexagonal packed structure is preserved. As shown in Figure 81, The PS 

domains are longer than 400 nm. Thus, in this system, we cannot consider that 

the heterogeneities of the matrix are very small as compared to the nanotubes 

dimensions. As shown in Figure 81, we believe that the PS-g-CNx allow the 

interconnection of the matrix PS domains; thus affecting the mechanical 

properties. 
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Figure 81: TEM micrograph that represents the hexagonal packed structure preserved when using 
PS-g-CNx and how PS-g-CNx link the matrix PS domains. 

 

In order to understand the mechanical reinforcement when using PS-g-CNx, it is 

necessary to consider a local effect of the nanotubes within the matrix.  We 

believe that the strong reinforcement we observed by using PS-g-CNx is 

representative of a mechanical percolating network obtained by connecting the 

matrix PS domains. We can note that we obtained a very low percolation 

threshold (less than 0.05 vol. %).  

 
D.2.2 Tensile test 

Tensile test is a useful technique that permitted to confirm and complete 

previous results obtained with dynamic mechanical analysis. Figure 84 presents 

the more representative tensile test curve we obtained for each composite.  

 

D.2.2.1 Linear Viscoelastic behavior 

In  Table 8 it is reported the Young modulus for both composites (PS-g-CNx 

and a-CNx) at different filler volume fraction. This data are the average value 

measured on five materials.  
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Young modulus (MPa) 
Volume fraction of filler a-CNx MWNTs PS-g-CNx MWNTs  

0.05% 1.53 2.44 
0.10% 1.69 2.72 
0.25% 1.43 2.93 
0.35% 1.84 4.01 
0.50% 1.96 4.87 

1% 2.46 8.79 
2.50% 4.03 13.68 

 

Table 8: Average Young modulus for a-CNx and PS-g-CNx composites. 

 

For a-CNx composites with 2.5 vol. % of fillers we observe an increase by about 

3 of the Young modulus, which allows to confirm the DMA data. We can 

observe that the Young modulus for 2.5 vol.% PS-g-CNx / PSBS composite 

increases by about 6 which  is consistent with DMA data. As we observed with 

DMA data, the enhancement in the mechanical properties for PS-g-CNx 

composites is stronger than those of a-CNx composites; particularly for low 

volume fraction of filler (PSBS modulus = 1.4 MPa, 0.05 vol. % a-CNx modulus 

= 1.53 MPa, 0.05 vol. % PS-g-CNx = 2.44 MPa). 

 

D.2.2.1.1 a-CNx  

From previous discussion on DMA data, we concluded that the nanotubes in a-

CNx MWNTs composites can be considered as totally embedded in the PSBS 

matrix, without nanotube/nanotube interaction. As consequence, as we did with 

PS matrix composites, we decided to model the behavior using the Halpin-

Kardos equations.  

Young modulus of the matrix was chosen equal to 1.4 MPa (experimental data 

obtained for pure PSBS Young modulus). According to PS matrix composite 

experiments, the longitudinal modulus of the CNX MWNTs was chosen at 750 

GPa, and we decided to use the aspect ratio factor as a free parameter.  

Figure 82 shows the experimental Young modulus obtained for a-CNx and the 

Halpin Kardos calculated Young modulus as a function of the filler volume 

fraction.  
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Figure 82: Experimental measured Young modulus of a-CNx / PSBS (-���� -), Prediction of Halpin 
Kardos mean field approach: f = 150 (), 

 

As we observed previously with the PS matrix, the aspect ratio that permits to fit 

the experimental results is low (f = 150). In order to explain this low value  

compared to the expected value of about 400  [157], it is necessary to take into 

account the flexibility of the nanotubes. As we have shown for the PS matrix; 

the effective longitudinal modulus must be calculated from an average value of 

the fiber shear modulus (≈ 20 GPa) and the longitudinal fiber modulus, what 

leads to a weaker reinforcement. Moreover, we should take into account that 

the aggregates lower the contact area between the matrix and fillers, thus 

resulting in a lower load transfer. 

 

D.2.2.1.2 PS-g-CNx 

Previously we have shown that the PS-g-CNx, when introduced in a PSBS 

matrix, are able to link together the PS domains and consequently form a rigid 

network. At the percolation threshold, we expect the existence of a path that 

would have the mechanical properties of pure PS. Regarding the percolation 

theory, Ouali et al. in the study of polymer blend [172] have modified the 

Takayanagi series parallel model [173] by introducing the percolation concept to 
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mechanical properties of polymers. They demonstrated that the appearance of 

the percolating continuous paths of rigid phase against the volume fraction filler 

will follow an exponential scale law and thus mechanical properties of the 

composite too. 

 

Figure 83: Modulus of PSBS composites as a function of the filler volume fraction: Young Modulus 
of PS-g-CNx / PSBS composites ( - ���� -),  (  ) Mechanical percolating model and ( - - - ) Halpin-
Kardos Model.  

 

In Figure 83, the graph represents the evolution of the Young modulus of the 

PS-g-CNx nanocomposites as a function of the filler volume fraction. 

The jump in mechanical properties even for low volume fraction of PS-g-CNx 

indicates that the mechanical percolation is yet reached at 0.1% volume of PS-

g-CNx. Thus we plotted data from the modified series parallel Takayanagi 

model using Es = 1.4 MPa, Er = 2GPa (polystyrene Young modulus), Pc < 0.1 

vol.%, and the critical exponent β was used as a free parameter. The better fit 

was obtained for β = 1.2.  

Firstly, it must be pointed out that the mean field approach (using the same 

parameters than those used for a-CNx composites) does not give a good fit of 

our experimental results: the nanotubes can not be considered without 
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interactions between each other. We should have imagined that the 

reinforcement increase is essentially due to a more important volume fraction of 

filler. Indeed, in this work we only considered the volume fraction of CNx 

MWNTs whereas we introduced CNx MWNTs covered by PS. If we consider a 

more important volume fraction of filler, we cannot explain the drastic 

reinforcement for few percents of CNx MWNTs by using the mean field 

approach. Thus, it suggests that the mechanical percolating network gives a 

good definition of PS-g-CNx composites using PSBS matrix. 

 

Concerning the mechanical percolation fit, as we mentioned before, the very 

low percolation threshold can be attributed to the peculiar microstructure 

obtained with the PSBS matrix. Nan [202] reported that for randomly long 

straight fibers with an aspect ratio of 300, the percolation threshold should be of 

about 0.3% vol. of filler. The presence of long PS cylinders, within the PSBS 

matrix, permits to link nanotubes even if there are not in contact. Therefore for 

very low volume fraction of fillers we observe the appearance of continuous PS 

paths through the PSBS matrix that lead to a radical increase of the modulus.  

Concerning the critical exponent (β), de Gennes  [142] reported that it should be 

of about 1.8. Indeed, it was demonstrated that only the backbone of the 

connected fillers sustains the stress propagation of the percolating paths. Else, 

the critical exponent is higher than the theoretical one due to the presence of 

dead branches which do not participate to the reinforcement mechanism. 

Nevertheless, the critical exponent we obtained (β = 1.2) is lower than the one 

predicted by de Gennes. Indeed, we have shown that the microstructure of the 

matrix allows connecting nanotubes that are not directly in contact. Thus, as 

shown in Figure 81, the nanotubes that belong to dead arms are now connected 

to the backbone via the matrix long PS domains. As a consequence, the 

quantity of dead arms will be lowered what could explain the low critical 

exponent we obtained.  

Finally, we can observe that for 2.5 vol. % of PS-g-CNx the experimental 

modulus we measured is lower than the predicted one. As we have shown 

previously [163], the nanotubes aggregate for concentrations up to 1 vol. %, 

thus lowering the increase of percolating paths quantity. 



Chapter IV         Experimental Results and discussions 

 181 

D.2.2.2 Large strain deformation 

Figure 84 a) and b) represent the more representative tensile test curve at room 

temperature for a-CNx composites and PS-g-CNx composites. Regarding yield 

stress and fracture strain of both composites, we can note drastic differences 

between composites using a-CNx and PS-g-CNx. Both materials present a 

linear increase of the stress against strain, which is representative of the linear 

viscoelastic domain. Thus, stress reaches a maximum (yield stress), before a 

stiffening of the composites that belong to the "plastic" domain.  

In the case of a-CNx composites (Figure 84 a.), and for low volume fractions of 

fillers, the reinforcement is weak: we observed a yield stress increase of 11% 

for 0.25 vol.% of CNx MWNT. At higher volume fraction of fillers the 

reinforcement effect is noteworthy. We obtained a yield stress increase by 80% 

for 2.5 vol. % of a-CNx. On the other hand, for 0.05 vol. % fraction of a-CNx, the 

strain at break is more than 200%, whereas for 2.5 vol. % of a-CNx the fracture 

occurs at 75%. 

The tensile test results of PS-g-CNx are presented in Figure 84 b. A strong yield 

stress increase is observed even for the lower filler volume fraction: yield stress 

enhancement of 65 % with 0.05 vol.% of PS-g-CNx. For higher fillers volume 

fractions the increase is much more important: 2.5 vol. % PS-g-CNx = 450% 

enhancement. The strain fracture for only 0.05 vol. % of grafted filler is about 

150%, and for 2.5 vol. % of PS-g-CNx we reach a minimum of 15%. 
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Figure 84: Room temperature tensile test of CNx MWNT composites using a PSBS matrix, a) a-
CNx composites, b) PS-g-CNx composites. 
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Concerning a-CNx, we believe that the increase of the yield stress is 

representative of the carbon nanotube reinforcement due to the matrix/filler load 

transfer. As mentioned previously, it is reported that the main reinforcement 

phenomenon for as produced nanotubes is due to local shear stress at the 

interface nanotubes matrix [154], thus at increasing the filler volume fraction we 

increase the filler/matrix interface area and consequently the reinforcement.  

Concerning fracture properties of our materials, as shown previously, a-CNx 

MWTs are pulled out of the matrix during breaking.  In the viscoplastic regime, 

decohesion at the filler/matrix interface is responsible for the loose of ductile 

properties at increasing fillers volume fraction. Indeed, the defects at the 

interface matrix/filler result in stress concentrations that damage the material 

and consequently lead to the fracture [201]. 

 

PS-g-CNx have a very different mechanical behavior. In this case, we have 

demonstrated previously that the reinforcement is supported a percolating rigid 

network (matrix+PS grafted nanotubes). V. Favier [201] has demonstrated for 

this kind of system, the reinforcement results from the filler/matrix load transfer 

and the filler/filler interaction (rigid network cooperation). The effect of the 

filler/matrix load transfer was described above with the case of a-CNx 

composites. Thus, it means that the filler/filler interactions have a strong impact 

on the matrix mechanical properties.  

The composite fracture is largely affected by the polymer grafting on the CNx 

MWNTs. At increasing the volume fraction of filler, the matrix is more brittle. We 

believe that the rupture of the rigid network cause numerous of defects that 

result in a rapid propagation of the fracture through the matrix. 
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D.3 Conclusions  

In this part, we have shown that the introduction of a-CNx in polymer matrix 

results in a low increase of the matrix elastic properties. Nevertheless, we have 

seen that the grafting of polystyrene on the external layer of carbon nanotubes 

has permitted to enhance the reinforcement of the composites. We have 

attributed this phenomenon to the better matrix/filler interface and the better 

dispersion of the nanotubes within the matrix. The special case of nano-

structured PSBS matrix has demonstrated that the nanotube polymer grafting 

can lead to a strong reinforcement due to existence of a strong nanotube rigid 

network, where nanotubes are linked by the rigid polystyrene domains. 

Interestingly, we have shown that a-CNx are not able to efficiently reinforce a 

polymer matrix at high strain whereas the PS-g-CNx do. It permits to prove that 

the grafting of polymer on the nanotubes is an efficient process to strongly 

enhance the matrix/filler interaction. 
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Part A    Conclusions  
 

 

 

This PhD thesis presented the analysis of CNx MWNTs / polymer composites. 

The methodology of this work relies on the synthesis, chemical analyses and 

description of the microstructure morphology of the different nanocomposites in 

order to understand their macro physical properties (mechanical and electrical 

properties). A complex process was established to obtain new carbon 

nanotubes polymer composites. It was demonstrated that the grafting of 

polymer on the carbon nanotube surface largely influence the physical 

properties of the composite. 

 

A.1 synthesis of polystyrene grafted CNx 

MWNTs  

It was demonstrated that free radical chemical addition, which respects the anti 

Markovitch rule, is able to chemically modify the CNx MWNT surface. TGA 

analysis confirmed a high efficiency of the aromatic ring grafting. This chemical 

group permitted the synthesis of an ATRP macroinitiator on the surface of the 

CNx MWNTs. This ATRP “grafting from” approach was able to completely coat 

the surface of the CNx MWNTs. Indeed, the tubes were homogenously (coated) 

with an amorphous layer of PS (3-5 nm thick). HRTEM also confirmed that the 

main body of the nanotubes remained almost intact after the different chemical 

treatments. It might confirm that chemical modifications are less destructive 

than acid treatment processes. 

 

A.2 Morphology and adhesion of the CNx 

MWNTs composites  

Interestingly, we observed changes in the dispersion and adhesion of the CNx 

MWNTs after polystyrene grafting within both polymer matrices. Indeed, SEM 
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observations gave some evidence of a better dispersion of the PS-CNx 

compared to a-CNx. Moreover it is noteworthy that the filler / matrix adhesion 

was improved when using PS-g-CNx compared to a-CNx. Indeed, grafting of 

polystyrene on CNx MWNTs avoids the pull-out phenomenon when the 

composites are submitted to a mechanical stress. 

Further TEM analyses of the PSBS / CNx MWNTs composites demonstrated a 

peculiar morphologic behavior. Indeed the a-CNx introduce disorder in the 

hexagonal packed structure of the PSBS, whereas PS-g-CNx tend to preserve 

it. We concluded that the nitrogen dopant atoms of the a-CNx might punctually 

increase the cohesive forces with the PS blocks and as a consequence locally 

disturb the hexagonal structure (≈ 100 nm). 

On the other hand, the homogenous grafted polystyrene layers of PS-g-CNx 

continuously interact with the PS blocks of the PSBS matrix. Thus, we observed 

that small tubes have a special orientation since they are embedded in the PS 

cylinders of the hexagonal packed structure. On the contrary, the biggest tubes 

only cross the matrix without largely disturbing the hexagonal packed structure. 

It is however noted that the PS cylinders have a preferential orientation close to 

the PS-g-CNx, being either parallel or perpendicular to them. 

 

A.3 Electrical properties of CNx MWNT 

polymer composites  

In this part, we showed that CNx MWNTs behave as good electrical fillers in a 

polymer matrix. They permit to reach a low percolation threshold (0.4 vol.% in 

PS and 0.9 vol.% in PSBS) above which the conductivity increases following a 

power scaling law. It is also demonstrated that the physical-chemical nature of 

the matrix plays an important role in the dispersion of CNx-MWNTs. As a matter 

of fact, different percolation thresholds were observed for the two different 

matrices. Moreover, the scaling law presents different critical exponents 

depending on the matrix used (t = 2.4 for PS, and t = 3.2 for PSBS). It might 

signify that the waviness of the CNx MWNTs changes due to the different 

physical-chemical interactions between the matrix and the CNx MWNTs 

surface. 
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However, it is shown that the grafting polymer chains on the external layer of 

CNx MWNTs dramatically lowered those conductive properties by isolating 

them each others. The presence of a percolating threshold for the 

nanocomposites cotaining PS-g-CNx was discusses. It may be explained by a 

distribution of contact resistances between nanotubes, probably originating from 

a grafted PS layer with a non uniform thickness. 

 

A.4 Mechanical properties of the CNx MWNT 

polymer composites  

 

Our results confirmed those published by the literature. Indeed the introduction 

of carbon nanotubes in a polymer matrix increases its elastic modulus. By using 

a-CNx the PS Young’s modulus was increased by 20 % for 2.5 vol.% of filler, 

whereas PS-g-CNx composites present an increase of 33.5% for 2.5 vol.% of 

fillers. On one hand we concluded that the better dispersion of the PS-g-CNx 

within the matrix compared to the a-CNx permitted to increase the surface 

contact area between matrix and filler. On the other hand, the polymer grafted 

layer permitted to reach a better matrix / filler interfacial adhesion and as a 

consequence increase the load transfer. This phenomenon was highlighted with 

the results obtained for large strain compression test. Indeed, the hardening of 

the materials containing PS-g-CNx confirmed drastic changes at the nanotube / 

matrix interface. 

  

To summarize, the effects of the low molecular weight PS coating of nanotubes, 

are, (i) a better dispersion in a PS matrix, (ii) a better load transfer from the 

matrix towards the nanotubes at room temperature, (iii) a drastic decrease of 

the electrical conductivity of the composites due to the insulator behavior of PS 

and (iv) at temperature close to Tg of PS (around 100°C), a lubricant effect due 

to the low Tg (resulting to the low molecular weight of the PS coating). This later 

effect decreases the temperature at which composites start to creep. All of 

these effects confirm that the PS coating has been successfully performed, 

which in turn opens to various applications. 
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Part B    Further works and 
perspectives 

 

 

 

 

B.1 Carbon nanotubes chemical modification  

Further works on the ATRP “grafting from” kinetic should be interesting in order 

to identify the effect of the polymer chain sizes on the dispersion. Furthermore, 

it would be interesting to observe the impact of the grafted polystyrene layer 

thickness on the carbon nanotube electrical contact resistance. Complementary 

EPR analyses should be a way to define the reaction kinetic variable. 

The use of a living controlled free radical polymerization process could allow the 

synthesis of grafted block copolymers. We expect that this kind of material 

would provide new composites morphologies. 

 

We have shown that it was possible to open the carbon π double bond of the 

carbon nanotubes. As a consequence, we expect that it is possible to link 

nanotubes by strong carbon-carbon covalent bonds. 

 

B.2 Morphology of PS grafted carbon 

nanotubes  

We observed that small grafted PS-g-CNx tend to integrate preferentially a part 

of the structured PSBS. We suggest to confirm this result by using polymer 

grafted double walled carbon nanotubes. Indeed, we believed that their small 

diameter will permit to selectively disperse them in a specific phase of the 

structured polymer. 
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B.3 Electrical behavior of polymer grafted 

carbon nanotubes  

Previous works [148], using numerical simulations have largely described the 

effect of the tube waviness on the electrical percolation threshold and the 

scaling low critical exponent. But it was considered a constant nanotube 

electrical contact resistance. We have seen that the polymer grafting seems to 

dramatically increase this resistance. Nevertheless, we demonstrated that the 

polymer grafted layer leads to a continuous distribution of contact resistances. 

As a consequence, to confirm our hypothesis, it should be interesting to 

simulate the electrical properties of carbon nanotube networks considering such 

a distribution. We suggest to use a log normal distribution in order to take into 

account that the contact resistances varie over several decades (≈ 1.1016 ohms 

to some ohms) 

 

B.4 Mechanic properties of polymer carbon 

nanotubes composites  

It would be interesting to perform further studies under large stress-strain 

condition. Indeed, the results we obtained have demonstrated the role of 

nanotube/filler interface; nevertheless we have no information about the 

mechanism involved in the hardening observed for PS grafted nanotubes for 

large deformations, and more generally on the damage effect such as 

decohesion, on the macroscopic behavior. 
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Annex I.a  
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Annex I.b  
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